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ABSTRACT

The harvesting of Medicinal and Aromatic Plants (RB) is a customary subsistence
activity of forest-dependent communities acrossweld. However, the harvesting
and marketing of MAPs has been highly commercidlizerecent years, leading to
the colossal pressures on the MAPs resource basay NMAPs like Aconitum
spicatumand Dactylorhiza hatagireahave been threatened in the Himalaya due to
unsustainable harvest. At the same time, scierkifiowledge on the demographic
properties, magnitude of harvest impact, and thg-term viability of populations of
these plant species is largely lacking thus lingitour ability to develop sustainable
management strategies. Thus, this research wagneésio understand the population
ecology and harvesting sustainability #f spicatumand D. hatagirea in the
Annapurna Conservation Area and Manang in CentrapaN and Darchula in
Western Nepal.

Different levels of tuber harvesting (0%, 25%, 5886 75%, where 0-25% represents
low harvest intensity and 50-75% represents higtvdst intensity) were applied
directly by the locals foA. spicatumamong three ecotonal populations (subalpine,
lower alpine and alpine) along an elevation gradi€3000—-4200 m a.s.l.) in
Annapurna Conservation Area, North-Central Nepat.»: hatagirea two sites were
selected: Manang, where harvesting of MAPs wasllipocagulated (protected); and
Darchula, where harvesting was locally unreguldtegbrotected) to see the effect of
harvesting on its demographic parameters.

Population density and structure Af spicatumwas studied and variation in its life
history traits among three populations along tlevation gradient in Central Nepal
was assessed. The results showed that human disted and topographic factors
greatly contributed to the variation in density alifd history traits. The overall
density ranged between 0.56 + 0.09 (mean * SE)2a#8 + 0.24 plants/fmwith
highest mean density in the lower alpine and lowesthe subalpine population.
Harvesting, animal droppings and fire appeared dothe most important factors
affecting density oA\. spicatunat its different life stages.

The demographic data ok. spicatumincluded 4-year observations on growth,
fecundity and survival of individuals classified bize. The population dynamics of
A. spicatumin three different populations along the elevatgradient in Annapurna
Base Camp Region, North-Central Nepal was studibd.population growth raté)
was >1 in low harvest intensity (0-25%) in all thepulations in all the transitions
(2015-2018) indicating that the harvesting of tplant at low harvest intensity is
sustainable. In the high harvest intensities (5%);5the lambda value was <1 in
lower elevation populations indicating that thesgpudations are sensitive to high
harvest. The results showed that the extinctiobaidity derived from the stochastic
simulation (1000 runs) in 100 years has extrenmly\falue for all the populations in
both the intensities. Transient dynamics revealeat the low harvested alpine
population shows gradual increase in its populateathing a size of approximately
4000 individuals during the projection period of JMears. The deterministic
projection revealed that the subalpine populatsothhé most sensitive population. The
populations of subalpine (both low harvest and higitvest) can reach the low
harvest intensity of alpine in more than 20 yedise high harvest population of
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subalpine requires 22 years to reach its low haimésnsity in contrast to 7 years of
lower alpine. The higher contribution of large stt&sses t@ indicates that the larger
size classes are the critical stages in the lifdecpf A. spicatumand conservation

priority should focus on the protection of thesigss.

Population density, structure, and tuber biomas®.ohatagireawere studied and
compared in seven different populations. Mean dgnsf D. hatagirea was
significantly higher in the locally protected (1.310.17 plants/) than in the
unprotected (0.72 + 0.06 plants)nsite. The protected site showed stable population
density with high reproductive fitness and tubesnbass over the three-year period.
The densities of different life-stages were higbdpsitive to harvesting and livestock
grazing. Significant interactions between site &agvesting and grazing indicated
particularly strong negative effects of these disamces on densities of juvenile and
adult reproductive stages in the unprotected site.

A matrix population model was prepared to explo@iation in demographic
parameters in response to different level of distoces. In case d). hatagirea
demographic data included 2-year observations owtty; fecundity and survival of
individuals classified by size. Transition probdalak for stage-based population
projection matrices varied between populations antbng years. The population
growth rate X) was less than 1in unprotected (Darchula) and rizne 1 in protected
(Manang) site. The unprotected populations canmesis sustainable growth at 10-
fold increase in its present fecundity while thegant protected populations would
allow approximately 10% of the populations to bevkated locally maintaining
sustainability. The wetland population requires f@8- increase in its present
fecundity to maintain the stable size. Elasticibalgsis shows that the juvenile and
reproductive adult stages are the critical lifgetaofD. hatagireain unprotected and
protected site respectively and should be consemdgreater priority.

Semi-structured interviews were conducted with rimfants (n = 65 foA. spicatum
and n= 186 forD. hatagireg in the villages and at the ecological surveyssitehe
result shows that the population Af spicatumis decreasing due to indiscriminate
harvesting by the outsiders and the locals arelyigdsponsible for the conservation
of A spicatumof that area. In case @f. hatagirea,populations at the protected site
are well maintained with almost constant densiteroyears but populations at
unprotected sites greatly fluctuated in density.

It is concluded that the long-term viability 8f spicatumandD. hatagirealargely
depends on the magnitude of harvest impact andetred of protection provided
directly by local people; and the opportunitieso$tainable harvest vary among plant
species with different strategies of growth and dgraphic properties, and these
further relate with ecological conditions set bgwltion gradient. Sustainability of
harvest ofA. spicatumandD. hatagireacan be achieved through integrating species-
specific ecological studies, and knowledge andtmes of key knowledge holders.
The findings of this research suggest that stragegind actions towards reducing
human induced disturbances like over-harvesting gnading would greatly benefit
population recovery and productivity of theses pkpecies.

Key words: Conservation, Extinction Probability, Elasticityedicinal and Aromatic
Plants, Matrix modelling, Population dynamics, Zertbated Poisson
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CHAPTER 1

1. INTRODUCTION
1.1 Background

The conservation of plant diversity has received considerably less attention compared
to the conservation of animals, as plants lack the popular appeal of many animal
groups (Goettsclet al, 2015). As a result, plant conservation is greatly under-
prioritized in comparison with animal conservation (Havehsal, 2014). Global
estimates on number of species suggest 8.7 million (x1.3 million SE), of which 2.2
million (x0.18 million SE) are marine; however, about 86% of the species on the
Earth, and 91% in the ocean, still await description (Maral, 2011). On average,

over 2,000 plant species are being added to global databases each year as new to
science (IPNI, 2022)., The total number of known vascular plant species is estimated
to be between 340,000 and 390,000 (Nic Lughadlz, 2016; Govaertst al., 2021,
Qianet al, 2022). However, despite their importance for life on Earth, the status and
trends of global plants relative to vertebrates are poorly understood and usually
excluded from global biodiversity analyses (Bettsl, 2017).Geographical, genetic,

and characteristic information about plants, including their uses for humans and their
function in ecosystems, is even more incomplete (Corneklal, 2019). For
example, detailed distribution data are lacking for about half of the world's plant
speciesin contrast to the distribution maps available for most vertebrates (Aletond

al., 2020).

Human footprints like habitat loss, overexploitation, climate change , pollution and
invasion species have threatened global biodiversity towards extinction (IPBES,
2019). On average, about 25 % of species in the assessed flora and fauna groups are
threatened, with about 1 million species already risk extinction, many within decades,
unless steps are taken to reduce the intensity of drivers of biodiversity loss (IPBES,
2019). Without such actions, global species extinctions would be further accelerated,
at least 10- to 100-fold higher than the average over the past 10 million years (IPBES,
2019). The rate of change in nature on a global scale over the past 50 years is
unprecedented in human history. The direct drivers of change are changes in land and

sea use, direct exploitation of biodiversity, climate change, pollution and invasion of



alien species (IPBES, 2019). The amplifying effects of drivers can exacerbate
negative impacts on nature, as seen in diverse ecosystems such as coral reefs, Arctic

systems and Savannas.

At least 571 plant species have become extinct since 1750s (Humphety2019),

and 40% of plant species known today are at risk of extinction (Antcetedi,

2020). Plant extinction risk is comparable to that of mammals and higher than that of
birds (Almond et al 2020).

Non timber forest products (NTFPs), including medicinal and aromatic plants (MAPS)
have long been harvested worldwide. Even today, such products contribute
substantially to the livelihoods and health care of millions of people (Bedther,

2005; Shackleton & Shackleton, 2006; Burgener & Walter 2007). MAPs are an
important component of health care for most of the world’'s population and
aaproximately 80% of the global population is still dependent on MAPs for primary
health care (WHO, 2006; Robinson & Zhang, 2011). Additionally, MAPs are widely
used in traditional veterinary medicine (Katerere & Luseba, 2010), in which the
improvement of livestock health has obvious benefits for their owners’ economic
security. Moreover, millions of people make their living as traditional healers or
collectors or vendors of MAPs. The harvest and trade of MAPs provide an important
source of income to both rural and urban populations, as the global export value for

herbal ingredients has reached at over USD 32.6 billion per year (Brinckmann, 2016).

The markets for natural products, especially those used in the commercial production
of pharmaceuticals, health foods and nutritional products are growing. MAP products
alone are estimated to command a market of more than US $80 billion (Ghimite et al
2016). However, with the rise in demand for natural products, there is an increase in
the extraction of environmental products by forest-dependent people, leading to a rise
in biodiversity loss. Therefore, there is a need to develop a sustainable use and
economic growth strategies that can secure an equitable living standard for forest-
dependent people, while conserving ecosystem resources. The World Health
Organization (WHO, 2002) estimates that 80% of the world's population relies on
herbal medicines for primary healthcare needs. It has been estimated that about 150-
300 species of NTFP, including MAP are harvested for commercial purposes in Nepal
(Pyakurel et al 2019)



The contributions of MAPs to both traditional anddern medicines have been well
documented, but the knowledge about the impactdAR® and NTFP harvesting on
the ecology of plant populations is very scarcerelcent decades, commercialization
has enhanced the exploitation of many NTFPs and $4ARretiet al, 2005), raising
guestions about their sustainability (Ticktin, 2R04 number of studies have shown
that NTFP harvesting generally adversely affectdoggcal processes at individual,
population, community and ecosystem levels (Raital, 2001; Wolf & Konings,
2001; Perest al, 2003; Ticktin, 2004). However, a few studies dandicated a
limited sensitivity to harvesting for some tropicplant species, likeAechmea

magdalenagwhich can tolerate high levels of harvest (Tick2004).

Sustainable harvesting of MAPs and other NTFP$iadlenged by many factors from
both social and ecological perspectives (Ticktiip£2 Ghimireet al, 2008). The
ecological effects of NTFP harvesting are both gge@nd site-specific and may also
vary according to ecosystem, region and manageprantices (Runk, 1998; Endress
et al, 2006). The most direct ecological impacts of RT&xtraction are changes in
survival, growth and reproduction rates, affectitige population structure and
dynamics. The magnitude of harvest impacts is &urttependent on the life-history,
parts harvested, intensity and time of harvestarg] the environmental conditions
where the species grows (Ticktin, 2004). The haretanderground parts is found to
be much more detrimental compared to the harvesthafr parts as it often results in
the death of the whole plarfSchmidtet al, 2011; Rokayat al, 2017). The harvest
of NTFPs is usually associated with managementipescaimed at increasing yields,
and managing other natural resources. Howeveremtlyrvery little is known about
how NTFP harvest may interact with other kinds @dtudbance or management
techniques (Ticktin, 2004).

A growing number of studies are assessing the t94Ad®s and harvest impacts;
however, there are still major gaps in this fidldportantly, these include a lack of
long-term studies on the dynamics of MAP populajowhich is critical to assess
inter-annual variation in demographic propertiesl darvest rates. There is also a
paucity of information regarding spatial varialyilin responses to MAP harvesting,
as only few studies have investigated and modelallipte populations (Ticktin,
2004; Schmidtet al, 2011). Spatial and temporal variability data assential to
adequately model and realistically predict MAP datian dynamics and to assess
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long-term harvest effects (Schmidt al, 2011). In addition, ecological studies on
various environmental factors that influence MAP population dynamics are also of

great importance.

Very limited studies exist in the Himalayas regarding the effects of harvesting and
other human-mediated parameters on the demography of MAP populations. Research
focusing on the long-term monitoring of Himalayan MAPs is largely lacking. Ghimire

et al (2008) examined the demographics Nérdostachys grandiflora, a highly
threatened species, and found that harvesting adversely affected the population
growth rate of this species. Therefore, they recommended controlled harvesting with
very low harvest rates and long rotations for long-term population survival. Rekaya

al. (2017) studied the population dynamics of two perennial medicinal tinesim
acuminatumand R. australeand concluded that selective or rotational harvesting
strategies could be adopted for the sustainable management of these species. Timsina
et al. (2021) studied the demography of a medicinal ord@répidium acuminatum

and stressed the importance of selective or rotational harvesting for the sustainable
development of the orchid population.

The life history of orchids is relatively well understood qualitatively, but quantifying
the dynamics and extracting a conservation message remains challenging. Globally
there are very few long-term studies quantifying the population dynamics of different
terrestrial species of orchids (Sheffersdral, 2020). In Nepal, there are around 500
species of orchids belonging to 105 genera (Vaidya, 2019). Most of these species are
highly threatened (Raskoti, 2009; Pant & Raskoti, 2013; Swetemli, 2013; Vaidya,

2019), which calls for immediate conservation action (Wrettll, 2020). Further,

the high medicinal value of orchids (Singh al, 2009; Teoh, 2019) has spurred
indiscriminate collection for local use or trade (Fay, 2018; Hingtewl, 2018;
Charitonidou et aJ 2019).

The increasing trend of overexploitation necessiates developing sustainable harvesting
strategies for all commercially important species of MAPSs, including orchids
(Ghimire et al, 2008; Mondragén Chaparro & Ticktin, 2011; Schnettal, 2011;
Klimaset al, 2012). This can be achieved through long-term demographic research in
partnership with local harvesters, and through the development and evaluation of
management practices that can mitigate the negative impacts of harvesting (Ticktin,



2004). Scientific information on how the differedisturbance regimes (harvesting,
grazing and fire) which shape the life history maeters (survival, growth,
reproduction, mortality) of important MAPs is lalgdacking or inadequate (Ticktin,
2004; Ghimireet al, 2005, 2008). Research on ethnobotanical knowledg well as
integration of people’s perceptions and practicegesource management at the local

level is of considerable importance.

In line with this knowledge gap and in line withetlobjective of this project
(Transiting to green growth: natural resources ep&l (TGG-N) the present PhD
study aims to analyze long-term population dynaramg ecological sustainability of
harvest of two threatened Himalayan medicinal plsmecies,Aconitum spicatum
(hereafterA. spicatumh and Dactylorhiza hatagirea(hereafterD. hatagireg, both
harvested for trade. Further conservation staifiesfdrm, growth strategy, parts used,
habitat specificity and availability in the studgea were also considered during the
selection of the study species.

A. spicatumis a high-value medicinal plant species tradedhuge quantities from
Nepal. It's global status is not evaluated. In ¢tbhatext of Nepal, it is vulnerable
(CAMP, 2001) and is threatened due to over-hamgsiif its tubers (Olsen, 1998).
Considering this, the government of Nepal has pized it as one of the thirty
national priority herbs for development, researald aultivation (DPR, 2012). In
recent years increased trans-boundary trade to mheetgrowing demand from
international pharmaceutical companies has ledntiscriminate harvesting oA.
spicatum The only way to meet the demand is to collectplaats from the wild as
no successful cultivation measures are establishiethis species. Besides, habitat
fragmentation, different disturbance regimes aninai catastrophes are threatening
the sustainable developmentAfspicatunichapter 2).

Dactylorhiza hatagireds an endangered orchid in Nepal (CAMP, 2001) \bithad
spectrum of pharmacological values. Its globalustas not evaluated. It has been
categorized as critically endangered in Indian Haya (Conservation Assesment and
Managemenr Plan; CAMP status), critically rare €inaitional Union of Nature and
Natural resources; IUCN) and listed under appefidix Convention on International
Trade in Endangered Species (CITES) (Bhattal, 2005).The tubers of the plant
yield a high quality salep (powder made from thehat tuber) which is used as an
aphrodisiac and has attracted the internationakeg6Subediet al, 2013). This has
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increased the illegal harvest and the populatioesiateriorating (Subeét al, 2013;
chapter 4)D. hatagireais a habitat-specific and inherently slow growingl oorly
regenerating species (Agarwetl al, 2008), which is pollinator specific and requires
mycorrhizal association for seed germination, segdéstablishment, reproduction
and survival (Bhatet al, 2005). Habitat loss caused by increasing hunogulation,
overexploitation due to high herbal demand, lackkabwledge on sustainable
harvesting and climate change are the major clggdeffor the long-term persistence
of this species (Kunwaet al, 2021; Shresthat al, 2021). It is protected under
Nepal's local laws (Forest Act 1993, Forest Reguiat1995, Amendement in 2001).
However, on April 14, 2008, the Nepalese governmssiied a notice permitting
collection of the wild orchid for trade. Poor impientation of these conflicting
regulations and guidelines on sustainable hangstas increased illegal trade n
hatagirea(Subediet al, 2013).

Considering all the constraints related to anthgemic and ecological factors, recent
research has clearly shown the need of further-teng studies focusing on
population biology and the impact of different hesting regimes on population
dynamics of commercially threatened Himalayan madlicplants, includingA.
spicatumandD. hatagirea(Ticktin, 2004; Ghimireet al, 2008). This thesis attempts
to fill the research gap on these two Himalayanioieal herbs by focusing on their
population status, performance and dynamics unifiereht harvesting regimes and
environmental conditions in Annapurna Conservafioga, Manang, and Api-Nampa
Conservation Area, Nepal.

1.2 Obijectives

The broad objective of this thesis isgtudy the harvest sustainability and develop
management recommendations far spicatumand D. hatagireaacross ecological

and human use gradients. The specific objectivésiothesis are to:

a. Assess the patterns of distribution (population sdtgnand structure) and
variation in life history traits ofA. spicatumand D. hatagirea along the

elevation gradient and anthropogenic disturbances.

b. Identify the demographic processes that are impbmaproducing the changes

in population growth rate caused by harvesting.



c. Assess the major components determining the sa$ility of harvest ofA.
spicatum and D. hatagirea and make proper recommendations for their

management.

d. Assess socio-cultural and economic aspechs spicatumandD. hatagirea
1.3 Research questions and hypothesis

The main hypothesis of the thesis is "harvestingepahreats to the spatiotemporal
resilience and viability ofA. spicatumand D. hatagirea populations”. Research

guestions, methods of data collection and assatcctapters are given in Table 1.

Table 1: Specific objectives, research questions and cHapteatrix

Specific Research questions Data collection method Chapters
objectives
A 1. How do the studied species diffeA. spicatum 2,4

in terms of spatial distribution andgg (3 mx 3 m) temporary plots

fitness-related traits along theyjth 330 (1 m x 1 m) subplots.
ecological and human usey hatagirea

i 2
gradients? 144 (3 m x 3 m) temporary plots
with 432 (1 m x 1 m) subplots
72 plots and 216 subplots in each
site
B 2. How do populations in differentA. spicatum 3,5

environmental conditions andg9 permanent plots of (2 m x 14
harvesting regimes differ inm), with 36 (2 m x 2 m)
demographic parameters (vitakubplots, harvest simulation (0%,
rates: growth, survival and25%, 50% and 75%) was applied
fecundity)? by locals in each subplot
D. hatagirea
21 permanent plots of (20 m x
20 m), with 84 (10 m x 10 m)
subplots; 9 plots in each of two
grassland sites and 3 in a

wetland site
C 3. What are the main factorsSame as research question 2 3,5
determining the sustainability of
harvest?
D 4. How do the locals use andnterview survey and focus 2,4

perceive the values of studiedyroup discussion, 117 informants

species and what is then Darchula, 69 in Manang and

contribution of these species t®5 in Upper Modi valley river

their livelihood? within Annapurna Base Camp
region were interviewed.




The thesis is divided into six chapters. Chapteovers a general introduction to the
research topic and chapter 6 provides overall csimhs and implications of the
research. Research findings are comprehensivelgredvin chapters 2-5, of which
chapters 2 and 4 have been published in peer rediegientific journals, and the

remaining two (chapters 3 and 5) will be submif@dpublication.

The first objective is specifically analyzed in pkexrs 2and 4. Chapter describes
plant density and life history traits éf spicatumin north-central Nepal focusing on
the effect of elevation and anthropogenic distuckanin three different populations
throughout its distributional range. Chapter 4 deaith the major threats t®.
hatagireain central and far western Nepal. Likewise, itoatovers the life history
traits and distribution pattern dd. hatagireain Api-Nampa Conservation Area,

Darchula and Bhimthang area of Manang.

The second objective is partly analyzed in Chapteihis chapter compares the
demographic response bBf hatagireato harvesting in a locally unprotected site in
Darchula, and a locally protected site in BhimthaMpnang. This chapter also
estimates the effect of habitat, based on compatsiween grassland and wetland

populations in the unprotected site.

The third objective is addressed in Chapter 3, Wwhiescribes the effect of different
harvest intensities, including low harvest inten$@-25%) and high harvest intensity
(50-75%), on the demography @ spicatum This chapter also focuses on the
extinction probability and future population sizé A. spicatum under different

harvest intensities.

The fourth objective is specifically analyzed inapters 2 and 4. These chapters
partly assess the local use value, contributionthair livelihood, population
abundance and conservation status of the studiedespand stresses the need of

long-term conservation.
1.4 Limitations of the study

This thesis focuses on the data collected onlysactioree years fdd. hatagireaand
four years forA. spicatumso it was difficult to distinguish between dorrmhand dead
individuals during the final year of the study. Resness of the site confined to

collect the data for only one season of the yelasse®rations were made at slightly
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different times of the season, implying that trek of overlooking individuals varied

from time to time.

Due to restrictions by law, application of expemta harvest inD. hatagireato
explore the effect of different harvest intensitiegas not possible. Instead,
observational studies at two sites characterizediffgrent harvest intensities were
carried out. This, however, implies that effectsdidturbances and site are to some
extent confounded.

The disturbances recorded in the study were basesbservational approach only.
Inability to set up devices to detect the extengraizing or the exact number of cattle
producing the amount of animal droppings recorded w&nother limitation of the

study. Due to extreme human pressure, it was n&giple to maintain the permanent
plots for more than three years in Darchula (urgmtetd site). Further, it was not
possible to compare the effect of disturbances etlawd populations in Manang

(protected site) as such populations were not foarnke area.

The limited time period covered by the study maddfficult to distinguish between
asexual and sexual reproduction of the studied ispednability to include the
vegetative reproduction during modeling was alimdation of this research.

In the final year (2018) of the study 8f spicatumdemography, some individuals
infected by pests (fungal or bacterial) were entenad in the permanent plots. It was
not possible to identify the disease within thedgtperiod and therefore was not able
to include in the model, adding one more limitatiorthis study.

1.5 Key findings of the study

* The long-term viability ofAconitum spicatumand Dactylorhiza hatagirea
largely depends on the magnitude of harvest impadtthe level of protection
provided directly by the local people.

* The opportunities of sustainable harvest vary ametant species with
different strategies of growth and demographic progs and these further
relate with ecological conditions set by elevatypadient.

» Sustainability of harvest of medicinal and aromatlants, like Aconitum
spicatumand Dactylorhiza hatagireacan be achieved through integrating
species-specific ecological studies, and knowledge practices of key
knowledge holders.



1.6 Summary of the research chapters

Chapter lI

Human disturbances and topographic factors greatiyribute to the variation

in density and life history traits @. spicatum.

Alpine plants develop adaptive strategy by allogatiigher resources in their

seeds to cope environmental harshness.

Persistence and growth of subalpine population mdma the efficiency of
the management system to protect younger life stagel control over and

pre-mature harvesting, grazing and trampling.

Outsiders from neighbouring districts (Gorkha anaddBing) are responsible
for the indiscriminate harvesting. Thus, the localsould increase their

participation in the protection and conservatioro$picatum

Chapter IlI

Populations at different elevations respond difi#ieto harvest.

At low harvest condition populations show growtheranore than 1 thus

probability of extinction is extremely low.

Subalpine (lowest elevation) population is the msestsitive population to

harvest and should be conserved with greater pyriori

Higher contribution of larger size classes (Adwdgetative and reproductive)
to A indicates that these stages are the criticalerité history ofA. spicatum
and the conservation priority should focus on tteeqztion of these stages.

Chapter IV

Harvesting and grazing impart significant negatfiects on plant density at
different life stages and play a crucial role ined®rating plant population

through reduction in reproductive outputs.

Significantly reduced fruit production and low prmtivity in terms of tuber
biomass for plants at the unprotected site may teatie local extinction of

the species.
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The better performance of populations in protediéel can be described as a
result of the effective conservation efforts of theal community which can

be extrapolated to the unprotected site.

A low level of awareness about population ecologg aonservation among
local people are the major challenges for the swsbée development db.

hatagireapopulations at the unprotected site.

Chapter V

Population growth rate of more than unity allowsvieat of 10% of the
individuals for local use in the protected popuas.

10 fold increase in fecundity can maintain steaolyytation in unprotected

grassland populations.

25 fold increase in fecundity can maintain steadiyyation in unprotected

wetland population.
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CHAPTER 2°

PLANT DENSITY AND LIFE HISTORY TRAITS OF ACONITUM SPICATUM
IN  NORTH-CENTRAL NEPAL: EFFECTS OF ELEVATION AND

ANTHROPOGENIC DISTURBANCES.

Abstract

Increasing cross-border trade of medicinal and atanplants (MAPS) has put heavy
pressure on a considerable number of species iHithalayas. One of the threatened
species in Nepal isconitum spicatumUnfortunately for this species and for many
others, our knowledge on population ecology andopaance across the distribution
range is insufficient, hindering the formulationsgfecies-specific management plans.
Thus, density and population structure Afonitum spicatumwas studied and
variation in its life history traits among threeotmnal populations (subalpine, lower
alpine and alpine) along an elevation gradient (3d200 m asl) in Annapurna
Conservation Area, north-central Nepal was asseddweal results show that human
disturbances and topographic factors contributethéovariation in density and life
history traits. The overall density ranged betw@dit + 0.09 (Mean + SE) and 2.48 +
0.24 plants/rh with highest mean density in the lower alpine dodest in the
subalpine population. The subalpine population \ats® characterized by lower
investment in reproductive structures with loweseds mass and low seed viability
and fecundity. Among the environmental variablesta®, harvesting, animal
droppings and fire appeared to be the most impbfiators affecting density of
different life stages of\. spicatumThe prevailing harvesting pattern is destructige
it involves uprooting of the whole plant and thpgpaars to be a main reason for low
recruitment and reduced density of the subalpirmulation. The level of disturbance
decreased with increasing elevation. In terms qira@uctive effort, the alpine
population performed best. The present resultscatdi that the viability ofA.
spicatum populations depends on controlling over harvestenyd pre-mature
harvesting of tubers and protecting younger lifgges from grazing, trampling and

Chapagain, D.J, Meilby, H. & Ghimire, S.K. (2019). Plant density darlife history traits
of Aconitum spicatumin North-Central Nepal: Effects of elevation andtheopogenic
disturbancesPeerJ7:e7574 http://doi.org/10.7717/peerj.7574
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fire. It is therefore recommended that when forminga management guidelines,

measures aiming to mitigate such anthropogeniariahces should be considered.

Keywords: Population density, tuber biomass, sensitivity,x&di Zero-inflated
Poisson

2.1 Introduction

The study of variation in life history traits ofspecies is crucial to understanding the
role of particular types of ecological pressuresiraping population demographics
(Roff, 1992; Réaleet al, 2010, Tonnabekt al, 2017). Variation in environmental
conditions can affect recruitment dynamics (Frar&oSilvertown, 1996) and
population growth rates (Caswell, 2001). Himalayalpine plants respond to
environmental and climate change variables inclydirogeography, elevation and
precipitation (Salicket al, 2014). Increasing anthropogenic activities ha®o
created and continue to create a range of novét@maents in mountain ecosystems
(Zhanget al, 2019). Along the elevation gradient in mountacosystems, large
changes in environmental factors occur over shistances, leading to huge variation
in the selection pressure imposed on plant liféenysstrategies and traits (Bressemn
al., 2011). Particularly, topographic variation ateemicroclimatic conditions, which
may contribute to variation in life history trait¥hese variations are coupled with
disturbance regimes, like harvesting, fire and igigaevhich themselves are structured
along elevation gradients. The concentration oféhanthropogenic disturbances,
especially in alpine and subalpine ecosystems mayhmh-altitude plants under
stress. To cope with such stressful conditionsh-eigvation plants develop self-
sustaining adaptation strategies (Koérner, 2003)luding a long floral axis, more
globular flowers (Molau, 1993), persistent sepksger root systems (Korner, 1999),
vegetative apices or perennating buds at safe degittw ground (Korner, 2003),
higher proportion of belowground biomass (WebbemMay, 1997) and increased
number and size of seeds (Kdrner, 1999), whichritarte to enhance the persistence

of their populations.

Population density and individual-level traits, dikplant size and reproductive
performance (Totland & Nylehn, 1998; Nielsenhal, 2007; Fan & Yang, 2009) are
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considered the most important basic parametersedets assess the capacity of a
plant species to maintain its population. Repragactraits are especially important
for a species to establish and to persist followdigjurbance. Rates of recruitment
vary and depend on, e.g., seed number, seed neasbyisbility, growing season, and
disturbance characteristics (Chambetsal, 1990). Understanding the variation in
such traits is important for the assessment ofahg-term persistence of populations
growing in habitats disturbed by human activitiembitat disturbance often has a
negative effect on plant reproductive success (Qeasy 1995). Cattle grazing,

trampling and fire, for example, may lead to loweuit set and subsequent

recruitment (Mckechnie & Sargent, 2013; Renisznal, 2015). However, fire is

deemed to be a prerequisite for recruitment, graamith development of plant species
in some ecosystems (Bucini & Lambini, 2002) and inasome cases been shown to

promote higher species diversity (Holdisal, 1984).

Harvesting of medicinal and aromatic plants (MAFs)a customary subsistence
practice in the Himalayan region. Over 300 taxéfPs are traded from Nepal with
a total annual amount of 10,770 tons and a valudSD 60.09 million (Ghimireet
al., 2016; GoN 2015, 2018). Trans-boundary tradeiofdthyan MAPs has increased
to meet the growing demand from international ple@atical companies and has led
to heavy and indiscriminate harvesting of some iggeAconitumspicatum(family
Ranunculaceady among the ten most traded medicinal plants ftoenHimalayan
region of Nepal (Olsen & Larsen, 2003). It is vubdge in Nepal, mainly due to over-
harvesting (CAMP, 2001). Considering the high traddue of A. spicatum the
government of Nepal has included it as one of yhirbs of national priority for
development, research and cultivation (DPR, 20D2gpite the commercial interest
and high conservation value Af spicatumdetailed studies describing its ecological,
morphological and reproductive characteristics largely lacking within its entire
range. Scientific information on how the differedisturbance regimes (including
harvesting) shape the life history parameters @ayction and growth) and determine
population density and structure of important Hiaayah MAPs likeA. spicatum
across ecological gradients is important for theettgpment of management strategies
to maintain viable populations (Ticktin, 2004; Gimvieret al, 2005). In this chapter |

aim to analyze whether impacts of anthropogenicdudbhsnce on population
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performance ofA. spicatumdepend on ecological factors associated with al@vat
Thus, examining populations located within threasazutive elevation ranges, the
goal of this study was to answer the following diges: (i) do the impacts of
anthropogenic disturbance on population structur@ @density ofA. spicatumvary
along an elevation gradient? (i) How do plant sanel reproductive performance of
A. spicatumvary along an elevation gradient? (iii)) what are #ocio-cultural and

economic aspects &. spicatunf?
2.2 Materials and methods
2.2.1 Study area

The study ofA. spicatumwas carried out in upper Modi River Valley (N 28°255'
and E 083°53.546' to N 28°31.806' and E 083°52)53vithin Annapurna
Conservation Area (ACA) in north-central Nepal (g 1). The study area is
characterized by temperate and alpine climate. \dwgetation consists of upper
temperate coniferous and mixed broad-leaved foegdtaver elevations (>3000-3500
m), sub-alpine mixed forests dominatedAdyies spectabilindBetula utilisat and
below the tree line (>3500-4000 nywer alpine thickets mainly of dwarf bushes of
Rhododendrorspp. at and above the tree lima. (4000 m), and alpine meadows and
grasslands above 4000 m. Snowfall starts in Octaloer the area remains snow-
covered for up to six months, until March. High s@aal differences in temperature
and rainfall, short growing season and heavy snibwfa the main constraints to
plant growth at higher elevations. The study amaprises the most popular trekking
routes of Nepal, and each year approximately 30{00f€sts visit the area. Trekking
tourism can be considered one of the most impoftanors affecting the structure of
forest ecosystems at high elevation in the Himalaggion (Bignness, 1980; Stevens
2003; Garbarineet al, 2014). There are 14 hotels along the trekkingegassing
through the study area, and the nearest villagebdf@rong and Sinwa) are inhabited
by 62 households. Along the upper Modi Valley thare two cattle sheds (‘'goths' in
Nepali), each with about 500 cattle. The livelihoofl local people is based on
subsistence agriculture, pastoralism, seasonaé,traidd more importantly, tourism.
Interviews with local residents indicated that dedpom the neighboring Gorkha and
Dhading districts of Nepal, recently started hatwgshighly valued MAPs, including
A. spicatunfrom the ACA region.
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Figure 1: Map showing study area (N28°29.455' and E083°53.546' to N28°31.806' and E083°52.537',

Annapurna Conservation Area) and the locations of the study plots of Aconitum spicatum

Source of land cover map: Department of Survey, Government of Nepal

2.2.2 Study species
Aconitum spicatum (Briihl Stapf)

Aconitumspecies belong to the family Ranunculaceae antbeadly known as Bikh
and Monk’s hood or aconite in English. The plarftths genus have been used as an
arrow poison in prehistoric time. The genus hasr@pmately 300 species.
Department of Plant Resources (DPR, 2012) hagslli88species aAconitumfrom
Nepal. Fifteen species @fconitumare endemic to Nepal and 7 species are included
under different threat categories (DRR, 2012). §iaeus shows temperate to alpine
(1,800-4,200 m elevation) distribution ranging freast to west in Nepal.

Aconitum spicatunhereafterA. spicatumis a vulnerable (CAMP, 2001) medicinal
plant species with a restricted distribution to Hienalayas of Nepal, India, Bhutan
and China at elvations between 2900 and 4200 meabea level (asl) (Ghimiret al,
2021). The plant grows in moisture retentive safsthe sub alpine and alpine
meadows.In the study area, fragmented populationsAofspicatumoccur between
3000-4200 m asl. The plant is less exploited bylticals as the area is touristically
flourished, however the collectors from other dis$r are found harvesting the plant

for commercial purpose.
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A. spicatums a tall perennial herb with an erect stem raaghipto 2 m in height and
bearing crown of large attractive blue or yellovgagnorphic flowers with numerous
stamens (Figure 2a). The long floral axis (whichilfiates pollination) and large
number of blue globular flowers that allows comeldevelopment of fruits and seeds
(Molau, 1993), persistent sepals, larger root sys{&orner & Keorner, 1999),
vegetative apices or perrennating buds at safehdeglow the ground that prevents
damage from the low temperature (Kérner, 2003)hdrigoroportion of belowground
biomass (Webber & May, 1997), investment of fooserge of the mother tuber for
the growth and development of daughter tuber inating year and large seed
number are the important adaptive featuresAofspicatum All these features are
considered as the adaptive features of plant taw&im alpine and subalpine habitats
(Bliss, 1962; Korner, 2003).

The plant bears 1-70 flowers (mean £ SE 10.64 8)laAd 1-110 fruits (mean + SE
14.03 £ 1.53) per plant. Each fruit is an aggregstb-6 follicles (Figure 2b). Each
fruit produces an average of 41 seeds; thus, awnidludl plant bears about 574 seeds
on average. The plant produces paired dark-browersu(Figure 2c), which are best
harvested as soon as the above-ground parts digumn (Ghimireet al, 1999). The
aerial part of the plant is annual but the tubeesperennial. The mother tuber dies
every year but before this happens it producesmbeu of sprouting buds, which
grow into 1 to 5 daughter tubers (field observgtionhe plant shows low seed
germination potential and the seeds can stay ddrfoatong time (Srivastavat al,

2010) and even tubers show frequent dormancy (€h8jpt

It is one of the most poisonous plants among 15 pépeicies reported from
Annapurna Himalaya area (Bhandary & Shrestha, 1986g plant has high
medicinal value. Tubers of the plant possess alsld1.21%) like aconitine,
hypaconitine and mesaconitine (Srivas&tval, 2010) and have been reported to
show significant antibacterial, antipyretic, angigeand enzyme inhibition properties
demonstrating its potential use in pharmaceutioatganies (Srivastagt al, 2010).
Tubers ofA. spicatumare used in the traditional medicinal system afissper
detoxification to cure fever, headache, lung andsitine infections and to heal cuts
and wounds (Shyaula, 2011). The detoxification neples however vary according

to the traditional practices (Lanedal, 2001).

17



Figure 2 b. Follicles Figure 2 c. Tubers Figure 2 d. Mature seeds

2.2.3 Sampling

During the summer of 2015, sampling was carried inuthree sites at elevations
ranging from 3000 m to 4200 m. Sampling coveredvthele elevation range @.
spicatumin the study area as the transects were estattlisbe the lowest to the
highest point of its distribution. In each 100 rawltion band, a transect with six plots
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(3 m x 3 m) was established with plots located atisimum plot-to-plot distance of
10 m. Each plot was divided into nine subplots oh X 1 m, five of which (center
and four corner subplots) were systematically setecfor detailed biological
measurements. In total, 66 (3 m x 3 m) plots, 880 (1 m x 1 m) sub-plots were
sampled. In each plot, latitude and longitude wedrded using an eTrex Garmin
GPS device and cross-checked the elevation usicejilarated altimeter. Slope and
aspect were measured using clinometer and compesgsctively. In each subplot,
the cover (%) of shrubs, herbs, grasses, licheysphytes, litter, bare ground, solid

rock and scree were estimated using standard me{Radiliet al, 2015).

Individuals ofA. spicatumwere classified into four stage classes on thes lmdgheir
size and reproductive status and were countedstye classes were: seedlings (Sd;
stem girth< one mm measured at five cm from soil surface, teahber = 1-2),
juveniles (Jv; stem girth = 1-<three mm, leaf numb@-< 5), vegetative adults (Adv;
stem girth> three mm, leaf humber2) and reproductive adults (Adr; flowering or
fruiting individuals). In each subplot, the coumtptants at different stages was used to
calculate population structure and density. Animhiappings, trampling, harvesting
and fire were considered as anthropogenic distadzarA five-point ordinal scale (0—
4) was applied to describe the level of disturbacecore of ‘0’ corresponded to no

disturbance, while ‘4’ corresponded to heavy disanice.

Four transects were grouped together and definesk tiider ecotone populations,
namely subalpine (3000-3300 m), lower alpine (33@00 m) and alpine (3800-4200
m). Twenty of the most vigorous plants from eachhaise populations were selected
to record plant biomass and to measure vegetasiig (plant height, stem girth, number
of leaves, leaf size and length of floral axis) aedroductive traits (number of buds,
flowers and fruits). The fresh weight of abovegmamd belowground plant parts was
measured in the field. Afterwards, the plants waaredried, packed in paper bags and
brought to the laboratory for dry biomass estinmtiS8eed number and seed mass
estimations were based on random selection of lfrmaeproductive individuals
from each population during the seed maturatiomgdan October. From each such
individual, 5 fruits were collected, recorded theéimmeter, length and fresh weight in
the field, and then packed the fruits separatelypaper bags for subsequent dry

biomass estimation.
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Seed sowing experiments were carried out in Oct@bé&b and 2016. In each year,
mature seeda(= 100) were introduced into each of five randomlyestdd 1 m x 1
m subplots, located in a similar habitat adjacerthe study plots. Dark brown seeds
which sank in water were considered mature and vsetected for the sowing
experiment. The seeds sown during 2015 failed tongeate. However, the seeds
sown in 2016 germinated and established in 201edIBgs that recruited and
survived were recorded in 2017. The data resuftimg these experiments along with
the information on seed production were used tomes¢ fecundity. Fecundity was
calculated as the percentage of established sgedtiom 100 seeds multiplied by the

average number of viable seeds per individual ahgmpulation.
2.2.4 Laboratory study

The air-dried plant materials were oven dried @t® for 72 hours) and measured
their biomass to an accuracy of 0.001 g. Similanlynber of seeds per fruit and per
individual plant were counted, and measured thd sgss (expressed as dry mass of
50 seeds) per individual. Seed viability was tedtgdsoaking the seeds in water,
cutting them into halves and subsequently dippimegrt in a 10 percent solution of 2,
3, 5 Triphenyl Tetrazolium Chloride (TTC) for a nmmum of 12 hours in total
darkness. The pink coloration of the embryo undari@oscope, indicated viability
of the seed (Beight al, 2006).

2.2.5 Interview survey

Semi-structured interviews were conducted durin§528017 among 65 persons in
Annapurna Base Camp region. The informants weral IMAP users, leaders,
teachers and students in the villages, and hotakosy local tourist guides and cattle
herders working in the sites where the ecologioaley was carried out. The goal of
this research was explained and obtained the ir#otsh consent before starting the
interview. The informants were also informed abthgir right to withdraw their
consent at any stage of the interview. Informanésponses were documented by
written notes and in possible cases were also sampited by voice recording, with

the permission of the informants.

The informants were asked to comment on the abuedahA. spicatum collectors
(villagers or outsiders), reasons for collecting thlant (local use or commercial
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purpose), local uses, the collection (areas and timcollection), when they started
collecting, indigenous knowledge transfer practicggecial tools, prices, qualities,
markets (to whom they sold), processing after catbe and their other sources of
income. Questions concerning nature conservatioanges observed in the biotope,
perceived trends in populations of the speciessemwf population change, threats,
conservation status, protection measurements,igeadhat could ensure survival and

sustainable management were also asked (Appendix I)
2.2.6 Statistical analysis
2.2.6.1 Population structure and density

Given the clustered sampling design with five sidispper plot, the variation oA&.
spicatumdensity using a mixed-modeling approach includingndom effect of plot
was analyzed. Over-dispersion of the count data eaadirmed by using the qcc
package (Scrucca, 2004), and the analysis of thetsdor different stages was made
using the glmmTMB package (Mollieet al, 2017) in R, version 3.5.3 (R

Development Core Team, 2017).

Direct field observations confirmed the plant aserand sparsely distributed at the
study site. Hence, methods especially designedater dor count data with excess
zeros were considered from the project’s earlyeta§imple transformations, such as
square root and log, were not capable of makingdtita appropriate for modeling
using standard statistical assumptions of normalitye abundance of zero counts
prevented these transformations from having thé&retb®ffect of symmetrizing the
data and eliminating dependence between the mednvamance. Based on the
Akaike Information Criterion (AIC), the best fit amng several model alternatives was
obtained using Mixed Zero-inflated Poisson (mixeB)Zmodels (Hall, 2000). Hence,
mixed ZIP models were used to quantify the relatmm between environmental
factors and the abundance of plants at differeagest of development using
explanatory variables such as population (a gidemagion range), relative radiation
index (RRI), cover of shrubs, cover of herbs, hsting, trampling, animal dropping
and fire. All models included a random effect of fhlot. Twenty-six sets of candidate
models were prepared using the gimmTMB package Aggeendix [II) and finally

prepared an average model based on set of 16 dredilate models (selected on the
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basis of delta AIC) using the MuMin package (Bastdf18) in R. The 16 models
with AIC values less than 258.4 for seedling st&$6.9 for juvenile stage, 583.3 for
adult vegetative stage and 777.3 for adult reprideistage were used to prepare the

average model by MuMin (Appendix V).
The full models were in all cases expressed as:

Density; (of a particular stage k. spicatumh = a + b (Population) +1RRIj + &
Herb coverj + ¢ Shrub cover; + & Harvesting; + & Animal droppingij + Cs
Tramplingjj + ¢; Fire;; where, a (intercept), b (population) and. ©; are fixed model
parameters, i = 1...66 is the plot (included as @doameffect) and j = 1...5 is the sub-
plot. Population had three categories (subalpioget alpine and alpine). Density
was expressed as the number of individuals in @gstage category counted within a
1 n? sub-plot. A relative radiation index (RRI) was ds&s a proxy of microclimate at
the site. RRI is a relative measure of the exposoreolar radiation at noon at a
specific location and was calculated for each pfoa function of aspect, latitude, and
slope. RRI was calculated as: RRI = cos (38Qy x sin3) x sin@) + cosf) x
cos(P), whereQ = aspect (slope azimuth in degreab): latitude (degrees) arfil=
slope inclination (degrees) (Oke, 1987; Vetaas,2)99he preliminary analysis
showed that the shrub, litter, bryophyte and licltener were closely correlated.
Similarly, herb and grass cover, and scree and avend cover were closely
correlated. It was therefore decided to excluderlitbryophyte, lichen, grass and

scree cover in subsequent analysis.

2.2.6.2 Plant size and reproductive performance

Unlike plant density and structure, other life brgttraits were studied using sample
individuals selected at the population level (sbeva). As the measurements were
done on individual plants, 20 replicates were saahfpbr each of the size- based and
reproductive trait variables. Before doing the gsigl data for each of these variables
were tested for the assumptions of parametric .téstsept for plant height and

biomass, all other variables that relate to plare and reproductive performance did
not meet the standard assumptions of normality haohogeneity of variance.

Therefore, Kruskal-Wallis tests was applied to exanthe variation of these traits
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among the three populations. In the case of plamhh and biomass, logarithmic
transformation of the data gave statistical nortpalso in these cases one-way
ANOVA was applied. A double logarithmic allometrimodel was prepared to
describe the relationship between plant height tiedbiomass of tubers. Multiple
comparison tests were performed after ANOVA andsKall Wallis to compare the
significant differences among the populations. t&lts were conducted using the R

version 3.5.3 (R Development Core Team, 2017).
2.3 Results
2.3.1 Population structure and density

Significant differences were found in the densitedsjuvenile, and vegetative and
reproductive adults among the three population®l€ra). Similarly, differences in
the observed stage distributions were recorded gntbem (Figure 3). All the
populations revealed lower proportions of plantsnmaller size classes (seedlings and
juveniles) than in larger size classes (vegetatwel reproductive adults). The
variation in density ofA. spicatumacross elevations was hump-shaped and density
reached its maximum in the lower alpine populatidgth a mean density of 2.48 *
0.24 plants/rh The lowest density (0.56 + 0.09 plant§/mas found in the subalpine

population.

Table 2: Population density (m™®) for different life stages of A. spicatum in three populations in
Amnapuma Conservation Area, Central Nepal. Densities are stated as mean +5E. »* and p-values were
based on Kruskal-Wallis test, df = 2, n = 66. Values for each stage class among the populations with
same superscript letter do not vary significantly at p = 0.05 level based on mwultiple comparison test

after Kruskal Wallis

Population Seedling Juvenile Adult vegetative Adult reproductive Total
Subalpine 0035 +0.02 007 +0.03" 0.10 £0.03* 0.34 + 0.06*° 0.36 + 0.09
(3.000-3,300 m)

Lower alpine 0.13+003 030 +006° 081 +0.12° 1.24 +0.13° 248+ 024
(3,400-3,700 m)

Alpine 02+006 024+0.13" 078 £+0.21° 0.93 +0.17° 216+ 048
(3.800-4,200 m)

¥ value 5.18 1033 3479 34.17 4523
p-value 0.08 <0.01 <0.0001 <0.0001 <0.0001
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Figure 3: Population structure of 4. spicatum in Annapurna Conservation Area, Central Nepal (Sd,
seedling; Jv, juvenile; Adv, adult vegetative; Adr, adult reproductive). Bars with same letter for each

stage class among populations do not vary significantly at p = 0.05. Sd (ns)

2.3.2 Variation in plant size and reproductive perbrmance

The plants showed the greatest vegetative vigterms of plant height and stem girth
in the subalpine population (Table 3). Similarlye tsubalpine population showed the
highest total numbers of flowers and fruits penpl@able 3).

The number of daughter tubers per individual tenidelle higher in higher-elevation

populations though the difference was not stagfiticsignificant (Table 3). The dry

mass of daughter tubers, and that of below- andreiyound plant parts were
significantly lower in the alpine than in the othgopulations (Table 3). In lower

alpine and subalpine populations, the average tsenad belowground plant parts
exceeded that of the aboveground parts. The diypdss ratios for plant parts below
and above ground, and for aerial vegetative anddegtive parts varied significantly

among the studied populations (Table 3). The doynlaiss ratios for plant parts below
and above ground were highest for plants from thlpine population, and the ratio
of dry biomass of reproductive and aerial vegetaparts was highest in the alpine
population (Table 3).
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Table 3: Variation in life history traits (vegetative traits and reproductive outputs) of 4. spicatum

among three populations in Annapurna Conservation Area, Central Nepal. Values are mean = SE (n =

60). *Population comparisons were based on either 'Kruskal-Wallis tests or *one-way ANOVA. Values

for each trait among the populations with same superscript letter do not vary significantly at p = 0.05

level based on multiple comparison tests after 'Kruskal Wallis tests and “one-way ANOVA

Traits Subalpine Lower alpine Alpine x2/[F  P-value
(3,000-3,300 m) (3,400-3,700 m) (3,800-4,200 m)  value*

Leaf number' 12.05+0.33*  10.9+046* 6.35+0.18"° 40.22  <0.001

Plant height (cm)® 156.43 £5.62* 151.28+5.29* 81.77+4.20° 6747 <0.001

Stem girth (mm)' 10.04 +£0.95° 9.60+0.68* 6.62+0.25° 12.51  0.001

Length of floral axis (cm)' 19.67£0.86" 19.13+1.42* 10.01+£0.60° 33.18 <0.001

Average leaf area (cm’)' 17536 +14.21° 190.98 + 10.98" 91.57+4.95° 3126 <0.001

No. of buds per plant' 29.77+£10.03* 9.14+2.89™  6.00+1.19° 1248  0.001

No of flowers per plant' 15.85+4.44 10.61 +£2.03 6.20+0.71 5.29 0.070

No of fruits per plant' 22.15+£6.80° 17.5+4.56° 4.12+0.67° 10.72  0.004

Total reproductive parts per 39.85+731 26.75+5.07 16.45+1.71 4.89 0.086

plant'

Number of daughter tuber per 1.6 £0.19 1.85+0.25 1.80 +£0.27 0.45 0.799

plant'

Volume of daughter tuber (mm®)' 272.66 + 25.97* 246.41 + 41.94* 109.67 + 12.29°  25.88  <0.001

Dry biomass of a daughter 17.88+£2.83* 12.18+0.82* 4.58+0.55° 32.58 <0.001

tuber (g)°

Total dry biomass of daughter 21.92+3.47* 16.09+1.32° 5.60+0.86" 27.02  <0.001

tubers per plant (g)*

Total dry biomass of mother 8.04+1.03* 7.85+0.79° 1.87+021° 40.29  <0.001

tuber per plant (g)*

Total belowground dry biomass ~ 29.97 +4.39* 23.95+1.83*  7.86+0.95 36.14  <0.001

(including daughter and mother

tubers) per plant (g)

Total above ground dry 23.61+2.90° 21.95+1.46° 9.95+1.05° 16.22  <0.001

biomass per plant (g)*

Ratio of dry biomass of below- 1.34+0.12*  1.13£0.07°  0.86+0.07° 7.00  <0.01

ground and aboveground parts’

Ratio of dry biomass of 0.21 £0.03* 0.27 +£0.04 0.46 £ 0.05° 9.61  <0.001

reproductive and aerial

vegetative parts’
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The double-logarithmic allometric model revealedignificant relationship between
plant height and total dry mass of tubers (bothgger and mother tubersp (=
<0.0001, Figure 4). Overall, compared to the subelpnd lower alpine populations,
the alpine population was generally characterizg¢dstionted growth, low biomass,
fewer and smaller leaves and fewer and smallepdemtive structures.

The volume of fruits varied significantly among thepulations §* = 51.58,P =
<0.0001) with highest mean value (19.19 + 0.4$)dr the lower alpine population
and lowest mean (14.41 + 0.33 9rfor the alpine population (Table 4). Similar riésu
was recorded for the number of seeds per fdit(17.85,P = 0.0001). The number
of seeds per unit volume of fruit was found to vargnificantly among the three
populations with highest mean value for the alginpulation ¢* ~7.74,P = 0.0208).
Similarly, higher seed mass per 50 seeds was faunkde alpine than in the lower
alpine and subalpine populatior’s £ 5.69,P = 0.006) (Table 4). Seed viability and
fecundity were highest in the alpine and loweghm subalpine population (Table 4).
The seed viability showed statistically significatitferences among the populations
(F =10.69,P < 0.0001).
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(B) of Aconitum spicatum
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Table 4: Variation in reproductive performance of 4. spicatum among three populations in Annapurna
Conservation Area, Central Nepal. Values are mean + SE (n = 225). *Population comparisons were
based on either 'Kruskal-Wallis tests or “one-way ANOVA. Values for each trait among the
populations with same superscript letter do not vary significantly at p = 0.05 level based on multiple
comparison tests after 'Kruskal-Wallis and >ANOVA

Reproductive performance traits ~ Subalpine  Lower alpine Alpine y2/F  P-value
(3,000-3,300 m) (3,400-3,700 m) (3,800-4,200 m)  value*
Dry weight of fruit and seed (g)'  0.08 +0.004* 0.09+0.004™ 0.1 +0.003° 9.64 0.008
Volume of fruit (cm®)! 18.91+£0.75* 19.19+049" 14.41+033° 5158  <0.0001
No. of seeds per fruit' 37.21+£1.76* 47.16+195" 36.63+259* 1785  <0.0001
No. of seeds per unit volume of ~ 2.08+0.10* 2.44+0.07° 2.60+0.18% 7.74 0.0208
fruit'
Dry weight of seeds per fruit (2" 0.03+0.002 0.03+0.003 0.04+0.003 1.34 0.511
Seed mass of 50 seeds (g)° 0.04£0.004* 0.04+0.004" 0.06+0.002° 5.69 0.006
Seed viability (%) 16.07+0.99° 17.14£1.05* 22.5+0.64° 10.69  <0.0001
Fecundity 2.59 2.71 2.9

Table 5: Summary of environmental variables (substrate and topographic) characterizing the three
study populations of A. spicatum in Annapurna Conservation Area, central Nepal. Estimates for
substrate and topographic variables are specified as mean + SE; for topographic variables ranges are
also stated

Substrate variables Subalpine Lower alpine Alpine
(3,000-3,300 m) (3,400-3,700 m) (3,800—4,200 m)
Shrub cover (%) 7.74 £1.23 11.28 £2.02 0.78 £0.51
Herb cover (%) 62.4+2.51 60.2 £ 1.96 49.44 +3.21
Grass cover (%) 6.92+1.04 8.43+1.19 30.5+2.89
Bryophyte cover on soil (%) 6.02+0.41 7.96+0.76 5.1+0.46
Lichen cover on soil (%) 1.18+£0.10 0.89+0.10 1.06£0.11
Litter cover (%) 6.07 £0.45 11.45=+1.15 7.56 +0.80
Solid rock cover (%) 16.62 +2.59 7.65+1.10 534+1.15
Scree cover (%) 0.00 £ 0.00 0.63+0.20 0.00 £ 0.00
Bare ground cover (%) 0.80+£0.28 2.78 £ 0.41 1.00 £ 0.27
Lichen cover under vascular plants 1.05+0.10 0.88+0.13 1.04+0.14
(“0)
Bryophyte cover under vascular 9.63+0.74 11.72 £ 1.01 5.92£0.65
plants (%)
Bryophyte cover on rock (%) 2493 £3.34 17.92 £2.67 7.49 + 1.66
Lichen cover on rock (%) 2.37+0.50 1.06 £ 0.15 473+1.18
Bare rock cover (%) 20.88 +3.15 41.86 =3.84 22.22+3.70

Topographic variables

Elevation (m asl) 3204.16 £9.74 3584.16 £ 11.15 3968.66 + 11.80

(3000-3300) (3400-3700) (3800-4200)
Slope (degrees) 245+ 1.37 19.25+1.03 11.94 £0.94
(3-5%) (3-39) (3-40)
Relative radiation index (RRI) 0.85+0.01 0.88 +0.01 0.85+0.01
(0.71-0.99) (0.78-0.99) (0.59-0.96)
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2.3.3 Response of density of different life stagas environmental variables
(mixed ZIP models)

The three studied populations varied in substrate tapographic conditions (Table
5). The subalpine population was located in henlmidated pasture with loamy soill.
The lower alpine population was in a shrub domithgtasture with high bryophyte,
litter and scree cover. It had sandy loam soil. @lpgne population was found in a
grass-dominated pasture with silty soil. The subalgpopulation was affected more
by anthropogenic pressure compared to the othepbpalations (Figure 5).

Mixed Zero-inflated Poisson (mixed ZIP) regressimadels revealed that harvesting
and herb cover had significant negative effectsseadling density. For juvenile
density, harvesting had a significant negativeatff€he other variables tested did not
show significant effects on seedling and juvenimgity. In the case of adult stages
(both vegetative and reproductive adults) poputasbowed a significant effect on
density. The mixed ZIP model analysis further shebweat, compared to the alpine
population and taking cover and disturbance vasmbhto account, the subalpine
population exhibited a significantly lower densitfyvegetative and reproductive adult
stages. Interestingly, animal droppings and fird hasignificant positive effect on
adult density (Table 6). The zero-inflation modeimponent was significant for
juvenile and adult reproductive stages but no dates showed any significant effect

on this component.
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Table 6: Mixed Zero-inflated Poisson regression models for the density (m'2) of seedling, juvenile,

adult vegetative and adult reproductive stages of A. spicatum. Densities of different stages were

modeled as functions of population, relative radiation index (RRI), shrub cover (%), herb cover (%)

and disturbance (animal droppings, trampling, harvesting and fire, which were assessed using an

ordinal 0-4 scale). Zi is the intercept in the zero-inflation component; all other parameters refer to the

count component of the model. Parameter estimates with standard errors in brackets for full average

and conditional average models

YA Count component
component
Average Zi  Intercept Lower Subalpine Shrub Herb RRI Harvesting Trampling Animal Fire
model alpine cover cover droppings
Seedling Full 0382 -1.703 0185 -0303 0.003 -0.008 1.247 -0.955**  0.011 0.022  0.007
(1.003)  (2.109) (0.410) (0.555) (0.006) (0.007) (2.349) (0.332)  (0.131)  (0.072) (0.063)
Conditional -0382  -1.703 -0.185 -0.303  0.010 -0.012* 3.491 -0.955**  0.053  0.185  0.081
(1.003)  (2.109) (0.411) (0.555) (0.008) (0.006) (2.759) (0.332) ~ (0.281) ~ (0.116) (0.191)
Juvenile Full  0941%** 0131 0.08 -0.620 0.001 -0.000 0.248 -0.536* 0187  0.044  0.001
(0.280)  (1.110) (0.380) (0.573) (0.005) (0.003) (1.188) (0.252)  (0.269)  (0.093) (0.086)
Conditional 0941¥** 0,131 0,083 -0.620 0011 0000 1390 -0.561* 0369  0.182  0.007
(0.280)  (1.109) (0.380) (0.573) (0.009) (0.005) (2.510) (0.229)  (0.276)  (0.102) (0.189)
Adult Full 0.121 0206 0.152 -1.685*** -0.000 0.000 0.138 -0.097  -0.104  0.123 -0.029
Vegetative (0.198)  (0.589) (0.215) (0.375) (0.001) (0.002) (0.630) (0.125  (0.155)  (0.088) (0.085)
Conditional ~ 0.121  0.206  0.152 -1.685*** -0.002 0.003 1749 -0.173  -0.183  0.165%* -0.047
(0.198)  (0.589) (0.215) (0.375) (0.007) (0.003) (1.478) (0.121)  (0.167)  (0.060) (0.104)
Adult Full  -1.007** 0035 0171 -0.826*** 0.000 -0.000 0.044 -0.025  -0.046  0.107 0.178*
Teprodurive (0312)  (0329) (0.181) (0.235) (0.00) (0.000) (0.334) (0.059)  (0.096)  (0.064) (0.082)
Conditional -1.007**  -0.035 0.171 -0.826*** 0.004 -0.000 1485 -0.088  -0.099  0.124* 0.186*
(0312)  (0.329) (0.181) (0.235) (0.004) (0.002) (1.255) (0.083)  (0.121) ~ (0.052) (0.074)
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Figure 5: Frequency of different levels of anthropogenic disturbances in three populations of
A. spicatum in Annapurna Conservation Area, Central Nepal. Mean of animal droppings, trampling,
harvesting and fire intensity. Scale: 0-1 = low, 2 = moderate, 3-4 = high. Bars with same letter for each
disturbance class among populations do not vary significantly at p = 0.05 level based on multiple

comparison test after Kruskal Wallis
2.3.4 Socio-cultural and economic aspects Af spicatum

Ethnoecological survey revealed that only one pdroéthe harvester use it locally
(all the local healers) while ninety nine percehthe harvesters harvest it for trade
due to its poisonous nature. Locally the tuber isery orally (after proper
detoxification) only by the healers to induce almortand to treat chronic diseases
(long period of sickness). Detoxification is donegrolonged boiling in water, milk
or alcohol. Forty- five percent of the informante @f the opinion that the seedlings
with the single leaf possess high medical efficaoycollectors even harvest the
seedlings. Commercial collectors are the outsif@hadhing and gorkha districts) as
ninety percent of the informants are of the opinilbat the population is decreasing
due to the harvesters from other parts of the cguriEighteen percent of the
informants were aware of the population ecologyo§picatum Twenty six percent
of the informants are of the opinion that the auldes harvest the plant irrespective of
the plant size and season (seed dispersal andrndiarity) and they also believe that

wild bear, pika, insects and pathogents are dastydite populations ok spicatum
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Each harvester harvest 0.2 kg of dried tuber par,ytaus a total of 13-15 kg dried
tuber was harvested from that region annually. #@&ltof 800-900 individuals were
harvested per year from the region as 1 kg of dubér consists of 60-80 individual
tubers. A kg of fresh tuber was sold in NRS 500 @neld tuber in NRS 1000.

2.4 Discussion
2.4.1 Variation in population density and structure

The mean density oA. spicatumin the populations examined is comparable with
previous findings. For example, densities of 08dl§, 2005) to 3.71 (Nautiyait al.,
2002) plants/min A. balfourii, 2.57 (Nautiyalet al, 2002) to 3.1 (Semwadt al,
2007) plants/rhin A. heterophyllum2.7 plants/rhin A. rotundifolium(Kala, 2005),
and 2 plants/Mmin A. violaceum(Kala, 2000, 2005) have been reported from the
Indian Himalayas. However, much higher densitiesehalso occasionally been
observed. For example, Nutiyal al (2002) recorded a density of 6.7 plantsifmA.
violaceumin Gharwal Himalaya, India, which was attributeal ltmited human
exploitation due to habitat inaccessibility. SimyaShrestha and Jha (2010) reported
a mean density of 7.3 plantsim A. navicularein Manang, Nepal, which was
described as a result of subjective sampling duéhéopatchy distribution of the

species.

In the high mountain ecosystem, elevation reprasantomplex gradient closely
correlated with numerous other environmental vdemb such as temperature,
precipitation, soil texture and nutrients, substistability, and disturbance (Auerbach
& Shmida, 1993; Ramsay & Oxley, 1997). All thesetdas affect plant life in a
number of ways. The mixed ZIP model showed that shbalpine population
exhibited a significantly lower density of adultgegative and adult reproductive
plants than did the lower alpine and alpine pojputat The higher plant density in
lower alpine and alpine populations might partly chee to lower human pressure
(Figure 5) in these habitats. In addition, the $emadize of individuals in higher-
elevation populations also makes it possible fdrigher number of individuals to
share a given amount of space. With increasingaétav, the number of competing
species of similar or larger size decreases. Taises a small area to hold a large
number of individuals, thus increasing the densilige shift from an environment

characterized by high degree of competition to aenfiacilitative environment favors
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this higher density (Liancoust al, 2017). Bosch and Waser (1999) found that the
pollinator visitation is higher in dense populagsorof plants than in sparse
populations, which may further increase seed set altimately the population

density.

The low proportions of younger life stages (seedlinand juveniles) and
correspondingly high proportion of adults (vegetatnd reproductive) in the studied
populations clearly indicate that the recruitmeoteptial ofA. spicatums generally
rather low. The recruitment was further reducedhie subalpine population. The
small seed size, and low seed viability and fedyndecorded in the subalpine
population compared to those of the lower alping alpine population support that
the subalpine population is suffering from lack saffficient natural regeneration,
consequently lowering the population density. Stadiave shown that disturbance
characteristics determine the success of differgptoductive strategies (Chambers,
1995). Anthropogenic disturbance, like harvestimgl arampling can reduce seed
viability and fecundity in plants from mountain sgstems (Tonnabedt al, 2017)

and thereby reduce the population density.
2.4.2 Response of density of different life stagésenvironmental variables

The mixed ZIP model showed significant negative actpof harvesting on both
seedling and juvenile plant density, and populat{elevation) had a significant
negative effect on adult density. Based on conversa with collectors and key
informants, it appears that traditional healerdgoreo harvesi. spicatumat younger
stages, believing that relatively young tubers haigh medicinal efficacy. However,
commercial collectors prefer mostly the large aglants. Removal of the entire plant
before seed maturation reduces the possibility eédsdevelopment for future
regeneration (Sheldoet al, 1998). The negative effects of such damagesedalg
collectors may be further enhanced by infrequertiaeregeneration and possibly
also by limited availability of suitable sites foggeneration in subalpine and alpine
grasslands (Austhreim & Eriksson, 2001). The mixd8 model analysis further
showed that herb cover had a significant negativeact (at the 10% level) on the
density of seedlings, which may be a consequendeidif cover reducing the space
available for seedling establishment, increasimgdbmpetition and thereby affecting

growth and development.
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Although frequent trampling by sheep, wild animalgl humans damage plants and
prevents them from flowering, developing seeds ttumity, and dispersing their
seeds (Chardomt al, 2018), and seedlings @&. spicatummay be particularly
sensitive in this regard, as they have soft steitis enly 1-2 leaves, positive effects
of some disturbances on density of adults was folided ZIP model revealed
positive significance of animal droppings and foe adult (both vegetative and
reproductive) density. Direct observation also sufspthe result as th&. spicatum
individuals seemed to show preference for growmdhie proximity of cattle sheds
where the soil had higher concentration of animapgings. Ohlson and Gronli, 2006
also reported a significant positive effect on liféstory parameters inA.
septentrionalegrowing in experimental plot supplied with high@ncentrations of
nutrients. The tolerance of adult stagesAofspicatumto fire in the present study is
comparable with the findings of Uyt al (2004) who showed the tolerance of many

forb species to fire.
2.4.3 Variation in plant size and reproductive perbrmance

Aconitum spicatumhas developed an astonishing range of life histoaygs in
response to highly specific ecological environmdantsubalpine, lower alpine and
alpine habitats. A high degree of variation witlspect to different traits was found
among the populations (Table 3). The decreasimgltoé plant height, stem girth, leaf
area, length of floral axis and plant biomass olerin plants from subalpine to
alpine populations (Table 3) showed that the sizendividuals generally tends to
decrease with increasing elevatigh. spicatumin the subalpine (lower elevation)
population exhibited better performance in termshigh vegetative vigor and
production of higher number of flowers and fruitsr pndividual. Shrestha and Jha
(2010), studyingA. naviculare, also reported higher vigor for the individuals
examined in a lower elevation population. Planty parform better simply because
of favorable abiotic conditions (Billings, 1973; i&r, 2003), such as temperature
and moisture (Korner, 2003). Plant performancels® &nhanced in habitats with
better abiotic conditions through facilitation (fio® interactions), a common
phenomenon at high elevation, which helps plantofe with the harsh environment
(Callawayet al, 2002). Thus, the higher vegetative vigorrofspicatunobserved at
lower elevation is presumably related to the preseari appropriate abiotic conditions
in which plants exhibit enhanced growth (ShresthaJB8a, 2010). The harsh
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environmental conditions at higher elevation gelheliapose constraints on plant
growth (Korner, 2003). Similar trends of decreasjplgnt vigor with increasing
elevation have been observed in other herbs, sscBilane acaulis in which
disturbance has been attributed to be beneficrah#® performance of plants at lower
elevation (Chardoet al, 2018).

The decreasing number of flowers and fruits seentesl along the elevation gradient
is likely related to plant size but could also he do the time of flowering, which is
influenced by the ambient temperature and the ginehsnow melt (Kudo & Hirao,
2006). Flower production is often correlated witkarp size, which generally
increases with resource availability and decreasil increasing plant density
(Weiner & Thomas, 1986). Moreover, flower and frpibduction are shaped by the
interactions between abiotic and biotic environm@dgren et al, 2008; Maet al,
2010). For example, population density negativeffecas fruit production of
individual plants through its effect on flower nuemb(Agren et al, 2008).
Disturbances like trampling frequently break theflomescence, and repeated
disturbances year after year also reduce the raptiveé potential of the individuals,
thus limiting the production of flowers and fru{tShardoret al, 2018).

Like many high-elevation plants (e.g\renaria kansuensis, Rhodiola quadrifida,
Tribulus terrestrisetd), A. spicatumalso allocated a large amount of biomass to its
underground structure and, as a result, abovegroepréductive organs are reduced
and roots are enlarged (M al., 2010). A high proportion of belowground biomass
has often been interpreted as an adaptive resporsayere environmental conditions
(Webber & May, 1997). Particularly for high-elewati plants, subterranean organs
are dedicated to produce annual aerial parts ghaftitr snow melt and, thus, high
elevation plants are found to invest more in belmugd parts as an adaptive
strategy.

Despite the lower number of flowers and fruits g&tr individual in alpine
populations, in terms of reproductive allocatidrede plants performed far better than
subalpine and lower alpine populations. The rafidrg biomass of reproductive to
aerial vegetative parts was higher in plants frbm dlpine population than in plants
from subalpine and lower alpine populations, and thearly indicates that plants
from very high elevation invest more in reproductid@he subalpine population had

larger fruits than the two other populations ansl,aaresult, they produced higher
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number of seeds per fruit. Contrary to this, thopgbducing the smallest number of
fruits, the plants from the alpine population, camga to the two other populations
from lower elevation, set higher number of seedsupé& volume of fruits, and these
were seeds with a higher seed mass. Seed produtispecies from high elevations
depends on environmental conditions (short, coolgrg seasons) and is temporally
and spatially variable (Chambers, 1995). The irgirgaseed mass with increasing
elevation can be explained by more resources k@iagated to the individual seed in
alpine populations, thereby increasing their viapiand fecundity to cope with a
stressful environment. The increase in seed magther with a reduced number of
seeds per individual in populations from highervat®ns may indicate thad.

spicatumallocates more resources to the seeds and magtrefistrategy that helps

increasing fitness and long-term population pezaist in harsh alpine environments.
2.5 Conclusion

Human disturbance and topographical factors asgea@lto plot-level microclimatic
conditions, which contribute to the variation inndi¢y and the studied life history
traits. Among the environmental variables testeatyésting, animal droppings and
fire appeared to be the most important (proxy)dectaffecting the density oA.
spicatum The population at the lowest elevation was exgose the highest
anthropogenic pressure, the level of which decceagth increasing elevation. The
prevailing harvesting pattern was destructive asvblved uprooting of the whole
plant and was probably a main reason for the laweruitment and reduced density
in the subalpine population. The enhanced vegetgaerformance of adults and the
higher number of flowers and fruits set per repatide individual in the subalpine
population cannot compensate for the lower recmntmand loss of younger plants
due to high disturbance. The lower recruitment he subalpine population was
presumably also related to reduced seed mass,aundased seed viability. In terms
of reproductive effort (higher seed set per uniitfvolume, higher seed mass, and
higher seed viability and fecundity), the alpinepplations were performing better.
This confirmed that alpine plants developed sedtaining adaptive strategies by
increasing their resource allocation in reprodwcparts, especially in seeds, to cope
with the harsh environment. As the subalpine pdmravas suffering from reduced
reproductive performance, the persistence and ¢rowft A. spicatumat low

elevations will depend on how effectively managenveii address the protection of
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younger life stages and control over harvesting miature harvesting of tubers.
Although the adult individuals were found toleramtanimal droppings and fire, the
viability of A. spicatumpopulations not only depends on controlling ovewvesting
and premature harvesting but also on mitigatingeotbommon anthropogenic
disturbances, like grazing and trampling, to ensir@pletion of flowering, fruiting
and dispersal of viable seeds. It is therefore menended that when formulating
management guidelines, measures aiming to mitgjatke anthropogenic disturbances
should be considered. As science-based harvestidg@nservation strategies have
not yet been developed fér. spicatumand other Himalayan MAPs, and harvest and
trade are conducted on ad hoc basis, this studycuriltribute to the conservation of
MAPs by helping government authorities to formulaeientifically informed

conservation management strategiesAfospicatumand other similar MAPs.
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CHAPTER 3

SUSTAINABILITY OF HARVEST OF Aconitum spicatum ALONG AN
ELEVATION GRADIENT IN NORTH-CENTRAL NEPAL: MATRIX
MODELLING OF HARVESTING EFFECTS

Abstract

Demography of a commercially threatened medicinahtp Aconitum spicatunwvas
studied and the effect of different harvesting msiges on its population dynamics
was explored. Different harvesting treatments (@n{0%), 25%, 50% and 75%)
based on local practices were applied where (0-28§esents low harvest intensity
and 50-75% represents high harvest intensity ieetltifferent populations along the
elevation in north-central Nepal. Data on recruitinegrowth and survival of
individuals classified by size were collected fayurf years. Matrix modelling

approach was used to identify the pattern of vianan the demographic vital rates.

The asymptotic population growth rad (vas >1 in low harvest intensity (0-25%) in
all the populations in all the transitions (2015k28Pindicating that the harvesting of
this plant at low harvest intensity is sustainaltmethe high harvest intensities (50-
75%), the lambda value was <1 in lower elevatiopypations indicating that these
populations are sensitive to high harvest. The ltesshowed that the extinction
probability derived from the stochastic simulati¢f000 runs) in 100 years has
extremely low value for all the populations in btitle intensities. Transient dynamics
revealed that the low harvested alpine populatibows gradual increase in its
population reaching a size of approximately 400dividuals during the projection
period of 10 years. The deterministic projectiovedded that the subalpine population
is the most sensitive population. The populatiohsubalpine (both low harvest and
high harvest) can reach the low harvest intendigimne in more than 20 years. The
high harvest population of subalpine requires 22aryeto reach its low harvest
intensity in contrast to 7 years of lower alpindéeThigher contribution of large size
classes ta indicates that the larger size classes are thieatrstages in the life cycle
of A. spicatumand conservation priority should focus on the gebbon of theses
stages. This study further suggests that the ptpota of A. spicatumrespond

differently to harvest along the elevation and ¢hare important differences .
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spicatun’s capacity to regenerate after harvest in alpieeswys lower and sub alpine

populations.

Keywords: Conservation, elasticity, extinction probabiligyppulation growth rate,

sustainable harvest

3.1 Introduction

An accurate understanding of the driving mechanimghe population dynamics of
endangered plants and the relative contributionantfiropogenic disturbances and
environmental factors is crucial for their sustaileamanagement. Collection of long-
term demographic data is considered essentialdod gnanagement practices to help
conserve endangered plant species (Lande, 198&n&le et al., 1994; Byers &
Meagher, 1997). Schemske et al. (1994) noted thairder to implement species
recovery, it is necessary to know the rate of pafpah growth, the key life stages that
influence it, and why differences in key life stammur among populations and years.
Population growth rate is considered a standardsareao predict the future fate of
populations (Benton & Grant, 2000; Caswell, 20@gcurate estimates of vital rates
and a realistic population model are required tenmaliable predictions of extinction
and abundance probabilities (Coulseinal, 2001, Ellneret al, 2002). Population
models are widely used to inform management dewsi&nd to set conservation

guidelines.

Although the introduction of the Integral Projectiblodel (IPM) has brought about a
major change in the way many demographic modelscaneeptualized, traditional
matrix models are still useful and represent thgortg of previous demographic

analyzes available for comparative and conservatank (Doak et al., 2021).

Although several reviews have highlighted the sigpigy of IPM in recent years

(Merow et al., 2014; Ree®t al., 2014), these claims have not been critical oryfull
evaluated (Doakt al, 2021).

Stage-based matrix models have been used extgnsivassess the effects of harvest
on plant population dynamics and population pertorae (Menges, 2000; Caswell,
2001). In such studies, stage-based matrix mod&scanstructed from repeated

measurements of vital rates (survival, growth, gpdoduction) over several years.
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The population growth rates)(are calculated from this data and assesses whbthe
population will grow, remain stable, or decline pwthe long term under current
conditions. For harvested populatioris,> 1 is usually interpreted to reflect a
sustainably harvested population, whereasl is interpreted to reflect unsustainable
harvest (Svenning & Macia, 2002; Endresal., 2006).

Elasticities derived from these models can be tsatktermine vital rates and stages
that are most sensitive to environmental and othanges, and can inform recovery
efforts for endangered species (de Krebmal, 1986; Caswell, 2001; Morris & Doak,
2002). In addition, elasticity analysis (Caswe002) has been widely used to predict
the impact of MAP harvesting and to suggest managérstrategies to mitigate the
harvesting impacts (Ratsirarsen al, 1996; Anderson & Putz, 2002; Freckletein
al., 2003). Elasticity analysis predicts hdwwould change in response to small
changes in population vital rates. For examplenallschange in a vital rate with high
elasticity values will have a large effect grsimilarly, changes in vital rates with low

elasticity will result in very small changesin

Changes in population size and habitat conditiarch sas nutrient enrichment and
management practices were previously reported @ l@ impact on single vital
rates. In particular, population size, nutrientikmlity and management practices
may affect seed production (Oostermegeral, 1998; Lennartsson & Oostermeijer
2001; Munzbergova, 2006), germination rate (Colkhgl, 2002; Lindborg & Ehrlén
2002) and seedling survival (Collingt al, 2002). The same factors have been
reported to influence the stasis and growth ofiddials (Heglandet al, 2001;
Tomimatsu & Ohara, 2010; Dahlgren & Ehrlén, 2009).

A key for undertaking effective conservation actios to understand the importance
of stochasticity, demographic parameters and détestic population dynamics on
the performance of populations. So far, demographi@ameters have been mainly
used to gain insight into population viability (Reet al, 2002). Furthermore,
important life history factors such as dormancygdsebanks and vegetative
propagation are often neglected in research (Zeefleal, 2013). However, it is
difficult to estimate the survival and re-emergemates of dormancy-prone plant
species (Alahuhtat al, 2017). Therefore, the role of dormancy in lifstbry is not
well understood (Lesica & Crone, 2007. Dormancythsught to be a means of
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buffering adult survival against environmental s@sticity in long-lived clonal plants
(Shefferson et al, 2005). Many dormancy-prone plant species aree rand
endangered (Reintaét al, 2010) and are important species for conservation
(Alahuhtaet al, 2016).

Fecundity and other vital rates are expected tyg wéih population size and resource
availability (Horvitz & Schemske, 1995; Silvertoven al, 1996; Endel®t al, 2004,
Verheyen & Hermy, 2004; Valverde & Silvertown, 1998mall populations had
lower survival rates compared to large populatioosw recruitment resulted in
significantly lower predicted population growth esat in small populations.
Differences among populations in reproductive ougme expected to influence the
demographic parameters of interest. Available nessu can vary spatially and
temporally thus demographic processes need to l@sured in multiple sites and
years (Horvitz & Schemske, 1995; Menges, 2000; ilzebt al, 2006).

Species with small populations are strongly infleesh by demographic stochasticity
(Dinnetz & Nilsson, 2002; Kergt al, 2003; Synder, 2003). The stochastic effect on
survival varies among populations and stochastrwkitions have shown that only
large populations are viable, while small populadi@are expected to become extinct
within decades (Dinnetz & Nilsson, 2002). Small plations may be at higher risk of
extinction not only due to overall worse performarmaf individuals, but also due to
higher potential effects of demographic and envitental stochasticity. Such
potential hazards of small populations motivateden¢ studies that explored the
effect of population size on the plant performarpgulation growth rate, extinction
probability and variation in response to the popala on different harvesting

regimes.

Thus, the major aim of this research is to study éffect of harvesting on the
population dynamics ofconitum spicatunin three different populations along the

elevation gradient.

Specifically, the following questions were addreksse

1) How the population growth rates vary between thelistd populations and

years?

2)  Which demographic processes are most importantoidyeing the changes in
growth rate caused by harvesting?
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3) How do different harvesting regimes influence fetpopulation size?

4)  What is the risk of extinction of the studied pagiidns?

Answers to these questions provide a basis formmewendations aimed at the

sustainable managementAfspicatumand may help to define other needed studies.
3.2 Materials and methods

3.2.1 Study species

Refer to study species in chapter 2

3.2.2 Study area

The field work was performed during 2015 to 2018hree populations in Annapurna
Base Camp region of Annapurna Conservation Are8{BI2733' and E83°53.661' to
N28°29.856' and N83°53.855) in Central Nepal (teten chapter 2). The three
studied populations (subalpine-3200 m, lower ak#460 m and alpine-3700 m)
were selected for permanent plot establishment. thhee populations differed in

elevation and other environmental variables (Tablehapter 2).
3.2.3 Sampling design and demographic data colleoti

Three permanent belt transects of 2 m x 14 m wacedown in each population.
Each transect was divided into seven 2 m x 2 mlstgg-our alternate subplots were
considered systematically for harvest simulatiord aletailed biological studies.
Detailed demographic observations were conductethri@e populations over four
years from 2015 to 2018. The studied populatiorféerédid in size, the largest
population consisted of c. 1500 individuals andtthe smaller populations consisted
of 262 and 185 individuals (including all the stag#uring 4 years period). Two
smaller populations occurred along the gravelellking trail prone to landslides,
while the largest population occupies the alpiresgiand meadows. The life cycle of
A. spicatum was divided into four life stages based on morpgichal and

reproductive criteria: (1) seedling (Sd), (2) juderfdv) (3) adult vegetative (Adv) (4)
adult reproductive (Adr) (see chapter 2) and dotmadult (Dr) (Figure 6)

Additionally the dormant stage was added duringhtr classification where the

individuals remain alive by tubers.
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Seed germination experiments were carried out.SHegls sown in 2016 germinated
in 2017 and no new germinated seedlings were redoird 2018. It is thus assumed
that this species has no permanent seed bankeddaek category was not included

in the matrices.

Figure 6: Life cycle graph ofA. spicatum

The stage of ‘seedling’ was defined as newly esthét individual with cotyledon
leaf that developed directly after germination loé seeds. The stage ‘juvenile’ was
defined as an individual plant older than one yedth a maximum of four leaves and
stems girth <3.0 mm. Larger vegetative individuathw>3.0 mm stem girth are
considered as vegetative adult. All reproductivew@éring and fruiting) individuals
were placed in the adult reproductive stage. Veigetand reproductive individuals
could not be further divided into different sizeagses, as the main difference lies in
plant size between population levels. The stagemdot adult’ was defined as
individuals in a dormant state, without any orgaissble above ground but the plant
has alive tuber. To identify individuals that diedthe last year of the study, 20% of
the dormant individuals were excavated and marlkedead or dormant, and the rest
were assigned a calculated value and marked asadoror dead. None of the

monitored individuals dormant for two consecutiveags appeared to be alive in the

42



third year. Thus, the individuals which were dormfm two consecutive years were
considered as dead. During the analysis the indalgd whose stage was not
determined in the last year was considered as dur(eacept for seedlings, as the

seedlings obtained only from the seeds were redatdeang the data collection).

The extinction probability for each population wealculated using the population
numbers in each population from the first year @&mdgraphic observations.

Projections of the resulting population vectorsewerade over 10 years.
3.2.4 Harvest simulation and monitoring

The harvest treatment was applied following thealodearvesting procedure. An
agreement was made with the hotel owner associatithve study area to take care of
the permanent plots during the study period. Faifierént harvest simulations were
applied systematically and randomly in each of fitn&r plot which included 0%

(control) no harvest, 25%, 50% and 75%. To create harvest (0-25%) intensity

individuals in 0% and 25% harvest plots were corabitogether. Similarly, to create
high (50-75%) harvest intensity individuals in 5080d 75% harvest plots were
combined together. Thus, each population receiliegktreplicates of high (50-75%)
and low (0-25%) harvest intensity. The individuadsdifferent stages (Sd, Jv, Adv,
Adr and Dr) in each subplot were tagged using retalates (3x3 cm) with

individual tag number. All the tagged individualene monitored in early September
in 2016, 2017 and 2018 during the peak growing aseaall the newly found

individuals were tagged during monitoring. The meleal parameters included
plant height, number of leaves, size of leaf (lereytd breadth of two largest leaves),
stem girth, length of floral axis and number ofrogfuctive parts (bud, flower and

fruits).

Small new vegetative plants found within the popalawere also tagged each year.
The new adult individuals (developed from the damtaibers) observed during the

monitoring years were also tagged and all the deaptc parameters were recorded.
3.3 Matrix construction and analysis

Population matrix model (Caswell, 2001) was usedestimate the demographic

parameters. Due to the insufficient tagged indigldumonitoired during all the
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transitions 0% and 25% harvest treatment were aoeabiogether and labelled it as
low harvest intensity and 50 and 75% were combiogeéther and labelled as high
harvest intensity to run successful analysis. Bohegopulation and condition, annual
transition matrices based on September/Octobeluseasiata were built. During this
the demographic processes i.e., the proportiomdivviduals that transit into higher
size class (P, progression), proportion of indiaiduthat remain in the same stage
class (stasis, S), proportions of individuals tiegfressed or shrank into a smaller size
class (R, retrogression) and (Dr, dormant) remgimilive by tubers where the above
ground part is not visible were recorded. A seddgm@y was excluded from the life
cycle model. It is assumed that germination ofdbed takes place the year after the
seed is produced and there is absence of the sedd Dhe basic matrix model is
given by: ng+1y = A n ) where, n(t+1) and nt are vectors whose elemerjtaraithe
number of individuals that belong to the ith catggat time t and t + 1, respectively,
and whereA is a 5 x 5 stage-based matrix with the matrix el@seepresenting
transition probabilities among stagest) i$ a vector of the number of individuals in
each of the stage classes in year t, and n(t s thei population vector in the next year
t+ 1.

A set of average matrices were constructed for eactdition in each population.
Each average matrix was a weighted mean of the thanaual matrices, constructed
by weighting each transition within a column by tkample size. Stochastic
simulations of transition matrices were also penfed to estimate extinction
probabilities, transient dynamics, post harvest utmtpon recovery time. The
fecundity data ofA. spicatumobtained in chapter 2 were used for all the stlidie
populations. Confidence intervals (95%) for lamlbalaeach matrix were obtained by
using the bootstrap method (Caswell, 2001). A hoapsdataset is generated 1,000
times for each matrix by randomly resampling wiirrputations from the original
dataset and compared those quantities between gimmsd and among conditions.
Elasticities were estimated to investigate the aasp of population growth rates to
potential changes in vital rates caused by harf®btertownet al, 1993; Caswell,

2001).

44



3.4 Results

3.4.1 Stage structure and population growth rates

The more disturbed populations of lower elevatiarti( small population size), i.e.,
lower alpine and subalpine differ much in obseraad stable stage distribution than
in less disturbed alpine population as shown bidrigyalue of Keyfitz’sA (Appendix
V).

In alpine population, all the matrix models predettasymptotic population growth
rates,A >1 even in the high harvest condition with the epton of lowA value
(0.6203) in 2017-2018 transition in high harvedemsity. Asymptotic population
growth ratesX) were higher in low harvest than in high harvespyations in all the
transition years in alpine populations. While makinomparision between low
harvest and high harvest populations there isssitlly significant decrease in
population growth rate in 2017-2018 transition dicated by non overlapping CI
(Table 7)

The alpine population has higher asymptotic poparagrowth ratesA) than the
lower and subalpine populations in all the transsi in both types of harvest

treatment except 2017-2018 transition in high hstrueatment (0.6203) (Table 7).

In lower alpine and sub alpine populations asymptpopulation growth rates\)
were higher in low harvest than in high harvest ydafpons and has decreasing
lambda value from first to third transition yeamel asymptotic population growth
rates §) during 2016/2017 and 2017/2018 transition shosrgdificant differences as
indicated by non overlapping CI (Table 7).
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Table 7: Asymptotic population growth ratei)(and 95% CI for low and high harvest and year in

three different populations in Annapurna Conseoratirea, North-Central Nepal

Populations Transition periods Low harvest (0-25%) High harvest (50-75%)
Lambda 95% ClI Lambda 95% ClI
Alpine 2015-2016 1.3513 1.3010- 1.3959 1.3330 132833761
2016-2017 1.0349 0.9853- 1.0810 1.0452 0.990B720
2017-2018 1.2372 1.1420- 1.3089 0.6203 0.563F M6
Average (2015-2018) 1.2438 1.0423

Average (stochastic) 1.2541  0.9886-1.5976 1.0448 0.6023- 0.6779

Lower alpine 2015-2016 1.1767 1.0567- 1.2701 1.096@).9874- 1.1974
2016-2017 1.1642 1.0590- 1.2459 0.9691 0.8401407.0
2017-2018 1.0865 0.9639- 1.1995 0.8716 0.253%008

Average (2015-2018) 1.1449 0.9788

Average (stochastic) 1.1480 1.0826 —1.2398 0.9856  0.7718-1.2569

Subalpine 2015-2016 1.0761 1.0000- 1.2343 1.0504 7833- 1.1493
2016-2017 1.0270 0.9347- 1.1266 0.9159 0.82515R0
2017-2018 1.0390 0.9080- 1.2176 0.8671 0.2109600D.

Average (2015-2018) 1.0300 0.9763

Average (stochastic) 1.0373  0.8700-1.1663 0.9823  0.7911-1.2172

3.4.2 Elasticity analysis

The elasticity analysis revealed that in the algiopulation the demographic process
progression (P growing to a larger size class oegetative growth) has highest
contribution to lambda followed by stasis (S, sualiand remaining in the same stage
class) in both the harvest treatments. In lowernalgpopulation progression has
higher contribution to lambda in low harvest ands& in high harvest intensities.

Likewise in sub alpine population progression arndsis has almost equal

contribution to lamda in both the harvest inteesitiThe highest elasticity values
were due to the contribution of individuals fronrga size classes, i.e., adult
vegetative and adult reproductive (Figure 7 d).urelity has lowest contribution to

lambda in subalpine population as this populatierexposed to high disturbance

pressure and thus even the low harvest treatméighsy sensitive.
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3.4.3 Transient dynamics, stochastic simulation angopulation recovery

The analysis of transient dynamics obtained froen dverage matrices (Figure 8)
indicated that the alpine populations if subjectedow harvest intensity there is
gradual increase in population size (approxima#®O0 individuals) during the
projection period. In high harvest intensity popwla size is maintained almost
constant during the projection period. In loweriradppopulation in low harvest there
is slight increase in the population size whildnigh harvest there is slight decrease in
the population size during the projection periotte Tsubalpine population showed
slight decrease in population size in both low argh harvest intensities during the

projection period of ten years (Figure 8).

Population growth rates calculated from stocha$taotstrapping) simulations were
very similar to those obtained from time invarideterministic projections (Table 7).
Stochastic simulation showed that none of the stugiopulations go to extinction

(2000 runs) in each 100 years.

Deterministic projection of transition matrices @va firstly 3 matrices selected for
corresponding conditions and thereafter averagerbmaf low harvested alpine
population selected) revealed that while compatheglower elevation populations
with low harvest intensity of alpine populationetltow harvested population of lower
alpine will reach that of low harvested intensifyatpine in 5 years and that of high
harvest reach in twelve years (Figure 9a). Likewibe low harvested population of
subalpine will reach the size of low harvestedrnsity of alpine population in eight

years and that of high harvest will reach at tkeimtgears.

Deterministic projection of transition matrices rgfly 3 matrices selected for
corresponding conditions and thereafter averageimat respective low harvest
population selected) to compare whether lower aljgind subalpine population reach
to that of alpine level revealed that the low hatvyeopulation of lower alpine will
reach that of low harvest condition of alpine ixgears and that of high harvest reach
in sixteen years. Likewise, the low harvest anchtigrvest populations of subalpine
will reach the size of low harvest condition of ia population in more tha twenty

years (Figure 9b).
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Similarly, while making comparision between thettgarvest populations with low
harvest population of the respective populationtigh harvest population of lower
alpine will reach the size of its low harvest pa@tigdn at seven years while that of
subalpine will reach at twenty-two years (Figurg 9c
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Figure 8: Transient dynamics oAconitum spicatumpopulations based on 2015-2018 transition
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3.5 Discussion

For species harvested commercially by humans, rdiffees in population growth
rates in populations along the altitudinal gradieas important conservation and

economic implications.
3.5.1 Aconitum spicatum population dynamics in different elevation populaions

Although variation in the population growth rateasarecorded, it may be confounded
to a certain degree by other factors (for instanesperature, snow cover, time of
snow melt, time of first snow, snow melt period tbé sites, age of the differing

populations etc).

The present results are consistent with other ssudshimireet al. (2008) recorded
higher population growth rate ddardostachys grandifloran meadow population
than in outcrop populations. Ticktin and Nantel 2P found higher population
growth rate ofAechmea magdalenia secondary forests than in old growth forest.
Villegas (2001) found that populations Af magdalengrowing in off- season forests

had lower rates of growth than those growing ir$ts with a pronounced dry season.

Population growth rates oA. spicatumin all the studied populations along the
elevation gradient in low harvest condition is lstlg more than 1, which corresponds
to the stable population growth rate of many peia@nplant species (Garciet al,
2008; Rokayaet al, 2017). The perennial plant species showed madables
population dynamics than the short-lived specidge Tinderground parts present in
the perennials help the plant to adapt better e hhrsh environmental condition
(chapter 2) but also makes more sensitive to haange@Ghimireet al, 2008). In this
study the alpine population with high harvest isign average population growth
rate is more than 1. Astonishing range of life dmgttraits with unique adaptive
strategy ofA. spicatumindividuals (presence of under ground tubers withitiple
numbers of sprouting buds) might be the probablesars for this increasing
population population growth rate (chapter 2). Bo@is nature of the plant reduces
the chances of consuming their fruits and seedsd®cts and animalé. spicatunof
alpine population are with better reproductive perfances (higher seed mass,
higher number of seeds per unit volume of fruigher seed viability and higher

fecundity) as compared to the lower and subalpmaulations (chapter 2). Further,
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long lived plants in high elevation grow in saftesilike rocky places or the edges of
the large rocks which provide protection from tim¥isonmental harshness to certain

extent.

In the final year of this study (2018) plant indiuals infested with pests were
recorded in some of the studied alpine plots wisimhld be the reason of decrease in
the population growth rate in 2017-2018 transitidhe variation in the population
growth rate ofA. spicatunmin high harvest intensities in the studied popatet
might be due to the site-specific response of laiglvation plants as also recorded by
Rokayaet al, 2017 inRheunspecies.

The declining population growth rates of subalppopulation might be due to low
density, higher disturbance pressure (chapter &)law recruitment. In such cases,
the long lifespan of dormant individuals could beexcellent strategy for avoiding
local extinctions caused by high levels of distmdey rare and unpredictable
recruitments, and large population fluctuations r(izaet al, 2008). Further the

ability of the individuals to enter dormancy mayyent it from being harvested by
the harvesters as they become invisible.

In all the three populations, population growthesatlid not differ much among years.
The extremely low extinction probability of. spicatumindividuals in all the
populations indicates that the plant might have es@daptive strategy for instance

multiple sprouting buds in daughter tuber which aadermine the harvest pressure.

High survival of larger stage class individuals &aadency of adults to remain at the
same size (stasis) was foundAnspicatumwhich also characterize other perennial
species (Silvertowet al, 1993; Silvertowret al, 1996; Ghimireet al, 2008).

3.5.2 Effect of harvesting

The alpine population does not suffer much fromvésting and has shown better
reproductive performances. The subalpine (lowestation) population was found
highly sensitive to harvesting as revealed by deit@stic projection and are suffering
with respect to reproductive fitthess (chapter The impact of harvesting oA.
spicatumwhich possess dormant underground tubers and pleubbiuds was found
varing along the elevation indicating the proapilf the presence of such trends in
other similar MAPs of the Himalayas.
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3.5.3 Conservation implications ofAconitum spicatum

Like many MAPs, the commercial harvestfofspicatunmhas flourished since the past
few decades (Olsen, 1998). Only recently the Gawent of Nepal has included it in
the list of priority species for conservation ammdmomic developmen{DPR, 2012).

The plant is found responding differently to diffiat harvest intensities along the
elevation. Though the plant did not show high plolitg of extinction, the lower

elevation populations are declining. The lower aten populations were found
highly sensitive to prevailing disturbance factareus, the existing alpine population
should be conserved with regular monitoring andldmeer elevation populations are
to be conserved with great priority as these pdjuia are found extremely sensitive

to harvest and with slow recovery rate.
3.6 Conclusion

Populations ofAconitum spicatumat different elevations respond differently to
harvest with different recovery rate. The alpin@ylation allows the harvest of 10-20
percent of the individuals for the local use mamtegy the equilibirium. At low
harvest intensity all the populations show asymgtgtowth rate more than 1, thus
the probability of extinctly is extremely low. Supie (lowest elevation) population
is the most sensitive population to harvest andulshbe conserved with greater
priority. Higher contribution of larger size classéadult vegetative and adult
reproductive) to population growth rate indicatéattthese stages are the critical
stages in the life history oA. spicatumand thus the conservsaion priority should
focus on protection of these stages. This studyomstnates that there are important
differences in the ability ofA. spicatumto regenerate after harvest along the
Himalayan elevation gradient in Nepal. This stuéggammends that the present
populations of théA. spicatumshould be protected with regular monitoring by the

biologist, local community and the management aitho
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CHAPTER 4"

ILLEGAL HARVESTING AND LIVESTOCK GRAZING THREATEN THE
ENDANGERED ORCHIDDACTYLORHIZA HATAGIREA. DON) SOO IN
NEPALESE HIMALAYA

Abstract

Harvesting of orchids for medicine and salep prdiducis a traditional practice and
its increasing market demand is spurring illegalivlst. Ethno-ecological studies in
combination with the effect of anthropogenic dibamce is lacking for orchids.
Population density and structure, and tuber bionmid3actylorhiza hatagirea(D.
Don) So6 were compared for three years in two :sk&mang, where harvesting of
medicinal plants was locally regulated (protectadyi Darchula, where harvesting
was locally unregulated (unprotected). Six popatsi were studied along an
elevation gradient by establishing 144 temporaogsp{3x3 m) from 3400 to 4600 m
elevations. Semi-structured interviews were coretlievith informants (n = 186) in
the villages and at the ecological survey sitesaMdensity ofD. hatagireawas
significantly higher in the locally protected (1.310.17 plants/) than in the
unprotected (0.72 + 0.06 plants)nsite. The protected site showed stable population
density with high reproductive fithess and tubemiass over the three-year period. A
significant negative effect (P<0.1) of relative ietbn index (RRI) on the density of
the adult vegetative stage and a positive effedtesb cover on juvenile and adult
vegetative stages were found using mixed Zerotedldoisson (mixed ZIP) models.
The densities of different life-stages were higbdpsitive to harvesting and livestock
grazing. Significant interactions between site &agvesting and grazing indicated
particularly strong negative effects of these disaimces on densities of juvenile and
adult reproductive stages in the unprotected Biterview results showed that at the
protected site people are aware of the conservatiatus and maintain sustainable
populations, whereas the opposite was the casheatrnprotected site where the
populations are threatened. Sustainability Dof hatagirea populations, therefore,
largely depends on controlling illegal and prematimarvesting and unregulated
livestock grazing, thus indicating the need forulag monitoring of the species.

Chapagain, D.J, Meilby, H., Baniya, C.B., Magar, S.B. & Ghimir§,K. (2021). lllegal harvesting
and livestock grazing threaten the endangered a@i#ctylorhiza hatagiregD. Don) Soo in
Nepalese Himalayd&col Evol.2021; 00:1-16. https://doi.org/10.1002/ece3.7520
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4.1 Introduction

Globally, 100 to 1,000 species per million becorrgnet every year, mostly due to
anthropogenic habitat deterioration and fragmemtatinvasion alien species, land
use change, urbanization, atmospheric nitrogen gigmo and climate change.
Consequently, a large number of species, includiagy plants, are categorized as
vulnerable or threatened (Jacqueneyral, 2005a; Kull & Hutchings, 2006; Pimet
al., 2014; Di Marcoet al, 2018). The Orchids typify the problem faced b t
medicinal and aromatic plant species (MAPs). Orghudith their complex biology
(Rasmussen, 1995; Van der Cingel, 1995), tend\te kmall and isolated populations
and exhibit high sensitivity to environmental ches@Vakhrameevat al, 2008), and
are at greater risk of extinction than most otlhangroups (Kull & Hutchings, 2006;
Warghatet al, 2013; IUCN, 2020). Human-mediated disturbanoesnly harvesting
and habitat destruction, fragmentation or loss albitats are the most significant
threats to the survival of orchid populations (Stmet al, 1991; Laurance &
Bierregaard, 1997; Ehrlich, 1998; Zhamg al, 2019). Also, increasing human
activities may create novel environments (Zhaetgal, 2019) which limit the
persistence of orchid populations. Human disturbanuoay result in the breakdown
of ecological connections between orchids and tipeitinators and mycorrhiza,
changes in edaphic and micro-climatic conditionsl amroduction of pests and
diseases (Lighet al, 2003; Fayet al, 2015). Disturbances may interrupt interspecific
interactions leading to reduced reproductive ougnd eventually altering the plant
demographic dynamics (Steffan-Dewengdral, 2006). Studies have shown that,
generally, the magnitude of disturbance impactplant populations depend on plant
life stage and features of their reproductive sys{€alvo, 1990). In the case of
orchid populations, the severity of disturbance actp also depends on the level of
specificity of plant-animal interactions (e.g., drdactions with pollinators) and the
availability of sites suitable for seedling recnuént (Schulzet al, 2019).

The distribution and abundance of orchid populatidapend on a suite of biological
and ecological factors including seed productiond agispersal, recruitment,
availability of mycorrhizal fungi and appropriatenronmental conditions

(McCormick & Jacquemyn, 2014). However, in casehef small orchid populations
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the seed output may be insufficient to ensure tloeig-term persistence (Faatal,
2011). The life stage dynamics of orchid populaifurther depend on the elevation
of their habitat. Environmental conditions and iatgions associated with elevation
play a significant role in the composition and wdsttion of orchid populations
(Jacquemyret al, 2005; Djordjevicet al,, 2016; Djordjevicet al, 2020; Djordjevic &
Tsiftsis, 2020). Alpine and subalpine grasslandfesuffrom reduced nutrient
availability and harsh environmental conditionsg giants growing in these habitats
presumably develop adaptive coping strategies (eh&@). Disturbance regimes, like
harvesting, grazing, trampling, and fire also plaffjuential positive (Cheret al,
2014; Daiet al, 2019) or negative (Krezioat al, 2015) roles in determining the
growth and persistence of plants and could be itapbrelements of an optimal
grassland management strategy for alpine meadoass/ekting of whole plants or
plant parts affect reproduction, survival and giowand thereby also affect plant
population dynamics (Ticktin, 2004; Ghimiet al, 2005; Ghimireet al, 2008;
Gaoueet al, 2013; Huaiet al, 2013). The extent of harvest impacts on plant
populations, however, varies depending on habaaditions, plant growth strategies,
regeneration patterns, and microbial interactiamghsas mycorrhizal association
(Gaoueet al, 2013; Ticktin, 2015).

Inherently slow growth, high habitat specificityegendency on pollinators, need of
mychorrhiza for reproduction and germination, narrgange of ecological
substitution options, unsustainable exploitationd aclimate change are major
challenges for the growth and development of oglsdch a®actylorhiza hatagirea
(Hinsley et al, 2017; Reiteret al, 2017; Yeung, 2017; Hutchingst al, 2018;
Rasmussen & Rasmussen 2018; Dhiretal, 2019; Shresthat al, 2021). Due to a
marked decline in its natural populationd, hatagirea has been listed as an
endangered species in Nepal by Conservation Assedsand Management Plan
(CAMP, 2001). According to the Forest Act of Nea019), collection, use, sale,
trade and export dD. hatagireais prohibited and is strictly protected speciefisnl

of Government of Nepal (GoN, 2011). It is also d&stunder appendix Il in
Convention on International Trade in Endangeredciggeof Wild Fauna and Flora
(CITES, 2020). Nevertheless, due to its high medicpotencyD. hatagireais still
collected illegally at all life stages and tradeddspecially, India and China (Olsen &
Helles, 1997; Subedet al, 2013) which has pushed local populations towards
extinction (Manandhar, 2002).
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Given that many orchids likB. hatagireaare currently threatened or endangered, a
better understanding of the factors that influencehid population ecology and
dynamics may be critical to their long-term consdéion (Sheffersoret al, 2020).
Formulation of strategies for conservation of acgggerequires a sound knowledge of
environmental factors, population ecology and demaolgic parameters (Margules &
Pressey, 2000). Disentangling factors determiniagcassful orchid establishment
and its persistence under changing conditionsnmj@r challenge. For the long-term
conservation of endangered orchids, the developwiecbncrete conservation plans
based on indigenous knowledge, long-term monitoriggnetic analysis, and
scientific inputs is crucial (Dobriyat al, 2002; Jacquemyet al, 2007). Endangered
orchid species are in need of specific conserva#iotions (Tsiftsiset al, 2011,
Minchevaet al, 2018; Charitonidoet al, 2019), and more attention should be paid

to the management of existing sites of orchidpi@tra & Kindimann, 2015).

Thus, the objectives of this chapter are to (a)lyaeathe variation in population
density, structure, and tuber productiorDinhatagireaover three years in two sites
subjected to different levels of anthropogenic wdisances, (b) study the impact of
elevation and anthropogenic disturbances on thelpbpn density oD. hatagirea

(c) examine the interaction between site and enwiental factors (harvesting,
grazing and herb cover) and its effect on poputatensity ofD. hatagirea and (d)
study the socio-cultural role dd. hatagireaand assess peoples’ perception of its

status.

To meet these objectives, locally unregulatedwsés identified in the western part of
Nepal and a well-managed, locally regulated sittnécentral part of Nepal. At each
site, a survey among local people was carried ouwt permanent plots were

established at different elevations.
4.2 Materials and methods
4.2.1 Study area

The study oD. hatagireawas carried out in two sites: (i) Lolu-Pilkanda2@60.095
and E080°56.7540 N29°57.719nd E080°57.672within Api-Nampa Conservation
Area (ANCA) in Darchula District, north-west Nepabnd (ii) Bhimthang
(N28°37.607and E084°28.3480 N28°40.284and E084°29.166 located within the
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strip of land separating Annapurna Conservation aAIACA) and Manaslu

Conservation Area (MCA) in Manang District, nortbrtral Nepal (Figure 10).

The Lolu site, which lies in the upper Chamelialesalwithin ANCA, experiences
high human pressure related mainly to livestockiggaand commercial harvesting
of medicinal and aromatic plants (MAPs) (DNPWC, 201The site is managed by
ANCA under the Department of National Parks anddWé Conservation (DNPWC)
of the Government of Nepal, and due to poor impleiadeon of regulatory
mechanisms the human exploitation of natural ressuat this site is very heavy
(Pyakurelet al, 2018). Further, the local community has not takey particular
initiatives to conserve the area. Commercial alegjadl trade of MAPs from the area
has increased drastically in the last few decaBgakurelet al, 2018). Hence, Lolu
site is hereafter referred as the locally “unpregdcsite”.

ANCA is the youngest and the most remote consemadrea of Nepal. The climate
is temperate to nival with an annual average pitatipn of 2100 mm and annual
mean minimum and maximum temperatures of 4.7°C a@lC, respectively
(DNPWC, 2015). Important livelihood activities ar@lection and trade of high-value
MAPs, notably Ophiocordyceps sinensisD. hatagirea, Fritillaria cirrosha
Neopicrorhiza scrophulariiflora(Pouliot et al, 2018; Pyakurekt al, 2018), and
traditional mountain farming systems tightly integrd with transhumance and other
livestock systems (DNPWC, 2015). The area has lpgahission for commercial
harvest of MAPs, and over 25,000 collectors froiffiedent parts of western Nepal
harvest valuable MAPs from rangelands within ANONPWC, 2015).

The Bhimthang site, which lies in Gyasumdo valleyver Manang), experiences low
human pressure in terms of livestock grazing amdreercial and illegal harvesting of
MAPSs. This site is rich in biodiversity and natubeauty and is located in one of the
major tourist areas of Nepal. Thus, tourism isrttegor source of income for the local
community. The area is managed by the communitpllaboration with Annapurna
Conservation Area Project (ACAP) and the explatatof valuable MAPs is very
limited due to strict regulation by the communiMTNC, 2016). The locals are
involved in patrolling to prevent illegal harvegiimf MAPs during the maturation
period. Further, the local people practice rotaloharvest (one or two years
depending on the availability of MAPSs) of highlylwad MAPs (NTNC, 2016).

Therefore, the Bhimthang site is hereafter refetoeas the locally “protected site”.
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At the protected site in Manang the climate vafresn temperate to nival and is

influenced by the summer monsoon. The annual megmmomm and maximum

temperatures are 4.7°C and 16.8°C, respectivelytlam average annual precipitation
is 972 mm (DNPWC, 2015). The basic livelihood at@e include and combine

traditional mountain farming systems, transhumaawd animal husbandry, small-

scale trade at lower altitude during winter, tooriand the collection and trade of
highly valued MAPs (Subedi & Chapagain, 2011; Chh2014).
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Figure 10: Map of the study area and the locations of the study plots of Dactylorhiza hatagirea.

Source of land cover map: Department of Survey, Government of Nepal

These study sites differ slightly with respect ttaghic, topographic and substrate
conditions. Both the sites have loamy soil richharbs, grasses, mosses, lichen and
litter. D. hatagireais found in slopes ranging between 1-66°. Thessite not vary
much in terms of relative radiation index (RRI) @gndix ).

The sites vary greatly in terms of anthropogenstudtbances. The unprotected site is
subjected to higher anthropogenic pressure as lezl/égy higher disturbance scores
(harvesting, grazing, trampling and animal dropp)nfpan observed at the protected
site.
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4.2.2 Study species
Dactylorhiza hatagirea (D. Don) Soo

Dactylorhizabelongs to the family orchidaceae and the genusappsoximately 75
sepcies in the world. Two of the species are resbritom Nepal.Dactylorhiza
hatagirea hereafterD. hatagireais locally known as Panchaunle (‘five fingered
hand’). It is distributed in Nepal, India, BhutaRakistan, China, Afganistan and
Mangolia (Ghimireet al, 1999). It prefers growing in wet places with tigoil Ca
content (Thakuet al, 2021) along forest margins, shrubby slopes,meddows and
marshy places at an elevation ranging between kxeateon of 2800- 4600 m
(Ghimireet al, 2021).

It is an erect perennial herb (30-90 cm tall) withnpatie tubers, 5-7 lanceolate or
oblong leaves, which are progressively smaller tdwahe top and has a robust stem
(Figure 11 left). Inflorescence ranges up to 15long, with densely packed large
number of flowers. Flowers are resupinate purplégiat pink, arranged around the
rachis resembling a hyacinth (Ghimire et. al., 20€hpsules bear thousands of dusts
like seeds. Seeds are minute and lack the stoesgave, i.e., endosperm impelling
the orchid to depend partly on the mycorrhizal furRbizoctoniafor nutrition (Giri &
Tamata, 2012; Warghat al, 2014). The plant posses very slow rate of veiyeta
propagation and very poor natural seed germinatien,0.2%-0.3% (Vij, 2001).

The tubers oD. hatagirea(Figure 11, right) yield a high quality salep (evbrage
made from the powder of orchid tuber) which is uaedan aphrodisiac or a nutritive
and restorative tonic and is also eaten raw asdeeious food (Vij, 1995; Soa al,
2005; Watanabet al, 2005; Baral & Kurmi, 2006; Thakur & Dixit, 20Q7 is also
used in the treatment of diabetes, chronic diarrdgaentery, cough, hoarseness of
voice, paralysis, fractures, during convalescenuo@ @ correct malnutrition (Das,
2004; Singh & Duggal, 2009). The whole plant poss#s bacterial properties and is

used in curing various bacterial diseases (Ra2pal9).

The secondary metabolites such as dactylorhins AlaEtyloses A-B, glucosides,
starch and albumin present in the plant are rediplenfor the wide spectrum of
pharmacological activities (antioxidant, antimicedb antiseptic, anticancer, and
immune enhancing activities) (Kizet al, 1999; Lamaet al, 2001; Waniet al,
2020). Recent findings indicate that hatagireaalso has anti-cancerous properties
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(Popli & Sood, 2017). The plant also acts as a godtator of environmental quality
(Kindlmannet al.,, 2006).

The salep produced from its tuber has spurred diket value which has promoted its
illegal harvest (Subedet al, 2013). Incessant overexploitation resulted ie th
dwindling of its populations in the wild. Overexphtion, illegal trade, habitat
destruction, and climate change are the major thraits survival (Shresthet al,
2021).

-
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Figure 11: a. Left: Blooming Dactylorhiza hatagirea (D.Don)Soo (PC: Suresh

Kumar Ghimire).

Right: Tubers of Dactylorhiza hatagirea beaded for drying by the locals (PC: Chandra Kanta Subedi)

Figure 11: b. Capsules of D. hatagirea c. Seeds of D. hatagirea (enlarged under microscope)
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4.2.3 Sampling design used in the vegetation survey

This study was carried out between 2015 and 20luéntierstand the population
dynamics ofD. hatagireain unprotected site (Darchula) and protected (8tanang).
Here, vegetation was sampled in two ways: (i) tetribe first objective regarding
variation in the populations over time three peremnplots (20 x 20 m) were
established in each population at the two studgsfii) Similarly, to meet the second
and third objectives regarding impacts of environtak variables on population
density a total of 144 temporary plots (3 x 3 n®af each site, from the lowest to the
highest elevation to cover the whole distributioraalge ofD. hatagireaat the study
sites was established

In each site three fairly dense populations (wilhf@ur stages) were subjectively
identified. In each population, three randomly tedapermanent 20 m x 20 m plots
were established and each plot was divided into 1&um x 10 m subplots. In each
subplot all individual plants were tagged in 20d&tegorized with regard to life stage
and monitored in 2016 and 2017.

Temporary plots were established using the metlkedsribed in chapter 2. At each
site three populations db. hatagireawere identified along an elevation gradient
ranging from 3400-3900 m along the Upper Chameaditey of ANCA and 3400-
4600 m along the Gyasumdo valley in Manang (Figl@e Appendix II). In each
population four transects were established at ainmoim vertical distance of
approximately 100 m. In each transect six (3 mm)Jlots at a minimum horizontal
plot to plot distance of 10 m were established.hgalot was divided into nine 1 m x

1 m subplots and the four corner subplots wereegyatically sampled and measured.

For each plot the geographical location (latitudchel #ongitude) and topographical
characteristics (elevation, slope and aspect) wezerded and used to calculate the
relative radiation index (RRI) (Oke, 1987; Vetak892a; 1992b). In each subplot the
ground cover (%) for vascular plants (grasses,shana shrubs), non-vascular plants
(lichens and bryophytes), litter, bare ground, recid scree cover were estimated
using standard methods (Paeti al, 2015). Disturbance (harvesting, trampling,
grazing, and animal dropping) scores ranging frorfn@ne) to 4 (very high) were
recorded for each subplot after careful observatibthe evidence, e.g., large holes
caused by excavation, wilted or fresh uprootedahearts, tuber fragments, browsed
plant parts, defoliated aerial parts and animapgirags.
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The individual plants were classified into foueliftage classes based on the number
and size of leaves and presence of reproductivectates. The four stages are:
seedlings (Sd; leaf breadthl cm, leaf number = 1-2), juveniles (Jv; leaf loitbe 1

cm, < 2cm, leaf number = 2-3), vegetative adults (Adagflbreadth> 2 cm, leaf
number > 2, non-flowering) and reproductive adylslr; flowering or fruiting
individuals). Individuals at different stages wemnted in each subplot to calculate
the density. The population structure was descrisgedhe proportion of each life
stage within the studied population.

To estimate reproductive traits, fifteen maturevitiials from each population at the
two sites were selected and recorded the repraduttaits (number of flowers and
fruits). For the estimation of dry biomass of tudhhehe weight of fifteen dried tubers

of D. hatagireafrom the local MAPs collectors were recorded.
4.2.4 Interview survey

Semi-structured interviews were conducted durin§52P017 among 117 persons in
the unprotected site (Darchula) and 69 personsheén grotected site (Manang).

(Detalls in chapter 2)
4.2.5 Data analysis

A relative radiation index (RRI), which is a relaimeasure of the exposure to solar
radiation at noon at a specific location (Oke, 198@étaas, 1992a, 1992b) was

calculated for each plot as a function of aspetituide, and slope:
RRI = cos (180°Q) x sin@3) x sin@) + cosf) x cos(b),

whereQ is aspect (slope azimuth in degreeB)is latitude (degrees) arfilis slope

inclination (degrees).

The densities of different stages (seedling, jueenvegetative and reproductive
adults) were compared by Kruskal-Wallis tests, dimel reproductive traits were
compared among the three populations in each oftwe sites using one-way
ANOVA.

Direct field observations confirmed the plant aserin the study site and it is
therefore expected that the data collected woulibéxa large number of zeros.
Different model alternatives were tried but basadle Akaike Information Criterion

63



(AIC) the best fit was obtained using mixed Zerfiated Poisson (ZIP) models. The
mixed ZIP model allowed to analyze relationshipsMeen density oD. hatagirea

plants at different stages and a set of independanables including population,
cover of shrubs or herbs, relative radiation ind@xRl), and anthropogenic

disturbance indicators such as harvesting, tramgptirazing and animal droppings.

Ten sets of candidate models were prepared usenglthmTMB package (Appendix
VI) and finally prepared an average model basedhenset of five best candidate
models (selected on the basis of delta AIC) udmegMuMIn package (Barton, 2018).
In practice, the final average models were prepasaag five models with delta AIC
values< 402 for the seedling stage,748 for the juvenile stage, 645 for the adult
vegetative stage ard 763 for the adult reproductive stages. The fulbels were in

all cases expressed as:

Density (of a particular stage ©f. hatagireg = a + b (population) +:&Rlj + &
Herb covef; + g Harvesting; + ¢ Trampling; + & Grazing; + ¢s Animal dropping;

Where a (intercept), b (population) and. @5 e fixed model parameters. i = 1...144
is the plot (included as a random effect), ] = lis4dthe subplot. The population
variable had six categories, three at each site Sidy area in chapter 1).
Confounded variables were excluded from the amalysi

4.3 Results

4.3.1 Variation in population density and structure

The population density dD. hatagireaat the unprotected site ranged from 0.60 to
0.79 individuals/rhwhile the density ranged from 0.70 to 2.16 indidbint at the
protected site. Population densities were highestid-elevation populations at both
sites (Table 8). At the unprotected site, all papjiahs showed highest densities for
the juvenile and adult vegetative stages, wheredlseaprotected site the density of
the adult reproductive stage was mostly higher tfanthe juvenile and adult
vegetative stages (Table 8). At the protected #ike variation of density among the
populations was significant (Kruskal Wallis tes§0R05), overall and for all stages
except the adult vegetative stage, but at the weged site there was no significant
variation among population® ¢ 0.05).

The population structure varied between the skegufe 12). For all populations, the
proportion of seedlings was lower at the unprotkciée than at the protected site.
The proportion of juvenile and adult vegetativenpdawas highest at the unprotected
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site while the proportion of the adult reproductstage was highest at the protected
site. Comparing the mean densities across thresecative years (2015-2017), a
drastic decrease was observed at the unprotededagiproximately by one third),

while almost no change was seen at the protediedRgure 13).

Table 8: Population density (m?) for different life stages of Dactylorhiza hatagirea in three

populations in each locally unprotected (Darchula) and locally protected (Manang) sites. Densities are

stated as mean + SE. x° and p-values were based on Kruskal Wallis test, df = 5, n = 144. up = locally

unprotected site, p = locally protected site T Life stage classes: Sd: seedling; Jv: juvenile; Adv: adult

vegetative; Adr: adult reproductive

Population Elevation Life stage class
(m asl) Sd Jv Adv Adr Total
Dhauli* 3605 0.05+0.03 0.20+0.03 0.20+0.04 0.13+0.02 0.60+0.06
Nwagidanda" 3799 0.06+0.02 0.39+0.09 0.21+0.04 0.12+0.03 0.79+0.10
Kalidhunga"” 3976 0.08+0.03 0.25+0.04 0.28+0.07 0.17+0.03 0.78+0.12
Mean'? 0.07+0.01 0.29+0.03 0.23£0.03 0.14+0.01 0.72+0.06
¥ value 0.70 2.56 0.98 1.39 2.57
p-value 0.70 0.28 0.61 0.50 0.28
Bhimthang® 3713 0.17+£0.05 046+0.10 0.18+0.07 0.27+0.06 1.07+0.17
Ponker Hill? 4046 044+0.17 049=+0.14 040+0.10 0.82+0.17 2.16+0.40
Salpodanda® 4437 0.03+0.02 0.09+0.03 0.19+0.05 0.40+0.04 0.70+0.07
Mean” 0.21+0.07 0.34+0.07 0.26+0.04 0.50+0.07 1.13+0.17
¥ value 13.62 8.86 3.09 10.63 14.24
p-value <0.01 <0.05 0.21 <0.01 <0.01
Combined
¥ value 18.64 14.82 3.92 42.99 21.77
p-value <0.001 <0.01 0.41 <0.0001 <0.001
Elevation: HSd mJv HAdv ®Adr
08 o 3605m 3799 m 3975 m 3712 m 4046 m 4437 m
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Figure 12: Population structure of Dactylorhiza hatagirea in (left) locally unprotected and (right)

locally protected sites. Life stage classes: Sd = seedling; Jv = juvenile; Adv = adult vegetative and Adr

= adult reproductive
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Figure 13: Density of Dactylorhiza hatagirea at the protected (Manang) and unprotected (Darchula)
sites in 2015, 2016 and 2017

4.3.2 Variation in reproductive traits and tuber production

At the protected site the reproductive output armet biomass were about three times
higher than at the unprotected site. In comparisbesveen populations the
reproductive traits (number of flowers, numbermits, and total reproductive output
per individual) were found to decrease from thedsinto the highest elevation at both
sites (Table 9). The dry biomass of daughter tulsbeved similar trends at both
study sites. A comparison of tuber production axrbsee consecutive years (2015,
2016 and 2017) showed reduced tuber productio®iY 2t the unprotected site and
increasing tuber production at the protected sitgure 14).
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Table 9: Variation in reproductive output of Dactylorhiza hatagirea in three populations in each
locally unprotected (Darchula) and locally protected (Manang) sites. Values are stated as mean + SE. F'
and p-values were based on one way ANOVA, df = 5, n = 144. up = locally unprotected site, p =

locally protected site
Population = Number of flowers Number of fruits  Total reproductive Dry weight of
per individual per individual  output per individual daughter tuber (g)
Dhauli* 15.27 £3.06 27.87£1.94 39.07+4.30 0.73 £0.08
Nwagidanda™ 14.89 +1.20 26.33 £1.92 34.93 +2.67 0.63£0.13
Kalidhunga™ 13.11£3.65 24.542.07 27.40£2.96 0.61+0.09
Total
F-value 0.49 222 9.47 3.06
p-value 0.49 0.14 0.15 0.09
Bhimthang” 29.5+2.39 40.743.05 71.242.93 1.74+0.13
Ponker Hill® 27.943.27 36.9+2.18 64.84+4.40 1.42+0.16
Salpodanda® 21.9+1.61 31.441.84 53.34+2.32 1.17+0.14
Total
F-value 9.78 5.11 12.89 8.82
p-value 0.01 0.02 0.00 0.00
Combined
F-value 0.26 29.8 29.8 92.3
0.61 0.00 0.00 0.00
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Figure 14: Variation in tuber production of Dactylorhiza hatagirea during 2015 to 2017 in three
populations each of locally unprotected (first three in the graph) and locally protected site (last three in
the graph)
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4.3.3 Effect of environmental variables on densitge of different life stages and

their interaction among the sites

Mixed zero—inflated Poisson (mixed-ZIP) models sadwignificant negative effects
of harvesting on the densities of juvenile and tdthges (both vegetative and
reproductive). Grazing had a significant negatifeat on juvenile (P<0.001) and
adult vegetative (P<0.05) stages. Herb cover shosigdificant positive effects

(P<0.05) on the juvenile and adult vegetative stag&e relative radiation index had
a weakly significant negative effect (P<0.1) on thensity of the adult vegetative
stage. The zero-inflation model component was 8@t only for the adult

reproductive stage (Table 10).

The interaction effects of harvesting and grazinthiw population among the sites
indicated that unprotected populations show sigaift negative effects of harvesting
and grazing, while the effects were not distincttfe protected populations. The herb
cover did not show any significant effects withioppllations among the sites (Table
11).

4.3.4 Interview survey

About forty-three per cent of the MAPs users iniamed at the unprotected site (n =
117) were aware that the harvestingDofhatagireawas strictly protected, seventy
one percent were aware of its use value, five pat were aware of its population
ecology, forty two percent harvest&l hatagireafor local uses to treat cuts and
wounds, boils, fractures, and to use it as a tdwiigety-two per cent of the informants
claimed that illegal harvesting &. hatagireawas a common practice and that the
population had decreased drastically over theféagtdecades in the unprotected site.
They further disclosed that there are illegal trade the district headquarters of
Darchula who motivate MAPs users and cattle hertlerisarvestD. hatagireaby
promising to buy the dried tubers. Further, pereivdifficulties to collect
Ophicordyceps sinensandFritillaria cirrhosa increased the temptation to carry out
illegal and premature harvest Bf. hatagirea.The informants mentioned that for
every 1 kg of dried tubers sold; approximately 3000 mature plants are harvested.
Eighty-one per cent of the informants were of tl@wthat the major source of their

livelihood is MAPs collection.
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At the protected site, about ninety three perceénthe MAPSs users interviewed
(n = 69) were aware of the harvesting ban, ninatepercent were aware of the
species’ use value, nineteen precent were awadts pbpulation ecology and twenty-
one percent occasionally harvested a few (2-5yviddals ofD. hatagireafor home
use to treat cuts and wounds, burns and boils @ntcefigious purposes by Buddhist
Lamas. About twenty four percent were of the opinithat the population is
decreasing, while seventy three percent thoughttieapopulation has been almost
constant in the last few decades as the local caritynis involved in patrolling the
area to control illegal collection during the mattiion period. Interview results also
revealed that none of the families totally relyMAPs collection for their livelihood
as they had access to income from the flourishingigm. It is also observed that
awareness programs were run at community level tabwal sustainable use of
available MAPs. Further, they also used a spegfazing and trampling route to
protect sensitive plants from damage.
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Table 10: Mixed Zero-inflated Poisson regression models for the density (m™) of seedling, juvenile, adult vegetative and adult reproductive stages of Dactylorhiza hatagirea.

Density of different stages were modelled as a function of herb cover (%), relative radiation index (RRI) and disturbance (harvesting, grazing and animal droppings), which

were assessed using an ordinal 0-4 integer scale. Zi is the intercept in the Zero-inflated component: all other parameters refer to the count component of the model. Parameter

estimates with standard errors in brackets for Full average and Conditional average models. Significance levels are stated as: *: P < 0.1, **: P <0.05, ***: P <0.01, ****: P <

0.001
Life stages Locally protected site (Manang) Locally unprotected site
(ANCA)
Average 71 Count component
model component
Zi Bhimthang: intercept Ponker SalpodandaDhauli Nwagidanda Kalidhunga Herb RRI Harvesting Grazing Animal
hill cover droppings
Seedling Full -0.702 -1.982%** 0.537 -2.037*%* -0.677  -0.740 -0.514 0.009 -0.606 -0.424 0.019
(0.691) (0.619) (0.553) (0.818) (0.876) (0.720) (0.750)  (0.010) (0.369) (0.394) (0.116)
Conditional -0.702 -1.982%** 0.537 -2.037*%*  -0.677  -0.740 -0.514 0.013 -0.606 -0.606 0.147
(0.691) (0.691) (0.553) (0.818) (0.876) (0.720) (0.750)  (0.009) (0.369) (0.336) (0.292)
Juvenile Full -2.150 -0.919%* -0.133  -1.854**** .0.070 0.002 -0.213 0.010 -0.367%* -0.644%*** -0.080
(1.401) (0.363) (0.346) (0.470) (0.488) (0.381) (0.424)  (0.007) 0.177) (0.188) (0.149)
Conditional -2.150 -0.919%* -0.133  -1.854**** -0.070 0.002 -0.213 0.011** -0.376%*  -0.644**** -0.197
(1.401) (0.363) (0.346) (0.470) (0.488) (0.381) (0.424)  (0.004) (0.169) (0.188) (0.179)
Adult Full 0.122 -1.080 * 0.953** -0.201  1.026*  0.437 0.720 0.009 -0.106 -0.657***  -0.530%* -0.014
Vegetative (0.307) (0.560) (0.421) (0.461) (0.590) (0.456) (0.490)  (0.007) (0.459) (0.230) (0.290) (0.010)
Conditional  0.122 -1.080%* 0.953** -0.201  1.026*  0.437 0.720 0.010%* -.594% -0.657*** -0.595%* -0.071
(0.307) (0.560) (0.421) (0.461) (0.590) (0.456) (0.490)  (0.006) (0.903) (0.230) (0.238) (0.217)
Adult Full -0.781%%* 0.894** 1.138**** (0394  (.353 -0.106 0.224 0.000 -0.098 -0.801****  -0.057 -0.010
reproductive (0.370) (0.426) (0.287) (0.307) (0.413) (0.389) (0.373)  (0.001) (0.411) (0.202) (0.134) (0.061)
Conditional -0.781%* -0.894%* 1.138**** (0394  (0.353 -0.106 0.224 0.000 -0.583 -0.801****  -0.177 -0.103
(0.370) (0.426) (0.287) (0.307) (0.413) (0.389) (0.373)  (0.004) (0.853) (0.202) (0.188) (0.173)
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Table 11: Mixed Zero-inflated Poisson regression models expressing the interaction effect between site and environmental factors (harvesting, grazing and herb cover) on

density (m™) of seedlings, juvenile, adult vegetative and adult reproductive stages of Dactylorhiza hatagirea. Parameter estimates with standard errors are in brackets.
Significance levels are stated as: *: P <0.1, **: P <0.05, ***: P <0.01, ****: P <0.001

Independent Harvesting Grazing Herb cover
variables
Life stages Model Intercept: Locally Harvest Interaction Intercept: Locally Grazing Interaction Intercept: Locally Herb  Interaction
locally protected locally locally protected locally Locally protected cover locally
unprotected site protected* unprotected protected* unprotected protected®
site harvest grazing herb
cover
Seedling Conditional -2.561%*** 0.180 -0.860*** 1.012 -2.338**** 0.178 -1.011%** 0.317 -3.569%*** 1.209 0.002 -0.004
(0.540) (0.461) (0.307) (1.207) (0.553) (0.488) (0.348) (0.558) (0.899) (0.916) (0.011) (0.014)
Zero Inflation 0.774 -0.789 -0.667
(0.549) (0.557) (0.719)
Juvenile Conditional -0.546%**  -(0.708%** - 2.250%%* -0.354* -0.833%*** -] Q81**** (. 757** -1.230%*** 0.132 0.000 0.000
(0.833%%**
(0.201) (0.244) (0.138) (0.922) (0.212) (0.262) (0.168) (0.329) 0.417) (0.472)  (0.006) (0.009)
Zero Inflation  -1.327%*** -1.614%*** -0.668
(0.466) (0.466) (0.377)
Adult Conditional -0.200 -0.654** - 0.903 0.019 -0.787**  -1.126%*** 0.650 -0.667 0.034 0.001 0.006
0.963 %+
Vegetative (0.251) (0.284) (0.180) (0.842) (0.263) (0.321) (0.207) (0.408) (0.476) (0.541)  (0.007) (0.010)
Zero Inflation 0.093 0.047 0.732%**
(0.308) (0.308) (0.267)
Adult Conditional -0.851%*** 0.378* - 1.039%* -0.660*** 0.299 -0.956****  (.732%* -1.551xxxx - 1.279%F%  ~0.000 -0.002
0.949%***
reproductive (0.234) (0.230) (0.204) (0.501) (0.256) (0.256) (0.200) (0.294) (0.464) (0.478)  (0.007) (0.008)
Zero Inflation -0.760* -0.666* -0.474
(0.389) (0.368) (0.337)
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4.4 Discussion

The study is the first of its kind in this regidmjt similar research oDactylorhiza
sambucinahas been done in Epirus, Greece (Charitonetoal, 2019). The present
work provides results based on a mediun-term (tlyesgs) study from the Nepal
Himalaya and should therefore be of significancéhtoconservation management of
the endangered orchiD. hatagirea.Environmental variables and human-mediated
disturbances such as harvesting and livestock iggalzad significant effects on the
population structure, density, reproductive traisl tuber productioaf D. hatagirea

4.4.1 Variation in population density and structure

A maximum population-level mean density of 1.31npénf was recorded at the
protected and 0.72 plantsfrat the unprotected site. The population densityhat
protected site was thus roughly twice as largeoashie unprotected site. Particularly
low proportions of seedlings and adult reproducgilants observed at the unprotected
site could be due to over-harvesting and grazimgesharvesters presumably tend to
target the adult reproductive stage and recentihbéshed seedlings are sensitive to
grazing. Moreover, seedlings browsed by livestocky rbe hard to find and could
therefore be overlooked more frequently than thgelaplants characterizing later life

stages.

Low proportion of seedlings at both the sites coplaitly be explained as a
consequence of orchids being habitat specific @adlisng establishment depending
on a suite of environmental factors, which are lyapgesent at the same time and
place (Sherffersort al, 2020). The results compare well with previouseegches as
small populations have substantially lower viabiltompared to larger populations,
and seedling recruitment rates can be considetagr in small populations, which
results in significantly lower population growthteaand density (Pellegrino &
Bellusci, 2014; Henst al, 2017). The low proportion of reproductive plaobserved
at the unprotected site compares well with obsemat made by Pellergrino &
Bellusci (2014) for the orchid speci8grapias cordigerawhere human disturbances
were noted to have a negative effect on the populaize. The traditional practices
of transhumance, harvesting, and habitat fragmentaare likely the major

anthropogenic factors responsible for reducing fibeering density as well as the
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population size oD. hatagireain the unprotected sitéluman induced disturbances
like harvesting, grazing and fire have negativee@l on population density and
performances (McKinney, 2002; Aguilaet al, 2006) however, there are also
examples of the opposite cases, and Giteal (2014) actually reported a positive
effect of human disturbance on some orchid spetiesresults further suggest that at
both sites the density dd. hatagireareached a peak in mid-elevation populations
(3799 m asl in the unprotected and 4046 m asl enpfotected site). This might
indicate that present sampling actually managembt@r the elevation range and that
the best habitats are thus found approximatehlhénriddle of the range. It is also
consistent with the idea that when examining sp@fiulations across environmental
gradients, the peak density usually occurs at nmeeliate levels, as also noted by
Chenet al (2014).

4.4.2 Variation in the reproductive traits

Reduced reproductive fitness . hatagireawas found at the unprotected site.
Alterations due to anthropogenic disturbances tnmhhabitats often reduce the size
and density of populations (McKinney, 2002; Aguikral, 2006). Anthropogenic
disturbances increase the spatial distance betweemplant populations as well as
between individuals within a population, therebgrdpting insect movement between
plants (Ockingeet al, 2009), decreasing pollinator abundance (Liu &, 2003)
and altering their behavior and the frequency oWér visits (Aguilaret al, 2006).
This process ultimately decreases the reproduéitivess of the plants (Petersen
al., 2008). The level of inbreeding may be highesnmall, isolated populations (Miao
et al, 2014) because of the higher rate of selfing rmode frequent mating between
close relatives. The resulting inbreeding depressian reduce the fitness of the
plants compared with those in larger populationsensgquently, decreased out-
crossing in small, sparse populations may redugaulption fitness, potentially
increasing the probability of extinction (Gargagtoal, 2009; Stachurska-Swaken
al., 2011). The weaker performance in terms of reypctide output at the unprotected
site could further be attributed to the interruptiof plant development caused by
breakage of inflorescences during heavy grazing teantipling. A long history of
grazing and trampling at the unprotected site (DNR\2015) might have resulted in
the production of reduced or defective reproducpaets. Grazing is likely to affect
D. hatagireain numerous ways, both directly by damaging abgneeind parts and
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indirectly by changing habitat characteristics Htigntensity, litter accumulation,
temperature, etc.) and interaction with other imdlials or species (intra- and inter-

specific competition, pollination/herbivory).

The unprotected populations had a lower populatipe@ and a lower fruit set than did
protected populations, suggesting that the latbgufations are better buffered. This
could be a consequence of inadequate pollinatatatian in small populations,
resulting in insufficient pollen transfer, poor |pehtion and lower seed set (Tremblay
et al, 2005; Smithson, 2006; Xiat al, 2013). By contrast, larger populations of
plants are likely to be more attractive to pollorat resulting in higher visitation rates
and therefore higher pollination success (Mustajaget al, 2001). Habitat
fragmentation and disturbance lead to the inteiwapbf interspecific interactions,
indirectly causing changes in plant demographicadyics via reduced reproductive
output (Steffan-Dewentegt al, 2006; Sherffersoet al, 2020). Some studies have
shown that plants in disturbed habitats undergedalgtion in pollination efficiency
and reproductive success as well as recruitment samdval rates, all of which
negatively affect plant demographic dynamics (Aguét al, 2006; Brunaet al,
2009).

Transhumance and MAPs collection are common pexiit the alpine and subalpine
pastures of the unprotected site and have existed fvery long time (DNPWC,
2015). The site is legally open for commercial lestvof highly valued MAPs, such
as Ophiocordyceps sinensiand Fritillaria cirrhosa and the locals are highly
dependent on the collection and trade of MAPs tieirtlivelihood. A huge influx of
collectors (locals as well as from other partsha tountry) enters the site to collect
O. sinensisandF. cirrhosa during the late spring whelD. hatagireaalso emerges.
The resulting trampling presumably has a huge negatnpact on its growth and
development by breaking the aerial parts beforg maturation and seed dispersal.
Besides, collectors who are unable to collect sigifit amounts 0D. sinensisandF.
cirrhossaare tempted to illegally harvest the tuberohatagireairrespective of its
degree of maturity. Such practices are also commoather parts of the world
(Ghorbaniet al, 2014; Kreouziet al, 2015). Further, the harvesting of the orchids

involves destructive uprooting of the daughter tape/hich Kills the plants.

When ascending from lowland to alpine environmémthe Himalayas, plant species

experience a large variation in abiotic conditianv&r an extremely short distance

74



(Korner, 2003). With increasing elevation, changegressure, temperature, wind
speed, UV exposure, and soil properties have bédwmwrs to affect different
phenological and morphological properties of plaktsdkinson, 2005; Djordjevic &
Tsiftsis, 2020), thus also influencing growth argproductive performance. The
decreasing number of reproductive parts observegathe elevation gradient could
be further attributed to the time of flowering, whiis influenced by the ambient

temperature and the timing of the snow melt (Kudbligao, 2006).

4.4.3 Effects of different environmental variableson the density of different
stages

The occurrence and distribution of orchid species iafluenced by environmental
and topographical factors such as latitude, akifitglope and aspect (Bulaé al,
2007; Djordjevicet al, 2016; Djordjevicet al, 2020). This study recorded a very
weak negative effect of the Relative Radiation indeRI) on the adult vegetative
density (P<0.1) oD. hatagirea Although the effect is weak, mhay indicate thaD.
hatagireaprefers growing in humid places. Mixed ZIP modegealed a significant
positive effect of herb cover on the juvenile amdilavegetative density. It may be
possible to explain this as a consequence of tHestgroviding shade and shelter for
the growth and development Bt hatagireaindividuals at different life stages. The
harvesting showed significant negative effects lo@ density of all stages except
seedlings, as also observed in other parts of tre@lwWGhorbanket al, 2014; Kreziou
et al, 2015), whereas grazing showed significant negagiffects on juvenile and
adult vegetative stages only. Contrasting resutimmfother parts of the world also
exist. For example, Charitonidoet al (2019) showed that the current level of
collection of Dactylorhiza sambucinan Greece is not significantly affecting the
abundance of this orchid, and Mincheva and Kozurea@018) reported that wild
orchids are not threatened by harvesting in Budgari

Grazing and trampling adversely affect abovegropads and disturb the life cycle.
In some cases, the underground parts are also exosl eventually destroyed. The
weak positive effect of harvest and grazing on fpteemsity at the protected site for all
the different stages could be linked to the narmawge of harvest and grazing
intensities observed. By contrast, at the unpretedite, the negative impact of

harvesting and grazing on density of different etagvas highly pronounced. The
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prevailing disturbance practices (grazing, trangpkmd over-exploitation) and lack of
awareness of the population ecology and the coaservstatus of the plant are the
major challenges for sustainable management atitpeotected site (Pouliat al,

2018). This is also in agreement with Poudes@lal (2019) who observed that
intense human disturbances, especially harveste@la crucial role as determinants

of the density and structure REeopicrorhiza scrophulariiflorgpopulations
4.4.4 Local communities’ perception

| observed a higher proportion of people at theiquted site who knew about the
harvest ban and the population ecology and useevafuthe species than at the
unprotected site. The strict enforcement of MAPwésting rules by the community
at the protected site is the key factor for thenteaiance of sustainable populations of
D. hatagirea People at the protected site do not allow peb@pl® other districts to
collect any types of MAPs in their territory (NTN@016) and this helps to maintain a
low harvesting pressure in populations of MAPsudahg D. hatagirea.Moreover,
the Annapurna Conservation Area Project (ACAP),clvtiias worked in this area for
three decades, has also contributed to increasse@tion awareness and promote

sustainable use of natural resources (Baral & HeiB@07).

In contrast, in the unprotected site there is notdbcal protection system and people
from outside ANCA are also allowed to harvest MAPBe local MAPs users were
also found to have a low level of conservation @nass (in relation tB. hatagireg

as also reported for northwestern Greece by Kreetoal (2015). Moreover, due to
the lack of protection measures and awarenes$/jfies users were found to engage
in over- harvesting oD. hatagirea and selling it to local traders (Pyakuedl al,

2018) despite the local legal acts protecti©ohatagirea.

Additionally, a group of locals at the unprotecteidle has the view that the
uncontrolled influx of unaware collectors from eifént parts of the country
exacerbates the exploitation of the alpine vegmtatiThe prevailing unhealthy
competition of MAPs collection among the collectars the unprotected site
sometimes terminate in social conflicts which preesothe illegal harvest db.
hatagirea challenging its persistence. Thus, unregulateddsaing ofD. hatagirea

could be one of the major reasons for decline énpibpulations of the species.
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4.5 Conclusion and conservation implications fob. hatagirea

Harvesting and grazing and a low level of awareradssut the population ecology
and conservation among local people are the majltenges for conservationt Df
hatagirea populations at the unprotected site. Harvesting gmnazing showed
significant negative effects on the density of eliéint life stages db. hatagireaand
played a crucial role in deteriorating plant popolas through reduction in
reproductive outputs. Hence, this study indicatagnicantly reduced fruit
production and lower productivity in terms of tubbiomass for plants at the
unprotected site. Moreover, disturbances have ttenpial to cause a reduction in
number of recruits and adult individuals (both utefjge and reproductive) as
intensive destructive harvesting techniques ared uae the unprotected site,
irrespective of life stage and maturity. Coupledhwather prevalent disturbances, the
intensive and destructive harvesting may lead tall@xtinction of the species.
Therefore, a good strategy for long-term conseowatf the species would involve
strengthening people’s knowledge about the pomragcology ofD. hatagirea
provide regular awareness program, increasingrifi@@ment of current regulations
and introducing permanent monitoring of the popoie. This study also
recommends that governmental and non-governmengahzations working in the
field of conservation help identifying alternatigeurces of income for the locals at
the unprotected site, so that their dependency éwdMharvesting can be reduced,
thus also reducing the pressure on populatior. dfatagireaand preventing local

extinction of the species.
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CHAPTER 5

POPULATION DYNAMICS OF AN ENDANGERED ORCHID Dactylorhiza
hatagirea (D. DON) SOO IN NEPALESE HIMALAYA: EFFECTS OF
HABITATS AND HARVESTING

Abstract

Explaining the variation in population growth rated identifying the causes of that
variation is important for effective conservatiohemdangered species. In this study,
population dynamics of an endangered medicinalidyéhactylorhiza hatagireavas
studied and its current status was evaluated in s$ites, one protected from
commercial harvesting by the locals (Manang) amddtiher unprotected (Darchula)
and thus receiving high harvesting pressure frormmercial collectors. In the
unprotected site, further comparison of populatiemography was made in wetland
and grassland habitats. Matrix projection modebsel on three years of data of
seven populations (three in each site in grassigind one wetland habitat in
unprotected site), were used to identify the pasief variation in the demographic
vital rates of this species. Demographic data oetli3-year observations on growth,
fecundity and survival of individuals classified Bize. Transition probabilities for
stage-based population projection matrices varieivéen populations and among
years. The population growth rafe (vas 0.826 and 0.553 in the unprotected site, and
1.166 and 1.003 in the protected site for the tt@amsyear 2015/2016 and 2016/2017,
respectively. The wetland and grassland habitatsemunprotected site hadof 0.847
and 0.826 respectively, in 2015/2016 and 0.7800a&83 respectively in 2016/2017.
The elasticity analysis showed that the stasidiénjivenile stage in unprotected site,
and reproductive adult stage in protected site rimuted most toA. Numerical
simulations were performed by changing the valuespécific matrix entries and
directly evaluating the effect on Population growth rate reached values above unity
only when fecundity was increased 10-fold in ungcted grassland populations.
Further, the wetland population in unprotected saquired 25-fold increase in

fecundity to reach the population growth rate atyun

Management should focus on the maintenance ofirgipbpulations by maintaining
the seeding recruitment rate in the protectedasit increasing it in the unprotected
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site. The wetland populations should be consenigid gveat focus on increasing the
existing fecundity. Given the limited range and Ipapulation density of the species,
this study supports management practices aimedcatdsing seedling germination
and establishment success. The results recommerdntithe protected site very
limited harvesting (10%) can be allowed for locaéuln unprotected site commercial

harvesting should be strictly banned for certainqgakeof time.

Keywords: Demography, fecundity, population growth rateatioinal harvest

5.1 Introduction

Explaining variations in population growth rate addntifying the underlying causes
is critical for effective conservation of an endareyl species likedDactylorhiza
hatagirea (Thakur et al, 2020). Population dynamics studies are an inapbrt
foundation for understanding the future of planpylations and allowing predictions
about the impact of different disturbance regimed habitats on plant population
performance. Disturbance regimes including ov@la@tation, habitat fragmentation,
climate change and herbivory play crucial rolesiliering the life history stages and
population dynamics of plant species (Shresthal, 2021). Harvesting of MAPs
affects survival, growth and fecundity and theralso affects population growth rate
and dynamics (Ghimiret al, 2008).

The transition matrix model is a commonly used méghe to describe the population
dynamics of endangered plants, predict future litgbiand apply the results to
sustainable management (Crazal, 2013; Caswell, 2001). Matrix models have also
been used to determine the population growth réifesexpectancy and population
extinction risk, and to identify the specific vitates that are most likely to influence
the population growth rate. This approach integrthte effects of management on the
life history components (survival, growth, reprotoc, mortality) and population
dynamics (Kayeet al, 2001).

Further, these techniques can be applied to asapsasts of harvesting on life-history
processes, identify optimal harvest regimes, deswgie the role of habitats and other
factors and devise sustainable and profitable memagt plans for various plant
species (Ghimiret al, 2008; Schmidet al, 2011; Mondragén Chaparro & Ticktin,
2011; Klimaset al, 2012). However, the fact that collecting detailed demobrap
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data is very laborious and time-consuming hindeeswider application of transition
matrix models. It is therefore appealing to usevidledge on population dynamics and
resulting conclusions on optimal management obthifrem one region (and/or
species) to other regions and/or to closely relatpecies. Different management
regimes may serve as potential drivers of locaptateons and variations in grassland
plant life historiesMuch of the previously generated demographic infdram is now
being used for all kinds of purposes, from managgm&ans (Olmstead & Alvarez-
Buylla, 1995) to life history analysis and conseima guidelines (Silvertowret al.,
1993, 1996). Demographic studies also play an itaporrole for evaluating the
response of orchid populations to external factgpgsticularly management
(Sheffersoret al, 2001; Ke'ry & Gregg, 2003, 2004). Orchids cahibit large inter-
annual variations in mortality, fecundity, and othatal rates (Hutchings, 2010).
Terrestrial orchids typically remain dormant foreoor many years, emerging from a
dormant state in a vegetative or flowering statéhwnly a limited proportion of

plants growing above ground each year (Reigtall, 2010).

Anthropogenic disturbances like harvesting, grazing trampling are threatening the
populations of many Himalayan orchids includibgy hatagirea and achieving a

sustainable harvest is a great challefifeakur et al, 2020). Even at low harvest
intensities the exploitation of the species is llikansustainable as the prevailing
harvesting is destructive irrespective of life stdghapter 4). Given that many orchids
are currently endangered or on the verge of exdinct better understanding of the
factors driving orchid population dynamics will beportant to their long-term

conservation.

D. hatagirea(D. Don) So0 is an endangered medicinal orchidhwaigh medicinal
value. It has a restricted distribution range 3490 m to 4600 m above sea level (m
asl) in the Himalayan region. The species is founébamy soil (chapter 4) at an
elevation of 3400 to 4600 m asl in Manang distncith-central Nepal, 3600—-4200 m
asl in Darchula district, north-western Nepal, amcimilar ranges in other parts of
the Himalaya.D. hatagireais generally found in populations with a relativébw
density, e.g., 1.31 plantsfmin protected site (Manang) and 0.72 plants/im
unprotected site (Darchula) (chapter 4). The sgeiseendangered across its entire

distribution range, and is of interest for natuomservation efforts in all countries
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within its range. It's populations are highly theseed due to anthropogenic
disturbances. However, local participation in ceomagon activities emphasizing
MAPs offers some protection of populations in sopagts of Nepal, e.g., Manang

(chapter 4).

Long-term studies pertaining to population dynana€sendangered plant species,
especially orchids are very scarce in Nepal argllths hampered the process towards
devising conservation strategies and actions. Gowent of Nepal has listed.
hatagirea as a protected species under the Forest Act (2044) due to poor
implementation and enforcement of the law and tistence of lucrative markets for
tubers of the species, local harvesters are heawlylved in illegal harvesting and
trade for their livelihoods. The rugged topograplfficult terrain and lack of
transportation facilities in the high mountainousgion of the country are the
hindrances for the government authorities to retachhe growing site wher®.
hatagireais actually harvested and traded. Due to thidrti@ication of government
laws and policies in the ground level is very weakis is one of the major factors

that hinder the prevention of illegal harvesDofhatagireatubers.

Habitat modification, climate change, and over-bating for ornamental or
medicinal values are the factors thought to in@dhe vulnerability of orchid species
(Swarts & Dixon, 2009; Wraitlet al, 2020). How orchids became endangered and
how their fate is linked to demographic charactessis still poorly understood.
Better predictive and explanatory models are neddestudy the vulnerability and
extinction risk of orchids. The forecasting of extion has been an important aspect
of conservation biology, since habitat loss, introell organisms, and over-
exploitation of natural populations have long beeconcern (Pimnet al, 2014). In
recent decades, the issue of climate change hasdlaew emphasis on extinction
threats (Thomast al, 2005). However, studies of disturbance and habitpacts on
the population dynamics of endangered plant spe@es scarce in the
Himalayas. Some studies, like Ghimeeal (2008) and Rokayat al (2017) have
explored the effects of harvesting on populationatyics of threatened Himalayan
species in multiple habitat types and have streisednportance of such long-term

research for other endangered species.
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Orchid species conservation priorities seem tod#used. For orchids, the current
state of the art is to assess population healtedbas adult population and their
geographic range. However, despite the growing emess and surveillance of

endangered orchids, little research has been doned demographic perspective.

Demographic variation of an endangered ordbichatagireawere compared in Six
populations, three exposed to high anthropogenéssure (Darchula district) and
three experiencing very little anthropogenic pressiManang district). The
demography oD. hatagireawas also compared in two contrasting habitatssimad
and wetland, in unprotected site and sustainableagement strategies suggested by
the present results were proposed. This resealmsied on multiple-season data from
the higher Himalayan ranges of Nepal

The main objective of this study is to describe lifee cycle characteristics and the
population dynamics oD. hatagirea Specifically, (i) to explore its population

dynamics, (ii) to contribute knowledge and evaluag most important events in the
life history, (iii) to disentangle the role of h#diis (grassland and wetland) in the
population demographics, and (iv) to predict thespnt sustainable harvest level of

the species in the study sites.
5.2 Materials and methods
5.2.1 Study area

The demographic study @f. hatagireawas carried out in three different populations
each in north-central (Manang district) and foufedent populations in north-western
(Darchula district) Nepal (Figure 10). Manang p@pwins were protected from
commercial harvesting, but the Darchula populatioeseived high harvesting
pressure from commercial collectors. Due to cotitrgslevels of anthropogenic
disturbances, these two sites were regarded abylpcatected (Manang) and locally
unprotected (Darchula) on the basis of degree @hllgparticipation on the
conservation of MAP resources (chapter 4). Theyssites are almost similar in
topographic and edaphic factors (Appendix 1l). Irotpcted site, all the three
populations oD. hatagireaoccur in grassland habitat. In unprotected siter¢bula),
three populations from grassland and one from wdtlabitat were selected (details
in chapter 4).
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5.2.2 Demographic data

Demographic data in all the seven populations {rangn elevation from 3400 to
4600 m) of two sites were collected during 201572l the plants found within 21
permanent 2020 m plots which were divided intdgigour 10x10 subplots (thirty-
six in each site, plus twelve in wetland habitaDiarchula) were located, numbered
and tagged in each population on both the sitemgluune-July 2015 (n = 1316 in
unprotected site, and 2488 in protected site)gAtlaluminum plate ¢8 cm) having
individual identity number was used to tag eachviddial. Each tag was tied with the
aid of a short twisting wire in a bamboo stick; thger was inserted deep into the soll
at the close vicinity of the plant taking enouglnecso that the stick will not damage
the plant and its tuber. The purpose of tagging twasentify each individual to be
re-measured a year after. In 2015, 2016, and 28l the available demographic
parameters for each individuaiz., plant height (for adult reproductive), number of
leaf, length and breadth of the largest leaf (Intla individuals), stem girth (5 cm)
above the ground, only for adult reproductive), eveecorded. During the fruiting
season of each study year, inflorescence lengthttendumber of reproductive parts
per plant (intact and aborted, buds, flowers andtsy were recorded. Seed
germination experiments were performed in 2015 digldishing three 1mx1m plots
in close vicinity of each population, removed &l tplants present there and dusted
the seeds from 50 capsules of 5 matured planticshails in each plot. As the result
was not satisfactory it was not included in thelgsia here. So, to calculate the
fecundity measure the counts of seedlings in 2062917 were used and estimated

the fecundity as the number of seedlings per adploductive plant.

In a number of cases, where inflorescences werzedrprior to the data recordings,
stem diameter of adults were measured and direletheled those as adult
reproductive as plants in other stages are smafidrdo not produce thick stem. In
2016 and 2017, all the tagged individuals were sigad (during June-July) to
determine the number of intact, wilted and grazetiep entire inflorescence is
removed), and partially damaged inflorescencetsd measured and recorded all the
biological details in 2016 and 2017. A proporti@i38% in unprotectes and 0.36% in
protected site) of individuals in permanent ploerevdormant at 2016 recordings, i.e.,
they did not produce aboveground parts. A numberindividuals were found
harvested in 2016 (n = 324) and 2017 (n = 591 )njprotected site and labeled them
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as dead. To assess dormancy in 2016, | thereforgtesl all populations in 2017 to

record the survival of plants present in 2015 aihdeat in 2016. Of the 102

individuals that were present in 2015 but abser0h6, only 39 reappeared in 2017
(from the unprotected populations). Similarly, ofit338 individuals present in 2015
but absent in 2016 only 121 reappeared in 2017(ftbe protected populations).
Higher proportions of plants in juvenile stage shdwa tendency of entering into
dormancy at both the sites (24 and 76 individualsinprotected and protected site,

respectively).
5.2.3 Matrix construction

Stage-based population projection matrix modelsk@atch, 1965) were constructed
for all individual populations using a life cycleragph (Figure 15) to estimate
demographic parameters. | used plant size meaancepresence/absence of a flower
stem to classify individuals @. hatagireainto four stage classes (seedling, juvenile,
adult vegetative, adult reproductive (details iamter 4) In addition, dormancy stage
was added as an additional classification (whenpthat remains dormant in 2016)
and a state known as “dead” when plants were updoot remained dormant for the

two consecutive years (Table 12).

Table 12: Criteria of Stage categories used to describeléimeography obDactylorhiza hatagirea

Life cycle stage Abbreviation No. of  Breadth of Stem Remarks
leaves largest leaf

Seedling n Sd lto2 <lcm Absent

Juvenile Jv 2t03 >k 2cm Absent

Adult vegetative Adv more than 2 >2cm Absent

Adult reproductive Adr more than 2 >2cm PresenElowering and fruiting

Dormant Dr Tag found but above

ground parts not found

Dead Dd Uprooted or dormant for
two consecutive years

An annual transition matrix based on June/July eses was constructed for each
population by calculating the following demographparameters: (i) the average
number of seedlings produced per reproductive adilt fecundity); (ii) the

proportions of individuals that survived and reneg@inin the same size class (S,

stasis); (iii) the proportions that survived andewrto a larger size class (P,
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progression); and (iv) the proportions that surgibeit shrank into a smaller size class
(R, retrogression). Each transition matrix was yred to calculate asymptotic
population growth rates\) and stable size distributions (Caswell, 2001} #rese
guantities were compared across habitats and 3ites95% confidence interval (Cl)
for each population growth rate value was estimdigdthe bootstrap percentile
interval method (Caswell, 2001).
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Figure 15: Life cycle graph oDactylorhiza hatagirea
5.2.4 Matrix analysis

It has not always been possible to determine wetliamity whether plants that have
not appeared in the final year of the study arem@dmt or dead. However, this
information was necessary to enable estimating dooy rates and maintain
sufficient data for analyses. Confirmatory excawatof tubers was not possible due
to the banned conservation status of the studiedisp Therefore, it is arbitrarily
assumed that all plants that did not appear infitted census in 2017 were dead,
which may lead to underestimation of dormancy rates$ overestimation of mortality

rates.

Each stage class included a minimum of 27 indiMglua unprotected site and 77

individuals in protected site from which the trdimi probabilities could be
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estimated. Transition probabilities among sizesdaswere calculated by calculating
the relative frequencies of observed transitiofuidiog death from year 1 to the next.
Fecundities were estimated as the mean number edllisgs produced per

reproductive plant.

Matrix limit properties (i.e., the dominant eigehwes and the right and left
eigenvectors corresponding to population growtbgastable stage distributions, and
stage-specific reproductive values, respectivelgyenobtained using the statistical
software package R (https: http://www.r-project/prdhe 95% confidence intervals

for A were also computed using the same package in R.

From the right and left matrix eigenvectors thes#ignty of A to changes in each
matrix entry was computed (Caswell, 2001). Fronséhealues, elasticity matrices for
the study periods (2015/2016 and 2016/2017) anculptpn at each site were
constructed. The elasticity evaluates the relammesitivity ofA to relative changes in
each matrix entry. Since the elasticity of the masums to 1, each elasticity value
can also be interpreted as the contribution of ewmalrix entry to the finite growth
rate of the population (de Kroaat al, 1986; Silvertowret al, 1996; Caswell, 2001).
Elasticity is therefore a useful tool from a consgion perspective, as it can identify
the most vulnerable stages of a species’ life dgidekroonet al, 1986; Silvertowret
al., 1996; Millset al, 1999).

5.2.5 Matrix simulations

Numerical simulations were performed using the afpn projection matrix
obtained for the period 2016/2017 to assess thenpat impact of specific changes in
specific matrix entries on population growth rate Therefore, | multiplied the
original fecundity estimates by various numbers® to 30 to assess the impact of

changing the fecundity values.

| followed the fate of all individuals dD. hatagireaoccurring in all the populations.

The number of plants per population was 199, 448 & in unprotected site and
543, 989 and 956 (including seedling, juvenile phakilts) in protected site at the
beginning of the experiment. Annual seedlings eerecg was counted in all the plots

in all the populations during 2016 and 2017. Theufelity was calculated by
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counting the number of seedlings produced per cemtve adult as sowing

experiment was not feasible within the short dorabtf the study.
5.2.6 Life cycle and transition matrix model forDactylorhiza hatagirea

The life cycle diagram foD. hatagirea(Figure 15) was translated into a projection

matrix where the matrix elemenag and F; define transition from stageto stagel
within a time interval of one year.

[nSd] [an a15] [nSd [nSd]
Naar asy ... GQss Nyar Nyar

The fate transitiong) varies between 0 and 1, whereas ‘fecundity’ ttars (Fj)

Fsa - Faar
+ | ¢ . :

o .. O

can have values greater than 1. Transition matacesliescribed in detail by Caswell
(2001). Analysis of a projection matrix at asymqtopulation growth yields the
population’s finite growth rate§ = n 1 /n, wheren; is the size of the population at
time t. It can be used to show how the populatimwth rate changes with a change
in any matrix elemeng;. Elasticity, defined as the proportional changeajnwas
analyzed to compensate for differences in the absalalues ofy; (deKroonet al,
1986). The transition frequency table describesfétte of the individuals at each
state, where the transition frequencies are thebewsn(‘counts’) of individuals

involved in each transition.

The importance of fecundity on the sustainable pamn growth rate was measured
in unprotected population. To do so fecundity waseased by a factor of 5, 10, 15,

20 and 25 and compared changes in population grateh
5.3 Results

Decreased plant density was recorded in unprotegtei@ it was almost constant in
protected populations (chapter 4). Tables 13 andhbv the transition matrices for
unprotected and protected grassland populatiomecésely obtained for 2015/2016
and 2016/2017. Along with the matrices the popatafinite rate of increase)(and
the size-specific reproductive values (V) are pmesstt Thel values of the two
matrices were lower than unity for unprotected laiove unity for protected

populations during both the transitions.
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Distinct variation in recruitment was not recordachong the sites and years but
recorded higher population growth rates in protkdtean in unprotected (Table 13
and 14). The protected population showed increasopulation growth ratei(>1),
whereas unprotected populations showed decreasipglgiion growth ratei(< 1)
(Table 15). The wetland population in unprotecté® slso showed decreasing
population growth rate (Table 16). Thevalue in protected site indicates that, under
current conditions, approximately 10% of the indiwls can be harvested without
exceeding their reproductive capacity, whereasdstnvg in unprotected site will lead
to further decline as these populations are alreadfering from an unsustainable
harvesting pressure. Under these conditions thentbty value in unprotected site
must be increased 10-fold to maintain the sustéenalze of the populations. The
wetland population of unprotected site is even marmerable to extinction as it

requires a 25-fold increase in fecundity to reagwojulation growth rate of = 1.

Mortality in unprotected populations was irrespeetof size class and was basically
caused by destructive harvesting, whereas the hhpnteas found closely related to
size class in protected populations (Table 13 afid The seedling stage showed
highest probability of dying among the stages irthbthe sites. However, the
mortality rate of other stages was higher in urgntad populations as compared to

protected populations (Table 13 and 14).

Number of recruits of the juvenile stage is higiretboth the sites and during the
years. The populations’ size structures observé&tDitb and 2016 were characterized
by a relatively higher frequency of juvenile plaatsd non-reproductive adults and a
lower number of seedlings and reproductive adultariprotected populations while
the protected population is characterized by higiiequency of juveniles and
reproductive adults. Non-reproductive adult induats made up approximately 32%
of the populations and approximately 3% of the vidlials were dormant in
unprotected populations. In protected site juvenilend reproductive adults
constituted approximately 30% of the population aamproximately 6% of the

individuals were dormant.
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Table 13:Population projection matrices of unprotected gditeng 2015-2016 and 2016—2017

A =0.826

Life cycle stage 2016  Sd

Life cycle stage 2015
Jv Adv  Adr Dr Nr \% Dar Ntr Gt

Sd NA 0.164 1.000 2.049 0.332 2916
Jv 0.473 0.393 0.164 0.073 NA 0.591 1.290
Adv 0.310 0.292 0.110 NA 0.244 1.269
Adr 0.821 0.229 0.500 NA 1.163
Dr 0.158 0.084 0.062 0.08
N 43 444 349 317 102
M 0.369 0.230 0.251 0.231
A =0.553

Life cycle stage 2017 Sd

Life cycle stage 2016
Jv Adv  Adr Dr Nr \Y Dar  Ntr Gt

Sd
Jv 0.140
Adv
Adr
Dr 0.280
N 24
M 0.581

0.164 1 3.68 0.110 2.296
0.171 0.103 0.072 0.236 0.424 1.290
0.180 0.190 0.187 0.148 0.410 1.146
0.031 0.080 0.149 1.172
0.129 0.074 0.094 0.993
227 280 89 125
0.487 0.530 0.499 0.618

Only non-zero entries are included to facilitatediag. Above each matrix the

population growth rate is given. V = size-specigproductive value; N = number of

individuals in each size category, M = mortalityl S Seedling, Jv = Juvenile, Adv =

Adult vegetative, Adr = Adult reproductive, Dr = Bwant, Nr = New recruited, Gt =

Generation time, Dar = Damping ratio, Ntr = Net Rejuctive value
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Table 14:Population projection matrices of Manang 2015-28i6 2016-2017

A =1.166

Life cycle stage 2015

Life cycle stage 2016 Sd Jv Adv  Adr Dr Nr Y Dar  Ntr Gt

Sd NA 0.304 1.000 2.346 0.707 4.093
Jv 0.677 0.331 0.036 0.090 NA 0.534 1.046
Adv 0.169 0.096 0.140 NA 0.160 0.900
Adr 0.377 0.786 0.697 0.941
Dr 0.323 0.123 0.082 0.074
433 908 448 660
M
A =1.003

Life cycle stage 2016

Life cycle stage 2017 Sd Jv Adv  Adr Dr Nr Vv Dar  Ntr Gt

Sd
Jv
Adv
Adr
Dr
N
M

0.363 1 2.020 0.410 9.419
0.602 0.497 0.110 0.120 0.224 0.508 1.204
0.203 0.370 0.228 0.128 0.129 1.277
0.134 0.420 0.603 0.006 1.331
0.268 0.09 0.060 0.027 0.550
96 936 662 975 175

0.130 0.077 0.041 0.022 0.642

Refer Table 13 for abbreviations

The vector of scaled reproductive values (i.e.taee in Tables 13 and 14) shows

lower values for seedlings and reproductive adidisthe 2015-2016 periods. The

overall effect of relative changes in sets of titamis parameters, representing four

demographic processes (stasis, progression, regsign and sexual fecundity) and
the six stage categories were studied. This eigstioalysis showed that the change
in population growth rate was strongly affected digsis in the juvenile stage in

unprotected site and the adult reproductive stageatected site (Table 16).
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Table 15: Population projection matrices of unprotected aredl 2015-2016 and 2016—2017

A =0.847

Life cycle stage 2015
Life cycle stage 2016 Sd Jv  Adv Adr Dr Nr % Dar Ntr Gt

Sd NA 0.194 1.000 4.259 0.268 4.737
Jv 0.800 0.367 0.118 0.192 NA 0.556 0.953

Adv 0.050 0.294 0.037 NA 0.250 1.129

Adr 0.350 0.470 0.507 NA 0.906

Dr 0.050 0.030 0.060 NA

5 60 35 83
M 0.200 0.183 0.089 0.204

A =0.780

Life cycle stage 2016
Life cycle stage 2017 Sd Jv Adv Adr Dr Nr % Dar Nt Gt

Sd 0.333 1.000 1.329 0.021 8.458
Jv 0.286 0.470 0.240 0.050 0.333 0.667 1.267
Adv 0.107 0.040 0.063 0.872
Adr 0.046 0.080 0.582 1.339
Dr 0.571 0.242 0.280 0.076 0.604

7 65 25 80 9
M 0.142 0.137 0.360 0.228 0.667

Refer Table 13 for abbreviations

Comparing the habitats, the population in the vmetldhabitat showed decreasing
population growth rate (lambda = 0.84 and 0.74 ©@1322016 and 2016-2017,
respectively) with high number of recruits of thewenile (Table 15). | found almost
similar mortality rates among the seedling and tackproductive stages (Table 15).
The elasticity analysis showed that the stasis h&f &dult reproductive stage
contributed most to the population growth rate @1%2-2016 transition, whereas in
2016-2017 it was juvenile stage that contributedrtiost (Table 16).
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Table 16: Elasticity Matrices ofDactylorhiza hatagirean different populations in unprotected and

protected site

Unprotected grassland

Life cycle stage

Life cycle stage 2015

2015-2016 2016 sd v Adv  Adr
Sd 0.050 0.072 0.038 0.032
Jv 0.142 0.187 0.040 0.021
Adv 0.098 0.070 0.031
Adr 0.036 0.050 0.131
Unprotected grassland Life cycle stage Life cycle stage 2016
2016-2017 2017 Sd Jv Adv Adr Dr
Sd 0.030 0.053 0.049 0.009 0.027
Jv 0.053 0.098 0.054 0.010 0.100
Adv 0.091 0.089 0.024 0.056
Adr 0.017 0.039 0.020
Dr 0.082 0.058 0.030 0.010
Protected 2015-2016 Life cycle stage Life cycle stage 2015
2016 Sd Jv Adv  Adr
Sd 0.110 0.086 0.014 0.070
Jv 0.171 0.081  0.002 0.030
Adv 0.036 0.007 0.040
Adr 0.082 0.059 0.210
Protected 2016-2017 Life cycle stage Life cycle stage 2016
2017 Sd Jv Adv  Adr Dr
Sd 0.011 0.029 0.016 0.022 0.007
Jv 0.061 0.140 0.024 0.040 0.017
Adv 0.060 0.088 0.079 0.010
Adr 0.041  0.103 0.219
Dr 0.012 0.011 0.006 0.004
Unprotected wetland Life cycle stage Life cycle stage 2015
2015-2016 2016 Sd Jv Adv  Adr
Sd 0.010 0.039 0.007 0.05
Jv 0.094 0.160 0.009 0.108
Adv 0.026 0.026 0.023
Adr 0.146  0.034 0.268
Darchula wetland Life cycle stage Life cycle stage 2016
2016-2017 2017 Sd Jv Adv Adr Dr
Sd 0.008 0.001 0.003 0.003
Jv 0.009 0.350 0.036 0.018 0.118
Adv 0.054 0.004 0.014
Adr 0.036 0.012 0.214
Dr 0.008 0.080 0.020 0.012

Refer Table 13 for abbreviations

92



5.4 Discussion

Our knowledge on the orchid longevity is limitedchase there are relatively few
long-term population studies on orchids. Experiraenapplication of harvest
simulation is not possible for the endangered gsdgi hatagireaas harvesting is
banned for this species and therefore this stughiespan observational approach.
Further, working in the difficult terrain is a gtezhallenge. However, to achieve the
conservation of the endangered species the challemgposed by the endangered
species must be addressed. The life history ofidscis relatively well understood
gualitatively, but quantifying the dynamics andragting a conservation message
remains challenging. Although the life history atlaids is qualitatively understood,

guantifying their dynamics and extracting consaoratnessages remains a challenge

Comparison of the responsel®f hatagireato harvesting was based on selecting two
different sites with distinct harvest pressure. ldoer, due to logistic limitations the
effect of habitat was examined using a single pafjmut in unprotected site
(Darchula). Despite these limitations, this studyvyided clear insight into the impact
of habitat variation and harvesting on demogragimnocesses and the population

dynamics oD. hatagirea
5.4.1 Demography

Wetland and grassland populations differed greatlyobserved stage structure.
Grassland populations at the unprotected sitesistedsof a high proportion of
juvenile-stage individuals, whereas wetland popaortat at this site contained similar

proportions of juvenile and adult size class indiisls.

The proportions of seedlings were much lower in wetland population. Habitat-
specific variation in germination traits is comminsubalpine and alpine perennial
herbs and is often related to spatiotemporal variabf seed availability, snowmelt

time and availability of suitable sites for gerntina (Shimono & Kudo, 2003).

Consistent with other studies, | found a strong sitiependence of fecundity and
survival in both populations (Drechslet al, 1999; Méndez & Karlsson 2004,
Ghimireet al, 2008). The higher fecundity of the grasslandutaion might be due

to higher flowering frequency and higher rate oédimg recruitment than in the

wetland population. Mortality (natural) was highdst seedlings and juveniles,
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particularly in the grassland, and lowest for tamgér adults, however the mortality
due to harvest was higher in grassland populatrahicated by the holes and remains
of the uprooted plants recorded during survival itoeimg in 2016 and 2017) than the
wetland as adults here are less vigorous with smsaed tubers (personal
observation). The stony substrates of grasslandatsbwhich have vastly different
soil moisture and nutrient levels, may explain wagedling mortality compared to

adult plants is higher than in wetland habitats.

Orchids produce a huge number of seeds but hawe gie-reproductive survival
rate. Difficulties in dispersal, failure in seed rménation, and problems with
establishment are factors that severely limit theigal to maturity (Sheffersoet al,
2020). A short growing season in alpine environméntin additional factor affecting
seedling establishment. Only seedlings that reaiticat size at the end of the first
growing season are likely to survive the winter if8no & Kudo, 2003). High
mortality, especially in the early part of life,abaracteristic of different organisms in
different taxonomic groups. Thus, a better undeditey of orchids can therefore also
help us understand the population dynamics of othigh fecundity organisms.
Conversely, other well-studied organisms with samiife strategies can shed light on

important aspects of orchid ecology.

The protected populations had higher proportionadtilts (both vegetative and
reproductive). Large adults are often numericallgméehant in populations of
perennial species (Cook, 1985), and population&igigpin harsh environments often
experience greatly reduced seedling recruitmerdgier 2). Mortality was highest in
seedlings and juveniles and lowest in adults (\ayet and reproductive) in the
protected population. Orchids belong to a groupighly fertile organisms, but have
a correspondingly low pre-reproductive survivaleratAll these organisms are
essentially based on the same principle. They m®darge numbers of offspring in

the hope that some will reach adulthood, with miogrer mortality thereafter.
5.4.2 Population growth rate

Deviation of the population growth rate (lambdanfr unity is commonly used to
explore how far the population dynamics is from d¢ggilibrium. Growth rates of the

grassland and wetland populations of unprotectedveere significantly <1 in both

years, indicating very slow population growfhopulation growth rates did not differ
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significantly from year to year in either habit@ther studies have also reported small
year-to-year variations in population growth ratésit large variations between
habitats(Menges & Dolan, 1998; Ghimiret al, 2008). In contrast, growth rates in
the protected populations were greater than 1 ith y@ars, indicating positive

population growth.

Elasticity analysis showed that stasis of the jileestage had the highest contribution
to the asymptotic population growth rate in botle thrassland and wetland
populations of unprotected site, followed by pragien of seedling to juvenile and
juvenile to adult vegetative and stasis of adufireductive stage in unprotected
grassland. In contrast, in the protected populatiogproductive adult stasis
contributed most to the asymptotic population growdte, followed by stasis of

juveniles. High survival rates of adults and tBedency of adults to remain in the
same stage from year to year (stasis) are alsacieaistic of other perennial species
(Silvertown et al., 1993; Silvertownet al, 1996; Ghimireet al, 2008). Fecundity

made a much smaller contribution to the populatipowth rate of the studied

population. This study shows that large-adult stageough its capacity for stasis,
represents a critical life-history stage that sgigrinfluences the population growth

rate of the study population.
5.4.3 Effect of harvesting

Harvesting of underground plant parts can havegaifgiant impact on the growth
rate of plant populations (Roakt al, 2004; Ghimireet al, 2008; Rokayeet al.,
2017). It is found that harvesting of tubers akelctmost aspects (e.g., seedling
density, fruit production, tuber size) &f. hatagirea(chapter 4). Harvesting had a
significant impact on fecundity and growth of larngelividuals; it also significantly

reduced population growth rate in unprotected pafpuns.

Additional disturbances that are common in unpietbcsite are trampling and
grazing (chapter 4). These additional human distacbs may partly explain the
decreasing population growth rate observed in tigratected populations. Animal
grazing can have a profound effect on orchid pdmriadynamics. Removal of buds
and shoots by grazing can significantly affect gaation and flowering, and reduced
photosynthetic capacity for one year can preveantsl from absorbing sufficient

carbon stores for flowering the following year. riBsko, 2002; Gregg, 2004).
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Grazing intensity is also important and, for exasnpbregg (2004) found that a
moderately grazed population Gypripedium regina@utperformed heavily grazed

population in terms of equilibrium proportions élstages, flowering and plant size.
5.5 Implications for sustainable management and c@ervation

Orchids are often the subject of conservation con@éayet al, 2015). The present
results have many implications for conservation ag@ment ofD. hatagirea
Although it is difficult to assess dormancy, itdlear that the unprotected population
has not increased in number or spread over thetlpast years. Instead, flowering and
emergence decreased in this population, while gposite was true in the protected
population. Understanding how plants and populatiocgspond to harvesting is an
integral part of a concrete foundation for conseovamanagement. Harvest impacts
on populations depend on their frequency and iittensnvironmental conditions,
and the viability and fertility of individuals afténarvest (Ticktin, 2004; Ghimiret
al., 2008; Rokayat al, 2017). The results suggest that sustainableekting of D.
hatagirea in unprotected grassland and wetland lpomos can only be achieved if
fecundity can be increased by more than 10-fold @Befold, respectively.The
protected populations showed positive populatiawjn in both years of observation
and under current conditions 10% of the protectegufation can be harvested

sustainably.

Severe overharvesting dD. hatagirea throughout the Himalayas threatens the
stability of many natural populations (chaptera)d therefore their cultivation amna
situ conservation should be encouraged. However, enwvieoital changes appear to
influence how rapidly populations recover from hestv Differences in growth rates
in different habitats can have important conseoratind socioeconomic implications
(Ticktin & Nantel, 2004). In particular, populatiosize, nutrient availability and
management methods can affect seed production éfusier et al, 1998;
Lennartsson & Oostermeijer, 2001; Munzbergova, 208érmination rate (Collingt
al., 2002; Lindborg & Ehrlén, 2002) seedling surviy@blling et al, 2002) and the
stasis and growth of individuals (Heglaret al, 2001; Dahlgren & Ehrlén,
2009Peters).

Due to the legal protection of the species, expental harvest simulation was not

feasible, so instead an observational approachused and populations in two sites
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with different levels of protection and harvestiwgre selected to study the effect of
harvesting on the population dynamics Bf hatagirea The typical harvesting
approach is destructive as the commercial colledtarvest the tubers irrespective of
developmental stage and maturation and most ofptaple are unaware of the
ecology and regeneration potential @f hatagireain unprotected site (chapter 4).
Harvesting by commercial collectors, depends nosiaa and maturity of the plant,
but on the response of collectors to market denagtidvalue of the species (Ghimire
et al, 2005). It is important to note that commerciahesting ofD. hatagireain
unprotected populations will lead to rapid popuwatextinction if the current situation

continues for several more years. This would bagetsocial and biological loss.

The results show thaD. hatagirea is highly sensitive to tuber harvest. This
hypersensitivity is attributed to low germinationdarecruitment rates, high seedling
and juvenile mortality (natural), and heavy harvestof adult individuals by
commercial collectors regardless of maturity. Giiterdimited population growth and
high harvesting sensitivityD. hatagirea should be managed strictly to establish
seedling and meet fecundity levels that lead tblstpopulation growth in severely
depleted populations such as unprotected site.neigtenhancing measures, such as
demarcation of livestock grazing and trail routesuld be highly beneficial in the

unprotected site.

Accurate management plans for endangered specids &s orchids, based on
demographic responses to harvesting in varioustdtabiare an important part of
long-term conservation strategies, which is belieteeintegrate ecological, social and
economic factors enabling local collectors to beeoatonomically viable from
sustainable harvesting of MAPs (Ghimaeal, 2005; Ghimireet al, 2008; Rokaya&t
al., 2017). Of course, increased market demand clead to exploitation of these
populations in the future, and their status theeefdepends on their level of

protection and the availability of alternative hesting opportunities.
5.6 Conclusion

The unprotected populations are highly threatenetdrvesting and show declining
population growth rates. Laws to stop illegal hatireg should be strictly enforced in
unprotected populations to protect them from furtdeterioration. Management

practices focused on increasing the fecundity fgctor of 10 and 25 in unprotected
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grassland and wetland respectively are necessaachi®ve stable populations. In
contrast, the protected populations showed inanggsdpulation growth rate allowing

sustainable harvesting of 10% of the populatione Bixtremely severe harvesting
pressures recorded f@. hatagireain unprotected populations, combined with its
impacts on seedling densities and population siractsuggests that continued
harvesting in these populations presents serioaserwation concerns. Continued
monitoring by both biologists and local communitiss highly recommended to

conserve the species.
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CHAPTER 6

SUMMARY AND CONCLUSION
6.1 Summary

Medicinal and aromatic plants (MAPs) are globally threatened mainly due to
anthropogenic factors like illegal, prematrue harvesting or over-harvesting for
livelihood. In addition to direct harvesting, a range of other factors including habitat
degradation and fragmentation, climate change, spread of invasive species, are also
related to the loss of several species of MAPs. Conservation of such species is a
global concern, and research focusing on their ecology and sustainable harvest has
been carried out in different parts of the world. However, there is inadequate research
in this field from the Himalayan region. Therefore, this study was carried with the
focus on population ecology and harvesting sustainability of two important

Himalayan medicinal plant species, Aconitum spicanchDactylorhiza hatagirea.

The findings of this research are summarized in four sections. The first section (6.1.1)
draws on Chapter 2 and deals with the effect of elevation and anthropogenic
disturbances on the plant density and life history traits. &picatumn north-central
Nepal. This chapter also deals with the socioeconomic values &f $pecatum The
second section (6.1.2) draws on Chapter 3 which describes the demogradhy of
spicatumand the effect of different harvesting regimes on its population dynamics
along the elevation gradient. The third section (6.1.3) draws on Chapter 4 which
identifies the major factors responsible for threatening the populations of an
endangered orchid). hatagirea. This chapter further highlights the importance of
community participation for the conservation of local MAPs. The fourth section
(6.1.4) draws on Chapter 5 which describes the demographic characteridiics of
hatagireain the locally protected (Manang) and unprotected sites (Darchula). This
chapter also explores the demographic responge batagirea on different habitats

(wetland and grassland).
6.1.1 Plant density and life history traits of Aconitum spicatum

Plant density and life history traits @&f. spicatumwere studied in three different
populations (subalpine, loweralpine and alpine) along an elevation gradient in central

Nepal. A total of sixty-six (3 m x 3 m) plots were laid down along the distribution
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range from 3000 m asl to 4200 m asl. Four transects (with six plots in each transect)
were laid down in each of the three populations namely subalpine, lower alpine and
alpine. Individuals were classified into four different stages, seedling, juvenile,

adult vegetative and adult reproductive on the basis of their size and reproductive
status. Effects of different environmental (biotic and abiotic) variables including
cover (%) of herbs, shrubs, grass, litter, lichen, bryophytes, bare ground, solid rock
and scree; and antropogenic disturbances (harvesting, trampling, animal droppings
and fire) on different stages &f spicatumindividuals were studied. Plant biomass,
and vegetative and reproductive traits were studied from 15-20 randomly selected

mature individuals per population.

Semi-structured interviews were conducted during 2015-2018 among 65 informants.
Informations regarding on the availability Af spicatumtype of collectors, reasons

for collection (local use or commercial purpose), local uses, areas and season of
collection, indigenous knowledge transfer practices, special tools used, qualities,
prices and market system, post-harvest practices, other sources of income, changes
observed in the biotope, perceived trends in populations of the species, causes of
population change, threats, conservation status, protection measurements and
practices that could ensure survival and sustainable management were collected from
local MAP users, leaders, teachers and students in the villages, hotel owners, local
tourist guides and cattle herders.

Among the environmental variables tested, harvesting, animal droppings and fire
appeared to be the most important factors affecting the densfy sgicatum The

lowest elevation population (subalpine) had lower recruitment and reduced density
which could be due to the prevailing destructive harvesting practice. Subalpine
population had very poor recruitment and loss of younger plants due to higher
disturbance which damages the populations despite the enhanced vegetative
performance of adults and the higher number of flowers and fruits set per
reproductive individual. Reduced seed mass and decreased seed viability might be the
major causes of the lower recruitment in the subalpine population. The alpine
population had better reproductive fitness (higher seed set per unit fruit volume,
higher seed mass, and higher seed viability and fecundity). This indicates that alpine
plants develop self-sustaining adaptive strategies by increasing their resource
allocation in reproductive parts, especially in seeds, to cope with the harsh
environment.
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The reduced reproductive performance of the subalpine population indicates that the
persistence and growth oA. spicatumat low elevations will depend on the
management practices addressed by the concerned authority for the protection of
younger life stages and control of over-harvesting and premature harvesting of tubers.
Locals perceive that due to its poisonous nature, all the harvested tubers are sold and
are of the opinion that the indiscriminate harvesting by the outsiders (especially from
the neighbouring districts Dadhing and Gorkha) is the major challenge for its growth
and development in that region.

6.1.2 Sustainability of harvest of Aconitum spicatum

To assess ecological sustainability of harvest, the population dynanicsgitatum

was studied in three different populations along an elevation gradient in Annapurna
Base Camp Region, north-central Nepal. The demographic data spicatum
included 4-year observations on fecundity and survival of individuals classified by
size. In each population, three belt transects of 2 m x 14 m were laid down, each of
which was divided into seven 2 m x 2 m subplots. Each alternate subplot was
systematically assigned for harvest treatments where the local harvesters were asked
to randomly apply 25%, 50% amd 75% harvest simulation. One subplot was assigned
as control plot, i.e., 0% harvest. The number of individuals per subplot was
insufficient to allow modelling of harvest effects without merging some of the
treatments. Therefore, 0% and 25% and 50% and 75% treatment plots were merged
during analysis and labelled as low harvest and high harvest intensity, respectively.
All the individuals classified into different stages were tagged with unique identity
numbers and all the biological detais were recored during 2015. The tagged
individuals were monitored for their survival in the following three consequitive

years.

Results showed that the population growth rate was more than 1 in low harvest
intensity (0-25%) in all the populations in all the years (2015-2018) indicating that the
harvesting of this species at low harvest intensity is sustainable. In the high harvest
intensity (50-75%) the population gowth rate is less than 1 in lower alpine and
subalpine populations, indicating that these populations are sensitive to high harvest
intensity. However, in the alpine population the population growth rate is more than 1
for both the low harvest and high harvest intensities.

The extinction probability derived from stochastic simulation (1000 runs) in 100 years
was extremely low for all the populations in both the intensities.
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The deterministic projection revealed that the subalpine population is the most
sensitive population among the three studied populations. Low harvest population of
lower alpine can reach the low harvest population of alpine in six years. High harvest
population of lower alpine can reach the low harvest of alpine in 16 years. Low
harvest and high harvest populations of subalpine can reach the low harvest of alpine
population in more than 20 years. The high harvest subalpine population can reach its

low harvest population in 22 years and that of lower alpine in 9 years.

Elasticity analysis revealed that progression had a higher contribution to the
population growth rate followed by stasis in alpine population, but almost equal
contributions of progression and stasis were observed in the lower alpine and
subalpine populations. Among the size classes, adult stages (larger stages) had the
higher contribution to the population growth rate in all the populations.

6.1.3 Population density and structure of Dactylorhiza hatagirea

Population density and structure @f hatagirea was studied in two sites of different
protection status: (i) the unprotected site (the area received frequent and uncontrolled
harvesting of MAPs) was located in the upper Chamelia valley in Api-Nampa
Conservation Area (ANCA), Darchula; and (ii) the protected site (the area is locally
protected and regulated for any form of MAP harvesting) was located in Gyasumdo
Valley, Manang. In each of these sites three populations were sampled along an
elevation gradient of 3400-4600 m. The individual plants were classified into four life
stage classes (seedling, juvenile, adult vegetative and adult reproductive) based on the
leaf size and the reproductive status. Reproductive traits were studied by selecting
fifteen mature individuals from each population at each site. The dry biomass
estimation of tubers was done from the fifteen dried tubers from the local MAP
collectors. Effects of different environmental variables like cover (%) of herbs,
shrubs, grass, litter, lichen, bryophytes, bare ground, solid rock and scree and the
antropogenic disturbances (harvesting, trampling, grazing, animal droppings and fire)
on different life stages dD. hatagireaindividuals were studied using zero-inflated

poission regression models.

Semi-structured interviews were conducted during 2015-2017 among 117 informants

in the unprotected site and 69 informants in the protected site (details in chapter 3).
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The population density dD. hatagireaat the unprotected site ranged from 0.60 to
0.79 individuals/rh while the density ranged from 0.70 to 2.16 indixts/nt at the
protected site with highest densities in the mitkvation populations. A huge
decrease (approximately by one third) was obseirvetean densities across the three
consecutive years (2015-2017) in unprotected sitge. @he comparision of the tuber
production across the three consecutive years (2013) showed reduced tuber

production in unprotected site and increased tpbmfuction in the protected site.

Harvesting and grazing showed significant negagifiects on the density of different
life stages oD. hatagirea.Herb cover showed significant positive effect ongjuile

and adult vegetative stages. The relative radiatidex had a weakly negative effect
on the density of the adult vegetative stage. fiteraction effects of harvesting and
grazing among the sites indicate that the unpretepbpulations showed significant
negative effects of harvesting and grazing, whiksse effects were not distinct for the

protected populations.

The informants in the protected site were foundhwmore knowledge about different
aspects ofD. hatagirea. Ninety-three percent of the informants in protdctte
(n=117) and forty-three percent informants in umbgcted site (n=69) were aware
about the protection category, ninety-eight percenfprotected and seventy-one
percent in unprotected site knows the use valuteen percent of the informants in
protected site and five percent in unprotected witee conscious of its population
ecology, twenty-one percent in protected and fosy-percent in unprotected site
harvest the individuals for the local use, twerdysf percent of the informants in
protected site and ninety-two percent in the urgmtedd site claimed that the
population is decreasing. Seventy-three percettiefnformants in the protected site
claimed that the population is almost constantseslast few decades due to the strict
implementation of local regulatory mechanisms Fa illegal harvest. Eighty-one per
cent of the informants were of the view that thganaource of their livelihood is
MAPs collection. In protected site none of the filasirely totally of MAPSs collection

due to flourished tourisn in the site.
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6.1.4 Population dynamics ofDactylorhiza hatagirea: effect of habitats and

harvesting

Demography oD. hatagireawas studied in two sites of different protectidatiss as
described in section 6.1.3. In each site, threauladipns (ranging in elevation from
3400 to 4600 m), additionnaly one wetland popufatin unprotected site were
studied during 2015-2017. All the individuals irffeient stages were tagged, each
with its unique identity number in 2015 and moretbin 2016 and 2017. Fecundity
was estimated as the number of seedlings per agluibductive plant in 2016 and
2017. Stage-based population projection matrix nsodeefkovitch, 1965) were
constructed for all individual populations usinglike cycle graph to estimate
demographic parameters. In addition to four diffiérstages classified earlier,
dormancy was included as a separate stage (wheplaieremained alive by tuber in

2016).

Each transition matrix was used to calculate tlyenasotic population growth rate)(
and stable size distribution (Caswell, 2001), ahdsé¢ quantities were compared

between habitats and among sites.

The population projection matrix obtained for thexipd 2016/2017 was used to carry
out the numerical simulations to evaluate the paemmpact of specific changes in
particular matrix entries on the population growdke. The effect of modifying the
fecundity values was evaluated by multiplying thégioal fecundity estimate by

different numbers ranging between 5 and 30.

The population growth ratea)(were 0.826 and 0.553 in unprotected, and 1.166 an
1.003 in the protected site for the transition ge@015/2016 and 2016/2017,
respectively. The wetland and grassland habitateerunprotected site hadvalues

of 0.847 and 0.826, respectively, in 2015/2016 @7@0 and 0.553, respectively, in
2016/2017.

The elasticity analysis showed that the stasidiénjivenile stage in unprotected site,
and reproductive adult stage in protected siterdmried most td.. The population

growth rate reached values above unity only wheunrfdity was increased 10-fold in
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unprotected grassland populations. Further, the wetland population in unprotected site
required 25-fold increase in fecundity to reach the population growth rate of 1.
Unprotected populations are thus highly threatened by harvesting, while the present
populations at the protected site would allow approximately 10% of the population to

be harvested for local use without exceeding their reproductive capacity.
6.2 Conclusions

Anthropogenic disturbances, mainly harvesting, grazing and topographic factors,
contribute to the variation in density, life history traits and population growth rate of
Aconitum spicatumand Dactylorhiza hatagirea. Further, sustainability of harvest
varies according to the species, sites and the management practices adopted by the

local community.

This research has focused on the relationship between plant density and
environmental variables like cover of substrate, herbs, shrubs and anthropogenic
disturbances like harvesting, grazing, trampling, animal droppings and fire.

Understanding the role of such variables can help inform management practices.

Populations ofAconitum spicatumat different elevations respond differently to
harvest with different recovery rate. The alpine population allows the harvest of 10-20
percent of the individuals for the local use maintaining the equilibirium. At low
harvest intensity all the populations show asymptotic growth rate more than 1, thus
the probability of extinctly is extremely low. Subalpine (lowest elevation) population

is the most sensitive population to harvest and should be conserved with greater
priority. Higher contribution of larger size classes (adult vegetative and adult
reproductive) to population growth rate indicated that these stages are the critical
stages in the life history oA. spicatumand thus the conservsaion priority should
focus on protection of these stages. This study demonstrates that there are important
differences in the ability ofA. spicatumto regenerate after harvest along the
Himalayan elevation gradient in Nepal. This study thus contributes to widen the
knowledge on the population dynamicsfofspicatumand results can be extrapolated

to other similar MAPSs.
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The grassland population BX. hatagirea under present conditions in the unprotected
site, the fecundity should be increased by a factor of 10 to achieve a stable population.
The wetland population is still more vulnerable to threat as it needs to increase its
fecundity 25 times to reach steady state. The locally protected populations showed
stable population growth rate which allow approximately 10% of the present
population of D. hatagirea to be harvested for local use. Juvenile and adult
reproductive stages are the ctical stages in the life historip.ohatagirea in
unprotected and protected sites respectively, thus these stages should be protected
with greater priority. The better performance of populations in protected site can be
described as a result of the effective conservation efforts of the local community
which can be extrapolated to the unprotected site. A low level of awareness about
population ecology and conservation among local people are the major challenges for

the sustainable development of D. hatagirea populations at the unprotected site.

6.3 Recommendations for further research and management

* Management strategies and actions aiming to mitigate harvesting and grazing

based on scientific knowledge could improve conservation of both species.

* Create a conducive environment to participate the local communities in the
management of MAPs by strengthening people’s knowledge on the population
ecology and harvesting sustainability.

* Protection of the present populations of both species with regular monitoring
(rotational harvest) by biologist, local community and the management

authority

» Future studies explorinthe role of variation in rainfall, snow melt and other
climatic conditions on the population dynamics of both species is

recommended.

» Future researches that investigai@de-offs between plant survival, growth
and reproduction, seed fate and early establishment of these \ptarits be

highly informative.

» Future researchers are recommended to carry out long-term studies to explore

demographic parameters for other similar MAPSs.
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APPENDICES

Appendix I: Questionnaires for ethnoecological survey

This survey is being carried out by Central Departmof Botany, Tribhuvan
University, Kathmandu, Nepal to assess local eccéddgnowledge and practices of
the indigenous society in the Apinampa Conservatdoea, Darchula, Bhimthang
area of Manang and Annapurna Base Camp region ckiKas. Deep Jyoti
Chapagain (PhD student of the department) and f@skistants will be doing this
guestionnaire survey. The information given willtnme used on other purposes
except academic uses.

Socio-economic information

Name

Age

Sex

Address

Land holding :

Occupation

Number of members in the family :

Livestock

Average income/month :

Source of income :

Percentage contribution by NTFPs out of total ineam

1. Do you collect any NTFPs for your household uséoorsale in the market? If

yes who (adult, females, children) mostly collect?

a. Yes b. No
i. Adult male ii. Adult female
iii. Both male & female iv. Children V. All
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2.  What species do you collect mainly? Please spatityrder of collection most

frequently collected to less frequently collected:

Order Name of Month of collection Collection Distance from Method of
species & duration site your home collection

o O~ W N P

3.  What are the traditional uses of these species?

Species Part collected Traditional uses

Dactylorhiza hatagirea

Aconitum spicatum

4.  What was the amount of these MAPs you sold anc proci got last year?

Species Quantity (kg)  Price/kg NPR Total income Bugr and location you sold

D. hatagirea
A. spicatum

5. For what purpose did you use the money you earm ftoese MAPs [}.
hatagirea and A. spicatum sell? How much does it contribute in your

household expenses in percentage?

6. How do you collect these species?

Species Method of collection Method of processing é&thod of storage

D. hatagirea

A. spicatum

7.  Who taught this knowledge of these MAPs colleconse?

8. Do you leave some parts, seeds or small plantsergtound or collect all the

plants you find?

9. Do you think it is important to leave some seedtgar small plants for future

use?

10. What is your observation about the availabilitytluése species?

Species Availability Availability No Abundant/sparse/ Do not
decreasing increasing changes or rear know

D. hatagirea

A. spicatum
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11. What are the causes for increase or decrease @valilability of these MAPs?
a. Over harvesting b.  Over grazing
c. Climate change d. If others please specify...

12. Does this availability trend have negatively imgacon your income? If so

how much income in average are you losing? Or antjty?

13. What needs to be done for the conservation of tepseies? Do you have any

suggestion?

Species Suggestions for conservation of the species

D. hatagirea

A. spicatum

14. What obstacles are you facing on collection anddosehese MAPs?

15. What differences are you observing in the collectid these MAPs after the

establishment of Apinampa Conservation Area?
16. How did you acquire all this knowledge about theRePs?
17. Do you think the knowledge is being transferredéw generation too?
18. Do farmers cultivate any MAPs?
19. If so which species are grown?
20. Do you also grow in your farm land?

21. Do you use these MAPs for medicinal value?

Species Disease treated Method of preparation Dose Others uses

D. hatagirea

A. spicatum

22. Have you noticed change in flowering and harvessegson of these MAPs?

23. If yes, please elaborate:

Species Month and duration before Month & durationnow a days Remarks

D. hatagirea

A. spicatum

24. What could be the reason for these changes?

25. Are you aware about the MAPs species that are lobhbhpehe Government for

collection?
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26.

27.

28.
29.

30.

31.

32.

Who look after the regulation of these MAPs?

a. Locallvillage committee b.  District level authgr
c. Park head quarter members d. Others

How do they provide permission for collection?

a. Year wise rotation b. Yearly

c. Half yearly d. Others

Do you think their regulation is satisfactory?

How many species (MAPS) are traded from this aitri

Do you have any ideas about the total volume of ASRported annually from

district?
In which trade ranlp. hatagireaandA. spicatunbelong?

Do you have the ideas on the following featuresAof spiactumand D.

hatagireain your locality?

A. spicatum D. hatagirea

No. of known populations

Characteristics of different populations

Habitat types

Population size

Abundance

Life cycle stages

Flowering time

Fruiting time

Seed production per plant

Reproductive biology

Yield of tuber per plant

Seasonality of growth

33. Which category of tuber is traded?

a. Mature b. Immature
C. Others
Thank you
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Appendix Il: Summary of environmental variables (topographic anldstrate) characterizing three
populations each of locally unprotected and locpligtected sites dDactylorhiza hatagirean Api-
Nampa Conservation AregANCA), WesternNepal and Manang, Central Nepal. Estimates of the

topographic and substrate variables are specieth@an + SE; ranges are also stated for topographic

variables
Topographic variables Locally unprotected site (Darchla) Locally protected site (Manang)
Tadapani Nwagidanda Kalidhunga Bhimthang Ponker hill Salpodanda
Elevation (m asl) 3604.91+ 3799.41+  3975.62+ 371259+  4045.80+  4436.50+
9.09 3.52 7.44 4.67 10.60 12.40
(3,460-3,750)(3,750-3,860)(3,855-4,090) (3,620-3,790) (3,880-4,200) (4,205-4,600)
Slope (degree) 17.20+0.87 26.06+1.38 10.04+0.58 513.80 31.09+1.64 36.46+1.58
(2-25) (6-65) (1-22) (4-63) (5-56) (7-65)
Aspect (degree) 162.30+4.66  222+4.56  231.83+5.899.5Bk5.96 166.80+3.78 164.67+4.18

(90-248)  (132-342)  (20-320)  (30-250)  (100-260)  (104-280)

Relative radiation index 0.92+0.00  0.88+0.01  0.89+0.00  0.81+0.01  0.90+0.00 .89:£0.00
(RRI)

(0.77-0.99) (0.38-0.98)  (0.78-0.99)  (0.58-0.99) 0.56-0.99)  (0.61-0.99)

Substrate variables

Herb cover (%) 75.10+1.80 53.80+3.22 61.58+2.70 3261.71 17.13+1.54 46.23+2.40
Grass cover (%) 2.76+0.36 15.82+1.90 15.66+2.08 7H084 11.84+1.49 11.97+0.80
Moss cover (%) 2.41+0.16 6.13+0.52 4.58+0.47 28149+ 27.57+1.86 16.10+1.38
Lichen cover (%) 0.11+0.02 1.20+0.17 1.16+0.11 50780 9.67+0.63 4.10+0.36
Litter cover (%) 2.92+0.17 4.47+0.46 2.51+0.16 601 12.13+0.74  8.37x0.74
Rock cover (%) 4.50+1.09 15.10+2.26  4.99+0.98 201428 18.11+2.26 12.10+1.76
Scree cover (%) 0.16+0.07 0.20+0.11 1.41+0.50 D135 1.69+0.34 0.22+0.10

Bare ground cover (%) 12.10+1.30 3.37+0.44 8.21+1.187.17+1.44 2.02+0.53 1.2140.21
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Appendix Ill: Set of models prepared using gimmTMB for the distiion analysis of. spicatum

Model 1

Density; (of a particular stage @. spicatum= a + (1|Plot)

Model 2

Density; (of a particular stage &. spicatumh= a + b(Population) (1|Plot)
Model 3

Density;; (of a particular stage @&. spicatum = a + b(Population)+;&lerb covey+
(1|Plot)

Model 4

Density;; (of a particular stage @&. spicatum = a + b(Population)+;&lerb covey+
C2 Shrub covej+ (1|Plot)

Model 5

Density; (of a particular stage &. spicatum= a) + b(Population)+;&lerb covey; +

¢, Shrub covej « csHarvesting;+ (1|Plot)
Model 6

Density; (of a particular stage &. spicatumh= a + b(Population)+;€lerb coves; +
coHarvesting;+ (1|Plot)

Model 7

Density; (of a particular stage &. spicatumh= a + b(Population)+1Shrub covef.

coHarvesting;;+ (1|Plot)

Model 8

Density; (of a particular stage &. spicatumh= a + b(Population) +iRRI + (1|Plot)
Model 9

Density;; (of a particular stage @&. spicatum = a + b(Population) +;Elarvesting +
(1|Plot)

Model 10

Density; (of a particular stage @. spicatum= a + b(Population) +Elerb_covey; +

¢ Shrub covej + csHarvesting; + cRRIj + (1|Plot)
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Model 11

Density; (of a particular stage @. spicatum = a + b(Population) +;Elarvesting; +
CRRI; + (1|Plot)

Model 12

Density; (of a particular stage oA. spicatum = a + (1|Plot) + b(Population)
cHerb_covey; + oRRIj;

Model 13

Density; (of a particular stage &. spicatumh= a + b(Population) +:8hrub_covej
+ RRIj + (1|Plot)

Model 14

Density; (of a particular stage @&. spicatum= a + b(Population) +;Elerb_covey; +
cHarvesting; + GsRRIj; + (1|Plot)

Model 15

Density; (of a particular stage &. spicatumh= a + b(Population) +:8hrub_covej

+ gHarvesting; + GRRI; + (1|Plot)
Model 16

Densityj (of a particular stage oA. spicatum = a + b(Population) + +.BRI j
+CHerb_cover; + & Shrub cover; .+ ¢4 Harvesting; + csTramplingj + s Animal

drooping;: c; Firej + (1|Plot)
Model 17

Density; (of a particular stage @. spicatum= a + b(Population) +;darvesting; +

c;Trampling; + csAnimal drooping;+ ¢4 Firej; + (1|Plot)
Model 18

Density; (of a particular stage &. spicatum= a + b (Population) +;¢larvesting; +

c;Trampling; + csAnimal drooping;+ ¢4 Firej + cs Herbj; + (1|Plot)
Model 19
Density; (of a particular stage &. spicatumh= a + b (Population) +Elerb_covey; +

Cy Harvesting; + csTrampling; + ca Animal drooping; + (1|Plot)
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Model 20

Density; (of a particular stage @&. spicatum= a + b (Population) +;Elerb_covey

+ ¢ Harvesting; + csTrampling; + (1|Plot)
Model 21

Density; (of a particular stage @. spicatumh= a + b (Population) +Elarvesting; +

cTrampling; + (1|Plot)
Model 22

Density; (of a particular stage o&. spicatum = a + b (Population) +:Eirej + C;

Harvesting; + csTrampling; + (1|Plot)
Model 23

Densityj (of a particular stage ohA. spicatum = a + b (Population) +i8nimal
drooping; + ¢ Trampling; + cs Firejj + (1|Plot)

Model 24

Density;; (of a particular stage oA. spicatumh = a + b (Population) +:8nimal

drooping; + ¢ Firej; + (1|Plot)
Model 25

Density; (of a particular stage @. spicatum= a + b (Population) +;&rampling; +
c; Fire+ (1|Plot)

Model 26
Density; (of a particular stage &. spicatum= a + b (Population) +Elarvesting; +

CoFire; + (1|Plot)

Where, a, b (Population) ang. cc,3 are fixed model parameters, i = 1...66 is the plot
(random effect) and j = 1...5 is the sub-plot. Popafa has three categories
(subalpine, lower alpine and alpine). Density ispressed as the number of

individuals in a given stage category counted withil ni sub-plot.
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Appendix IV: Model selecton table for the distribution of diffet stages oAconitum spicatum

I. Seedling stage

Model Selection table for Seedling stage

SN  Models logLik AlCc delta Weight
1 glmm. mzip6Sd -116.93 248.2 0 0.168
2 glmm. mzip14Sd -115.9 248.2 0.03 0.165
3 glmm. mzip5Sd -116.29 249 0.82 0.111
4 glmm. mzip10Sd -115.51 249.6 1.37 0.084
5 glmm. mzip7Sd -117.76 249.9 1.65 0.074
6 glmm. mzip9Sd -118.97 250.2 1.98 0.062
7 glmm. mzip19Sd -115.82 250.2 1.98 0.062
8 glmm. mzip20Sd -116.93 250.3 2.09 0.059
9 glmm. mzip11Sd -118.15 250.7 2.43 0.05
10  glmm. mzip15Sd -117.25 250.9 2.73 0.043
11 glmm. mzip26Sd -118.78 251.9 3.68 0.027
12 glmm. mzip18Sd -115.74 252.2 3.95 0.023
13 glmm. mzip21Sd -118.93 252.2 3.99 0.023
14  glmm. mzipl7Sd -116.87 252.3 4.08 0.022
15  glmm. mzip16Sd -114.14 253.3 5.04 0.013
16  glmm. mzip22Sd -118.75 254 5.74 0.01
17  glmm. mzip1l2Sd -122.05 258.4 10.23 0.001
18  glmm. mzip3Sd -123.25 258.8 10.54 0.001
19 glmm. mzip24Sd -122.27 258.9 10.66 0.001
20  glmm. mzip4Sd -122.43 259.2 10.98 0.001
21 glmm. mzip23Sd -122.27 261 12.76 0
22 glmm. mzip13Sd -123.45 261.2 13.03 0
23 glmm. mzip8Sd -124.54 261.3 13.13 0
24  glmm. mzip2Sd -125.58 261.4 13.14 0
25  glmm. mzip25Sd -124.75 263.8 15.63 0
26  glmm. mzip1Sd -129.86 265.8 17.58 0

[I. Juvenile stage

Model Selection table for Juvenile stage

SN  Models logLik AlCc delta weight
1 glmm. mzip9Juv -156.05 324.4 0 0.164
2 glmm. mzip21Juv -155.03 324.4 0.06 0.16
3 glmm. mzip19Juv -153.54 325.6 1.28 0.087
4 glmm. mzip17Juv -153.54 325.6 1.28 0.087
5 glmm. mzip11Juv -155.81 326 1.6 0.074

142



6 glmm. mzip6Juv -156.03 326.4 2.05 0.059
7 glmm. mzip20Juv -155.01 326.5 2.11 0.057
8 glmm. mzip22Juv -155.03 326.5 2.15 0.056
9 glmm. mzip15Juv -155.07 326.6 2.23 0.054
10  glmm. mzip5Juv -155.12 326.7 2.33 0.051
11 glmm. mzip18Juv -153.53 327.8 3.4 0.03
12 glmm. mzip14Juv -155.79 328 3.66 0.026
13 glmm. mzip10Juv -155.05 328.7 4.31 0.019
14  glmm. mzip24Juv -157.32 329 4.62 0.016
15  glmm. mzip23Juv -156.37 329.2 4.83 0.015
16  glmm. mzip2Juv -159.66 329.5 5.15 0.012
17  glmm. mzip8Juv -159.33 330.9 6.55 0.006
18  glmm. mzip16Juv -153 331 6.62 0.006
19  glmm. mzip25Juv -158.39 331.1 6.78 0.006
20 glmm. mzip3Juv -159.66 331.6 7.22 0.004
21  glmm. mzip13Juv -158.76 331.9 7.5 0.004
22 glmm. mzip4Juv -158.88 332.1 7.76 0.003
23 glmm. mzip12Juv -159.32 333 8.64 0.002
24  glmm. mziplJuv -164.97 336 11.65 0

25 glmm. mzip26Juv -284.21 582.8 258.41 0

26  glmm. mzip7Juv -284.26 582.9 258.51 0

[ll. Adult vegetative stage

Model Selection table for Adult vegetative stage

SN Models logLik AlCc delta weight

1 glmm. mzip24Adv -281.59 577.5 0 0.214
2 glmm. mzip19Adv -279.83 578.2 0.7 0.151
3 glmm. mzip17Adv -280.05 578.7 1.15 0.12
4 glmm. mzip23Adv -281.11 578.7 1.15 0.12
5 glmm. mzip18Adv -279.59 579.9 2.36 0.066
6 glmm. mzip9Adv -284.28 580.8 3.31 0.041
7 glmm. mzip2Adv -285.41 581 3.48 0.038
8 glmm. mzip21Adv -283.44 581.2 3.71 0.034
9 glmm. mzip11Adv -283.65 581.6 4.13 0.027
10  glmm. mzip8Adv -284.82 581.9 4.38 0.024
11 glmm. mzipl6Adv -278.52 582 4.5 0.023
12 glmm. mzip26Adv -284.21 582.8 5.25 0.016
13  glmm. mzip7Adv -284.26 582.9 5.35 0.015
14 glmm. mzip6Adv -284.28 582.9 5.39 0.014
15  glmm. mzip3Adv -285.4 583.1 5.54 0.013
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16  glmm. mzip22Adv -283.38 583.2 5.69 0.012
17  glmm. mzip20Adv -283.44 583.3 5.8 0.012
18  glmm. mzipl5Adv -283.52 583.5 5.98 0.011
19  glmm. mzip13Adv -284.67 583.7 6.17 0.01
20  glmm. mzipl4Adv -283.64 583.7 6.21 0.01
21  glmm. mzip12Adv -284.8 584 6.44 0.009
22  glmm. mzip25Adv -284.84 584 6.51 0.008
23  glmm. mzip5Adv -284.26 585 7.45 0.005
24  glmm. mzip4Adv -285.36 585.1 7.55 0.005
25  glmm. mziplOAdv -283.5 585.6 8.05 0.004
26  glmm. mziplAdv -309.07 624.2 46.69 0

IV. Adult reproductive stage

Model Selection table for Adult reproductive stage

SN  Models logLik AlCc delta weight
1 glmm. mzip24Adr -376.42 767.2 0 0.441
2 glmm. mzip23Adr -376.06 768.6 1.37 0.222
3 glmm. mzipl17Adr -375.6 769.8 2.57 0.122
4 glmm. mzip26Adr -378.67 771.7 4.5 0.046
5 glmm. mzip18Adr -375.59 771.9 4.68 0.043
6 glmm. mzip25Adr -379.06 772.5 5.27 0.032
7 glmm. mzip22Adr -378.37 773.2 6 0.022
8 glmm. mzip19Adr -378.02 774.6 7.41 0.011
9 glmm. mzip16Adr -374.85 774.7 7.5 0.01
10  glmm. mzipllAdr -380.59 775.5 8.33 0.007
11 glmm. mzip9Adr -381.91 776.1 8.89 0.005
12 glmm. mzip7Adr -380.91 776.2 8.97 0.005
13  glmm. mzipl5Adr -379.99 776.4 9.24 0.004
14 glmm. mzip8Adr -382.1 776.5 9.27 0.004
15  glmm. mzipl4Adr -380.15 776.7 9.56 0.004
16  glmm. mzip2Adr -383.52 777.2 10.05 0.003
17  glmm. mzip6Adr -381.46 777.3 10.08 0.003
18  glmm. mzip21Adr -381.51 777.4 10.17 0.003
19  glmm. mzipl2Adr -381.57 777.5 10.3 0.003
20  glmm. mzip13Adr -381.58 777.5 10.31 0.003
21  glmm. mzip5Adr -380.68 777.8 10.62 0.002
22  glmm. mzip10Adr -379.73 778 10.82 0.002
23  glmm. mzip3Adr -382.98 778.2 11.04 0.002
24 glmm. mzip20Adr -381.12 778.7 115 0.001
25  glmm. mzip4Adr -382.32 779 11.8 0.001
26  glmm. mziplAdr -402.01 810.1 42.91 0
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Appendix V: Observed and expected (stable) stage distribuf@mrdifferent harvesting treatments and
populations ofAconitum spicatum

Transition Harvesting Stage class Population
periods Alpine Lower alpine Sub alpine
Observed Stable Observed Stable Observed Stable
2015-2016 0-25%  Seedling 0.107 0.313 0.058 0.306 0410. 0.276
Juvenile 0.253 0.200 0.104 0.158 0.049 0.108
Adult vegetative 0.076 0.130 0.341 0.158 0.270 2285.
Adult reproductive 0.262 0.250 0.358 0.223 0.459 0.187
Dormant 0.302 0.107 0.139 0.154 0.180 0.205
Keyfitz's A 0.260 0.303 0.317
50-75%  Seedling 0.075 0.319 0.081 0.326 0.098 10.20
Juvenile 0.302 0.207 0.048 0.170 0.137 0.067
Adult vegetative 0.098 0.135 0.097 0.216 0.235 360.
Adult reproductive 0.168 0.252 0.500 0.221 0.4900.133
Dormant 0.358 0.087 0.274 0.067 0.039 0.238
Keyfitz's A 0.366 0.486 0.427
2016-2017 0-25%  Seedling 0.017 0.067 0.059 0.272 0440. 0.292
Juvenile 0.187 0.159 0.080 0.130 0.052 0.144
Adult vegetative 0.239 0.390 0.266 0.252 0.274 199.
Adult reproductive 0.357 0.041 0.372 0.196 0.3110.189
Dormant 0.199 0.343 0.223 0.151 0.319 0.177
Keyfitz's A 0.345 0.263 0.339
50-75%  Seedling 0.012 0.124 0.068 0.149 0.071  30.30
Juvenile 0.214 0.271 0.095 0.110 0.054 0.330
Adult vegetative 0.271 0.368 0.149 0.495 0.375 138.
Adult reproductive 0.373 0.077 0.459 0.090 0.304 0.175
Dormant 0.130 0.160 0.230 0.157 0.196 0.053
Keyfitz's A 0.297 0.443 0.509
2017-2018 0-25%  Seedling 0.019 0.250 0.054 0.276 0380. 0.383
Juvenile 0.130 0.309 0.081 0.257 0.046 0.116
Adult vegetative 0.424 0.142 0.314 0.151 0.277 220.
Adult reproductive 0.100 0.183 0.362 0.186 0.3310.251
Dormant 0.327 0.116 0.189 0.130 0.308 0.031
Keyfitz's A 0.493 0.398 0.414
50-75%  Seedling 0.009 0.061 0.061 0.158 0.077  (0.29
Juvenile 0.208 0.103 0.098 0.182 0.096 0.131
Adult vegetative 0.467 0.473 0.317 0.452 0.346 32D.
Adult reproductive 0.131 0.022 0.280 0.085 0.365 0.159
Dormant 0.185 0.341 0.244 0.121 0.115 0.098
Keyfitz's A 0.214 0.318 0.248

Keyfitz's A is a standard measure of the distance betweepwaability vectors, which values range

between 0 (when the vectors are identical) to lefwtihe vectors are different) [Caswell 2001]. Here
Keyfitz's A was used to compare stable stage-class distritsutiith observed stage class distributions.
distributions, obtained from the left eigenvectafsthe transition matrices, were compared with
observed stage class distributions
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Appendix VI. Set of models prepared using gimmTMB for the disttion analysis oDactylorhiza

hatagirea

Model 1

Density; (of a particular stage &@. hatagireg = a +b (population) +.&larvesting; +
coHerbcover; + (1|Plot)

Model 2

Density;; (of a particular stage d. hatagireg = a + b (Population) +4Elarvesting;
+ (1|Plot)

Model 3

Densityj (of a particular stage db. hatagireg = a + b (Population) +:RRI j+
coHarvesting; + (1|Plot)

Model 4

Density;; (of a particular stage d@. hatagireg = a + b (Population) +;:Elerb cover

i+ ¢ RRI;j+ ¢z Harvesting; + (1|Plot)
Model 5

Density; (of a particular stage &. hatagireg = a) + b (Population)+Elarvesting;
+ ¢ Trampling; + ¢z Animal dropping; + (1|Plot)

Model 6

Density; (of a particular stage &. hatagireg = a + b(Population)+.&lerb covey; +

coHarvesting+ ¢z Trampling;+ ¢4 Animal dropping;: (1|Plot)
Model 7

Density; (of a particular stage &. hatagireg = a + b(Population)+:&lerb covey; +

coHarvesting+ ¢z Trampling; + (1|Plot)
Model 8

Density; (of a particular stage ®@. hatagireg = a + b (Population) +,darvesting;
+ Trampling; + (1|Plot)
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Model 9

Density;; (of a particular stage db. hatagireg = a + b (Population) +,cAnimal

dropping; + ¢ Trampling; + (1|Plot)
Model 10

Density;; (of a particular stage dD. hatagireg = a + b (Population) +i8nimal

dropping; + (1|Plot)

Where, a (intercept), b (Population) and..c; are fixed model parameters, i =
1...144 is the plot (included as a random effect) anel 1...4 is the sub-plot.
Population has six categories (three at each &@)sity is expressed as the number

of individuals in a given stage category countethimia 1 nf sub-plot.
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Appendix VII: Conferences participation

. Chapagain, D.J., Mielby, H. & Ghimire, S.K. (201&}urrent Status of a
Threatened Medicinal Plant Dactylorhiza hatagireB. (Don) Soo in Api-
Nampa Conservation Area North West Negabnference paper presented in

Seventh National Conference on Science and Tecgypokathmandu, Nepal.

. Chapagain, D.J., Mielby, H. & Ghimire, S.K. (201&tatus of a Threatened
Medicinal Plant Allium wallichii Kunth in Annapurn&onservation Area
Central Nepalpresented in Second Graduate Conference on Envéonand
Sustainable Development, Kathmandu, Nepal.

. Chapagain, D.J., Mielby, H. & Ghimire, S.K. (2013ustainability of Harvest
of Commercially Threatened Medicinal Plant Aconitspicatum (Briihl) Stapf
in Central Nepapresented international Conference on Biodiversity, Climate

Change Assessment and Impacts on livelihoods, Katlkion Nepal.

. Chapagain, D.J., Mielby, H. & Ghimire, S.K. (20138ustainability of Harvest
of Commercially Threatened Medicinal Plant Aconitspicatum (Briihl) Stapf
in Central Nepalpresented ir6" International Conference on Wild Harvest

Governance and Livelihoods in Asia, Kathmandu, Mepa

Poster Presentation

. Chapagain, D.J., Mielby, H. & Ghimire, S.K. (201 Qonference on Plant
Conservation and Sustainable Development Gddissouri Botanical Garden,
USA.
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Appendix VIII: Publications (Main papers and other outputs duttiegPhD periods)

This PhD has four main papers

Main papers

l. Chapagain, D.J, Meilby, H. & Ghimire, S.K. (2019). Plant density dafiife
history traits ofAconitum spicatunm North- Central Nepal: Effects of elevation

and anthropogenic disturbancedeer] 7:€7574 http://doi.org/10.7717/
peerj.7574 (attached at the end of the thesis)

Il.  Chapagain, D.J, Meilby, H., Baniya, C.B., Magar, S.B. & Ghimir&.K.
(2021). lllegal Harvesting and Livestock Grazing Threatdre tEndangered
Orchid Dactylorhiza hatagirea (D. Don) Soo in Neps¢ Himalaydattached at
the end of the thesis)

. Chapagain, D.J, Meilby, H. & Ghimire, S.K. (Unpublished manusdajip
Population Dynamics of An Endangered Orchid Dactyilta hatagirea (D.
Don) So6 in Nepalese Himalaya: Effect of Habitatd &larvesting.

IV. Chapagain, D.J, Meilby, H. & Ghimire, S.K. (Unpublished manusdajip
Sustainability of Harvest of Commercially Threatnéledicinal Herb
Aconitum spicatum in Nepalese Himalaya

Supportive publications during PhD

l. Smith-Hall, C., Pouliot, M., Pyakurel, D., Fold,,NChapagain, A., Ghimire, S.,
Meilby, H., Kmoch, L., Chapagain, D.J, Das, A., Jun, H., Nepal, K,
Poudeyak, M.R. & Larsen, H.O. (2018pata Collection Instruments and
Procedures for Investigating National Level TradeMedicinal and Aromatic
Plants - The Case of NepdJniversity of Copenhagen, Department of food and
Resource Economics, IFRO Documentation 2018/2.

Il.  Shrestha, B., Tsiftsis, SChapagain, D. J, Khadka, C., Bhattarai, P., Shrestha,
N.K., Kolanoswska, M.A. & Kindlmann, P. (2021). &bility of habitats in
Nepal for Dactylorhiza hatagireanow and under predicted future changes in
climate.Plants 10, 467. https://doi.org/10.3390/plant s1003 0467

.  Ghimire, S.K., Subedi, C.K., Budha-Magar, S., Adhik M., Pandey, T.R.,
Awasthi, B., Thapa-Magar, S., Paudeyal, M.R., GremK.M., Shrestha, B.B.,
Bhatt, G.D., Joshi, L.R., Paudel, AChapagain D.J & Gurung, J. (2021).
Flora of Kailash Sacred Landscape Nepal: An AnretaChecklist. Volume 1
(Gymnosperms and Angiosperms: EphedracdBdexaceag Research Centre
for Applied Science and Technology (RECAST), Tribhm University,
Kathmandu, Nepal.
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Appendix IX: Courses attended during PhD

Biodiversity and Environmental Manangeméhiovember 15, 2015-May 15,
2016), Central Department of Botany, Tribhuvan @nsity, Kirtipur, Nepal.

An Introductory Course to PhD Studer{ftdarch 26-31, 2017), University of
Copenhagen, Copenhagen, Denmark.

Art of Scientific Writing (March-May, 2017),University of Copenhagen,

Copenhagen, Denmark.

An Introductory Course to MATLAB for Multivariaten&lysis (May 3-11,
2017), University of Copenhagen, Copenhagen, Dekimar

Training on Research Methodologyune 20-26, 2017), conducted by Central
Departmet of Botany, Kirtipur, Nepal.
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Plant density and life history traits
of Aconitum spicatum in North-
central Nepal: effects of elevation and
anthropogenic disturbances
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ABSTRACT

Increasing cross-border trade of medicinal and aromatic plants (MAPs) has put heavy
pressure on a considerable number of species in the Himalayas. One of the threatened
species in Nepal is Aconitum spicatum. Unfortunately for this species and for many
others, our knowledge on population ecology and performance across the distribution
range is insufficient, hindering the formulation of species-specific management
plans. We therefore studied density and population structure of A. spicatum and
assessed variation in its life history traits among three populations (subalpine, lower
alpine and alpine) along an elevation gradient (3,000—4,200 m a.s.l.) in Annapurna
Conservation Area, north-central Nepal. The results show that human disturbances
and topographic factors contributed to the variation in density and life history
traits. The overall density ranged between 0.56 £ 0.09 (Mean =+ SE) and 2.48 +
0.24 plants/m? with highest mean density in the lower alpine and lowest in the subalpine
population. The subalpine population was also characterized by lower investment in
reproductive structures with lowest seed mass and low seed viability and fecundity.
Among the environmental variables tested, harvesting, animal droppings and fire
appeared to be the most important factors affecting density of different life stages of
A. spicatum. The prevailing harvesting pattern is destructive as it involves uprooting of
Submitted 11 February 2019 the whole plant and this appears to be a main reason for low recruitment and reduced
éﬁ%ﬁgﬁ% fg ;‘;gggllbir 2019 density of the subalpine population. The level of disturbance decreased with increasing
) elevation. In terms of reproductive effort, the alpine population performed best. Our
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Deep J. Chapagain, results indicate that the viability of A. spicatum populations depends on controlling
chapagaindeep@gmail.com over-harvesting and pre-mature harvesting of tubers and protecting younger life stages
Academic editor from grazing, trampling and fire. We therefore recommend that when formulating
Renato Benesperi management guidelines, measures aiming to mitigate such anthropogenic disturbances
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the role of particular types of ecological pressure in shaping population demographics
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(Roff, 1992; Réale et al., 2010; Tonnabel et al., 2017). Variation in environmental conditions
can affect recruitment dynamics (Franco ¢ Silvertown, 1996) and population growth
rates (Stearns & Hoekstra, 2000; Caswell, 2001). Himalayan alpine plants respond to
environmental and climate change variables including biogeography, elevation and
precipitation (Salick et al., 2014). Increasing anthropogenic activities have also created
and continue to create a range of novel environments in mountain ecosystems (Zhang
et al., 2019). Along the elevation gradient in mountain ecosystems, large changes in
environmental factors occur over short distances, leading to huge variation in the
selection pressure imposed on plant life-history strategies and traits (Bresson et al.,
2011). Particularly, topographic variation affects microclimatic conditions, which may
contribute to variation in life history traits. These variations are coupled with disturbance
regimes, like harvesting, fire and grazing which themselves are structured along elevation
gradients. The concentration of these anthropogenic disturbances, especially in alpine and
subalpine ecosystems may put high-altitude plants under stress. To cope with such stressful
conditions, high-altitude plants develop self-sustaining adaptation strategies (Kdrner,
2003), including a long floral axis, more globular flowers (Molau, 1993), persistent sepals,
larger root systems (Korner, 1999), vegetative apices or perennating buds at safe depth
below ground (Kdrner, 2003), higher proportion of belowground biomass (Webber ¢ May,
1977) and increased number and size of seeds (Kirner, 1999), which contribute to enhance
the persistence of their populations.

Population density and individual-level traits, like plant size and reproductive
performance (Totland ¢ Nyléhn, 1998; Nielsen, Totland ¢ Ohlson, 2007; Fan & Yang,
2009) are considered the most important basic parameters needed to assess the capacity of
a plant species to maintain its population. Reproductive traits are especially important for
a species to establish and to persist following disturbance. Rates of recruitment vary and
depend on, e.g., seed number, seed mass, seed viability, growing season, and disturbance
characteristics (Chambers, MacMahon ¢ Brown, 1990). Understanding the variation in
such traits is important for the assessment of the long-term persistence of populations
growing in habitats disturbed by human activities. Habitat disturbance often has negative
effects on plant reproductive success (Chambers, 1995). Cattle grazing, trampling and fire,
for example, may lead to lower fruit set and subsequent recruitment (McKechnie ¢ Sargent,
2013; Renison et al., 2015). However, fire is deemed to be a prerequisite for recruitment,
growth and development of plant species in some ecosystems (Bucini ¢» Lambin, 2002)
and has in some cases been shown to promote higher species diversity (Hobbs, Mallik ¢
Gimingham, 1984).

Harvesting of medicinal and aromatic plants (MAPs) is a customary subsistence practice
in the Himalayan region. Over 300 taxa of MAPs are traded from Nepal with a total annual
amount of 10,770 tons and a value of USD 60.09 million (Ghimire et al., 2016; Government
of Nepal, 2015; Government of Nepal, 2018). Trans-boundary trade of Himalayan MAPs has
increased to meet the growing demand from international pharmaceutical companies and
has led to heavy and indiscriminate harvesting of some species. Aconitum spicatum (family
Ranunculaceae) is among the ten most traded medicinal plants from the Himalayan region
of Nepal (Olsen & Larsen, 2003). It is vulnerable in Nepal, mainly due to over-harvesting
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(Bhattarai, Tandon & Ved, 2002). Considering the high trade value of A. spicatum, the
government of Nepal has nominated it as one of thirty herbs of national priority for
development, research and cultivation (Department of Plant Resources, 2012). Despite the
commercial interest and high conservation value of A. spicatum, detailed studies describing
its ecological, morphological and reproductive characteristics are largely lacking within its
entire range. Scientific information on how the different disturbance regimes (including
harvesting) shape the life history parameters (reproduction and growth) and determine
population density and structure of important Himalayan MAPs like A. spicatum across
ecological gradients is important for the development of management strategies to maintain
viable populations (Ticktin, 2004; Ghimire, McKey & Aumeeruddy-Thomas, 2005). In this
paper, we aim to analyze whether impacts of anthropogenic disturbance on population
performance of A. spicatum depend on ecological factors associated with elevation. Thus,
examining populations located within three consecutive elevation ranges, the goal of
this study was to answer the following questions: (i) do the impacts of anthropogenic
disturbance on population structure and density of A. spicatum vary along an elevation
gradient? (ii) How do plant size and reproductive performance of A. spicatum vary along
an elevation gradient?

MATERIALS AND METHODS

Study area

The study was carried out in upper Modi River Valley (N28°29.455'and E083°53.546'to
N28°31.806’and E083°52.537") within Annapurna Conservation Area (ACA) in north-
central Nepal (Fig. 1). The study area is characterized by temperate and alpine climate. The
vegetation consists of upper temperate coniferous and mixed broad-leaved forests at lower
elevations (>3,000-3,500 m), sub-alpine mixed forests dominated by Abies spectabilis and
Betula utilis at and below the tree line (>3,500—4,000 m), lower alpine thickets mainly of
dwarf bushes of Rhododendron spp. at and above the tree line (ca. 4,000 m), and alpine
meadows and grasslands above 4,000 m. Snowfall starts in October and the area remains
snow-covered for up to six months, until March. High seasonal differences in temperature
and rainfall, short growing season and heavy snowfall are the main constraints to plant
growth at higher elevations. The study area comprises the most popular trekking routes of
Nepal, and each year approximately 30,000 tourists visit the area. Trekking tourism can be
considered one of the most important factors affecting the structure of forest ecosystems
at high elevation in the Himalayan region (Bignness, 1980; Stevens, 2003; Garbarino et al.,
2014). There are 14 hotels along the trekking route passing through the study area, and the
nearest villages (Chhomrong and Sinwa) are inhabited by 62 households. Along the upper
Modi Valley there are two cattle sheds (’goths’ in Nepali), each with about 500 cattle. The
livelihood of local people is based on subsistence agriculture, pastoralism, seasonal trade,
and more importantly, tourism. Interviews with local residents indicated that people from
the neighboring Gorkha and Dhading districts of Nepal, recently started harvesting highly
valued MAPs, including A. spicatum from the ACA region (D Chapagain, pers. obs., 2018).
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Figure 1 Map showing study area (N28°29.455’ and E083°53.546" to N28°31.806" and E083°52.537’,
Annapurna Conservation Area) and the locations of the Aconitum spicatum populations sampled.
Source of land cover map: Department of Survey, Government of Nepal.
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Study species

A. spicatum is a vulnerable (Bhattarai, Tandon & Ved, 2002) medicinal plant species with a
distribution restricted to the Himalayas of Nepal, India, Bhutan and China, at elevations
between 2,900 and 4,200 m above sea level (asl) (Ghimire et al., 1999). In the study area,
fragmented populations of A. spicatum occur between 3,000—4,200 m asl. It is a tall
perennial herb with an erect stem reaching up to two m in height and bearing a crown
of blue zygomorphic flowers with numerous stamens. It bears 1-70 flowers (mean =+ SE
10.64 £ 1.29) and 1-110 fruits (mean = SE 14.03 &= 1.53) per plant. Each fruit is an aggregate
of five to six follicles. Each fruit produces an average of 41 seeds; thus an individual plant
bears about 574 seeds on average. The plant produces paired dark-brown tubers, which
are best harvested as soon as the above-ground parts die in autumn (Ghimire et al., 1999).
The aerial part of the plant is annual but the tubers are perennial. The mother tuber
dies every year, but before this happens it produces a number of sprouting buds, which
grow into one to five daughter tubers (direct field observation). The plant shows low seed
germination potential and the seeds can stay dormant for a long time (Srivastava et al.,
2010), and even tubers show frequent dormancy (D Chapagain, pers. obs., 2018). The plant
is highly poisonous, and the tubers contain alkaloids, mainly aconitine, hypaconitine and
mesaconitine, which are reported to have antibacterial, antipyretic, analgesic and enzyme
inhibition properties (Srivastava et al., 2010). Tubers of A. spicatum are used in traditional
medicines to cure fever, headache and infections in lungs and intestines and to heal cuts
and wounds (Tsarong, 1994; Lama, Ghimire ¢& Aumeeruddy-Thomas, 2001).
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Sampling

This research is part of a long-term study carried out between 2015 and 2018 to understand
the population dynamics of A. spicatum in ACA (research permit issued by Department
of National Park and Wildlife Conservation (DNPWC), ref. No. 93/070/071). During the
summer of 2015, sampling was carried out in three sites at elevations ranging from 3,000 m
to 4,200 m. Sampling covered the whole elevation range of A. spicatum in the study area
as the transects were established from the lowest to the highest point of its distribution. In
each 100 m elevation band, a transect with six plots (three m x three m) was established
with plots located at a minimum plot-to-plot distance of 10 m. Each plot was divided into
nine subplots of one m x one m, five of which (center and four corner subplots) were
systematically selected for detailed biological measurements. In total, we laid out 66 (three
m X three m) plots, with 330 (one m x one m) sub-plots. In each plot, we recorded latitude
and longitude using an eTrex Garmin GPS device and cross-checked the elevation using
a calibrated altimeter. Slope and aspect were measured using clinometer and compass,
respectively. In each subplot, the cover (%) of shrubs, herbs, grasses, lichens, bryophytes,
litter, bare ground, solid rock and scree were estimated using standard methods (Pauli et
al,, 2015).

Individuals of A. spicatum were classified into four stage classes on the basis of their size
and reproductive status and were counted. The stage classes were: seedlings (Sd; stem girth
< one mm measured at five cm from soil surface, leaf number = 1-2), juveniles (Jv; stem
girth = 1-<three mm, leaf number > 2-<5), vegetative adults (Adv; stem girth > three
mm, leaf number > 2) and reproductive adults (Adr; flowering or fruiting individuals).
In each subplot, the count of plants at different stages was used to calculate population
structure and density. Animal droppings, trampling, harvesting and fire were considered
as anthropogenic disturbances. A five-point ordinal scale (0-4) was applied to describe the
level of disturbance. A score of ‘0’ corresponded to no disturbance, while ‘4’ corresponded
to heavy disturbance.

We grouped four elevation bands together and defined three wider ecotone populations,
namely subalpine (3,000-3,300 m), lower alpine (3,400-3,700 m) and alpine (3,800—4,200
m). We uprooted twenty of the most vigorous plants from each of these populations to
record plant biomass and to measure vegetative traits (plant height, stem girth, number of
leaves, leaf size and length of floral axis) and reproductive traits (number of buds, flowers
and fruits). The fresh weight of aboveground and belowground plant parts was measured
in the field. Afterwards, the plants were air dried, packed in paper bags and brought to the
laboratory for dry biomass estimation. Seed number and seed mass estimations were based
on random selection of 15 mature reproductive individuals from each population during
the seed maturation period in October. From each such individual, we collected five fruits,
recorded their diameter, length and fresh weight in the field, and then packed the fruits
separately in paper bags for subsequent dry biomass estimation.

We carried out seed sowing experiments in October 2015 and 2016. In each year, we
introduced mature seeds (n=100) into each of five randomly selected one m x one m
subplots, located in a similar habitat adjacent to the study plots. Dark brown seeds which
sank in water were considered mature and were selected for the sowing experiment. The
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seeds sown during 2015 failed to germinate. However, the seeds sown in 2016 germinated
and established in 2017. Seedlings that recruited and survived were recorded in 2017. The
data resulting from these experiments along with the information on seed production
were used to estimate fecundity. Fecundity was calculated as the percentage of established
seedlings from 100 seeds multiplied by the average number of viable seeds per individual
in each population.

Laboratory study

We oven dried (at 60 °C for 72 h) all the air-dried plant materials and measured their
biomass to an accuracy of 0.001 g. Similarly, we counted the number of seeds per fruit and
per individual plant, and measured the seed mass (expressed as dry mass of 50 seeds) per
individual. We tested seed viability by soaking the seeds in water, cutting them into halves
and subsequently dipping them in a 10 percent solution of 2, 3, 5 Triphenyl Tetrazolium
Chloride (TTC) for a minimum of 12 h in total darkness. We examined pink coloration of
the embryo under a microscope, indicating viability of the seed (Beigh, Nawchoo & Iqbal,
2006).

STATISTICAL ANALYSIS

Population structure and density

Given the clustered sampling design with five sub-plots per plot, we analyzed the variation
of A. spicatum density using a mixed-modeling approach including a random effect of plot.
Over-dispersion of the count data was confirmed by using the qcc package (Scrucca, 2004),
and the analysis of the counts for different stages was made using the glmmTMB package
(Mollie et al., 2017) in R, version 3.5.3 (R Development Core Team, 2017).

Direct field observations confirmed the plant as rare and sparsely distributed at the study
site. Hence, methods especially designed to cater for count data with excess zeros were
considered from the project’s early stages. Simple transformations, such as square root and
log, were not capable of making our data appropriate for modeling using standard statistical
assumptions of normality. The abundance of zero counts prevented these transformations
from having the desired effect of symmetrizing the data and eliminating dependence
between the mean and variance. Based on the Akaike Information Criterion (AIC), the
best fit among several model alternatives was obtained using Mixed Zero-Inflated Poisson
(mixed ZIP) models (Hall, 2000). Hence, we used mixed ZIP models to quantify the
relationship between environmental factors and the abundance of plants at different stages
of development using explanatory variables such as population (a given elevation range),
relative radiation index (RRI), cover of shrubs, cover of herbs, harvesting, trampling,
animal dropping and fire. All models included a random effect of the plot. We prepared
twenty-six sets of candidate models using the glmmTMB package (see Appendix S1) and
finally prepared an average model based on a set of 16 best candidate models (selected
on the basis of delta AIC) using the MuMIn package (Barton, 2018) in R. The 16 models
with AIC values less than 258.4 for seedling stage, 330.9 for juvenile stage, 583.3 for adult
vegetative stage and 777.3 for adult reproductive stage were used to prepare the average
model by MuMIn (see Appendix 52).
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The full models were in all cases expressed as:

Density;; (of a particular stage of A. spicatum) = a + b (Population) + ¢; RRI;; + ¢c; Herb
coverjj + c3 Shrub cover;; + ¢4 Harvesting;; + cs Animal dropping;; + ¢ Trampling; +
¢y Firej; where, a, b(Population) and ¢; ... ¢; are fixed model parameters, i =1...66 is
the plot (included as a random effect) and j=1...5 is the sub-plot. Population had three
categories (subalpine, lower alpine and alpine). Density was expressed as the number of
individuals in a given stage category counted within a one m? sub-plot. A relative radiation
index (RRI) was used as a proxy of microclimate at the site. RRI is a relative measure of
the exposure to solar radiation at noon at a specific location and was calculated for each
plot as a function of aspect, latitude, and slope. RRI was calculated as: RRI = cos(180°-£2)
x sin(f) x sin(®) + cos(P) x cos(P), where Q2 = aspect (slope azimuth in degrees), ®
= latitude (degrees) and $ = slope inclination (degrees) (Oke, 1987; Vetaas, 1992). The
preliminary analysis showed that the shrub, litter, bryophyte and lichen cover were closely
correlated. Similarly, herb and grass cover, and scree and bare ground cover were closely
correlated. It was therefore decided to exclude litter, bryophyte, lichen, grass and scree
cover in subsequent analyses.

Plant size and reproductive performance

Unlike plant density and structure, other life history traits were studied using sample
individuals selected at the population level (see above). As the measurements were done
on individual plants, we sampled 20 replicates for each of the size-based and reproductive
trait variables. Before doing the analysis we examined whether data for each of these
variables met the assumptions of parametric tests. Except for plant height and biomass, no
other variables met the standard assumptions of normality and homogeneity of variance.
Therefore, we applied Kruskal-Wallis tests to examine the variation of these traits among
the three populations. In the case of plant height and biomass, logarithmic transformation
of the data gave statistical normality, so in these cases we applied one-way ANOVA. A
double logarithmic allometric model was prepared to describe the relationship between
plant height and the biomass of tubers. We further performed multiple comparison
tests after ANOVA and Kruskal Wallis to compare the significant differences among the
populations. All tests were conducted using the R version 3.5.3 (R Development Core Team,
2017).

RESULTS

Population structure and density

We found significant differences in the densities of juvenile, and vegetative and reproductive
adults among the three populations (Table 1). Similarly, we found differences in the
observed stage distributions among them (Fig. 2). All the populations revealed lower
proportions of plants in smaller size classes (seedlings and juveniles) than in larger size
classes (vegetative and reproductive adults). The variation in density of A. spicatum
across elevations was hump-shaped and density reached its maximum in the lower alpine
population with a mean density of 2.48 4 0.24 plants/m?. The lowest density (0.56 & 0.09
plants/m?) was found in the subalpine population.
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Table 1 Population density (m~2) for different life stages of A. spicatum in three populations in Annapurna Conservation Area, Central Nepal.
Densities are stated as mean =+ SE. x? and p-values were based on Kruskal-Wallis test, df = 2, n = 66. Values for each stage class among the popula-
tions with same superscript letter do not vary significantly at p = 0.05 level based on multiple comparison test after Kruskal Wallis.

Population Seedling Juvenile Adult vegetative Adult reproductive Total
Subalpine 0.05 4 0.02 0.07 & 0.03* 0.10 & 0.03* 0.34 & 0.06* 0.56 & 0.09
(3,000-3,300 m)
Lower alpine 0.13 £ 0.03 0.30 # 0.06" 0.81 +0.12" 1.24 +0.13° 2.48 +0.24
(3,400-3,700 m)
Alpine 0.2 +0.06 0.24 +£0.13" 0.78 £ 0.21° 0.93+0.17° 2.16 +0.48
(3,800—4,200 m)
%% value 5.18 10.33 34.79 34.17 45.23
p-value 0.08 <0.01 <0.0001 <0.0001 <0.0001
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Figure 2 Population structure of A. spicatum in Annapurna Conservation Area, Central Nepal (Sd,
seedlings; Jv, juveniles; Adv, adult vegetative; Adr, adult reproductive). Bars with same letter for each
stage class among populations do not vary significantly at p =0.05. Sd (ns).

Full-size Bl DOI: 10.7717/peerj.7574/fig-2

Variation in plant size and reproductive performance

The plants showed the greatest vegetative vigor in terms of plant height and stem girth in
the subalpine population (Table 2). Similarly, the subalpine population showed the highest
total numbers of flowers and fruits per plant (Table 2).

The number of daughter tubers per individual tended to be higher in higher-elevation
populations though the difference was not statistically significant (Table 2). The dry mass of
daughter tubers, and that of below- and aboveground plant parts were significantly lower
in the alpine than in the other populations (Table 2). In lower alpine and subalpine
populations, the average biomass of belowground plant parts exceeded that of the
aboveground parts. The dry biomass ratios for plant parts below and above ground,
and for aerial vegetative and reproductive parts, varied significantly among the studied
populations (Table 2). The dry biomass ratios for plant parts below and above ground
were highest for plants from the subalpine population, and the ratio of dry biomass of
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Table 2 Variation in life history traits (vegetative traits and reproductive outputs) of A. spicatum among three populations in Annapurna Con-
servation Area, Central Nepal. Values are mean =% SE (n = 60). *Population comparisons were based on either 'Kruskal-Wallis tests or *one-way
ANOVA. Values for each trait among the populations with same superscript letter do not vary significantly at p = 0.05 level based on multiple com-

parison tests after' Kruskal Wallis and >2ANOVA.

Traits Subalpine Lower alpine Alpine x2/F P-value
(3,000-3,300 m) (3,400-3,700 m) (3,800-4,200 m) value*
Leaf number! 12.05 £ 0.33* 10.9 £ 0.46* 6.35+0.18" 40.22 <0.001
Plant height (cm)? 156.43 £ 5.62* 151.28 £ 5.29* 81.77 £ 4.20° 67.47 <0.001
Stem girth (mm)’ 10.04 £ 0.95% 9.60 £ 0.68* 6.62 +0.25" 12.51 0.001
Length of floral axis (cm)’ 19.67 £ 0.86% 19.13 £ 1.42% 10.01 & 0.60° 33.18 <0.001
Average leaf area (cm?)! 175.36 £+ 14.21* 190.98 + 10.98* 91.57 4 4.95° 31.26 <0.001
No. of buds per plant 29.77 £10.03% 9.14 4 2.89% 6.00 +1.19" 12.48 0.001
No. of flowers per plant' 15.85 +4.44 10.61 £ 2.03 6.20 £0.71 5.29 0.070
No. of fruits per plant! 22.15 £ 6.807 17.5 £ 4.56* 4,12 £+ 0.67° 10.72 0.004
Total reproductive parts per plant! 39.85 £ 7.31 26.75 £ 5.07 16.45 + 1.71 4.89 0.086
Number of daughter tubers per plant! 1.6 £0.19 1.854+0.25 1.80 +0.27 0.45 0.799
Volume of daughter tuber (mm?)" 272.66 + 25.97° 246.41 + 41.94° 109.67 + 12.29° 25.88 <0.001
Dry biomass of a daughter tuber (g)* 17.88 4 2.83° 12.18 4+ 0.82° 4.58 +0.55" 32.58 <0.001
Total dry biomass of daughter tubers per plant (g)? 21.92 £ 3.47° 16.09 £ 1.32° 5.60 & 0.86" 27.02 <0.001
Total dry biomass of mother tubers per plant (g)* 8.04 £ 1.03* 7.85 £ 0.79° 1.87 £0.21° 40.29 <0.001
Total belowground dry biomass (including daughter and 29.97 £ 4.39° 2395+ 1.83° 7.86 £ 0.95° 36.14 <0.001
mother tubers) per plant (g)?
Total above ground dry biomass per plant (g)? 23.61 £ 2.90* 21.95 £ 1.46° 9.95 +1.05" 16.22 <0.001
Ratio of dry biomass of belowground and aboveground 1.34 £ 0.12° 1.13 £ 0.07° 0.86 +0.07° 7.00 <0.01
parts’
Ratio of dry biomass of reproductive and aerial vegetative 0.21 £ 0.03* 0.27 £ 0.04* 0.46 + 0.05" 9.61 <0.001

parts’

reproductive and aerial vegetative parts was highest in the alpine population (Table 2).

The double-logarithmic allometric model revealed a significant relationship between plant
height and total dry mass of tubers (both daughter and mother tubers) (P < 0.0001,
Fig. 3). Overall, compared to the subalpine and lower alpine populations, the alpine

population was generally characterized by stunted growth, low biomass, fewer and smaller
leaves and fewer and smaller reproductive structures.

The volume of fruits varied significantly among the populations (x> = 51.58, P < 0.0001)
with highest mean value (19.19 % 0.49 cm?®) for the lower alpine population and lowest
mean (14.41 4 0.33 cm?®) for the alpine population (Table 3). We found similar results
for the number of seeds per fruit (x> = 17.85, P < 0.0001). The number of seeds per unit
volume of fruit was found to vary significantly among the three populations with highest
mean value for the alpine population (x2 = 7.74, P =0.0208). Similarly, we found higher
seed mass per 50 seeds in the alpine than in the lower alpine and subalpine populations
(F =5.69, P =10.006) (Table 3). Seed viability and fecundity were highest in the alpine
and lowest in the subalpine population (Table 3). The seed viability showed statistically
significant differences among the populations (F =10.69, P < 0.0001).
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Table 3 Variation in reproductive performance of A. spicatum among three populations in Annapurna Conservation Area, Central Nepal.
Values are mean = SE (1 = 225). *Population comparisons were based on either ' Kruskal-Wallis tests or 2one-way ANOVA. Values for each trait
among the populations with same superscript letter do not vary significantly at p = 0.05 level based on multiple comparison tests after ! Kruskal

Wallis and 2ANOVA.
Reproductive performance traits Subalpine Lower alpine Alpine x*/F P-value
(3,000-3,300 m) (3,400-3,700 m) (3,800—4,200 m) value*
Fresh weight of fruit and seed (g)" 0.45 +0.01* 0.55 % 0.02" 0.57 £0.01° 20.98 <0.0001
Dry weight of fruit and seed (g)* 0.08 + 0.004* 0.09 £ 0.004% 0.1 £ 0.003° 9.64 0.008
Volume of fruit (cm?)! 18.91 £ 0.75% 19.19 £ 0.49* 14.41 4 0.33" 51.58 <0.0001
No. of seeds per fruit! 37.21 £1.76° 47.16 4 1.95° 36.63 £ 2.59° 17.85 <0.0001
No. of seeds per unit volume of fruit! 2.08 +0.10° 2.44 £ 0.07° 2.60 £ 0.18 7.74 0.0208
Dry weight of seeds per fruit (g)! 0.03 £ 0.002 0.03 + 0.003 0.04 £ 0.003 1.34 0.511
Seed mass of 50 seeds (g)? 0.04 = 0.004* 0.04 4 0.004* 0.06 £ 0.002° 5.69 0.006
Seed viability (%)? 16.07 £ 0.99* 17.14 £ 1.05* 22.5 +0.64" 10.69 <0.0001
Fecundity 2.59 2.71 2.9
10/22
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Table 4 Summary of environmental variables (substrate and topographic) characterizing the three study populations of A. spicatum in Anna-
purna Conservation Area, Central Nepal. Estimates for substrate and topographic variables are specified as mean =+ SE; for topographic variables
ranges are also stated.

Substrate variables Subalpine Lower alpine Alpine
(3,000-3,300 m) (3,400-3,700 m) (3,800—4,200 m)
Shrub cover (%) 7.74 +1.23 11.28 £ 2.02 0.78 + 0.51
Herb cover (%) 62.4 +2.51 60.2 + 1.96 49.44 +3.21
Grass cover (%) 6.92 +1.04 8.43+1.19 30.5 £+ 2.89
Bryophyte cover on soil (%) 6.02 +0.41 7.96 +0.76 5.1 +0.46
Lichen cover on soil (%) 1.18 £ 0.10 0.89 + 0.10 1.06 = 0.11
Litter cover (%) 6.07 & 0.45 11.45 £ 1.15 7.56 +0.80
Solid rock cover (%) 16.62 + 2.59 7.65 +1.10 5.34+1.15
Scree cover (%) 0.00 £ 0.00 0.63 = 0.20 0.00 £ 0.00
Bare ground cover (%) 0.80 +0.28 2.78 +£0.41 1.00 £+ 0.27
Lichen cover under vascular plants (%) 1.05 4+ 0.10 0.88 +0.13 1.04 +0.14
Bryophyte cover under vascular plants (%) 9.63 £ 0.74 11.72 £ 1.01 5.92 £ 0.65
Bryophyte cover on rock (%) 24.93 £ 3.34 17.92 & 2.67 7.49 £ 1.66
Lichen cover on rock (%) 2.37 £ 0.50 1.06 + 0.15 4.73 + 1.18
Bare rock cover (%) 20.88 + 3.15 41.86 + 3.84 22.22 +3.70
Topographic variables
Elevation (m a.s.l.) 3,204.16 + 9.74 (3,000-3,300) 3,584.16 + 11.15 (3,400-3,700) 3,968.66 + 11.80 (3,800-4,200)
Slope (degrees) 24.5 & 1.37 (3-55) 19.25 £ 1.03 (3-39) 11.94 = 0.94 (3-40)
Relative radiation index (RRI) 0.85 %+ 0.01 (0.71-0.99) 0.88 £ 0.01 (0.78-0.99) 0.85 = 0.01 (0.59-0.96)

Response of density of different life stages to environmental
variables (mixed ZIP models)

The three studied populations varied in substrate and topographic conditions (Table 4).
The subalpine population was located in herb-dominated pasture with loamy soil. The
lower alpine population was in a shrub dominated pasture with high bryophyte, litter and
scree cover. It had sandy loam soil. The alpine population was found in a grass-dominated
pasture with silty soil. The subalpine population was affected more by anthropogenic
pressure compared to the other two populations (Fig. 4).

Mixed zero-inflated Poisson (mixed ZIP) regression models revealed that harvesting
and herb cover had significant negative effects on seedling density. For juvenile density,
harvesting had a significant negative effect. The other variables tested did not show
significant effects on seedling and juvenile density. In the case of adult stages (both
vegetative and reproductive adults) population showed a significant effect on density. The
mixed ZIP model analysis further showed that, compared to the alpine population and
taking cover and disturbance variables into account, the subalpine population exhibited
a significantly lower density of vegetative and reproductive adult stages. Interestingly,
animal droppings and fire had a significant positive effect on adult density (Table 5). The
zero—inflation model component was significant for juvenile and adult reproductive stages
but no covariates showed any significant effect on this component.
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Figure 4 Frequency of different levels of anthropogenic disturbances in three populations of A. spica-
tum in Annapurna Conservation Area, Central Nepal. Mean of animal droppings, trampling, harvesting
and fire intensity. Scale: 0-1 = low, 2 = moderate, 3—4 = high. Bars with same letter for each disturbance
class among populations do not vary significantly at p = 0.05 level based on multiple comparison test after
Kruskal Wallis.
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DISCUSSION

Variation in population density and structure

The mean density of A. spicatum in the populations examined is comparable with
previous findings. For example, densities of 0.34 (Kala, 2005) to 3.71 (Nautiyal et al.,
2002) plants/m? in A. balfourii, 2.57 (Nautiyal et al., 2002) to 3.1 (Semwal et al., 2007)
plants/m? in A. heterophyllum, 2.7 plants/m? in A. rotundifolium (Kala, 2005), and 2
plants/m? in A. violaceum (Kala, 2000; Kala, 2005) have been reported from the Indian
Himalayas. However, much higher densities have also occasionally been observed. For
example, Nautiyal et al. (2002) recorded a density of 6.7 plants/m? in A. violaceum in
Gharwal Himalaya, India, which was attributed to limited human exploitation due
to habitat inaccessibility. Similarly, Shrestha ¢ Jha (2010) reported a mean density of
7.3 plants/m? in A. naviculare in Manang, Nepal, which was described as a result of
subjective sampling due to the patchy distribution of the species.

In the high mountain ecosystem, elevation represents a complex gradient closely
correlated with numerous other environmental variables, such as temperature,
precipitation, soil texture and nutrients, substrate stability, and disturbance (Auerbach
& Shmida, 1993; Ramasay ¢ Oxley, 1997). All these factors affect plant life in a number of
ways. Our mixed ZIP model showed that the subalpine population exhibited a significantly
lower density of adult vegetative and adult reproductive plants than did the lower alpine and
alpine populations. The higher plant density in lower alpine and alpine populations might
partly be due to lower human pressure (Fig. 4) in these habitats. In addition, the smaller size
of individuals in higher-elevation populations also makes it possible for a higher number
of individuals to share a given amount of space. With increasing elevation the number of
competing species of similar or larger size decreases. This causes a small area to hold a
large number of individuals, thus increasing the density. The shift from an environment

Chapagain et al. (2019), PeerJ, DOI 10.7717/peer|.7574 13/22



Peer

characterized by high degree of competition to a more facilitative environment favors
this higher density (Liancourt et al., 2017). Bosch ¢ Waser (1999) found that the pollinator
visitation is higher in dense populations of plants than in sparse populations, which may
further increase seed set and ultimately the population density.

The low proportions of younger life stages (seedlings and juveniles) and correspondingly
high proportion of adults (vegetative and reproductive) in the studied populations
clearly indicate that the recruitment potential of A. spicatum is generally rather low.
The recruitment was further reduced in the subalpine population. The small seed size, and
low seed viability and fecundity recorded in the subalpine population compared to those of
the lower alpine and alpine populations support that the subalpine population is suffering
from lack of sufficient natural regeneration, consequently lowering the population density.
Studies have shown that disturbance characteristics determine the success of different
reproductive strategies (Chambers, 1995). Anthropogenic disturbance, like harvesting and
trampling can reduce seed viability and fecundity in plants from mountain ecosystems
(Tonnabel et al., 2017) and thereby reduce the population density.

Response of density of different life stages to environmental
variables

The mixed ZIP model showed significant negative impact of harvesting on both seedling
and juvenile plant density, and population (elevation) had a significant negative effect on
adult density. Based on conversations with collectors and key informants, it appears that
traditional healers prefer to harvest A. spicatum at younger stages, believing that relatively
young tubers have high medicinal efficacy. However, commercial collectors prefer mostly
the large adult plants. Removal of the entire plant before seed maturation reduces the
possibility of seed development for future regeneration (Sheldon, Balik ¢ Laird, 1997).
The negative effects of such damages caused by collectors may be further enhanced by
infrequent sexual regeneration and possibly also by limited availability of suitable sites for
regeneration in subalpine and alpine grasslands (Austrheim ¢ Eriksson, 2001). The mixed
ZIP model analysis further showed that herb cover had a significant negative impact (at
the 10% level) on the density of seedlings, which may be a consequence of herb cover
reducing the space available for seedling establishment, increasing the competition and
thereby affecting growth and development.

Although frequent trampling by sheep, wild animals and humans damage plants and
prevents them from flowering, developing seeds to maturity, and dispersing their seeds
(Chardon et al., 2018), and seedlings of A. spicatum may be particularly sensitive in this
regard, as they have soft stems with only one to two leaves, we found positive effects of
some disturbances on density of adults. Mixed ZIP model revealed positive significance
of animal droppings and fire on adult (both vegetative and reproductive) density. Direct
observation also support the result as the A. spicatum individuals seemed to show preference
for growing in the proximity of cattle sheds where the soil had higher concentration of
animal droppings. Ohlson ¢ Gronli (2006) also reported a significant positive effect on life
history parameters in A. septentrionale growing in experimental plot supplied with higher
concentrations of nutrients. The tolerance of adult stages of A. spicatum to fire in the
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present study is comparable with the findings of Uys, Bond & Everson (2004) who showed
the tolerance of many forb species to fire.

Variation in plant size and reproductive performance

A. spicatum has developed an astonishing range of life history traits in response to highly
specific ecological environments in subalpine, lower alpine and alpine habitats. A high
degree of variation with respect to different traits was found among the populations (Table
2). The decreasing trend of plant height, stem girth, leaf area, length of floral axis and plant
biomass observed in plants from subalpine to alpine populations (Table 2) showed that
the size of individuals generally tends to decrease with increasing elevation. A. spicatum in
the subalpine (lower elevation) population exhibited better performance in terms of high
vegetative vigor and production of higher number of flowers and fruits per individual.
Shrestha & Jha (2010), studying A. naviculare, also reported higher vigor for the individuals
examined in a lower elevation population. Plants may perform better simply because

of favorable abiotic conditions (Billings, 1973; Korner, 2003), such as temperature and
moisture (Korner, 2003). Plant performance is also enhanced in habitats with better abiotic
conditions through facilitation (positive interactions), a common phenomenon at high
altitudes, which helps plants to cope with the harsh environment (Callaway et al., 2002).
Thus, the higher vegetative vigor of A. spicatum observed at lower elevation is presumably
related to the presence of appropriate abiotic conditions in which plants exhibit enhanced
growth (Shrestha ¢ Jha, 2010). The harsh environmental conditions at higher elevation
generally impose constraints on plant growth (Korner, 2003). Similar trends of decreasing
plant vigor with increasing elevation have been observed in other herbs, such as Silene
acaulis, in which disturbance has been described as beneficial for the performance of plants
at lower elevation (Chardon et al., 2018).

The decreasing number of flowers and fruits set that we observed along the elevation
gradient is likely related to plant size but could also be due to the time of flowering, which
is influenced by the ambient temperature and the timing of snow melt (Kudo ¢ Hirao,
2006). Flower production is often correlated with plant size, which generally increases with
resource availability and decreases with increasing plant density (Weiner & Thomas, 1986).
Moreover, flower and fruit production are shaped by the interactions between abiotic
and biotic environment (Ma et al., 2010; Agren, Ehrlén & Solbreck, 2008). For example,
population density negatively affects fruit production of individual plants through its
effect on flower number (Agren, Ehrlén ¢ Solbreck, 2008). Disturbances like trampling
frequently break the inflorescence, and repeated disturbances year after year also reduce
the reproductive potential of the individuals, thus limiting the production of flowers and
fruits (Chardon et al., 2018).

Like many high-elevation plants (e.g., Arenaria kansuensis, Rhodiola quadrifida, Tribulus
terrestris etc.), A. spicatum also allocated a large amount of biomass to its underground
structure and, as a result, aboveground reproductive organs are reduced and roots are
enlarged (Ma et al., 2010). A high proportion of belowground biomass has often been
interpreted as an adaptive response to severe environmental conditions (Webber ¢ May,
1977). Particularly for high-elevation plants, subterranean organs are dedicated to produce
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annual aerial parts shortly after snow melt and, thus, high elevation plants are found to
invest more in belowground parts as an adaptive strategy.

Despite the lower number of flowers and fruits set per individual in alpine populations,
in terms of reproductive allocation, these plants performed far better than subalpine and
lower alpine populations. The ratio of dry biomass of reproductive to aerial vegetative
parts was higher in plants from the alpine population than in plants from subalpine and
lower alpine populations, and this clearly indicates that plants from very high elevation
invest more in reproduction. The subalpine population had larger fruits than the two other
populations and, as a result, they produced higher number of seeds per fruit. Contrary to
this, though producing the smallest number of fruits, the plants from the alpine population,
compared to the two other populations from lower elevation, set higher number of seeds
per unit volume of fruits, and these were seeds with a higher seed mass. Seed production
by species from high elevations depend on environmental conditions (short, cool growing
seasons) and is temporally and spatially variable (Chambers, 1995). The increasing seed
mass with increasing elevation can be explained by more resources being allocated to the
individual seed in alpine populations, thereby increasing their viability and fecundity to
cope with a stressful environment. The increase in seed mass together with a reduced
number of seeds per individual in populations from higher elevations may indicate that
A. spicatum allocates more resources to the seeds and may reflect a strategy that helps

increasing fitness and long-term population persistence in harsh alpine environments.

CONCLUSION

Human disturbance and topographical factors are related to plot-level microclimatic
conditions, which contribute to the variation in density and the studied life history
traits. Among the environmental variables tested, harvesting, animal droppings and fire
appeared to be the most important (proxy) factors affecting the density of A. spicatum.
The population at the lowest elevation was exposed to the highest anthropogenic pressure,
the level of which decreased with increasing elevation. The prevailing harvesting pattern
was destructive as it involved uprooting of the whole plant and was probably a main
reason for the lower recruitment and reduced density in the subalpine population. The
enhanced vegetative performance of adults and the higher number of flowers and fruits set
per reproductive individual in the subalpine population cannot compensate for the lower
recruitment and loss of younger plants due to high disturbance. The lower recruitment
in the subalpine population was presumably also related to reduced seed mass, and
decreased seed viability. In terms of reproductive effort (higher seed set per unit fruit
volume, higher seed mass, and higher seed viability and fecundity), the alpine populations
were performing better. This confirms that alpine plants develop self-sustaining adaptive
strategies by increasing their resource allocation in reproductive parts, especially in seeds, to
cope with the harsh environment. As the subalpine population was suffering from reduced
reproductive performance, the persistence and growth of A. spicatum at low elevations
will depend on how effectively management will address the protection of younger life
stages and control over-harvesting and premature harvesting of tubers. Although the adult
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individuals were found tolerant to animal droppings and fire, the viability of A. spicatum
populations not only depends on controlling over harvesting and premature harvesting but
also on mitigating other common anthropogenic disturbances, like grazing and trampling,
to ensure completion of flowering, fruiting and dispersal of viable seeds. We therefore
recommend that when formulating management guidelines, measures aiming to mitigate
such anthropogenic disturbances should be considered. As science-based harvesting and
conservation strategies have not yet been developed for A. spicatum and other Himalayan
MAPs, and harvest and trade are conducted on ad hoc basis, we hope that this study will
contribute to the conservation of MAPs by helping government authorities to formulate
scientifically informed conservation management strategies for A. spicatum and other
similar MAPs.
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Abstract

Harvesting of orchids for medicine and salep production is a traditional practice,
and increasing market demand is spurring illegal harvest. Ethno-ecological studies
in combination with the effect of anthropogenic disturbance are lacking for orchids.
We compared population density and structure, and tuber biomass of Dactylorhiza
hatagirea (D. Don) So6 for three years in two sites: Manang, where harvesting of me-
dicinal plants was locally regulated (protected), and Darchula, where harvesting was
locally unregulated (unprotected). Six populations were studied along an elevation
gradient by establishing 144 temporary plots (3 x 3 m?) from 3,400 to 4,600 m eleva-
tions. Mean density of D. hatagirea was significantly higher in the locally protected
(1.31 + 0.17 plants/m? than in the unprotected (0.72 + 0.06 plants/m?) site. The
protected site showed stable population density with high reproductive fitness and
tuber biomass over the three-year period. A significant negative effect (p < .1) of rela-
tive radiation index (RRI) on the density of the adult vegetative stage and a positive
effect of herb cover on juvenile and adult vegetative stages were found using mixed
zero-inflated Poisson (mixed ZIP) models. The densities of different life stages were
highly sensitive to harvesting and livestock grazing. Significant interactions between
site and harvesting and grazing indicated particularly strong negative effects of these
disturbances on densities of juvenile and adult reproductive stages in the unpro-
tected site. Semi-structured interviews were conducted with informants (n = 186) in
the villages and at the ecological survey sites. Our interview results showed that at
the protected site people are aware of the conservation status and maintain sustain-
able populations, whereas the opposite was the case at the unprotected site where
the populations are threatened. Sustainability of D. hatagirea populations, therefore,
largely depends on controlling illegal and premature harvesting and unregulated live-

stock grazing, thus indicating the need for permanent monitoring of the species.

KEYWORDS
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1 | INTRODUCTION

Globally, 100 to 1,000 species per million become extinct every
year, mostly due to anthropogenic habitat deterioration and frag-
mentation, land use change, urbanization, atmospheric nitrogen
deposition, and climate change. Consequently, a large number of
species, including many plants, are categorized as vulnerable or
threatened (Di Marco et al., 2018; Jacquemyn et al., 2005; Kull &
Hutchings, 2006; Pimm et al., 2014). The orchids typify the problem
faced by many medicinal and aromatic plant species (MAPs). Orchids,
with their complex biology (Rasmussen, 1995; Van der Cingel, 1995),
tend to have small and isolated populations and exhibit high sensitiv-
ity to environmental changes (Vakhrameeva et al., 2008), and are at
greater risk of extinction than most other plant groups (IUCN, 2020;
Kull & Hutchings, 2006; Warghat et al., 2013). Human-mediated
disturbances, mainly harvesting and habitat destruction, fragmenta-
tion, or loss of habitats are the most significant threats to the survival
of orchid populations (Ehrlich, 1988; Laurance & Bierregaard, 1997;
Saunder et al., 1991; Zhang et al., 2019). Also, increasing human ac-
tivities may create novel environments (Zhang et al., 2019) which
limit the persistence of orchid populations. Human disturbances may
result in the breakdown of ecological connections between orchids
and their pollinators and mycorrhiza, changes in edaphic and mi-
croclimatic conditions, and introduction of pests and diseases (Fay
et al., 2015; Light et al., 2003). Disturbances may interrupt interspe-
cific interactions leading to reduced reproductive output and even-
tually altering the plant demographic dynamics (Steffan-Dewenter
et al., 2006). Studies have shown that, generally, the magnitude of
disturbance impacts on plant populations depends on plant life stage
and features of their reproductive system (Calvo, 1990). In the case
of orchid populations, the severity of disturbance impacts also de-
pends on the level of specificity of plant-animal interactions (e.g.,
interactions with pollinators) and the availability of sites suitable for
seedling recruitment (Schulze et al., 2019).

The distribution and abundance of orchid populations depend
on a suite of biological and ecological factors including seed pro-
duction and dispersal, recruitment, availability of mycorrhizal
fungi, and appropriate environmental conditions (McCormick &
Jacquemyn, 2014). However, in case of the smallest orchid popula-
tions the seed output may be insufficient to ensure their long-term
persistence (Faast et al., 2011). The life stage dynamics of orchid
populations further depends on the elevation of their habitat.
Environmental conditions and interactions associated with altitude
play a significant role in the composition and distribution of orchid
populations (Djordjevi¢ & Tsiftsis, 2020; Djordjevi¢ et al., 2016,
2020; Jacquemyn et al., 2005). Alpine and subalpine grasslands
suffer from reduced nutrient availability and harsh environmental
conditions, and plants growing in these habitats presumably develop
adaptive coping strategies (Chapagain et al., 2019). Disturbance
regimes, such as harvesting, grazing, trampling, and fire, also play
influential positive (Chen et al., 2014; Dai et al., 2019) or negative
(Chapagain et al., 2019; Kreziou et al., 2015) roles in determining the
growth and persistence of plants and could be important elements

of an optimal grassland management strategy for alpine meadows.
Harvesting of whole plants or plant parts affects reproduction, sur-
vival, and growth and thereby also affects plant population dynam-
ics (Gaoue et al., 2013; Ghimire et al., 2005, 2008; Huai et al., 2013;
Ticktin, 2004). The extent of harvest impacts on plant populations,
however, varies depending on habitat conditions, plant growth strat-
egies, regeneration patterns, and microbial interaction, such as my-
corrhizal association (Gaoue et al., 2013; Ticktin, 2015).

Inherently slow growth, high habitat specificity, dependency on
pollinators, need of mycorrhiza for reproduction and germination,
narrow range of ecological substitution options, unsustainable ex-
ploitation, and climate change are major challenges for the growth
and development of orchids, such as Dactylorhiza hatagirea (Dhiman
et al., 2019; Hinsley et al., 2017; Hutchings et al., 2018; Rasmussen
& Rasmussen, 2018; Reiter et al.,, 2017; Shrestha et al., 2021;
Yeung, 2017). Due to a marked decline in its natural populations,
D. hatagirea has been listed as an endangered species in Nepal
by Conservation Assessment and Management Plan (Bhattarai
et al., 2001). According to the Forest Act of Nepal (2019), collection,
use, sale, trade, and export of D. hatagirea are prohibited, and the spe-
cies is strictly protected in list | of Government of Nepal (Go, 2011).
It is also listed under appendix Il in Convention on International
Trade in Endangered Species of Wild Fauna and Flora (CITES, 2020).
Nevertheless, due to its high medicinal potency, D. hatagirea is still
collected illegally at all life stages and traded to, especially, India and
China (Olsen & Helles, 1997; Subedi et al., 2013), which has pushed
local populations toward extinction (Manandhar, 2002).

Given that many orchids like D. hatagirea are currently threat-
ened or endangered, a better understanding of the factors that influ-
ence orchid population ecology and dynamics may be critical to their
long-term conservation (Shefferson et al., 2020). Formulation of
strategies for conservation of a species requires a sound knowledge
of environmental factors, population ecology, and demographic pa-
rameters (Margules & Pressey, 2000). Disentangling factors deter-
mining successful orchid establishment and its persistence under
changing conditions is a major challenge. For the long-term conser-
vation of endangered orchids, the development of concrete conser-
vation plans based on indigenous knowledge, long-term monitoring,
genetic analysis, and scientific inputs is crucial (Dobriyal et al., 2002;
Jacquemyn et al., 2007). Endangered orchid species are in need of
specific conservation actions (Charitonidou et al., 2019; Mincheva
& Kozuharova, 2018; Tsiftsis et al., 2011), and more attention should
be paid to the management of existing sites of orchids (Stipkova &
Kindlmann, 2015).

Thus, the objectives of this paper are to (a) analyze the variation
in population density, structure, and tuber production in D. hatagirea
over three years in two sites subjected to different levels of anthro-
pogenic disturbances, (b) study the impact of elevation and anthro-
pogenic disturbances on the population density of D. hatagirea, (c)
examine the interaction between site and environmental factors
(harvesting, grazing, and herb cover) and its effect on population
density of D. hatagirea, and (d) study the socio-cultural role of D. ha-
tagirea and assess people's perception of its status.
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To meet these objectives, we identified a locally unregulated site
in the western part of Nepal and a well-managed, locally regulated
site in the central part of Nepal. At these sites, we established per-
manent plots at different elevations and carried out a survey among

local people.

2 | MATERIALS AND METHODS

2.1 | Studyarea

This study was carried out in two sites: (i) Lolu-Pilkanda (N29°60.095’
and E080°56.754' to N29°57.719' and E080°57.672') within Api
Nampa Conservation Area (ANCA) in Darchula District, north-
west Nepal, and (ii) Bhimthang (N28°37.607' and E084°28.343'
to N28°40.284" and E084°29.166'), located within the strip of
land separating Annapurna Conservation Area (ACA) and Manaslu
Conservation Area (MCA) in Manang District, north-central Nepal
(Figure 1).

The Lolu site, which lies in the upper Chamelia valley within
ANCA, experiences high human pressure related mainly to livestock
grazing and commercial harvesting of medicinal and aromatic plants
(MAPs) (DNPWC, 2015). The site is managed by ANCA under the
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Department of National Parks and Wildlife Conservation (DNPWC)
of the Government of Nepal, and due to poor implementation of reg-
ulatory mechanisms, the human exploitation of natural resources at
this site is very heavy (Pyakurel et al., 2018). Further, the local com-
munity has not taken any particular initiatives to conserve the area.
Commercial and illegal trade of MAPs from the area has increased
drastically in the last few decades (Pyakurel et al., 2018). Hence, the
Lolu site is hereafter referred as the locally “unprotected site.”

ANCA is the youngest and the most remote conservation area
of Nepal. The climate is temperate to nival with an annual average
precipitation of 2,200 mm and annual mean minimum and maximum
temperatures of 4.7°C and 27°C, respectively (DNPWC, 2015).
Important livelihood activities are collection and trade of high-
value MAPs, notably Ophiocordyceps sinensis, Dactylorhiza hatagirea,
Fritillaria cirrhosa, Neopicrorhiza scrophulariiflora (Pouliot et al., 2018;
Pyakurel et al., 2018), and traditional mountain farming systems
tightly integrated with transhumance and other livestock systems
(DNPWC, 2015). The area has legal permission for commercial
harvest of MAPs, and over 25,000 collectors from different parts
of western Nepal harvest valuable MAPs from rangelands within
ANCA (DNPWC, 2015).

The Bhimthang site, which lies in Gyasumdo valley (lower

Manang), experiences low human pressure in terms of livestock
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grazing and commercial and illegal harvesting of MAPs. This site
is rich in biodiversity and natural beauty and is located in one of
the major tourist areas of Nepal. Thus, tourism is the major source
of income for the local community. The area is managed by the
community in collaboration with Annapurna Conservation Area
Project (ACAP), and the exploitation of valuable MAPs is very
limited due to strict regulation by the community (NTNC, 2016).
The locals are involved in patrolling to prevent illegal harvesting
of MAPs during the maturation period. Further, the local peo-
ple practice rotational harvest (one or two years depending on
the availability of MAPs) of highly valued MAPs (NTNC, 2016).
Therefore, the Bhimthang site is hereafter referred to as the lo-
cally “protected site.”

At the protected site in Manang, the climate varies from tem-
perate to nival and is influenced by the summer monsoon. The
annual mean minimum and maximum temperatures are 4.7°C and
16.8°C, respectively, and the average annual precipitation is 972 mm
(DNPWC, 2015). The basic livelihood activities include and combine
traditional mountain farming systems, transhumance and animal
husbandry, small-scale trade at lower altitude during winter, tourism,
and the collection and trade of highly valued MAPs (Chhetri, 2014;
Subedi & Chapagain, 2013).

The study sites differ with respect to edaphic, topographic, and
substrate conditions. The unprotected site has a silty-loamy soil
and is rich in herbs and grass and also has some bare ground cover,
while the protected site has a sandy-loamy soil and is rich in moss,
lichen, litter, rock, and scree cover. D. hatagirea is found on slopes
ranging between 1 and 66° at the unprotected site and 4-65° at the
protected site. The sites do not vary much in terms of relative ra-
diation index (RRI) (Table S1: Appendix S1). The unprotected site is
subjected to higher anthropogenic pressure as revealed by higher
disturbance scores (harvesting, grazing, trampling, and animal drop-

pings) than observed at the protected site.

FIGURE 2 Left: Blooming Dactylorhiza
hatagirea (D. Don) Soo. Right: Tubers of
Dactylorhiza hatagirea beaded for drying
by the locals (PC: Chandra Kanta Subedi)

2.2 | Study species

Dactylorhiza hatagirea (D. Don) So6 is locally known as Panchaunle
(“five fingered hand”). It is distributed in Nepal, India, Bhutan,
Pakistan, China, Afghanistan, and Mongolia (Roskov et al., 2020).
D. hatagirea is an erect perennial herb (30-90 cm tall) that grows
in moist alpine meadows and forest gaps between 2,800 and
4,600 m asl (Ghimire et al., 1999) favoring high soil Ca content
(Thakur et al., 2020). It bears palmate tubers, 5-7 lanceolate or
oblong leaves, which are progressively smaller toward the top, and
has a robust stem (Figure 2, left). The inflorescence is up to 15 cm
long, with a large number of densely packed flowers. Flowers are
resupinate and purple to light pink, arranged around the rachis,
resembling a hyacinth. Capsules bear thousands of dust-like seeds.
Seeds are minute and have no endosperm and therefore lack stor-
age reserves, and the orchid partly depends on the mycorrhizal
fungi Rhizoctonia for nutrition (Giri & Tamta, 2012; Kalimuthu
et al., 2007; Warghat et al., 2014). The rate of vegetative propaga-
tion is very slow and seed germination in nature is very poor, that
is, 0.2%-0.3% (Vij, 2001).

The tubers of D. hatagirea (Figure 2, right) yield a high qual-
ity salep (a beverage made from the powder of the orchid tuber),
which is used as an aphrodisiac or a nutritive and restorative
tonic, and are also eaten raw as a farinaceous food (Baral &
Kurmi, 2006; Sood et al., 2005; Thakur & Dixit, 2007; Vij, 1995;
Watanabe et al., 2005). It is also used in the treatment of diabetes,
chronic diarrhea, dysentery, coughs, hoarseness of voice, paral-
ysis, fractures, during convalescence and to correct malnutrition
(Das, 2004; Singh & Duggal, 2009). The whole plant possesses
antibacterial properties and is used in curing various bacterial dis-
eases (Ranpal, 2009). Tubers of D. hatagirea contain a wide range
of chemical compounds including dactylorhins, dactyloses, glu-
cosides, starch, and albumin (Kizu et al., 1999; Lama et al., 2001).



CHAPAGAIN ET AL.

Recent findings indicate that D. hatagirea also has anticancerous
properties (Popli, 2017).

2.3 | Sampling design used in the vegetation survey

This research is part of a long-term study carried out between 2015
and 2017 to understand the population dynamics of D. hatagirea
in ANCA and Manang (research permit issued by Department of
National Park and Wildlife Conservation [DNPWC]).

We sampled the vegetation in two ways: (i) To meet the first
objective regarding variation in the populations over time, we
established three permanent plots (20 x 20 m?) in each popula-
tion at the two study sites. (ii) Similarly, to meet the second and
third objectives regarding impacts of environmental variables on
population density, we established a total of 144 temporary plots
(8 x 3m?), 72 at each site, from the lowest to the highest elevation
to cover the whole distributional range of D. hatagirea at the study
sites.

In each site, we subjectively identified three fairly dense popula-
tions where all life stages were present so that the population could
be monitored in the following years (as a part of PhD dissertation of
the first author). In each population, we established three randomly
located permanent 20 m x 20 m plots and divided each plot into
four 10 m x 10 m subplots. In each subplot, all plants were tagged in
2015, categorized with regard to life stage, and monitored in 2016
and 2017.

We established the temporary plots using the methods described
by Chapagain et al. (2019). At each site, we identified three popula-
tions of D. hatagirea along an elevation gradient ranging from 3,400
to 3,900 m along the Upper Chamelia valley of ANCA and 3,400-
4,600 m along the Gyasumdo valley in Manang (Figure 1, Table S1:
Appendix S1). In each population, we established four transects at a
minimum vertical distance of approximately 100 m. In each transect,
we established six (3 m x 3 m) plots at a minimum horizontal plot
to plot distance of 10 m. Each plot was divided into nine 1 mx 1 m
subplots, and the four corner subplots were systematically sampled
and measured.

For each plot, the geographical location (latitude and longitude)
and topographical characteristics (elevation, slope, and aspect) were
recorded and used to calculate the relative radiation index (RRI)
(Oke, 1987; Vetaas, 1992a, 1992b). In each subplot, the ground cover
(%) for vascular plants (grasses, herbs, and shrubs), nonvascular
plants (lichens and bryophytes), litter, bare ground, rock, and scree
cover were estimated using standard methods (Pauli et al., 2015).
Disturbance (harvesting, trampling, grazing, and animal droppings)
scores ranging from O (none) to 4 (very high) were recorded for each
subplot after careful observation of the evidence, for example, large
holes caused by excavation, wilted or fresh uprooted aerial parts,
tuber fragments, browsed plant parts, defoliated aerial parts, and
animal droppings.

We classified the individual plants into four life stage classes

based on the number and size of leaves and presence of reproductive
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structures. The four stages are as follows: seedlings (Sd; leaf breadth
<1 cm, leaf number = 1-2), juveniles (Jv; leaf breadth =1 cm, <2 cm,
leaf number = 2-3), vegetative adults (Adv; leaf breadth =2 cm, leaf
number >2, nonflowering), and reproductive adults (Adr; flowering
or fruiting individuals). Individuals at different stages were counted
in each subplot to calculate the density. The population structure
was described as the proportion of each life stage within the studied
population.

To estimate reproductive traits, we selected fifteen mature in-
dividuals from each population at the two sites and recorded the
reproductive traits (number of flowers and fruits). For the estimation
of dry biomass of tubers, we recorded the weight of fifteen dried

tubers of D.hatagirea from the local MAPs collectors.

2.4 | Interview survey

Semi-structured interviews were conducted during 2015-2017
among 117 persons in the unprotected site (Darchula) and 69 per-
sons in the protected site (Manang). The informants were local
MAPs users, leaders, teachers, and students in the villages, and hotel
owners, local tourist guides, and cattle herders working in the sites
where we carried out our ecological survey. We explained the goal
of our research and obtained the informants’ consent before starting
the interview. The informants were also informed about their right
to withdraw their consent at any stage of the interview. Informants’
responses were documented by written notes and in possible cases
were also supplemented by voice recording, with the permission of
the informants.

We asked the informants to comment on the abundance of D.
hatagirea, collectors (villagers or outsiders), reasons for collecting
the plant (local use or commercial purpose), local uses, the collection
(areas and time of collection), when they started collecting, indig-
enous knowledge transfer practices, special tools, prices, qualities,
markets (to whom they sold), processing after collection, and their
other sources of income. We also asked questions concerning nature
conservation; changes observed in the biotope, perceived trends in
populations of the species, causes of population change, threats,
conservation status, protection measurements, and practices that

could ensure survival and sustainable management.

2.5 | Data analysis

A relative radiation index (RRI), which is a relative measure of the
exposure to solar radiation at noon at a specific location (Oke, 1987;
Vetaas, 1992a, 1992b), was calculated for each plot as a function of

aspect, latitude, and slope:
RRI = cos(180° — Q) x sin(p) x sin(®) + cos(p) x cos(d),

where Q is aspect (slope azimuth in degrees), ® is latitude (degrees),

and g is slope inclination (degrees).
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The densities of different stages (seedling, juvenile, vegetative,
and reproductive adults) were compared by Kruskal-Wallis tests,
and the reproductive traits were compared among the three popula-
tions in each of the two sites using one-way ANOVA.

Direct field observations confirmed the plant as rare in the study
site, and we therefore expected that the data collected would exhibit
a large number of zeros. We tried with different model alternatives
but based on the Akaike information criterion (AIC) the best fit was
obtained using mixed zero-inflated Poisson (ZIP) models. The mixed
ZIP model allowed us to analyze relationships between density of
D. hatagirea plants at different stages and a set of independent vari-
ables including population, cover of shrubs or herbs, relative radia-
tion index (RRI), and anthropogenic disturbance indicators such as
harvesting, trampling, grazing, and animal droppings.

We prepared ten sets of candidate models using the glmmTMB
package (See Appendix S2) and finally prepared an average model
based on the set of five best candidate models (selected on the
basis of delta AIC) using the MuMIn package (Barton, 2018). More
specifically, the final average models were prepared using five mod-
els with delta AIC values <402 for the seedling stage, <748 for the
juvenile stage, <645 for the adult vegetative stage, and <763 for
the adult reproductive stage. The full models were in all cases ex-

pressed as:

is the subplot. The population variable had six categories, three at
each site (see the section Study area). Confounded variables were
excluded from the analysis. All the tests were conducted using the R
version 3.5.3 (R Development Core team, 2017).

3 | RESULTS
3.1 | Variation in population density and structure

The population density of D. hatagirea at the unprotected site
ranged from 0.60 to 0.79 individuals/m? while the density ranged
from 0.70 to 2.16 individuals/m? at the protected site. Population
densities were highest in mid-elevation populations at both sites
(Table 1). At the unprotected site, all populations showed highest
densities for the juvenile and adult vegetative stages, whereas at
the protected site, the density of the adult reproductive stage was
mostly higher than for the juvenile and adult vegetative stages
(Table 1). At the protected site, the variation of density among the
populations was significant (Kruskal-Wallis test, p < .05), overall,
and for all stages except the adult vegetative stage, but at the un-
protected site, there was no significant variation among popula-

tions (p >.05).

Density (of a particular stage of D. hatagirea) = a+b (population) + ¢, RRI;+

c,Herb cover;; +c;Harvesting;; +c, Trampling;; + ¢s Grazing;; +c,Animal dropping;;

where a (intercept), b (population), and c;...c, are fixed model pa-

rameters. i = 1...144 is the plot (included as a random effect);j=1...4

The population structure varied between the sites (Figure 3).

For all populations, the proportion of seedlings was lower at the

TABLE 1 Population density (m™?) for different life stages of Dactylorhiza hatagirea in populations in the locally unprotected (Darchula)

and locally protected (Manang) sites

Life stage class®

Elevation (m

Population asl.) Sd Jv Adv Adr Total
Dhauli'? 3,605 0.05+0.03 0.20+0.03 0.20 + 0.04 0.13 +0.02 0.60 +0.06
Nwagidanda“? 3,799 0.06 +0.02 0.39 +0.09 0.21 +0.04 0.12 +0.03 0.79 +£0.10
Kalidhunga“? 3,976 0.08 +0.03 0.25 +0.04 0.28 +0.07 0.17 +0.03 0.78 £0.12
Mean“? 0.07 £ 0.01 0.29 +0.03 0.23 +0.03 0.14 + 0.01 0.72 +0.06
7% Value 0.70 2.56 0.98 1.39 2.57
p-Value .70 .28 .61 .50 .28
Bhimthang® 3,713 0.17 +0.05 0.46 +0.10 0.18 + 0.07 0.27 +0.06 1.07 +0.17
Ponker Hill? 4,046 0.44 +0.17 0.49 +£0.14 0.40 +0.10 0.82+0.17 216 +0.40
Salpodanda® 4,437 0.03 +0.02 0.09 +0.03 0.19 + 0.05 0.40 +0.04 0.70 +0.07
MeanP 0.21 +0.07 0.34 +0.07 0.26 +0.04 0.50 + 0.07 1.13+0.17
7* Value 13.62 8.86 3.09 10.63 14.24
p-Value <.01 <.05 .21 <.01 <.01
Combined

2% value 18.64 14.82 3.92 42.99 21.77

p-Value <.001 <.01 41 <.0001 <.001

Note: Densities are stated as mean + SE. y2 and p-values were based on Kruskal-Wallis test, df = 5, n = 144.

up = locally unprotected site, p = locally protected site.

aLife stage classes—Sd: seedling; Jv: juvenile; Adv: adult vegetative; Adr: adult reproductive.
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FIGURE 3 Population structure of
Dactylorhiza hatagirea in (left) locally
unprotected and (right) locally protected
sites. Life stage classes: Sd = Seedling,
Jv =juvenile, Adv = adult vegetative, and
Adr = adult reproductive
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unprotected site than at the protected site. The proportion of juve-
nile and adult vegetative plants was the highest at the unprotected
site, while the proportion of the adult reproductive stage was high-
est at the protected site. Comparing mean densities across three
consecutive years (2015-2017), a drastic decrease was observed at
the unprotected site (approximately by one third), while almost no
change was seen at the protected site (Figure 4).

3.2 | Variation in reproductive traits and
tuber production

At the protected site, the reproductive output and tuber biomass
were about three times higher than at the unprotected site. In
comparisons between populations, the reproductive traits (num-
ber of flowers, number of fruits, and total reproductive output per
individual) were found to decrease from the lowest to the high-
est elevation at both sites (Table 2). The dry biomass of daughter
tubers showed similar trends at both study sites. A comparison

of tuber production across three consecutive years (2015, 2016,
and 2017) showed reduced tuber production in 2017 at the un-
protected site and increasing tuber production at the protected

site (Figure 5).

3.3 | Effect of environmental variables on
densities of different life stages and their interaction
among the sites

Mixed zero-inflated Poisson (mixed ZIP) models showed significant
negative effects of harvesting on the densities of juvenile and adult
stages (both vegetative and reproductive). Grazing had a significant
negative effect on juvenile (p < .001) and adult vegetative (p < .05)
stages. Herb cover showed significant positive effects (p < .05)
on the juvenile and adult vegetative stages. The relative radiation
index had a weakly significant negative effect (p < .1) on the den-
sity of the adult vegetative stage. The zero-inflation model compo-
nent was significant only for the adult reproductive stage (Table 3).
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TABLE 2 Variation in reproductive output of Dactylorhiza hatagirea in populations in the locally unprotected (Darchula) and locally

protected (Manang) sites

Number of flower per

Population individual individual
Dhauli*? 15.27 + 3.06 27.87 +1.94
Nwagidanda“? 14.89 + 1.20 26.33 +1.92
Kalidhunga“? 13.11 + 3.65 24.5 +2.07
Total

F-value 0.49 2.22

p-Value 49 .14
Bhimthang? 29.5+2.39 40.7 + 3.05
Ponker Hill? 279 + 3.27 36.9 +2.18
Salpodanda® 219 +1.61 31.4+1.84
Total

F-value 9.78 5.11

p-Value .01 .02
Combined

F-value 0.26 29.8

p-Value .61 .00

Number of fruit per

Total reproductive output per Dry weight of
individual daughter tuber (g)
39.07 +4.30 0.73 +£0.08
34.93 +2.67 0.63+0.13
2740+ 296 0.61 +0.09
9.47 3.06

15 .09
71.2+£2.93 1.74 +0.13
64.8 + 4.40 1.42 +0.16
53.3+2.32 117 +0.14
12.89 8.82

.00 .00

29.8 92.3

.00 .00

Note: Values are stated as mean = SE. F and p-values were based on one-way ANOVA, df = 5, n = 144.

up = locally unprotected site, p = locally protected site.
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The interaction effects of harvesting and grazing within pop-
ulation among the sites indicate that the unprotected populations
showed significant negative effects of harvesting and grazing, while
these effects were not distinct for the protected populations. The
herb cover did not show any significant effects within populations
among the sites (Table 4).

3.4 | Interview survey
About forty-three percent of the MAP users interviewed at the

unprotected site (n = 117) were aware that D. hatagirea is strictly

protected, seventy-one percent were aware of its use value, five

FIGURE 5 Variation in tuber
production of D. hatagirea during 2015
to 2017 in populations in the locally
unprotected (first three in the graph) and
locally protected sites (last three in the
graph)

Ponker

Salpodanda

Protected site

percent were aware of its population ecology, and forty-two percent
harvested D. hatagirea for local uses to treat cuts and wounds, boils,
fractures, and to use it as a tonic. Ninety-two percent of the inform-
ants claimed that illegal harvesting of D. hatagirea was a common
practice and that the population had decreased drastically over the
last few decades. They further disclosed that there are illegal traders
in the district headquarters of Darchula who motivate MAP users
and cattle herders to harvest D. hatagirea by promising to buy the
dried tubers. Further, perceived difficulties to collect Ophicordyceps
sinensis and Fritillaria cirrhosa increased the temptation to carry
out illegal and premature harvest of D. hatagirea. The informants
mentioned that for every 1 kg of dried tubers sold, approximately

500-1,000 mature plants are harvested. Eighty-one percent of the
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informants are of the view that the major source of their livelihood
is MAP collection.

At the protected site, about ninety-three percent of the MAP
users interviewed (n = 69) were aware of the harvesting ban, ninety-
eight percent were aware of the species’ use value, nineteen per-
cent were aware of its population ecology, and twenty-one percent
occasionally harvested a few (2-5) individuals of D. hatagirea for
home use to treat cuts and wounds, burns, and boils and for religious
purposes by Buddhist Lamas. About twenty-four percent were of
the opinion that the population is decreasing, while seventy-three
percent thought that the population has been almost constant in the
last few decades as the local community is involved in patrolling the
area to control illegal collection during the maturation period. Our
interview results also revealed that none of the families totally rely
on MAP collection for their livelihood as they had access to income
from the flourishing tourism. We also observed that awareness pro-
grams were run at community level, emphasizing the sustainable use
of available MAPs. Further, they also used a specific route to protect
sensitive plants from damage caused by grazing and trampling.

4 | DISCUSSION

The study is the first of its kind in this region, but similar research
has been done in Greece (Charitonidou et al., 2019). Our work pro-
vides results based on a long-term study from the Nepal Himalayas
and should therefore be of significance to the conservation manage-
ment of the endangered orchid D. hatagirea. Environmental variables
and human-mediated disturbances such as harvesting and livestock
grazing had significant effects on the population structure, density,
reproductive traits, and tuber production of D. hatagirea.

4.1 | Variation in population density and structure

We recorded a maximum population-level mean density of
1.31 plants/m? at the protected and 0.72 plants/m? at the unpro-
tected site. The population density at the protected site was thus
roughly twice as large as at the unprotected site. Particularly low
proportions of seedlings and adult reproductive plants observed at
the unprotected site could be due to overharvesting and grazing,
since harvesters presumably tend to target the adult reproductive
stage and recently established seedlings are sensitive to grazing.
Moreover, seedlings browsed by livestock may be hard to find and
could therefore be overlooked more frequently than the larger
plants characterizing later life stages.

At both sites, we recorded a low proportion of seedlings. This
could partly be explained as a consequence of orchids being hab-
itat specific and seedling establishment depending on a suite of
environmental factors, which are rarely present at the same time
and place (Shefferson et al., 2020). Our results compare well with
previous research as small populations have substantially lower vi-

ability compared to larger populations, and seedling recruitment
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rates can be considerably lower in small populations, which results
in significantly lower population growth rate and density (Hens
et al., 2017; Pellegrino & Bellusci, 2014). The low proportion of re-
productive plants observed at the unprotected site compares well
with observations made by Pellegrino and Bellusci (2014) for the
orchid species Serapias cordigera, where human disturbances were
noted to have a negative effect on the population size. The tra-
ditional practices of transhumance, harvesting, and habitat frag-
mentation are likely the major anthropogenic factors responsible
for reducing the flowering density as well as the population size of
D. hatagirea in the unprotected site. Human-induced disturbances
like harvesting, grazing, and fire have negative effects on popu-
lation density and performances (Aguilar et al., 2006; Chapagain
et al., 2019; McKinney, 2002); however, there are also examples
of the opposite, and Chen et al. (2014) actually reported a posi-
tive effect of human disturbance on some orchid species. Our re-
sults further suggest that at both sites the density of D. hatagirea
reached a peak in mid-elevation populations (3,799 m asl in the
unprotected and 4,046 masl in the protected site). This might in-
dicate that we have actually managed to cover the elevation range
and that the best habitats are thus found approximately in the
middle of the range. It is also consistent with the idea that when
examining small populations across environmental gradients, the
peak density usually occurs at intermediate levels, as also noted
by Chen et al. (2014).

4.2 | Variation in the reproductive traits

We found reduced reproductive fitness in D. hatagirea at the un-
protected site. Alterations due to anthropogenic disturbances in
natural habitats often reduce the size and density of populations
(Aguilar et al., 2006; McKinney, 2002). Anthropogenic disturbances
increase the spatial distance between the plant populations as well
as between individuals within a population, thereby disrupting in-
sect movement between plants (Ockinger et al., 2009), decreasing
pollinator abundance (Liu & Koptur, 2003), and altering their be-
havior and the frequency of flower visits (Aguilar et al., 2006). This
process ultimately decreases the reproductive fitness of the plants
(Peterson et al., 2008). The level of inbreeding may be higher in
small, isolated populations (Miao et al., 2014) because of the higher
rate of selfing and more frequent mating between close relatives.
The resulting inbreeding depression can reduce the fitness of the
plants compared with those in larger populations. Consequently, de-
creased outcrossing in small, sparse populations may reduce popu-
lation fitness, potentially increasing the probability of extinction
(Gargano et al., 2009; Stachurska-Swakon et al., 2011). The weaker
performance in terms of reproductive output at the unprotected
site could further be attributed to the interruption of plant devel-
opment caused by breakage of inflorescences during heavy grazing
and trampling. A long history of grazing and trampling at the unpro-
tected site (DNPWC, 2015) might have resulted in the production of
reduced or defective reproductive parts. Grazing is likely to affect
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TABLE 3 Mixed zero-inflated Poisson regression models for the density (m_z) of seedling, juvenile, adult vegetative, and adult

reproductive stages of Dactylorhiza hatagirea

Locally protected site (Manang)

Locally unprotected site (ANCA)

Z| component Count component

Average Bhimthang:
Life stages model Zi Intercept Ponker Hill Salpodanda Dhauli Nwagidanda
Seedling Full -0.702(0.691)  -1.982***(0.619) 0.537 (0.553) -2.037**(0.818)  -0.677(0.876)  -0.740(0.720)
Conditional -0.702(0.691)  -1.982***(0.691) 0.537 (0.553) -2.037**(0.818)  -0.677(0.876)  -0.740(0.720)
Juvenile Full -2150(1.401)  -0.919** (0.363) -0.133(0.346)  -1.854****(0.470)  -0.070(0.488)  0.002 (0.381)
Conditional -2.150(1.401)  -0.919** (0.363) -0.133(0.346)  -1.854****(0.470)  -0.070(0.488)  0.002(0.381)
Adult Full 0.122(0.307) -1.080* (0.560) 0.953** (0.421) -0.201(0.461)  1.026*(0.590)  0.437 (0.456)
vegetative Conditional 0.122(0.307) ~1.080" (0.560) 0.953** (0.421) -0.201(0.461)  1.026"(0.590)  0.437 (0.456)
Adult Full -0.781** (0.370) 0.894**(0.426)  1.138****(0.287) 0.394 (0.307) 0.353(0.413)  -0.106 (0.389)
reproductive o ditional  -0.781° (0.370)  -0.894** (0.426)  1.138"*** (0.287) 0.394 (0.307) 0.353(0.413)  -0.106 (0.389)

Note: Density of different stages was modeled as a function of herb cover (%), relative radiation index (RRI), and disturbance (harvesting, grazing, and
animal droppings), which were assessed using an ordinal 0-4 integer scale. Zi is the intercept in the zero-inflated component: all other parameters
refer to the count component of the model. Parameter estimates with standard errors in brackets for full average and conditional average models.

Significance levels are stated as: *p < .1, **p < .05, ***p < .01, ****p < .001.

TABLE 4 Mixed zero-inflated Poisson regression models expressing the interaction effect between site and environmental factors
(harvesting, grazing, and herb cover) on density (m™2) of seedlings, juvenile, adult vegetative, and adult reproductive stages of D. hatagirea

Independent
variables Harvesting Grazing
Intercept: Locally Locally protected Interaction locally Intercept: locally

Life stages Model unprotected site site Harvest protected * harvest unprotected
Seedling Conditional -2.561**** (0.540) 0.180 (0.461) -0.860*** (0.307) 1.012(1.207) -2.338****(0.553)

Zero Inflation 0.774 (0.549) -0.789 (0.557)
Juvenile Conditional -0.546*** (0.201) -0.708*** (0.244) -0.833****(0.138) 2.250** (0.922) -0.354* (0.212)

Zero Inflation  -1.327**** (0.466) -1.614**** (0.466)
Adult Conditional -0.200 (0.251) -0.654** (0.284) -0.963****(0.180) 0.903(0.842) 0.019 (0.263)

vegetative  7e6 inflation 0.093 (0.308) 0.047 (0.308)

Adult Conditional -0.851**** (0.234) 0.378* (0.230) -0.949**** (0.204) 1.039**(0.501)  -0.660*** (0.256)

reproductive

Zero inflation -0.760* (0.389)

-0.666" (0.368)

Note: Parameter estimates with standard errors in brackets. Significance levels are stated as: *p < .1, **p < .05, ***p < .01, ****p < .001.

D. hatagirea in numerous ways, both directly by damaging above-
ground parts and indirectly by changing habitat characteristics (light
intensity, litter accumulation, temperature, etc.) and interaction with
other individuals or species (intra- and interspecific competition,
pollination/herbivory).

The unprotected populations had a lower population size and
a lower fruit set than did protected populations, suggesting that
the latter populations are better buffered. This could be a conse-
quence of inadequate pollinator visitation in small populations, re-
sulting in insufficient pollen transfer, poor pollination, and lower
seed set (Smithson, 2006; Tremblay et al., 2005; Xia et al., 2013). By
contrast, larger populations of plants are likely to be more attrac-
tive to pollinators, resulting in higher visitation rates and therefore
2001). Habitat frag-
mentation and disturbance lead to the interruption of interspecific

higher pollination success (Mustajarvi et al.,

interactions, indirectly causing changes in plant demographic dy-
2020;
Steffan-Dewenter et al., 2006). Some studies have shown that plants

namics via reduced reproductive output (Shefferson et al.,

in disturbed habitats undergo a reduction in pollination efficiency
and reproductive success as well as recruitment and survival rates,
all of which negatively affect plant demographic dynamics (Aguilar
et al., 2006; Bruna et al., 2009).

Transhumance and MAPs collection are common practices in the
alpine and subalpine pastures of the unprotected site and have ex-
isted for a very long time (DNPWC, 2015). The site is legally open for
commercial harvest of highly valued MAPs, such as Ophiocordyceps
sinensis and Fritillaria cirrhosa, and the locals are highly dependent on
the collection and trade of MAPs for their livelihood. A large number
of collectors (locals as well as from other parts of the country) enters

the site to collect O. sinensis and F. cirrhosa during the late spring
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Kalidhunga Herb cover RRI Harvesting Grazing Animal droppings
-0.514 (0.750) 0.009 (0.010) -0.606 (0.369) -0.424 (0.394) 0.019 (0.116)
-0.514 (0.750) 0.013(0.009) -0.606 (0.369) -0.606 (0.336) 0.147 (0.292)
-0.213 (0.424) 0.010 (0.007) -0.367**(0.177) -0.644****(0.188) -0.080 (0.149)
-0.213 (0.424) 0.011** (0.004) -0.376** (0.169) -0.644****(0.188) -0.197 (0.179)
0.720 (0.490) 0.009 (0.007) -0.106 (0.459) -0.657***(0.230) -0.530* (0.290) -0.014 (0.010)
0.720 (0.490) 0.010** (0.006) -0.594* (0.903) -0.657***(0.230) -0.595**(0.238) -0.071(0.217)
0.224 (0.373) 0.000 (0.001) -0.098 (0.411) -0.801**** (0.202) -0.057 (0.134) -0.010 (0.061)
0.224 (0.373) 0.000 (0.004) -0.583(0.853) -0.801**** (0.202) -0.177(0.188) -0.103(0.173)
Herb Cover
Interaction locally
Interaction locally Intercept: locally Locally protected * Herb
Locally protected Grazing protected * grazing  unprotected protected Herb cover cover
0.178(0.488) -1.011*** (0.348) 0.317(0.558)  -3.569***(0.899) 1.209 (0.916) 0.002 (0.011) -0.004 (0.014)
-0.667 (0.719)
-0.833***(0.262) -1.081**** (0.168) 0.757**(0.329)  -1.230***(0.417) 0.132(0.472) 0.000 (0.006) 0.000 (0.009)
-0.668(0.377)
-0.787**(0.321) -1.126****(0.207) 0.650 (0.408) -0.667 (0.476) 0.034 (0.541) 0.001 (0.007) 0.006 (0.010)
0.732***(0.267)
0.299 (0.256) -0.956**** (0.200) 0.732**(0.294) -1.551****(0.464) 1.279***(0.478) -0.000 (0.007) -0.002 (0.008)

-0.474 (0.337)

when D. hatagirea also emerges. The resulting trampling presum-
ably has a huge negative impact on its growth and development by
breaking the aerial parts before fruit maturation and seed dispersal.
Besides, collectors who are unable to collect sufficient amounts of
O. sinensis and F. cirrhossa are tempted to illegally harvest the tubers
of D. hatagirea irrespective of its degree of maturity. Such practices
are also common in other parts of the world (Ghorbani et al., 2014;
Kreziou et al., 2015). Further, the harvesting of the orchids involves
destructive uprooting of the daughter tubers, which kills the plants.

When ascending from lowland to alpine environments in the
Himalayas, plant species experience a large variation in abiotic
conditions over an extremely short distance (Korner, 2003). With
increasing elevation, changes in pressure, temperature, wind
speed, UV exposure, and soil properties have been shown to af-

fect different phenological and morphological properties of plants

(Djordjevi¢ & Tsiftsis, 2020; Hodkinson, 2005), thus also influenc-
ing growth and reproductive performance. The decreasing num-
ber of reproductive parts observed along the altitudinal gradient
could be further attributed to the time of flowering, which is influ-
enced by the ambient temperature and the timing of the snow melt
(Kudo & Hirao, 2006).

4.3 | Effects of different environmental variables
on the density of different stages

The occurrence and distribution of orchid species are influenced
by environmental and topographical factors such as latitude, alti-
tude, slope, and aspect (Bulafu et al., 2007; Djordjevi¢ et al., 2016,
2020). In this study, we observed a very weak negative effect of the
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Relative Radiation Index (RRI) on the adult vegetative density (p < .1)
of D. hatagirea. Although the effect is weak, it may indicate that D.
hatagirea prefers growing in humid places. Mixed ZIP models re-
vealed a significant positive effect of herb cover on the juvenile and
adult vegetative density. It may be possible to explain this as a con-
sequence of other herbs providing shade and shelter for the growth
and development of D. hatagirea individuals at different life stages.
The harvesting showed significant negative effects on the density
of all stages except seedlings, as also observed in other parts of the
world (Ghorbani et al., 2014; Kreziou et al., 2015), whereas grazing
showed significant negative effects on juvenile and adult vegetative
stages only. Contrasting results from other parts of the world also
exist. For example, Charitonidou et al. (2019) found that the current
level of collection of Dactylorhiza sambucina in Greece is not signifi-
cantly affecting the abundance of this orchid, and Mincheva and
Kozuharova (2018) reported that wild orchids are not threatened by
harvesting in Bulgaria.

Grazing and trampling adversely affect aboveground parts and
disturb the life cycle. In some cases, the underground parts are also
exposed and eventually destroyed. The weak positive effect of har-
vest and grazing on plant density at the protected site for all the
different stages could be linked to the narrow range of harvest and
grazing intensities observed. By contrast, at the unprotected site,
the negative impact of harvesting and grazing on density of different
stages was highly pronounced. The prevailing disturbance practices
(grazing, trampling, and overexploitation) and lack of awareness of
the population ecology and the conservation status of the plant are
the major challenges for sustainable management at the unprotected
site (Pouliot et al., 2018). This is also in agreement with Poudeyal
et al. (2019) who observed that intense human disturbances, espe-
cially harvest, played a crucial role as determinants of the density
and structure of Neopicrorhiza scrophulariiflora populations.

4.4 | Interview survey

We observed a higher proportion of people at the protected site
who knew about the harvest ban and the population ecology and
use value of the species than at the unprotected site. The strict
enforcement of MAPs harvesting rules by the community at the
protected site is the key factor for the maintenance of sustainable
populations of D. hatagirea. People at the protected site do not allow
people from other districts to collect any types of MAPs in their ter-
ritory (NTNC, 2016) and this helps to maintain a low harvesting pres-
sure in populations of MAPs including D. hatagirea. Moreover, the
Annapurna Conservation Area Project (ACAP), which has worked in
this area for three decades, has also contributed to increase conser-
vation awareness and promote sustainable use of natural resources
(Baral & Heinen, 2007).

In contrast, in the unprotected site there is no strict local pro-
tection system and people from outside ANCA are also allowed to
harvest MAPs. The local MAP users were also found with to have

a low level of conservation awareness (in relation to D. hatagirea)

as also reported for northwestern Greece by Kreziou et al., (2015).
Moreover, due to the lack of protection measures and awareness,
the MAP users were found to engage in intensive harvesting of D.
hatagirea, and selling it to local traders (Pyakurel et al., 2018) despite
the local legal acts of protection of D. hatagirea.

Additionally, a group of locals at the unprotected site has the
view that the uncontrolled influx of unaware collectors from differ-
ent parts of the country exacerbates the exploitation of the alpine
vegetation. The prevailing unhealthy competition among MAP col-
lectors in the unprotected site sometimes terminates in social con-
flicts which promotes the illegal harvest of D. hatagirea challenging
its persistence. Thus, unregulated harvesting of D. hatagirea could
be one of the major reasons for decline in the populations of the

species.

5 | CONCLUSION AND CONSERVATION
IMPLICATIONS FOR D. HATAGIREA

Harvesting and grazing and a low level of awareness about the
population ecology and conservation among local people are the
major challenges for sustainable development of D.hatagirea pop-
ulations at the unprotected site. Harvesting and grazing showed
significant negative effects on the density of different life stages
of D. hatagirea and played a crucial role in deteriorating plant pop-
ulations through reduction in reproductive outputs. Hence, this
study indicated significantly reduced fruit production and lower
productivity in terms of tuber biomass for plants at the unpro-
tected site. Moreover, disturbances have the potential to cause a
reduction in number of recruits and adult individuals (both vegeta-
tive and reproductive) as intensive destructive harvesting tech-
niques are used at the unprotected site, irrespective of life stage
and maturity. Coupled with other prevalent disturbances, the in-
tensive and destructive harvesting may lead to local extinction of
the species. Therefore, a good strategy for long-term conserva-
tion of the species would involve strengthening people's knowl-
edge about the population ecology of D. hatagirea, increasing the
enforcement of current regulations and introducing permanent
monitoring of the populations. This study also recommends that
governmental and nongovernmental organizations working in the
field of conservation help in identifying alternative sources of in-
come for the locals, so that their dependency on MAPs harvesting
can be reduced, thus also reducing the pressure on populations of

D. hatagirea and preventing local extinction of the species.

ACKNOWLEDGMENTS

The study was supported by the Research Committee for
Development Research (FFU) of the Danish Ministry of Foreign
Affairs, Grant No. 13-07KU, and a Rufford Small Grant (RSG-
19960-1). We thank Department of National Parks and Wildlife
Conservation for granting permission to carry out the fieldwork
and the officials of Annapurna Conservation Area Project and

Api Nampa Conservation Area for their support and cooperation



CHAPAGAIN ET AL.

during fieldwork. The local research assistants who helped us to
establish the plots are highly acknowledged. We express our sin-
cere thanks to the locals for their coordination and warm hospi-
tality during the fieldwork and for sharing their knowledge. We
thank Naresh Subedi for his constructive suggestions on an earlier
version of the manuscript. We also thank Pratikshya Chalise and
Yagya Raj Paneru for helping us during the fieldwork in Manang.
The Central Department of Botany, Tribhuvan University, facili-
tated the fieldwork. Finally, we thank two anonymous reviewers
and editors for critical comments which helped to improve the

manuscript.

CONFLICT OF INTEREST
The authors declare no competing interests exist.

AUTHOR CONTRIBUTIONS

Deep Jyoti Chapagain: Conceptualization (equal); Data curation
(equal); Formal analysis (equal); Investigation (equal); Methodology
(equal); Writing-original draft (equal); Writing-review & editing
(equal). Henrik Meilby: Conceptualization (equal); Formal analy-
sis (equal); Methodology (equal); Project administration (equal);
Supervision (equal); Writing-original draft (equal); Writing-review
& editing (equal). Chitra Bahadur Baniya: Supervision (equal);
Writing-review & editing (supporting). Shanta Budha-Magar: Data
curation (equal); Writing-review & editing (supporting). Suresh
Kumar Ghimire: Conceptualization (equal); Formal analysis (equal);
Methodology (equal); Project administration (equal); Supervision
(equal); Writing-original draft (equal); Writing-review & editing
(equal).

AUTHOR'S CONTRIBUTION

DJC and SKG designed the experiment; DJC and SBM collected
the data; DJC, HM, CBB, and SKG analyzed the data and wrote the
manuscript.

DATA AVAILABILITY STATEMENT

Data used for the ecological analysis are presented in the paper and
the Supplementary material. Data that identify human participants
in the study will not be made publicly available. However such data

can be made available upon request to the authors.

ORCID
Deep Jyoti Chapagain https://orcid.org/0000-0003-2782-3974
Henrik Meilby https://orcid.org/0000-0002-3770-3880

Shanta Budha-Magar https://orcid.org/0000-0003-2599-063X

REFERENCES

Aguilar, R., Asworth, L., Galetto, L., & Aizen, M. A. (2006). Plant repro-
ductive susceptibility to habitat fragmentation: Review and synthe-
sis through a meta-analysis. Ecology Letters, 9, 968-980. https://doi.
org/10.1111/j.1461-0248.2006.00927.x

Baral, N., & Heinen, J. (2007). Resources use, conservation attitudes,
management intervention and park-people relations in the Western
Terai landscape of Nepal. Environmental Conservation, 34(1), 64-72.

Ecology and Evolution - Jﬁ
9 e WILEY

Open Access,

Baral, S. R., & Kurmi, P. P. (2006). A compendium of medicinal plants in
Nepal. Kathmandu: Mass Printing Press.

Barton, K. (2018). MuMIn: Multi-Model Inference. R package version
1.42.1. Vienna: The R Foundation for Statistical Computing. Available
at: https://CRAN.R-project.org/package=MuMIn

Bhattarai, N., Tandon, V., Ved, D. K. (2002). Highlights and outcomes of
the Conservation Assessment and Management Planning (CAMP)
Workshop, Pokhara, Nepal. In N. Bhattarai & M. Karki (Eds.), Sharing
local and national experience in conservation of medicinal and aro-
matic plants in South Asia (pp. 46-53). Proceedings of the Regional
Workshop held at Pokhara, Nepal, 21-23 January 2001. New Delhi,
India: Medicinal and Aromatic Plants Program in Asia (MAPPA),
International Development Research Centre (IDRC), South Asian
Regional Office. https://idl-bnc-idrc.dspacedirect.org/bitstream/
handle/10625/29240/120935.pdf?sequence=1

Bruna, E. M., Fiske, I. J., & Trager, M. D. (2009). Habitat fragmentation
and plant populations: Is what we know demographically irrelevant?
Journal of Vegetation Science, 20(3), 569-576.

Bulafu, C. E., Mucunguzi, P., & Kakudidi, E. K. (2007). Diversity and dis-
tribution of wild terrestrial orchids of Mount Elgon Forest National,
Park. Eastern Uganda. African Journal of Ecology, 45(Suppl. 3), 21-28.

Calvo, R. (1990). Four-year growth and reproduction of Cyclopogon
cranichoides Orchidaceae) in south Florida. American Journal of
Botany, 77, 736-741. https://doi.org/10.2307/2444365

Chapagain, D. J., Meilby, H., & Ghimire, S. K. (2019). Plant density and life
history traits of Aconitum spicatum in North -central Nepal: Effects
of elevation and anthropogenic disturbances. PeerJ, 7, €7574. https://
doi.org/10.7717/peerj.7574

Charitonidou, M., Stara, K., Kougioumoutzis, K., & Halley, J. M. (2019).
Implications of salep collection for the conservation of the Elder-
flowered orchid (Dactylorhiza sambucina) in Epirus, Greece. Journal
of Biological Research-Thessaloniki, 26, 1-13.(this paper is quite rel-
evant to this work, since it refers to another Dactylorhiza species
collected for salep, in Greece. Authors also refer to anthropogenic
disturbances, and also used interviews in local communities.)

Chen, Y., Yang, X., Yang, Q., Li, D., Long, W. et al (2014). Factors affect-
ing distribution patterns of wild plants with extremely small popu-
lations in Hainan Island China. PLoS One, 9(5), €97751. https://doi.
org/10.1371/journal.pone.0097751

Chhetri, P. (2014). Livelihood Strategies of People in the Himalayan Region
of Nepal: A Study in the Villages of Eastern Manang. Independent Study
Project. https://digitalcollections.sit.edu/isp_collection/1831

CITES (2020). Convention on International Trade in Endangered Species of
Wild Fauna and Flora: The CITES Appendices accessed on March 30,
2021 from. https://cites.org/eng/app/appendices.php. Accessed on
March 30, 2021.

Dai, L., Guo, X., Ke, X., Zhang, F., Li, Y., Peng, C., Shu, K., Li, Q., Lin, L., Cao,
G., & Du, Y. (2019). Moderate grazing promotes the root biomass in
Kobresia meadow on the northern Qinghai- Tibet Plateau. Ecology
and Evolution, 9, 9395-9406. https://doi.org/10.1002/ece3.5494

Das, S. P. (2004). Indian orchids in indigenous medicine system. Orchids
diversity and conservation. St John’s College, Tiruchirappalli: The
Rapinat Herbarium.

Dhiman, N., Sharma, N. K., Thapa, P., Sharma, ., Swarnkar, M. K., Chawla,
A., Shankar, R., & Bhattacharya, A. (2019). De novo transcriptome
provides insights into the growth behaviour and resveratrol and
trans-stilbenes biosynthesis in Dactylorhiza hatagirea—An endan-
gered alpine terrestrial orchid of western Himalaya. Scientific Reports,
9,13133. https://doi.org/10.1038/541598-019-49446-w

Di Marco, M., Venter, O., Possingham, H. P., & Watson, J. E. M. (2018).
Changes in human footprint drive changes in species extinction risk.
Nature Communications, 9, 4621. https://doi.org/10.1038/s41467-
018-07049-5

Djordjevic, V., & Tsiftsis, S. (2020). The role of ecological factors in dis-
tribution and abundance of Terrestrial Orchids. In J.-M. Merillon, &



CHAPAGAIN ET AL.

—I—M WI LEy_Ecology and Evolution

Open Access,

H. Kodja (Eds.), Orchids phytochemistry, biology and horticulture, ref-
erence series in phytochemistry. Fundamentals and applications (pp. 1-
71). Springer Nature.

Djordjevi¢, V., Tsiftsis, S., Lakusi¢, D., Jovanovié, S., Jakovljevi¢, K., &
Stevanovié, V. (2020). Patterns of distribution, abundance and com-
position of forest terrestrial orchids. Biodiversity and Conservation,
29, 4111-4134. https://doi.org/10.1007/s10531-020-02067-6

Djordjevi¢, V., Tsiftsis, S., Lakusi¢, D., Jovanovi¢, S., & Stevanovic, V.
(2016). Factors affecting the distribution and abundance of orchids
in grasslands and herbaceous wetlands. Systematics and Biodiversity,
14(4), 355-370. https://doi.org/10.1080/14772000.2016.1151468

DNPWC (2015). Management Plan for Api Nampa Conservation Area,
Darchula (2015-2019). Kathmandu, Nepal: Government of Nepal
Ministry of Forests and Soil Conservation, Department of National
Parks and Wildlife Conservation. http://dnpwc.gov.np/media/publi
cation/Api_Nampa_Conservation_Area_Management_Plan.pdf

Dobriyal, A. K., Vinteshwar, P. B., Neeraj, K., & Bisht, M. S. (2002). An
appraisal of the fishery potential of river Nayar with a note on its
improvement possibilities. In Coldwater fish genetic resources and their
conservation (Vol. 7, pp. 235-242). Nature Conservator Publication.

Ehrlich, P. R. (1988). The loss of diversity. In Biodiversity (pp. 21-27).
Washington, D.C.: National Academy Press.

Faast, R., Facelli, J. M., & Austin, A. D. (2011). Seed viability in declining
populations of Caladenia rigida (Orchidaceae): Are small populations
doomed? Plant Biology, 13, 86-95.

Fay, M. F,, Pailler, T., & Dixon, K. W. (2015). Orchid Conservation: Making
the links. Annals of Botany, 116, 377-379. https://doi.org/10.1093/
aob/mcv142

Gaoue, O. G, Horvitz, C. C., Ticktin, T., Steiner, U. K., & Tuljapurkar, S.
(2013). Defoliation and bark harvesting affect life-history traits
of a tropical tree. Journal of Ecology, 101, 1563-1571. https://doi.
org/10.1111/1365-2745.12140

Gargano, D., Gullo, T., & Bernardo, L. (2009). Do inefficient selfing and
inbreeding depression challenge the persistence of the rare Dianthus
guliae janka (Caryophyllaceae)? Influence of reproductive traits on a
plant's proneness to extinction. Plant Species Biology, 24(2), 69-76.

Ghimire, S. K., Gimenez, O., Pradel, R., McKey, D., & Aumeeruddy-
Thomas, Y. (2008). Demographic variation and population viability
in a threatened Himalayan medicinal and aromatic herb Nardostachys
grandiflora: Matrix modelling of harvesting effects in two con-
trasting habitats. Journal of Applied Ecology, 45, 41-51. https://doi.
org/10.1111/j.1365-2664.2007.01375

Ghimire, S. K., McKey, D., & Aumeeruddy-Thomas, Y. (2005).
Conservation of Himalayan medicinal plants: Harvesting patterns
and ecology of two threatened species, Nardostachys grandiflora
DC. and Neopicrorhiza scrophulariiflora (Pennell) Hong. Biological
Conservation, 124, 463-475.

Ghimire, S. K., Sah, J. P, Shrestha, K. K., & Bajracharya, D. (1999).
Ecological study of some high altitude medicinal and aromatic plants
in the Gyasumdo valley, Manang, Nepal. Ecoprint, 6(1), 17-25.

Ghorbani, A., Gravendeel, B., Naghibi, F., & de Boer, H. (2014). Wild
orchid tuber collection in Iran: A wake-up call for conservation.
Biodiversity and Conservation, 23, 2749-2760.

Giri, D., & Tamta, S. (2012). Propagation and conservation of Dactylorhiza
hatagirea (D. Don) Soo, an endangered alpine orchid. African Journal
of Biotechnology, 11(62), 12586-12594. https://doi.org/10.5897/
AJB11.3287

Go, N. (2011). Protected plants of Nepal: Its amendments. Kathmandu,
Nepal: Ministry of Forests and Soil Conservation. Nepal Gaz, 60, 38-45.

Hens, H., Pakanen, V. M., Jakalaniemi, A., Tuomi, J., & Kvist, L. (2017).
Low population viability in small endangered orchid populations:
Genetic variation, seedling recruitment and stochasticity. Biological
Conservation, 210, 174-183.

Hinsley, A., de Boer, H. J., Fay, M. F.,, Gale, S. W., Gardiner, L. M.,
Gunasekara, R. S., Kumar, P., Masters, S., Metusala, D., Roberts, D.,

Veldman, S., Wong, S., & Phelps, J. (2017). A review of the trade in
orchids and its implications for conservation. Botanical Journal of
the Linnean Society, 186(4), 435-455. https://doi.org/10.1093/botli
nnean/box083

Hodkinson, I. D. (2005). Terrestrial insects along elevation gradients:
Species and community responses to altitude. Biological Reviews, 80,
489-551. https://doi.org/10.1017/51464793105006767

Huai, H., Wen, G., Xu, W., & Bai, W. (2013). Effects of commercial har-
vesting on population characteristics and rhizome yield of Anemone
altaica. Economic Botany, 67(1), 41-50.

Hutchings, M. J., Robbirt, K. M., Roberts, D. L., & Davy, A. J. (2018).
Vulnerability of a specialized pollination mechanism to climate
change revealed by a 356-year analysis. Botanical Journal of the
Linnean Society, 186(4), 498-509. https://doi.org/10.1093/botli
nnean/box086

IUCN (2020). The IUCN Red List of Threatened Species. Version 2020-3.
3, Accessed on March 30, 2021 from: https://www.iucnredlist.org

Jacquemyn, H., Brys, B., Hermy, M., & Willems, J. H. (2005). Does nectar
reward affect rarity and extinction probabilities of orchid species? An
assessment using historical records from Belgium and Netherlands.
Biological Conservation, 121, 257-263. https://doi.org/10.1016/j.
biocon.2004.05.002

Jacquemyn, H., Brys, R., Hermy, M., & Willems, J. H. (2007). Long-term
dynamics and population viability in one of the last populations of
the endangered Spiranthes spiralis (Orchidaceae) in the Netherlands.
Biological Conservation, 134, 14-21. https://doi.org/10.1016/j.
biocon.2006.07.016

Kalimuthu, K., Senthilikumar, R., & Vijayakumar, S. (2007). In vitro micro
propagation of orchid, Oncidum sp. African Journal of Biotechnology,
6,1171-1174.

Kizu, H., Kaneko, E., & Tomimori, T. (1999). Studies on Nepalese crude
drugs - XXVI. Chemical constituent of Panchaunle, the root of
Dactylorhiza hatagirea D. Don. Chemical and Pharmaceutical Bulletin,
47(11), 1618-1625.

Korner, C. (2003). Alpine plant life (2nd ed.). Berlin: Springer-Verlag.

Kreziou, A., de Boer, H., & Gravendeel, B. (2015). Harvesting of salep
orchids in north-western Greece continues to threaten natural pop-
ulations. Oryx, 50(3), 393-396.

Kudo, G., & Hirao, A. S. (2006). Habitat-specific responses in the flow-
ering phenology and seed set of alpine plants to climate variation:
Implications for global-change impacts. Population Ecology, 48(1), 49-
58. https://doi.org/10.1007/s10144-005-0242-z

Kull, T., & Hutchings, M. J. (2006). A comparative analysis of the de-
cline in the distribution ranges of orchid species in Estonia and the
United Kingdom. Biological Conservation, 129, 31-39. https://doi.
org/10.1016/j.biocon.2005.09.046

Lama, Y. C., Ghimire, S. K., & Aumeeruddy-Thomas, Y. (2001). Medicinal
plants of Dolpo. Amchis’ knowledge and conservation. Kathmandu:
WWF Nepal.

Laurance, W. F., & Bierregaard, R. O. (1997). Tropical forest remnants:
Ecology, management, and conservation of fragmented com-
munities. Journal of Mammalogy, 79(3), 1084-1088. https://doi.
org/10.2307/1383118

Light, M. H., Kell, S. P.,, & Jackson, P. W. (2003). The role of education and
training in orchid conservation: An overview and critique. In Orchid
conservation (pp. 357-382). Kota Kinabalu, Sabah: Natural History
Publications.

Liu, H., & Koptur, S. (2003). Breeding system and pollination of a
narrowly endemic herb of the Lower Florida Keys: Impacts of
the urban-wildland interface. American Journal of Botany, 90(8),
1180-1187.

Manandhar, N. P. (2002). Plants and people of Nepal. Portland, Oregon:
Timber Press Inc.

Margules, C. R., & Pressey, R. L. (2000). Systematic conservation plan-
ning. Nature, 405(6783), 243-253.



CHAPAGAIN ET AL.

McCormick, M. K., & Jacquemyn, H. (2014). What constraints the distri-
bution of Orchid Populations? New Phytology, 202, 392-400.

McKinney, M. L. (2002). Urbanization, biodiversity, and conservation.
BioScience, 52, 883-890.

Miao, Y. C,, Lang, X. D., Zhang, Z. Z., & Su, J. R. (2014). Phylogeography
and genetic effects of habitat fragmentation on endangered Taxus
yunnanensis in southwest China as revealed by microsatellite data.
Plant Biology, 16(2), 365-374.

Mincheva, I., & Kozuharova, E. (2018). Is the traditional use of “salep” in
the Bulgarian Rhodopes hazardous for the wild populations of ter-
restrial orchids? Flora Mediterranea, 28, 399-418.

Mustajarvi, K., Siikamaki, P., Rytkénen, S., & Lammi, A. (2001).
Consequences of plant population size and density for plant-
pollinator interactions and plant performance. Journal of Ecology,
89(1), 80-87. https://doi.org/10.1046/j.1365-2745.2001.00521.x

NTNC(2016). Technical Reportonbiodiversitymonitoringin Bhimthangvalley.
National Trust for Nature Conservation (NTNC), Khumaltar, Lalitpur,
Nepal. https://www.researchgate.net/publication/350485015 _
Biodiversity_Assessment_in_Bhimthang_valley_Manang_2016

Ockinger, E., Dannestam, A., & Smith, H. G. (2009). The importance of
fragmentation and habitat quality of urban grasslands for butterfly
diversity. Landscape and Urban Planning, 93(1), 31-37.

Oke, T. R. (1987). Boundary layer climates. New York: Mathuem & Co. Ltd.

Olsen, C. S., & Helles, F. (1997). Medicinal plants, markets, and margins
in the Nepal Himalaya: Trouble in paradise. In Mountain research and
development (Vol. 17, pp. 363-374). International Mountain Society.
https://doi.org/10.2307/3674025

Pauli, H., Gottfried, M., Lamprecht, A., Niessner, S., Rumpf, S., Winkler,
M., Klaus, S., & Grabherr, G. (2015). The GLORIA field manual-standard
Multi-Summit approach, supplementary methods and extra approaches.
Vienna: GLORIA-Coordination: Austrian Academy of Sciences and
University of Natural resources and Life Sciences.

Pellegrino, G., & Bellusci, F. (2014). Effects of human disturbance on
reproductive success and population viability of Serapias cordig-
era (Orchidaceae). Botanical Journal of the Linnean Society, 176(3),
408-420.

Peterson, A., Bartish, I. V., & Peterson, J. (2008). Effects of population
size on genetic diversity, fitness and pollinator community composi-
tion in fragmented populations of Anthericum liliago L. Plant Ecology,
198(1), 101-110.

Pimm, S. L., Jenkins, C. N., Abell, R, Brooks, T. M., Gittleman, J. L., Joppa,
L. N., Raven, P. H., Roberts, C. M., & Sexton, J. O. (2014). The bio-
diversity of species and their rates of extinction, distribution, and
protection. Science, 344(6187), 1246752. https://doi.org/10.1126/
science.1246752

Popli, D. (2017). Elicitation of Dactylorhin-E and studying anti cancerous
Potential of Dactylorhiza hatagirea(D.Don) Soo. Master’s Dissertation,
Biotechnology, Jaypee University of Information and Technology,
Waknaghat, India.

Poudeyal, M. R., Meilby, H., Shrestha, B. B., & Ghimire, S. K. (2019).
Harvest effects on density and biomass of Neopicrorhiza scrophularii-
flora vary along environmental gradients in the Nepalese Himalayas.
Ecology and Evolution, 9, 7726-7740. https://doi.org/10.1002/
ece3.5355

Pouliot, M., Pyakurel, D., & Smith-Hall, C. (2018). High altitude organic
gold: The production network for Ophiocordyceps sinensis from far-
western Nepal. Journal of Ethnopharmacology, 218, 59-68.

Pyakurel, D., Sharma, I. B., & Smith-Hall, C. (2018). Patterns of change:
The dynamics of medicinal plant trade in far-western Nepal. Journal
of Ethnopharmacology, 224, 323-334.

R Development Core Team (2017). A Language and Environment for
Statistical Computing. Vienna: R Foundation for Statistical Computing.
Available at http://www.Rproject.org/

Ranpal, S. (2009). An Assessment of Status and Antibacterial Properties of
Dactylorhiza hatagirea in Annapurna Conservation Area (A case study of

Ecology and Evolution - Jj
9 e WILEY

Open Access,

Paplekharka, Lete VDC, Mustang). Master’s Dissertation, Institute of
Forestry, Tribhuvan University, Kathmandu.

Rasmussen, H. N. (1995). Terrestrial orchids: from seed to mycotrophic
plant. Cambridge University Press.

Rasmussen, H. N., & Rasmussen, F. N. (2018). The epiphytic habi-
tat on a living host: Reflections on the orchid-tree relationship.
Botanical Journal of the Linnean Society, 186(4), 456-472. https://doi.
org/10.1093/botlinnean/box085

Reiter, N., Vicek, K., O'Brien, N., Gibson, M., Pitts, D., Brown, G. R.,
Bower, C. C., & Phillips, R. D. (2017). Pollinator rarity limits reintro-
duction sites in an endangered sexually deceptive orchid (Caladenia
hastata): Implications for plants with specialized pollination systems.
Botanical Journal of the Linnean Society, 184(1), 122-136. https://doi.
org/10.1093/botlinnean/box017

Roskov, Y., Ower, G., Orrell, T., Nicolson, D., Bailly, N., Kirk, P. M.,
Bourgoin, T., DeWalt, R. E., Decock, W., Nieukerken, E., Zarucchi,
J., & Peney, L. (2020). Species 2000 & ITIS Catalogue of Life, 2020-
04-16 Beta. Digital resource at www.catalogueoflife.org/col. Species
2000. http://www.catalogueoflife.org/col/details/reference/speci
es/392654

Saunder, D. A, Hobbes, R. J., & Margules, C. R. (1991). Biological conse-
quences of ecosystem fragmentation: A review. Conservation Biology,
5,18-32. https://doi.org/10.1111/j.1523-1739.1991.tb00384.x

Schulze, E.-D., Beck, E., Buchmann, N., Clemens, S., Mller-Hohenstein,
K., & Scherer-Lorenzen, M. (2019). Interactions between plants,
plant communities and the abiotic and biotic environment. In Plant
ecology (pp. 689-741). Berlin, Heidelberg: Springer.

Shefferson, R. P., Jacquemyn, H., Kull, T., & Hutchings, M. J. (2020). The
demography of terrestrial orchids: Life history, population dynamics
and conservation. Botanical Journal of the Linnean Society, 192, 315-
332. https://doi.org/10.1093/botlinnean/boz084

Shrestha, B., Tsiftsis, S., Chapagain, D. J., Khadka, C., Bhattarai, P,
Shrestha, N. K., Kolanoswska, M. A., & Kindlmann, P. (2021).
Suitability of habitats in Nepal for Dactylorhiza hatagirea now and
under predicted future changes in climate. Plants, 10, 467. https://
doi.org/10.3390/plants10030467

Singh, A., & Duggal, S. (2009). Medicinal orchids-an overview. Ethnobot
Leaflets, 2009(3), 3.

Smithson, A. (2006). Pollinator limitation and inbreeding depression in
orchid species with and without nectar rewards. New Phytologist,
169(2), 419-430.

Sood, S. K., Rana, S., & Lakhanpal, T. N. (2005). Ethnic aphrodisiac plants.
Jodhpur, India: Scientific Publishers.

Stachurska-Swakon, A., Cieslak, E., & Ronikier, M. (2011). Genetic vari-
ability of small isolated populations of Cicerbita alpina (L.) Wallr.
(Asteraceae) in the Beskid Maty Mts (southern Poland). Polish Journal
of Ecology, 59(2), 279-288.

Steffan-Dewenter, |., Klein, A. M., Gaebele, V., Aebele, T., & Tscharnke, T.
(2006). Bee diversity and plant-pollinator interactions in fragmented
landscapes. In Plant-pollinator interactions: From specialization to gen-
eralization (vol. 31, pp. 387-410). University of Chicago Press.

Stipkova, Z., & Kindlmann, P. (2015). Extent and Reasons for meadows in
South Bohemia becoming unsuitable for Orchids. European Journal of
Environmental Science, 5, 142-147. https://doi.org/10.14712/23361
964.2015.87

Subedi, A., Kunwar, B., Choi, Y., Dai, Y., van Andel, T., Chaudhary, R. P,,
de Boer, H. J., & Gravendeel, B. (2013). Collection and trade of wild-
harvested orchids in Nepal. Journal of Ethnobiology and Ethnomedicine,
9(1), 9-64.

Subedi, B., & Chapagain, P. (2013). Tourism Development in Upper
Manang Valley of Annapurna Region. Nepal Tourism and Development
Review, 1(1), 56-68. https://doi.org/10.3126/ntdr.v1i1.7370

Thakur, D., Rathore, N., Sharma, M. K., Parkash, O., & Chawla, A. (2020).
Identification of ecological factors affecting the occurrence and
abundance of Dactylorhiza hatagirea (D. Don) Soo in the Himalaya.



CHAPAGAIN ET AL.

—|—16 WI LEy_Ecology and Evolution

Open Access,

Journal of Applied Research on Medicinal and Aromatic Plants, 20,
100286. https://doi.org/10.1016/j.jarmap.2020.100286

Thakur, M., & Dixit, V. K. (2007). Aphrodisiac activity of Dactylorhiza hata-
girea (D. Don) Soo in male albino rats. Evidence-Based Complementary
and Alternative Medicine, 4, 29-31.

Ticktin, T. (2004). The ecological implications of harvesting non-timber
forest products. Journal of Applied Ecology, 41, 11-21. https://doi.
org/10.1111/j.1365-2664.2004.00859.x

Ticktin, T. (2015). The ecological sustainability for non-timber forest
products harvest: Principles and methods. In C. M. Shackleton, A. K.
Pandey, & T. Ticktin (Eds.), Ecological sustainability for non timber
forest products; Dynamics and case studies of harvesting (pp. 31-52).
Routledge.

Tremblay, R. L., Ackerman, J. D., Zimmerman, J. K., & Calvo, R. N. (2005).
Variation in sexual reproduction in orchids and its evolutionary con-
sequences: A spasmodic journey to diversification. Biological Journal
of the Linnean Society, 84(1), 1-54.

Tsiftsis, S., Tsiripidis, |., & Trigas, P. (2011). Identifying important areas
for orchid conservation in Crete. European Journal of Environmental
Science, 1, 28-37. https://doi.org/10.14712/23361964.2015.44

Vakhrameeva, M. G, Tatarenko, I. V., Varlygina, T. I., Totosyan, G. K., &
Zagulskii, M. N. (2008). Orchids of Russia and adjacent countries. ARG
Gantner Verlag KG. http://www.nhbs.com/orchids_of_russia_and_
adjacent_countries_tefno_159628.html

Van der Cingel, N. A. (1995). An atlas of orchid pollination: European or-
chids. Balkema.

Vetaas, O. R. (1992a). Gradients in field-layer vegetation on an arid misty
mountain plateau in the Sudan. Journal of Vegetation Science, 3(4),
527-534.

Vetaas, O. R. (1992b). Micro-site effects of trees and shrubs in dry
savannas. Journal of Vegetation Science, 3, 337-344. https://doi.
org/10.2307/3235758

Vij, S. P. (1995). Orchid genetic diversity in India: Conservation and com-
mercialization. In Proc. 5th Asia Pacific Orchid Conference and Show,
Fukuoka (pp. 20-39).

Vij, S. P. (2001). Orchids and tissue culture: Current status. In S. K.
Nandi, L. M. S. Palni, & A. Kumar (Eds.), Role of plant tissue culture
in biodiversity conservation and economic development (pp. 491-502).
Gyanodaya Prakashan.

Warghat, A. R., Bajpai, B. P, Srivastava, R. B., Chaurasis, H. S., & Sood,
H. (2013). Population genetic structure and conservation of small

fragmented locations of Dactylorhiza hatagirea in Ladakh region of
India. Scientia Horticulturae, 164,448-454. https://doi.org/10.1016/j.
scientia.2013.09.044

Warghat, A. R., Bajpai, P. K., Srivastav, R. B., Chaurasia, O. P,, Chauhan, R.
S., & Sood, H. (2014). In vitro protocorm development and mass mul-
tiplication of an endangered orchid, Dactylorhiza hatagirea. Turkish
Journal of Botany, 38, 737-746.

Watanabe, T., Rajbhandari, K. R., Malla, K. J., & Yahara, S. (2005). A hand-
book of medicinal plants of Nepal. Kobfai Publishing Project, Bangkok,
Thailand: Kobfa Publishing Project, Bangkok.

Xia, J., Lu, J., Wang, Z. X., Hao, B. B., Wang, H. B., & Liu, G. H. (2013).
Pollen limitation and Allee effect related to population size and
sex ratio in the endangered Ottelia acuminata (Hydrocharitaceae):
Implications for conservation and reintroduction. Plant Biology, 15(2),
376-383.

Yeung, E. C. (2017). A perspective on orchid seed and protocorm de-
velopment. Botanical Studies, 58, 33. https://doi.org/10.1186/s4052
9-017-0188-4

Zhang, A., Cornwell, W.,, Li, Z., Xiong, G., Fan, D., & Xie, Z. (2019). Strong
restrictions on the trait range of co-occurring species in the newly
created riparian zone of the three gorges reservoir area, China.
Journal of Plant Ecology, 12(5), 825-833. https://doi.org/10.1093/
jpe/rtz016

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Chapagain DJ, Meilby H, Baniya CB,
Budha-Magar S, Ghimire SK. lllegal harvesting and livestock
grazing threaten the endangered orchid Dactylorhiza
hatagirea (D. Don) So6 in Nepalese Himalaya. Ecol Evol.
2021;00:1-16. https://doi.org/10.1002/ece3.7520




	01INSIDE TEXT (2080.02.17) @ after defense
	1 Plant density and life history traits 123
	2 Illegal harvesting and livestock grazing threaten 123

