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ABSTRACT  

The harvesting of Medicinal and Aromatic Plants (MAPs) is a customary subsistence 
activity of forest-dependent communities across the world. However, the harvesting 
and marketing of MAPs has been highly commercialized in recent years, leading to 
the colossal pressures on the MAPs resource base. Many MAPs like Aconitum 
spicatum and Dactylorhiza hatagirea have been threatened in the Himalaya due to 
unsustainable harvest. At the same time, scientific knowledge on the demographic 
properties, magnitude of harvest impact, and the long-term viability of populations of 
these plant species is largely lacking thus limiting our ability to develop sustainable 
management strategies. Thus, this research was designed to understand the population 
ecology and harvesting sustainability of A. spicatum and D. hatagirea in the 
Annapurna Conservation Area and Manang in Central Nepal, and Darchula in 
Western Nepal. 

Different levels of tuber harvesting (0%, 25%, 50% and 75%, where 0-25% represents 
low harvest intensity and 50-75% represents high harvest intensity) were applied 
directly by the locals for A. spicatum among three ecotonal populations (subalpine, 
lower alpine and alpine) along an elevation gradient (3000–4200 m a.s.l.) in 
Annapurna Conservation Area, North-Central Nepal. For D. hatagirea, two sites were 
selected: Manang, where harvesting of MAPs was locally regulated (protected); and 
Darchula, where harvesting was locally unregulated (unprotected) to see the effect of 
harvesting on its demographic parameters. 

Population density and structure of A. spicatum was studied and variation in its life 
history traits among three populations along the elevation gradient in Central Nepal 
was assessed. The results showed that human disturbances and topographic factors 
greatly 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/m2 with 
highest mean density in the lower alpine and lowest in the subalpine population. 
Harvesting, animal droppings and fire appeared to be the most important factors 
affecting density of A. spicatum at its different life stages. 

The demographic data of A. spicatum included 4-year observations on growth, 
fecundity and survival of individuals classified by size. The population dynamics of 
A. spicatum in three different populations along the elevation gradient in Annapurna 
Base Camp Region, North-Central Nepal was studied. The population growth rate (λ) 
was >1 in low harvest intensity (0-25%) in all the populations in all the transitions 
(2015-2018) indicating that the harvesting of this plant at low harvest intensity is 
sustainable. In the high harvest intensities (50-75%), the lambda value was <1 in 
lower elevation populations indicating that these populations are sensitive to high 
harvest. The results showed that the extinction probability derived from the stochastic 
simulation (1000 runs) in 100 years has extremely low value for all the populations in 
both the intensities. Transient dynamics revealed that the low harvested alpine 
population shows gradual increase in its population reaching a size of approximately 
4000 individuals during the projection period of 10 years. The deterministic 
projection revealed that the subalpine population is the most sensitive population. The 
populations of subalpine (both low harvest and high harvest) can reach the low 
harvest intensity of alpine in more than 20 years. The high harvest population of 
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subalpine requires 22 years to reach its low harvest intensity in contrast to 7 years of 
lower alpine. The higher contribution of large size classes to λ indicates that the larger 
size classes are the critical stages in the life cycle of A. spicatum and conservation 
priority should focus on the protection of theses stages. 

Population density, structure, and tuber biomass of D. hatagirea were studied and 
compared in seven different populations. Mean density of D. hatagirea was 
significantly higher in the locally protected (1.31 ± 0.17 plants/m2) than in the 
unprotected (0.72 ± 0.06 plants/m2) site. The protected site showed stable population 
density with high reproductive fitness and tuber biomass over the three-year period. 
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 unprotected site. 

A matrix population model was prepared to explore variation in demographic 
parameters in response to different level of disturbances. In case of D. hatagirea, 
demographic data included 2-year observations on growth, fecundity and survival of 
individuals classified by size. Transition probabilities for stage-based population 
projection matrices varied between populations and among years. The population 
growth rate (λ) was less than 1in unprotected (Darchula) and more than 1 in protected 
(Manang) site. The unprotected populations can resume its sustainable growth at 10-
fold increase in its present fecundity while the present protected populations would 
allow approximately 10% of the populations to be harvested locally maintaining 
sustainability. The wetland population requires 25-fold increase in its present 
fecundity to maintain the stable size. Elasticity analysis shows that the juvenile and 
reproductive adult stages are the critical life stages of D. hatagirea in unprotected and 
protected site respectively and should be conserved with greater priority. 

Semi-structured interviews were conducted with informants (n = 65 for A. spicatum 
and n = 186 for D. hatagirea) in the villages and at the ecological survey sites. The 
result shows that the population of A. spicatum is decreasing due to indiscriminate 
harvesting by the outsiders and the locals are highly responsible for the conservation 
of A spicatum of that area. In case of D. hatagirea, populations at the protected site 
are well maintained with almost constant density over years but populations at 
unprotected sites greatly fluctuated in density. 

It is concluded that the long-term viability of A. spicatum and D. hatagirea largely 
depends on the magnitude of harvest impact and the level of protection provided 
directly by local people; and the opportunities of sustainable harvest vary among plant 
species with different strategies of growth and demographic properties, and these 
further relate with ecological conditions set by elevation gradient. Sustainability of 
harvest of A. spicatum and D. hatagirea can be achieved through integrating species-
specific ecological studies, and knowledge and practices of key knowledge holders. 
The findings of this research suggest that strategies and actions towards reducing 
human induced disturbances like over-harvesting and grazing would greatly benefit 
population recovery and productivity of theses plant species. 

Key words: Conservation, Extinction Probability, Elasticity, Medicinal and Aromatic 
Plants, Matrix modelling, Population dynamics, Zero Inflated 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 (Goettsch et al., 2015). As a result, plant conservation is greatly under-

prioritized in comparison with animal conservation (Havens et al., 2014). Global 

estimates on number of species suggest 8.7 million (±1.3 million SE), of which 2.2 

million (±0.18 million SE) are marine; however, about 86% of the species on the 

Earth, and 91% in the ocean, still await description (Mora et al., 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 Lughadha et al., 2016; Govaerts et al., 2021; 

Qian et 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 (Betts et al., 2017). Geographical, genetic, 

and characteristic information about plants, including their uses for humans and their 

function in ecosystems, is even more incomplete (Cornwell et al., 2019). For 

example, detailed distribution data are lacking for about half of the world's plant 

species, in contrast to the distribution maps available for most vertebrates (Almond et 

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 
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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 (Humphreys et al., 2019), 

and 40% of plant species known today are at risk of extinction (Antonelli et al., 

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 (Belcher et al., 

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 (Ghimire 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) 
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The contributions of MAPs to both traditional and modern medicines have been well 

documented, but the knowledge about the impacts of MAP and NTFP harvesting on 

the ecology of plant populations is very scarce. In recent decades, commercialization 

has enhanced the exploitation of many NTFPs and MAPs (Upreti et al., 2005), raising 

questions about their sustainability (Ticktin, 2004). A number of studies have shown 

that NTFP harvesting generally adversely affects ecological processes at individual, 

population, community and ecosystem levels (Putz et al., 2001; Wolf & Konings, 

2001; Peres et al., 2003; Ticktin, 2004). However, a few studies have indicated a 

limited sensitivity to harvesting for some tropical plant species, like Aechmea 

magdalenae, which can tolerate high levels of harvest (Ticktin, 2004). 

Sustainable harvesting of MAPs and other NTFPs is challenged by many factors from 

both social and ecological perspectives (Ticktin, 2004; Ghimire et al., 2008). The 

ecological effects of NTFP harvesting are both species- and site-specific and may also 

vary according to ecosystem, region and management practices (Runk, 1998; Endress 

et al., 2006). The most direct ecological impacts of NTFP extraction are changes in 

survival, growth and reproduction rates, affecting the population structure and 

dynamics. The magnitude of harvest impacts is further dependent on the life-history, 

parts harvested, intensity and time of harvesting, and the environmental conditions 

where the species grows (Ticktin, 2004). The harvest of underground parts is found to 

be much more detrimental compared to the harvest of other parts as it often results in 

the death of the whole plant (Schmidt et al., 2011; Rokaya et al., 2017). The harvest 

of NTFPs is usually associated with management practices aimed at increasing yields, 

and managing other natural resources. However, currently very little is known about 

how NTFP harvest may interact with other kinds of disturbance or management 

techniques (Ticktin, 2004). 

A growing number of studies are assessing the use of MAPs and harvest impacts; 

however, there are still major gaps in this field. Importantly, these include a lack of 

long-term studies on the dynamics of MAP populations, which is critical to assess 

inter-annual variation in demographic properties and harvest rates. There is also a 

paucity of information regarding spatial variability in responses to MAP harvesting, 

as only few studies have investigated and modeled multiple populations (Ticktin, 

2004; Schmidt et al., 2011). Spatial and temporal variability data are essential to 

adequately model and realistically predict MAP population dynamics and to assess 
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long-term harvest effects (Schmidt et 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 of Nardostachys 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. Rokaya et 

al. (2017) studied the population dynamics of two perennial medicinal herbs, Rheum 

acuminatum and R. australe and 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 orchid, Crepidium 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 (Shefferson et al., 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; Subedi et al., 2013; Vaidya, 

2019), which calls for immediate conservation action (Wraith et al., 2020). Further, 

the high medicinal value of orchids (Singh et al., 2009; Teoh, 2019) has spurred 

indiscriminate collection for local use or trade (Fay, 2018; Hinsley et al., 2018; 

Charitonidou et al., 2019). 

The increasing trend of overexploitation necessiates developing sustainable harvesting 

strategies for all commercially important species of MAPs, including orchids 

(Ghimire et al., 2008; Mondragón Chaparro & Ticktin, 2011; Schmidt et al., 2011; 

Klimas et 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, 
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2004). Scientific information on how the different disturbance regimes (harvesting, 

grazing and fire) which shape the life history parameters (survival, growth, 

reproduction, mortality) of important MAPs is largely lacking or inadequate (Ticktin, 

2004; Ghimire et al., 2005, 2008). Research on ethnobotanical knowledge, as well as 

integration of people’s perceptions and practices in resource management at the local 

level is of considerable importance. 

In line with this knowledge gap and in line with the objective of this project 

(Transiting to green growth: natural resources in Nepal (TGG-N) the present PhD 

study aims to analyze long-term population dynamics and ecological sustainability of 

harvest of two threatened Himalayan medicinal plant species, Aconitum spicatum 

(hereafter A. spicatum) and Dactylorhiza hatagirea (hereafter D. hatagirea), both 

harvested for trade. Further conservation status, life form, growth strategy, parts used, 

habitat specificity and availability in the study area were also considered during the 

selection of the study species. 

A. spicatum is a high-value medicinal plant species traded in huge quantities from 

Nepal. It's global status is not evaluated. In the context of Nepal, it is vulnerable 

(CAMP, 2001) and is threatened due to over-harvesting of its tubers (Olsen, 1998). 

Considering this, the government of Nepal has prioritized it as one of the thirty 

national priority herbs for development, research and cultivation (DPR, 2012). In 

recent years increased trans-boundary trade to meet the growing demand from 

international pharmaceutical companies has led to indiscriminate harvesting of A. 

spicatum. The only way to meet the demand is to collect the plants from the wild as 

no successful cultivation measures are established for this species. Besides, habitat 

fragmentation, different disturbance regimes and natural catastrophes are threatening 

the sustainable development of A. spicatum (chapter 2). 

Dactylorhiza hatagirea is an endangered orchid in Nepal (CAMP, 2001) with broad 

spectrum of pharmacological values. Its global status is not evaluated. It has been 

categorized as critically endangered in Indian Himalaya (Conservation Assesment and 

Managemenr Plan; CAMP status), critically rare (International Union of Nature and 

Natural resources; IUCN) and listed under appendix II of Convention on International 

Trade in Endangered Species (CITES) (Bhatta et al., 2005).The tubers of the plant 

yield a high quality salep (powder made from the orchid tuber) which is used as an 

aphrodisiac and has attracted the international market (Subedi et al., 2013). This has 
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increased the illegal harvest and the populations are deteriorating (Subedi et al., 2013; 

chapter 4). D. hatagirea is a habitat-specific and inherently slow growing and poorly 

regenerating species (Agarwal et al., 2008), which is pollinator specific and requires 

mycorrhizal association for seed germination, seedling establishment, reproduction 

and survival (Bhatt et al., 2005). Habitat loss caused by increasing human population, 

overexploitation due to high herbal demand, lack of knowledge on sustainable 

harvesting and climate change are the major challenges for the long-term persistence 

of this species (Kunwar et al., 2021; Shrestha et al., 2021). It is protected under 

Nepal's local laws (Forest Act 1993, Forest Regulations 1995, Amendement in 2001). 

However, on April 14, 2008, the Nepalese government issued a notice permitting 

collection of the wild orchid for trade. Poor implementation of these conflicting 

regulations and guidelines on sustainable harvesting has increased illegal trade in D. 

hatagirea (Subedi et al., 2013). 

Considering all the constraints related to anthropogenic and ecological factors, recent 

research has clearly shown the need of further long-term studies focusing on 

population biology and the impact of different harvesting regimes on population 

dynamics of commercially threatened Himalayan medicinal plants, including A. 

spicatum and D. hatagirea (Ticktin, 2004; Ghimire et al., 2008). This thesis attempts 

to fill the research gap on these two Himalayan medicinal herbs by focusing on their 

population status, performance and dynamics under different harvesting regimes and 

environmental conditions in Annapurna Conservation Area, Manang, and Api-Nampa 

Conservation Area, Nepal. 

1. 2 Objectives 

The broad objective of this thesis is to study the harvest sustainability and develop 

management recommendations for A. spicatum and D. hatagirea across ecological 

and human use gradients. The specific objectives of this thesis are to: 

a. Assess the patterns of distribution (population density and structure) and 

variation in life history traits of A. spicatum and D. hatagirea along the 

elevation gradient and anthropogenic disturbances. 

b. Identify the demographic processes that are important in producing the changes 

in population growth rate caused by harvesting. 
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c. Assess the major components determining the sustainability of harvest of A. 

spicatum and D. hatagirea and make proper recommendations for their 

management. 

d. Assess socio-cultural and economic aspects of A. spicatum and D. hatagirea. 

1.3 Research questions and hypothesis 

The main hypothesis of the thesis is "harvesting poses threats to the spatiotemporal 

resilience and viability of A. spicatum and D. hatagirea populations". Research 

questions, methods of data collection and associated chapters are given in Table 1. 

Table 1: Specific objectives, research questions and chapter’s matrix 

Specific 
objectives 

Research questions Data collection method Chapters 

A 1. How do the studied species differ 

in terms of spatial distribution and 

fitness-related traits along the 

ecological and human use 

gradients? 

 

A. spicatum 

66 (3 m × 3 m) temporary plots 

with 330 (1 m × 1 m) subplots. 

D. hatagirea 

144 (3 m × 3 m) temporary plots 

with 432 (1 m × 1 m) subplots 

72 plots and 216 subplots in each 

site 

2, 4 

 

B 2. How do populations in different 

environmental conditions and 

harvesting regimes differ in 

demographic parameters (vital 

rates: growth, survival and 

fecundity)? 

 

A. spicatum 

9 permanent plots of (2 m × 14 

m), with 36 (2 m × 2 m) 

subplots, harvest simulation (0%, 

25%, 50% and 75%) was applied 

by locals in each subplot 

D. hatagirea 

21 permanent plots of (20 m × 

20 m), with 84 (10 m × 10 m) 

subplots; 9 plots in each of two 

grassland sites and 3 in a 

wetland site  

3, 5 

C 3. What are the main factors 

determining the sustainability of 

harvest? 

Same as research question 2 3, 5 

D 4. How do the locals use and 

perceive the values of studied 

species and what is the 

contribution of these species to 

their livelihood? 

Interview survey and focus 

group discussion, 117 informants 

in Darchula, 69 in Manang and 

65 in Upper Modi valley river 

within Annapurna Base Camp 

region were interviewed. 

2, 4 
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The thesis is divided into six chapters. Chapter 1 covers a general introduction to the 

research topic and chapter 6 provides overall conclusions and implications of the 

research. Research findings are comprehensively covered in chapters 2–5, of which 

chapters 2 and 4 have been published in peer reviewed scientific journals, and the 

remaining two (chapters 3 and 5) will be submitted for publication. 

The first objective is specifically analyzed in chapters 2 and 4. Chapter 2 describes 

plant density and life history traits of A. spicatum in north-central Nepal focusing on 

the effect of elevation and anthropogenic disturbances in three different populations 

throughout its distributional range. Chapter 4 deals with the major threats to D. 

hatagirea in central and far western Nepal. Likewise, it also covers the life history 

traits and distribution pattern of D. hatagirea in Api-Nampa Conservation Area, 

Darchula and Bhimthang area of Manang. 

The second objective is partly analyzed in Chapter 5. This chapter compares the 

demographic response of D. hatagirea to harvesting in a locally unprotected site in 

Darchula, and a locally protected site in Bhimthang, Manang. This chapter also 

estimates the effect of habitat, based on comparison between grassland and wetland 

populations in the unprotected site. 

The third objective is addressed in Chapter 3, which describes the effect of different 

harvest intensities, including low harvest intensity (0-25%) and high harvest intensity 

(50-75%), on the demography of A. spicatum. This chapter also focuses on the 

extinction probability and future population size of A. spicatum under different 

harvest intensities. 

The fourth objective is specifically analyzed in Chapters 2 and 4. These chapters 

partly assess the local use value, contribution in their livelihood, population 

abundance and conservation status of the studied species and stresses the need of 

long-term conservation. 

1.4 Limitations of the study 

This thesis focuses on the data collected only across three years for D. hatagirea and 

four years for A. spicatum, so it was difficult to distinguish between dormant and dead 

individuals during the final year of the study. Remoteness of the site confined to 

collect the data for only one season of the year. Observations were made at slightly 
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different times of the season, implying that the risk of overlooking individuals varied 

from time to time. 

Due to restrictions by law, application of experimental harvest in D. hatagirea to 

explore the effect of different harvest intensities was not possible. Instead, 

observational studies at two sites characterized by different harvest intensities were 

carried out. This, however, implies that effects of disturbances and site are to some 

extent confounded. 

The disturbances recorded in the study were based on observational approach only. 

Inability to set up devices to detect the extent of grazing or the exact number of cattle 

producing the amount of animal droppings recorded was another limitation of the 

study. Due to extreme human pressure, it was not possible to maintain the permanent 

plots for more than three years in Darchula (unprotected site). Further, it was not 

possible to compare the effect of disturbances on wetland populations in Manang 

(protected site) as such populations were not found in the area. 

The limited time period covered by the study made it difficult to distinguish between 

asexual and sexual reproduction of the studied species. Inability to include the 

vegetative reproduction during modeling was also a limitation of this research. 

In the final year (2018) of the study of A. spicatum demography, some individuals 

infected by pests (fungal or bacterial) were encountered in the permanent plots. It was 

not possible to identify the disease within the study period and therefore was not able 

to include in the model, adding one more limitation to this study. 

1.5 Key findings of the study 

• The long-term viability of Aconitum spicatum and Dactylorhiza hatagirea 

largely depends on the magnitude of harvest impact and the level of protection 

provided directly by the local people. 

• The opportunities of sustainable harvest vary among plant species with 

different strategies of growth and demographic properties and these further 

relate with ecological conditions set by elevation gradient. 

• Sustainability of harvest of medicinal and aromatic plants, like Aconitum 

spicatum and Dactylorhiza hatagirea can be achieved through integrating 

species-specific ecological studies, and knowledge and practices of key 

knowledge holders. 
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1.6 Summary of the research chapters 

Chapter II 

• Human disturbances and topographic factors greatly contribute to the variation 

in density and life history traits of A. spicatum. 

• Alpine plants develop adaptive strategy by allocating higher resources in their 

seeds to cope environmental harshness. 

• Persistence and growth of subalpine population depend on the efficiency of 

the management system to protect younger life stages and control over and 

pre-mature harvesting, grazing and trampling. 

• Outsiders from neighbouring districts (Gorkha and Dadhing) are responsible 

for the indiscriminate harvesting. Thus, the locals should increase their 

participation in the protection and conservation of A. spicatum 

Chapter III 

• Populations at different elevations respond differently to harvest. 

• At low harvest condition populations show growth rate more than 1 thus 

probability of extinction 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 reproductive) 

to λ indicates that these stages are the critical in the life history of A. spicatum 

and the conservation priority should focus on the protection of these stages. 

Chapter IV 

• Harvesting and grazing impart significant negative effects on plant density at 

different life stages and play a crucial role in deteriorating plant population 

through reduction in reproductive outputs. 

• Significantly reduced fruit production and low productivity in terms of tuber 

biomass for plants at the unprotected site may lead to the local extinction of 

the species. 
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• 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. 

Chapter V 

• Population growth rate of more than unity allows harvest of 10% of the 

individuals for local use in the protected populations. 

• 10 fold increase in fecundity can maintain steady population in unprotected 

grassland populations. 

• 25 fold increase in fecundity can maintain steady population in unprotected 

wetland population. 

  



 

12 

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 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. 

Thus, density and population structure of Aconitum spicatum was studied and 

variation in its life history traits among three ecotonal populations (subalpine, lower 

alpine and alpine) along an elevation gradient (3000–4200 m asl) in Annapurna 

Conservation Area, north-central Nepal was assessed. 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/m2 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 the whole plant and this appears to be a main reason for low 

recruitment and reduced density of the subalpine population. The level of disturbance 

decreased with increasing elevation. In terms of reproductive effort, the alpine 

population performed best. The present results indicate that the viability of A. 

spicatum populations depends on controlling over harvesting and pre-mature 

harvesting of tubers and protecting younger life stages from grazing, trampling and 

                                                 
* 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:e7574 http://doi.org/10.7717/peerj.7574 
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fire. It is therefore recommended that when formulating management guidelines, 

measures aiming to mitigate such anthropogenic disturbances should be considered. 

Keywords: Population density, tuber biomass, sensitivity, Mixed Zero-inflated 

Poisson 

2.1 Introduction 

The study of variation in life history traits of a species is crucial to understanding the 

role of particular types of ecological pressure in shaping population demographics 

(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 (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-elevation plants develop self-

sustaining adaptation strategies (Körner, 2003), including a long floral axis, more 

globular flowers (Molau, 1993), persistent sepals, larger root systems (Körner, 1999), 

vegetative apices or perennating buds at safe depth below ground (Körner, 2003), 

higher proportion of belowground biomass (Webber & May, 1997) and increased 

number and size of seeds (Körner, 1999), which contribute to enhance the persistence 

of their populations. 

Population density and individual-level traits, like plant size and reproductive 

performance (Totland & Nylehn, 1998; Nielsen et al., 2007; Fan & Yang, 2009) are 
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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 et al., 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 a 

negative effect 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 & Lambini, 2002) and has in some cases been shown to 

promote higher species diversity (Hobbs et al., 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; GoN 2015, 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 (CAMP, 2001). Considering the high trade value of A. spicatum, the 

government of Nepal has included it as one of thirty herbs of national priority for 

development, research and cultivation (DPR, 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 et al., 2005). In this chapter I 

aim to analyze whether impacts of anthropogenic disturbance on population 
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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? (iii) what are the socio-cultural and 

economic aspects of A. spicatum ? 

2.2 Materials and methods 

2.2.1 Study area 

The study of A. spicatum was carried out in upper Modi River Valley (N 28°29.455' 

and E 083°53.546' to N 28°31.806' and E 083°52.537') within Annapurna 

Conservation Area (ACA) in north-central Nepal (Figure 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 (>3000-3500 

m), sub-alpine mixed forests dominated by Abies spectabilis and Betula utilis at and 

below the tree line (>3500-4000 m), lower alpine thickets mainly of dwarf bushes of 

Rhododendron spp. at and above the tree line (ca. 4000 m), and alpine meadows and 

grasslands above 4000 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 (Biønness, 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. 
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2.2.2 Study species 

Aconitum spicatum (Briihl Stapf) 

Aconitum species belong to the family Ranunculaceae and are locally known as Bikh 

and Monk’s hood or aconite in English. The plants of this genus have been used as an 

arrow poison in prehistoric time. The genus has approximately 300 species. 

Department of Plant Resources (DPR, 2012) has listed 33 species of Aconitum from 

Nepal. Fifteen species of Aconitum are endemic to Nepal and 7 species are included 

under different threat categories (DRR, 2012). The genus shows temperate to alpine 

(1,800–4,200 m elevation) distribution ranging from east to west in Nepal. 

Aconitum spicatum hereafter A. spicatum is a vulnerable (CAMP, 2001) medicinal 

plant species with a restricted distribution to the Himalayas of Nepal, India, Bhutan 

and China at elvations between 2900 and 4200 m above sea level (asl) (Ghimire et al., 

2021). The plant grows in moisture retentive soils of the sub alpine and alpine 

meadows. In the study area, fragmented populations of A. spicatum occur between 

3000-4200 m asl. The plant is less exploited by the locals as the area is touristically 

flourished, however the collectors from other districts are found harvesting the plant 

for commercial purpose. 
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A. spicatum is a tall perennial herb with an erect stem reaching upto 2 m in height and 

bearing crown of large attractive blue or yellow zygomorphic flowers with numerous 

stamens (Figure 2a). The long floral axis (which facilitates pollination) and large 

number of blue globular flowers that allows complete development of fruits and seeds 

(Molau, 1993), persistent sepals, larger root system (Körner & Kèorner, 1999), 

vegetative apices or perrennating buds at safe depth below the ground that prevents 

damage from the low temperature (Körner, 2003), higher proportion of belowground 

biomass (Webber & May, 1997), investment of food reserve of the mother tuber for 

the growth and development of daughter tuber in the coming year and large seed 

number are the important adaptive features of A. spicatum. All these features are 

considered as the adaptive features of plant to survive in alpine and subalpine habitats 

(Bliss, 1962; Körner, 2003). 

The plant 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 5-6 follicles (Figure 2b). 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 (Figure 2c), 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 1 to 5 daughter tubers (field observation). The plant shows low seed 

germination potential and the seeds can stay dormant for long time (Srivastava et al., 

2010) and even tubers show frequent dormancy (Chapter 3). 

It is one of the most poisonous plants among 15 plant species reported from 

Annapurna Himalaya area (Bhandary & Shrestha, 1986). The plant has high 

medicinal value. Tubers of the plant possess alkaloids (1.21%) like aconitine, 

hypaconitine and mesaconitine (Srivastav et al., 2010) and have been reported to 

show significant antibacterial, antipyretic, analgesic and enzyme inhibition properties 

demonstrating its potential use in pharmaceutical companies (Srivastav et al., 2010). 

Tubers of A. spicatum are used in the traditional medicinal system after proper 

detoxification to cure fever, headache, lung and intestine infections and to heal cuts 

and wounds (Shyaula, 2011). The detoxification techniques however vary according 

to the traditional practices (Lama et al., 2001). 
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2.2.3 Sampling 

During the summer of 2015, sampling was carried out in three sites at elevations 

ranging from 3000 m to 4200 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 
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(3 m × 3 m) was established with plots located at a minimum plot-to-plot distance of 

10 m. Each plot was divided into nine subplots of 1 m × 1 m, five of which (center 

and four corner subplots) were systematically selected for detailed biological 

measurements. In total, 66 (3 m × 3 m) plots, with 330 (1 m × 1 m) sub-plots were 

sampled. In each plot, latitude and longitude were recorded 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. 

Four transects were grouped together and defined three wider ecotone populations, 

namely subalpine (3000-3300 m), lower alpine (3400-3700 m) and alpine (3800-4200 

m). Twenty of the most vigorous plants from each of these populations were selected 

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, 5 fruits were collected, recorded their diameter, length and fresh weight in 

the field, and then packed the fruits separately in paper bags for subsequent dry 

biomass estimation. 
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Seed sowing experiments were carried out in October 2015 and 2016. In each year, 

mature seeds (n = 100) were introduced into each of five randomly selected 1 m × 1 

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 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. 

2.2.4 Laboratory study 

The air-dried plant materials were oven dried (at 60°
 C for 72 hours) and measured 

their biomass to an accuracy of 0.001 g. Similarly, number of seeds per fruit and per 

individual plant were counted, and measured the seed mass (expressed as dry mass of 

50 seeds) per individual. Seed viability was tested 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 hours in total 

darkness. The pink coloration of the embryo under a microscope, indicated viability 

of the seed (Beigh et al., 2006). 

2.2.5 Interview survey 

Semi-structured interviews were conducted during 2015-2017 among 65 persons in 

Annapurna Base Camp region. The informants were local MAP users, leaders, 

teachers and students in the villages, and hotel owners, local tourist guides and cattle 

herders working in the sites where the ecological survey was carried out. The goal of 

this research was explained 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. 

The informants were asked to comment on the abundance of A. spicatum, collectors 

(villagers or outsiders), reasons for collecting the plant (local use or commercial 
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purpose), local uses, the collection (areas and time of collection), when they started 

collecting, indigenous knowledge transfer practices, special tools, prices, qualities, 

markets (to whom they sold), processing after collection and their other sources of 

income. 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, practices that 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 sub-plots per plot, the variation of A. 

spicatum density using a mixed-modeling approach including a random effect of plot 

was analyzed. 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 the 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, 

mixed ZIP models were used 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. Twenty-six sets of candidate 

models were prepared using the glmmTMB package (see Appendix III) and finally 

prepared an average model based on set of 16 best candidate models (selected on the 
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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 (Appendix IV). 

The full models were in all cases expressed as: 

Density ij (of a particular stage of A. spicatum) = a + b (Population) + c1 RRI ij + c2 

Herb cover ij + c3 Shrub cover ij + c4 Harvesting ij + c5 Animal dropping ij + c6 

Trampling ij + c7 Fire ij where, a (intercept), b (population) and c1…c7 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 

1 m2 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°- Ω) × sin(β) × sin(Φ) + cos(β) × 

cos(Φ), where Ω = aspect (slope azimuth in degrees), Φ = latitude (degrees) and β = 

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 analysis. 

2.2.6.2 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, 20 replicates were sampled for each of the size- based and 

reproductive trait variables. Before doing the analysis, data for each of these variables 

were tested for the assumptions of parametric tests. Except for plant height and 

biomass, all other variables that relate to plant size and reproductive performance did 

not meet the standard assumptions of normality and homogeneity of variance. 

Therefore, Kruskal-Wallis tests was applied to examine the variation of these traits 
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among the three populations. In the case of plant height and biomass, logarithmic 

transformation of the data gave statistical normality, so in these cases one-way 

ANOVA was applied. A double logarithmic allometric model was prepared to 

describe the relationship between plant height and the biomass of tubers. Multiple 

comparison tests were performed 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). 

2.3 Results 

2.3.1 Population structure and density 

Significant differences were found in the densities of juvenile, and vegetative and 

reproductive adults among the three populations (Table 2). Similarly, differences in 

the observed stage distributions were recorded among them (Figure 3). 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 ± 

0.24 plants/m2. The lowest density (0.56 ± 0.09 plants/m2) was found in the subalpine 

population. 
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2.3.2 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 3). Similarly, the subalpine population showed the 

highest total numbers of flowers and fruits per plant (Table 3). 

The number of daughter tubers per individual tended to be higher in higher-elevation 

populations though the difference was not statistically significant (Table 3). 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 3). 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 3). 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 reproductive and aerial vegetative parts was highest in the alpine 

population (Table 3). 
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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, Figure 4). 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 (χ2 = 51.58, P = 

<0.0001) with highest mean value (19.19 ± 0.49 cm3) for the lower alpine population 

and lowest mean (14.41 ± 0.33 cm3) for the alpine population (Table 4). Similar result 

was recorded for the number of seeds per fruit (χ
2 = 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 (χ2 = 7.74, P = 0.0208). 

Similarly, higher seed mass per 50 seeds was found in the alpine than in the lower 

alpine and subalpine populations (F = 5.69, P = 0.006) (Table 4). Seed viability and 

fecundity were highest in the alpine and lowest in the subalpine population (Table 4). 

The seed viability showed statistically significant differences among the populations 

(F = 10.69, P < 0.0001). 
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2.3.3 Response of density of different life stages to environmental variables 

(mixed ZIP models) 

The three studied populations varied in substrate and topographic conditions (Table 

5). 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 (Figure 5). 

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 6). 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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2.3.4 Socio-cultural and economic aspects of A. spicatum 

Ethnoecological survey revealed that only one percent of the harvester use it locally 

(all the local healers) while ninety nine percent of the harvesters harvest it for trade 

due to its poisonous nature. Locally the tuber is given orally (after proper 

detoxification) only by the healers to induce abortion and to treat chronic diseases 

(long period of sickness). Detoxification is done by prolonged boiling in water, milk 

or alcohol. Forty- five percent of the informants are of the opinion that the seedlings 

with the single leaf possess high medical efficacy so collectors even harvest the 

seedlings. Commercial collectors are the outsiders (Dhadhing and gorkha districts) as 

ninety percent of the informants are of the opinion that the population is decreasing 

due to the harvesters from other parts of the country. Eighteen percent of the 

informants were aware of the population ecology of A. spicatum. Twenty six percent 

of the informants are of the opinion that the collectors harvest the plant irrespective of 

the plant size and season (seed dispersal and tuber maturity) and they also believe that 

wild bear, pika, insects and pathogents are destroying the populations of A spicatum. 
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Each harvester harvest 0.2 kg of dried tuber per year, thus a total of 13-15 kg dried 

tuber was harvested from that region annually. A total of 800-900 individuals were 

harvested per year from the region as 1 kg of dried tuber consists of 60-80 individual 

tubers. A kg of fresh tuber was sold in NRS 500 and dried tuber in NRS 1000. 

2.4 Discussion 

2.4.1 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/m2 in A. balfourii, 2.57 (Nautiyal et al., 2002) to 3.1 (Semwal et al., 

2007) plants/m2 in A. heterophyllum, 2.7 plants/m2 in A. rotundifolium (Kala, 2005), 

and 2 plants/m2 in A. violaceum (Kala, 2000, 2005) have been reported from the 

Indian Himalayas. However, much higher densities have also occasionally been 

observed. For example, Nutiyal et al. (2002) recorded a density of 6.7 plants/m2 in A. 

violaceum in Gharwal Himalaya, India, which was attributed to limited human 

exploitation due to habitat inaccessibility. Similarly, Shrestha and Jha (2010) reported 

a mean density of 7.3 plants/m2 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; Ramsay & Oxley, 1997). All these factors affect plant life in a 

number of ways. The 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 

(Figure 5) 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 

characterized by high degree of competition to a more facilitative environment favors 
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this higher density (Liancourt et al., 2017). Bosch and 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 population 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. 

2.4.2 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 et al., 1998). 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 (Austhreim & 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. 
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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 1-2 leaves, positive effects 

of some disturbances on density of adults was found. Mixed ZIP model revealed 

positive significance of animal droppings and fire on adult (both vegetative and 

reproductive) density. Direct observation also supports 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 and 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 present study is 

comparable with the findings of Uys et al. (2004) who showed the tolerance of many 

forb species to fire. 

2.4.3 Variation in plant size and reproductive performance 

Aconitum 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 3). 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 3) 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 and 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; Körner, 2003), such as temperature 

and moisture (Körner, 2003). Plant performance is also enhanced in habitats with 

better abiotic conditions through facilitation (positive interactions), a common 

phenomenon at high elevation, 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 
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environmental conditions at higher elevation generally impose constraints on plant 

growth (Körner, 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 attributed to be beneficial for the performance of plants at lower 

elevation (Chardon et al., 2018). 

The decreasing number of flowers and fruits set 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 (Agren et al., 2008; Ma et al., 

2010). For example, population density negatively affects fruit production of 

individual plants through its effect on flower number (Agren et al., 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, 1997). Particularly for high-elevation plants, subterranean organs 

are dedicated to produce 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 
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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 

depends 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. 

2.5 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 confirmed that alpine plants developed 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 
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younger life stages and control over harvesting and premature harvesting of tubers. 

Although the adult 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. It is therefore recommended 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, 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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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 medicinal plant, Aconitum spicatum was 

studied and the effect of different harvesting intensities on its population dynamics 

was explored. Different harvesting treatments (control (0%), 25%, 50% and 75%) 

based on local practices were applied where (0-25%) represents low harvest intensity 

and 50-75% represents high harvest intensity in three different populations along the 

elevation in north-central Nepal. Data on recruitment, growth and survival of 

individuals classified by size were collected for four years. Matrix modelling 

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

The asymptotic population growth rate (λ) was >1 in low harvest intensity (0-25%) in 

all the populations in all the transitions (2015-2018) indicating that the harvesting of 

this plant at low harvest intensity is sustainable. In the high harvest intensities (50-

75%), the lambda value was <1 in lower elevation populations indicating that these 

populations are sensitive to high harvest. The results showed that the extinction 

probability derived from the stochastic simulation (1000 runs) in 100 years has 

extremely low value for all the populations in both the intensities. Transient dynamics 

revealed that the low harvested alpine population shows gradual increase in its 

population reaching a size of approximately 4000 individuals during the projection 

period of 10 years. The deterministic projection revealed that the subalpine population 

is the most sensitive population. The populations of subalpine (both low harvest and 

high harvest) can reach the low harvest intensity of alpine in more than 20 years. The 

high harvest population of subalpine requires 22 years to reach its low harvest 

intensity in contrast to 7 years of lower alpine. The higher contribution of large size 

classes to λ indicates that the larger size classes are the critical stages in the life cycle 

of A. spicatum and conservation priority should focus on the protection of theses 

stages. This study further suggests that the populations of A. spicatum respond 

differently to harvest along the elevation and there are important differences in A. 
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spicatum’s capacity to regenerate after harvest in alpine versus lower and sub alpine 

populations. 

Keywords: Conservation, elasticity, extinction probability, population growth rate, 

sustainable harvest 

3.1 Introduction 

An accurate understanding of the driving mechanisms for the population dynamics of 

endangered plants and the relative contributions of anthropogenic disturbances and 

environmental factors is crucial for their sustainable management. Collection of long-

term demographic data is considered essential for good management practices to help 

conserve endangered plant species (Lande, 1988; Schemske et al., 1994; Byers & 

Meagher, 1997). Schemske et al. (1994) noted that in order to implement species 

recovery, it is necessary to know the rate of population growth, the key life stages that 

influence it, and why differences in key life stage occur among populations and years. 

Population growth rate is considered a standard measure to predict the future fate of 

populations (Benton & Grant, 2000; Caswell, 2001). Accurate estimates of vital rates 

and a realistic population model are required to make reliable predictions of extinction 

and abundance probabilities (Coulson et al., 2001, Ellner et al., 2002). Population 

models are widely used to inform management decisions and to set conservation 

guidelines. 

Although the introduction of the Integral Projection Model (IPM) has brought about a 

major change in the way many demographic models are conceptualized, traditional 

matrix models are still useful and represent the majority of previous demographic 

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

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

(Merow et al., 2014; Rees et al., 2014), these claims have not been critical or fully 

evaluated (Doak et al., 2021). 

Stage-based matrix models have been used extensively to assess the effects of harvest 

on plant population dynamics and population performance (Menges, 2000; Caswell, 

2001). In such studies, stage-based matrix models are constructed from repeated 

measurements of vital rates (survival, growth, and reproduction) over several years. 
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The population growth rates (λ) are calculated from this data and assesses whether the 

population will grow, remain stable, or decline over the long term under current 

conditions. For harvested populations, λ ≥ 1 is usually interpreted to reflect a 

sustainably harvested population, whereas λ < 1 is interpreted to reflect unsustainable 

harvest (Svenning & Macía, 2002; Endress et al., 2006). 

Elasticities derived from these models can be used to determine vital rates and stages 

that are most sensitive to environmental and other changes, and can inform recovery 

efforts for endangered species (de Kroon et al., 1986; Caswell, 2001; Morris & Doak, 

2002). In addition, elasticity analysis (Caswell, 2001) has been widely used to predict 

the impact of MAP harvesting and to suggest management strategies to mitigate the 

harvesting impacts (Ratsirarson et al., 1996; Anderson & Putz, 2002; Freckleton et 

al., 2003). Elasticity analysis predicts how λ would change in response to small 

changes in population vital rates. For example, a small change in a vital rate with high 

elasticity values will have a large effect on λ; similarly, changes in vital rates with low 

elasticity will result in very small changes in λ. 

Changes in population size and habitat conditions such as nutrient enrichment and 

management practices were previously reported to have an impact on single vital 

rates. In particular, population size, nutrient availability and management practices 

may affect seed production (Oostermeijer et al., 1998; Lennartsson & Oostermeijer 

2001; Münzbergová, 2006), germination rate (Colling et al., 2002; Lindborg & Ehrlén 

2002) and seedling survival (Colling et al., 2002). The same factors have been 

reported to influence the stasis and growth of individuals (Hegland et al., 2001; 

Tomimatsu & Ohara, 2010; Dahlgren & Ehrlén, 2009). 

A key for undertaking effective conservation actions is to understand the importance 

of stochasticity, demographic parameters and deterministic population dynamics on 

the performance of populations. So far, demographic parameters have been mainly 

used to gain insight into population viability (Reed et al., 2002). Furthermore, 

important life history factors such as dormancy, seed banks and vegetative 

propagation are often neglected in research (Zeigler et al., 2013). However, it is 

difficult to estimate the survival and re-emergence rates of dormancy-prone plant 

species (Alahuhta et al., 2017). Therefore, the role of dormancy in life history is not 

well understood (Lesica & Crone, 2007. Dormancy is thought to be a means of 
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buffering adult survival against environmental stochasticity in long-lived clonal plants 

(Shefferson et al., 2005). Many dormancy-prone plant species are rare and 

endangered (Reintal et al., 2010) and are important species for conservation 

(Alahuhta et al., 2016). 

Fecundity and other vital rates are expected to vary with population size and resource 

availability (Horvitz & Schemske, 1995; Silvertown et al., 1996; Endels et al., 2004; 

Verheyen & Hermy, 2004; Valverde & Silvertown, 1998). Small populations had 

lower survival rates compared to large populations. Low recruitment resulted in 

significantly lower predicted population growth rates in small populations. 

Differences among populations in reproductive output are expected to influence the 

demographic parameters of interest. Available resources can vary spatially and 

temporally thus demographic processes need to be measured in multiple sites and 

years (Horvitz & Schemske, 1995; Menges, 2000; Lehtila et al., 2006). 

Species with small populations are strongly influenced by demographic stochasticity 

(Dinnetz & Nilsson, 2002; Kery et al., 2003; Synder, 2003). The stochastic effect on 

survival varies among populations and stochastic simulations have shown that only 

large populations are viable, while small populations are expected to become extinct 

within decades (Dinnetz & Nilsson, 2002). Small populations may be at higher risk of 

extinction not only due to overall worse performance of individuals, but also due to 

higher potential effects of demographic and environmental stochasticity. Such 

potential hazards of small populations motivated recent studies that explored the 

effect of population size on the plant performance, population growth rate, extinction 

probability and variation in response to the population on different harvesting 

regimes. 

Thus, the major aim of this research is to study the effect of harvesting on the 

population dynamics of Aconitum spicatum in three different populations along the 

elevation gradient. 

Specifically, the following questions were addressed 

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

years? 

2) Which demographic processes are most important in producing the changes in 

growth rate caused by harvesting? 
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3) How do different harvesting regimes influence future population size? 

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

Answers to these questions provide a basis for recommendations aimed at the 

sustainable management of A. spicatum and 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 2018 in three populations in Annapurna 

Base Camp region of Annapurna Conservation Area (N28°31.733' and E83°53.661' to 

N28°29.856' and N83°53.855') in Central Nepal (details in chapter 2). The three 

studied populations (subalpine-3200 m, lower alpine-3400 m and alpine-3700 m) 

were selected for permanent plot establishment. The three populations differed in 

elevation and other environmental variables (Table 5, chapter 2). 

3.2.3 Sampling design and demographic data collection 

Three permanent belt transects of 2 m × 14 m were laid down in each population. 

Each transect was divided into seven 2 m × 2 m subplots. Four alternate subplots were 

considered systematically for harvest simulation and detailed biological studies. 

Detailed demographic observations were conducted in three populations over four 

years from 2015 to 2018. The studied populations differed in size, the largest 

population consisted of c. 1500 individuals and the two smaller populations consisted 

of 262 and 185 individuals (including all the stages during 4 years period). Two 

smaller populations occurred along the graveled trekking trail prone to landslides, 

while the largest population occupies the alpine grassland meadows. The life cycle of 

A. spicatum was divided into four life stages based on morphological and 

reproductive criteria: (1) seedling (Sd), (2) juvenile (Jv) (3) adult vegetative (Adv) (4) 

adult reproductive (Adr) (see chapter 2) and dormant adult (Dr) (Figure 6) 

Additionally the dormant stage was added during further classification where the 

individuals remain alive by tubers. 



 

42 

Seed germination experiments were carried out. The seeds sown in 2016 germinated 

in 2017 and no new germinated seedlings were recorded in 2018. It is thus assumed 

that this species has no permanent seed bank, so seed bank category was not included 

in the matrices. 

 

Figure 6: Life cycle graph of A. spicatum 

The stage of ‘seedling’ was defined as newly established individual with cotyledon 

leaf that developed directly after germination of the seeds. The stage ‘juvenile’ was 

defined as an individual plant older than one year, with a maximum of four leaves and 

stems girth <3.0 mm. Larger vegetative individual with >3.0 mm stem girth are 

considered as vegetative adult. All reproductive (flowering and fruiting) individuals 

were placed in the adult reproductive stage. Vegetative and reproductive individuals 

could not be further divided into different size classes, as the main difference lies in 

plant size between population levels. The stage ‘dormant adult’ was defined as 

individuals in a dormant state, without any organs visible above ground but the plant 

has alive tuber. To identify individuals that died in the last year of the study, 20% of 

the dormant individuals were excavated and marked as dead or dormant, and the rest 

were assigned a calculated value and marked as dormant or dead. None of the 

monitored individuals dormant for two consecutive years appeared to be alive in the 

R42 
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third year. Thus, the individuals which were dormant for two consecutive years were 

considered as dead. During the analysis the individuals whose stage was not 

determined in the last year was considered as dormant (except for seedlings, as the 

seedlings obtained only from the seeds were recorded during the data collection). 

The extinction probability for each population was calculated using the population 

numbers in each population from the first year of demographic observations. 

Projections of the resulting population vectors were made over 10 years. 

3.2.4 Harvest simulation and monitoring 

The harvest treatment was applied following the local harvesting procedure. An 

agreement was made with the hotel owner association in the study area to take care of 

the permanent plots during the study period. Four different harvest simulations were 

applied systematically and randomly in each of the four plot which included 0% 

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

individuals in 0% and 25% harvest plots were combined together. Similarly, to create 

high (50-75%) harvest intensity individuals in 50% and 75% harvest plots were 

combined together. Thus, each population received three replicates of high (50-75%) 

and low (0-25%) harvest intensity. The individuals in different stages (Sd, Jv, Adv, 

Adr and Dr) in each subplot were tagged using metallic plates (3×3 cm) with 

individual tag number. All the tagged individuals were monitored in early September 

in 2016, 2017 and 2018 during the peak growing season. All the newly found 

individuals were tagged during monitoring. The recorded parameters included  

plant height, number of leaves, size of leaf (length and breadth of two largest leaves), 

stem girth, length of floral axis and number of reproductive parts (bud, flower and 

fruits). 

Small new vegetative plants found within the population were also tagged each year. 

The new adult individuals (developed from the dormant tubers) observed during the 

monitoring years were also tagged and all the demographic parameters were recorded. 

3.3 Matrix construction and analysis 

Population matrix model (Caswell, 2001) was used to estimate the demographic 

parameters. Due to the insufficient tagged individuals monitoired during all the 
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transitions 0% and 25% harvest treatment were combined together and labelled it as 

low harvest intensity and 50 and 75% were combined together and labelled as high 

harvest intensity to run successful analysis. For each population and condition, annual 

transition matrices based on September/October censuses data were built. During this 

the demographic processes i.e., the proportion of individuals that transit into higher 

size class (P, progression), proportion of individuals that remain in the same stage 

class (stasis, S), proportions of individuals that regressed or shrank into a smaller size 

class (R, retrogression) and (Dr, dormant) remaining alive by tubers where the above 

ground part is not visible were recorded. A seed category was excluded from the life 

cycle model. It is assumed that germination of the seed takes place the year after the 

seed is produced and there is absence of the seed bank. The basic matrix model is 

given by: n (t+1) = A n (t)  where, n(t+1) and nt are vectors whose elements, aij are the 

number of individuals that belong to the ith category at time t and t + 1, respectively, 

and where A is a 5 × 5 stage-based matrix with the matrix elements representing 

transition probabilities among stages, n(t) is a vector of the number of individuals in 

each of the stage classes in year t, and n(t + 1) is the population vector in the next year 

t + 1. 

A set of average matrices were constructed for each condition in each population. 

Each average matrix was a weighted mean of the three annual matrices, constructed 

by weighting each transition within a column by the sample size. Stochastic 

simulations of transition matrices were also performed to estimate extinction 

probabilities, transient dynamics, post harvest population recovery time. The 

fecundity data of A. spicatum obtained in chapter 2 were used for all the studied 

populations. Confidence intervals (95%) for lambda for each matrix were obtained by 

using the bootstrap method (Caswell, 2001). A bootstrap dataset is generated 1,000 

times for each matrix by randomly resampling with permutations from the original 

dataset and compared those quantities between populations and among conditions. 

Elasticities were estimated to investigate the response of population growth rates to 

potential changes in vital rates caused by harvest (Silvertown et al., 1993; Caswell, 

2001). 
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3.4 Results 

3.4.1 Stage structure and population growth rates 

The more disturbed populations of lower elevation (with small population size), i.e., 

lower alpine and subalpine differ much in observed and stable stage distribution than 

in less disturbed alpine population as shown by higher value of Keyfitz’s ∆ (Appendix 

V). 

In alpine population, all the matrix models predicted asymptotic population growth 

rates, λ >1 even in the high harvest condition with the exception of low λ value 

(0.6203) in 2017-2018 transition in high harvest intensity. Asymptotic population 

growth rates (λ) were higher in low harvest than in high harvest populations in all the 

transition years in alpine populations. While making comparision between low 

harvest and high harvest populations there is statistically significant decrease in 

population growth rate in 2017-2018 transition as indicated by non overlapping CI 

(Table 7) 

The alpine population has higher asymptotic population growth rates (λ) than the 

lower and subalpine populations in all the transitions in both types of harvest 

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

In lower alpine and sub alpine populations asymptotic population growth rates (λ) 

were higher in low harvest than in high harvest populations and has decreasing 

lambda value from first to third transition year. The asymptotic population growth 

rates (λ) during 2016/2017 and 2017/2018 transition showed significant differences as 

indicated by non overlapping CI (Table 7). 
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Table 7: Asymptotic population growth rates (λ) and 95% CI for low and high harvest and year in 

three different populations in Annapurna Conservation Area, North-Central Nepal 

Populations Transition periods Low harvest (0-25%) High harvest (50-75%) 

Lambda 95% CI Lambda 95% CI 

Alpine 2015-2016 1.3513 1.3010- 1.3959 1.3330 1.2833- 1.3761 

 2016-2017 1.0349 0.9853- 1.0810 1.0452 0.9901- 1.0972 

 2017-2018 1.2372 1.1420- 1.3089 0.6203 0.5639- 0.6779 

 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 1.0966 0.9874- 1.1974 

 2016-2017 1.1642 1.0590- 1.2459 0.9691 0.8401- 1.0407 

 2017-2018 1.0865 0.9639- 1.1995 0.8716 0.2535- 0.8000 

 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 0.7833- 1.1493 

 2016-2017 1.0270 0.9347- 1.1266 0.9159 0.8257- 1.0052 

 2017-2018 1.0390 0.9080- 1.2176 0.8671 0.2105 – 1.0000 

 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 alpine population the demographic process 

progression (P growing to a larger size class or a vegetative growth) has highest 

contribution to lambda followed by stasis (S, survival and remaining in the same stage 

class) in both the harvest treatments. In lower alpine population progression has 

higher contribution to lambda in low harvest and stasis in high harvest intensities. 

Likewise in sub alpine population progression and stasis has almost equal 

contribution to lamda in both the harvest intensities. The highest elasticity values 

were due to the contribution of individuals from large size classes, i.e., adult 

vegetative and adult reproductive (Figure 7 d). Fecundity has lowest contribution to 

lambda in subalpine population as this population is exposed to high disturbance 

pressure and thus even the low harvest treatment is highly sensitive. 
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Figure 7: Sum of elasticity values for five stages (Sd = seedling, Jv = juvenile, Adv = adult vegetative, 

Adr = Adult reproductive and Dr = dormant) and demographic processes (F = Fecundity,  

P = Progression, S = Stasis, R = Retrogression, D = Dormancy). Elasticity values were calculated from 

weighted average matrices, in which elasticity values were for the year 2015–2018 
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3.4.3 Transient dynamics, stochastic simulation and population recovery 

The analysis of transient dynamics obtained from the average matrices (Figure 8) 

indicated that the alpine populations if subjected to low harvest intensity there is 

gradual increase in population size (approximately 4000 individuals) during the 

projection period. In high harvest intensity population size is maintained almost 

constant during the projection period. In lower alpine population in low harvest there 

is slight increase in the population size while in high harvest there is slight decrease in 

the population size during the projection period. The subalpine population showed 

slight decrease in population size in both low and high harvest intensities during the 

projection period of ten years (Figure 8). 

Population growth rates calculated from stochastic (bootstrapping) simulations were 

very similar to those obtained from time invariant deterministic projections (Table 7). 

Stochastic simulation showed that none of the studied populations go to extinction 

(1000 runs) in each 100 years. 

Deterministic projection of transition matrices (where firstly 3 matrices selected for 

corresponding conditions and thereafter average matrix of low harvested alpine 

population selected) revealed that while comparing the lower elevation populations 

with low harvest intensity of alpine population, the low harvested population of lower 

alpine will reach that of low harvested intensity of alpine in 5 years and that of high 

harvest reach in twelve years (Figure 9a). Likewise, the low harvested population of 

subalpine will reach the size of low harvested intensity of alpine population in eight 

years and that of high harvest will reach at thirteen years. 

Deterministic projection of transition matrices (firstly 3 matrices selected for 

corresponding conditions and thereafter average matrix of respective low harvest 

population selected) to compare whether lower alpine and subalpine population reach 

to that of alpine level revealed that the low harvest population of lower alpine will 

reach that of low harvest condition of alpine in six years and that of high harvest reach 

in sixteen years. Likewise, the low harvest and high harvest populations of subalpine 

will reach the size of low harvest condition of alpine population in more tha twenty 

years (Figure 9b). 
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Similarly, while making comparision between the high harvest populations with low 

harvest population of the respective population the high harvest population of lower 

alpine will reach the size of its low harvest population at seven years while that of 

subalpine will reach at twenty-two years (Figure 9c). 

 
Figure 8: Transient dynamics of Aconitum spicatum populations based on 2015-2018 transition 

matrices. Projection of population size for 10 years from average matrix 
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Figure 9: Deterministic projection (a) In relation to the low harvest intensity of alpine population 

(Deterministic projection: firstly 3 matrices selected for corresponding conditions and thereafter 

average matrix of unharvested alpine population selected) (b) In relation to the low harvest intensity of 

alpine population (Deterministic projection: firstly 3 matrix selected for corresponding intensities and 

thereafter average matrix of respective low harvest population selected to compare whether lower 

alpine and subalpine population reach to the alpine level) (c) In relation to the low harvest intensity of 

respective population 
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3.5 Discussion 

For species harvested commercially by humans, differences in population growth 

rates in populations along the altitudinal gradient has important conservation and 

economic implications. 

3.5.1 Aconitum spicatum population dynamics in different elevation populations 

Although variation in the population growth rates was recorded, it may be confounded 

to a certain degree by other factors (for instance, temperature, snow cover, time of 

snow melt, time of first snow, snow melt period of the sites, age of the differing 

populations etc). 

The present results are consistent with other studies. Ghimire et al. (2008) recorded 

higher population growth rate of Nardostachys grandiflora in meadow population 

than in outcrop populations. Ticktin and Nantel (2004) found higher population 

growth rate of Aechmea magdalene in secondary forests than in old growth forest. 

Villegas (2001) found that populations of A. magdalene growing in off- season forests 

had lower rates of growth than those growing in forests with a pronounced dry season. 

Population growth rates of A. spicatum in all the studied populations along the 

elevation gradient in low harvest condition is slightly more than 1, which corresponds 

to the stable population growth rate of many perennial plant species (García et al., 

2008; Rokaya et al., 2017). The perennial plant species showed more stable 

population dynamics than the short-lived species. The underground parts present in 

the perennials help the plant to adapt better in the harsh environmental condition 

(chapter 2) but also makes more sensitive to harvesting (Ghimire et al., 2008). In this 

study the alpine population with high harvest intensity, average population growth 

rate is more than 1. Astonishing range of life history traits with unique adaptive 

strategy of A. spicatum individuals (presence of under ground tubers with multiple 

numbers of sprouting buds) might be the probable reasons for this increasing 

population population growth rate (chapter 2). Poisonous nature of the plant reduces 

the chances of consuming their fruits and seeds by insects and animals. A. spicatum of 

alpine population are with better reproductive performances (higher seed mass,  

higher number of seeds per unit volume of fruit, higher seed viability and higher 

fecundity) as compared to the lower and subalpine populations (chapter 2). Further, 
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long lived plants in high elevation grow in safe sites like rocky places or the edges of 

the large rocks which provide protection from the environmental harshness to certain 

extent. 

In the final year of this study (2018) plant individuals infested with pests were 

recorded in some of the studied alpine plots which could be the reason of decrease in 

the population growth rate in 2017-2018 transition. The variation in the population 

growth rate of A. spicatunm in high harvest intensities in the studied populations 

might be due to the site-specific response of high-elevation plants as also recorded by 

Rokaya et al., 2017 in Rheum species. 

The declining population growth rates of subalpine population might be due to low 

density, higher disturbance pressure (chapter 2) and low recruitment. In such cases, 

the long lifespan of dormant individuals could be an excellent strategy for avoiding 

local extinctions caused by high levels of disturbance, rare and unpredictable 

recruitments, and large population fluctuations (Garcia et al., 2008). Further the 

ability of the individuals to enter dormancy may prevent it from being harvested by 

the harvesters as they become invisible. 

In all the three populations, population growth rates did not differ much among years. 

The extremely low extinction probability of A. spicatum individuals in all the 

populations indicates that the plant might have some adaptive strategy for instance 

multiple sprouting buds in daughter tuber which can undermine the harvest pressure. 

High survival of larger stage class individuals and tendency of adults to remain at the 

same size (stasis) was found in A. spicatum which also characterize other perennial 

species (Silvertown et al., 1993; Silvertown et al., 1996; Ghimire et al., 2008). 

3.5.2 Effect of harvesting 

The alpine population does not suffer much from harvesting and has shown better 

reproductive performances. The subalpine (lowest elevation) population was found 

highly sensitive to harvesting as revealed by deterministic projection and are suffering 

with respect to reproductive fittness (chapter 2). The impact of harvesting on A. 

spicatum which possess dormant underground tubers and multiple buds was found 

varing along the elevation indicating the proability of the presence of such trends in 

other similar MAPs of the Himalayas. 
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3.5.3 Conservation implications of Aconitum spicatum 

Like many MAPs, the commercial harvest of A. spicatum has flourished since the past 

few decades (Olsen, 1998). Only recently the Government of Nepal has included it in 

the list of priority species for conservation and economic development (DPR, 2012). 

The plant is found responding differently to different harvest intensities along the 

elevation. Though the plant did not show high probability of extinction, the lower 

elevation populations are declining. The lower elevation populations were found 

highly sensitive to prevailing disturbance factors. Thus, the existing alpine population 

should be conserved with regular monitoring and the lower elevation populations are 

to be conserved with great priority as these populations are found extremely sensitive 

to harvest and with slow recovery rate. 

3.6 Conclusion 

Populations of Aconitum spicatum at 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 of A. spicatum and thus the conservsaion priority should 

focus on protection of these stages. This study demonstrates that there are important 

differences in the ability of A. spicatum to regenerate after harvest along the 

Himalayan elevation gradient in Nepal. This study recommends that the present 

populations of the A. spicatum should be protected with regular monitoring by the 

biologist, local community and the management authority 
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CHAPTER 4* 

ILLEGAL HARVESTING AND LIVESTOCK GRAZING THREATEN THE 

ENDANGERED ORCHID DACTYLORHIZA HATAGIREA (D. DON) SOO IN 

NEPALESE HIMALAYA 

Abstract 

Harvesting of orchids for medicine and salep production is a traditional practice and 

its increasing market demand is spurring illegal harvest. Ethno-ecological studies in 

combination with the effect of anthropogenic disturbance is lacking for orchids. 

Population density and structure, and tuber biomass of Dactylorhiza hatagirea (D. 

Don) Soó were compared for three years in two sites: Manang, where harvesting of 

medicinal 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 (3×3 m2) from 3400 to 4600 m 

elevations. Semi-structured interviews were conducted with informants (n = 186) in 

the villages and at the ecological survey sites. Mean density of D. hatagirea was 

significantly higher in the locally protected (1.31 ± 0.17 plants/m2) than in the 

unprotected (0.72 ± 0.06 plants/m2) 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<0.1) of relative 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 unprotected site. Interview results showed that at the 

protected site people are aware of the conservation status and maintain sustainable 

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 

livestock grazing, thus indicating the need for regular monitoring of the species. 
                                                 
* Chapagain, D.J., Meilby, H., Baniya, C.B., Magar, S.B. & Ghimire, S.K. (2021). Illegal harvesting 

and livestock grazing threaten the endangered orchid Dactylorhiza hatagirea (D. Don) Soo in 

Nepalese Himalaya. Ecol 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 become extinct every year, mostly due to 

anthropogenic habitat deterioration and fragmentation, invasion alien species, 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 (Jacquemyn et al., 2005a; Kull & Hutchings, 2006; Pimm et 

al., 2014; Di Marco et al., 2018). The Orchids typify the problem faced by the 

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 sensitivity to environmental changes (Vakhrameeva et al., 2008), and 

are at greater risk of extinction than most other plant groups (Kull & Hutchings, 2006; 

Warghat et al., 2013; IUCN, 2020). Human-mediated disturbances, mainly harvesting 

and habitat destruction, fragmentation or loss of habitats are the most significant 

threats to the survival of orchid populations (Saunder et al., 1991; Laurance & 

Bierregaard, 1997; Ehrlich, 1998; Zhang et al., 2019). Also, increasing human 

activities 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 micro-climatic conditions and introduction of pests and 

diseases (Light et al., 2003; Fay et al., 2015). Disturbances may interrupt interspecific 

interactions leading to reduced reproductive output and eventually altering the plant 

demographic dynamics (Steffan-Dewenter et al., 2006). Studies have shown that, 

generally, the magnitude of disturbance impacts on plant populations depend on plant 

life stage and features of their reproductive system (Calvo, 1990). In the case of 

orchid populations, the severity of disturbance impacts also depends 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 production and dispersal, recruitment, 

availability of mycorrhizal fungi and appropriate environmental conditions 

(McCormick & Jacquemyn, 2014). However, in case of the small orchid populations 
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the seed output may be insufficient to ensure their long-term persistence (Faast et al., 

2011). The life stage dynamics of orchid populations further depend on the elevation 

of their habitat. Environmental conditions and interactions associated with elevation 

play a significant role in the composition and distribution of orchid populations 

(Jacquemyn et al., 2005; Djordjevic et al., 2016; Djordjevic et al., 2020; Djordjevic & 

Tsiftsis, 2020). Alpine and subalpine grassland suffer from reduced nutrient 

availability and harsh environmental conditions, and plants growing in these habitats 

presumably develop adaptive coping strategies (chapter 2). Disturbance regimes, like 

harvesting, grazing, trampling, and fire also play influential positive (Chen et al., 

2014; Dai et al., 2019) or negative (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 affect reproduction, survival and growth, and thereby also affect plant 

population dynamics (Ticktin, 2004; Ghimire et al., 2005; Ghimire et al., 2008; 

Gaoue et al., 2013; Huai et al., 2013). The extent of harvest impacts on plant 

populations, however, varies depending on habitat conditions, plant growth strategies, 

regeneration patterns, and microbial interaction, such as mycorrhizal association 

(Gaoue et al., 2013; Ticktin, 2015). 

Inherently slow growth, high habitat specificity, dependency on pollinators, need of 

mychorrhiza for reproduction and germination, narrow range of ecological 

substitution options, unsustainable exploitation and climate change are major 

challenges for the growth and development of orchids, such as Dactylorhiza hatagirea 

(Hinsley et al., 2017; Reiter et al., 2017; Yeung, 2017; Hutchings et al., 2018; 

Rasmussen & Rasmussen 2018; Dhiman et al., 2019; Shrestha et al., 2021). 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 

(CAMP, 2001). According to the Forest Act of Nepal (2019), collection, use, sale, 

trade and export of D. hatagirea is prohibited and is strictly protected species in list I 

of Government of Nepal (GoN, 2011). It is also listed under appendix II 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 towards 

extinction (Manandhar, 2002). 
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Given that many orchids like D. hatagirea are currently threatened or endangered, a 

better understanding of the factors that influence 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 parameters (Margules & 

Pressey, 2000). Disentangling factors determining successful orchid establishment 

and its persistence under changing conditions is a major challenge. For the long-term 

conservation of endangered orchids, the development of concrete conservation 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 (Tsiftsis et al., 2011; 

Mincheva et al., 2018; Charitonidou et al., 2019), and more attention should be paid 

to the management of existing sites of orchids (Stipkova & Kindlmann, 2015). 

Thus, the objectives of this chapter 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 anthropogenic disturbances, (b) study the impact of 

elevation and anthropogenic 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. hatagirea and assess peoples’ perception of its 

status. 

To meet these objectives, locally unregulated site was identified in the western part of 

Nepal and a well-managed, locally regulated site in the central part of Nepal. At each 

site, a survey among local people was carried out and permanent plots were 

established at different elevations. 

4.2 Materials and methods 

4.2.1 Study area 

The study of D. hatagirea 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 
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strip of land separating Annapurna Conservation Area (ACA) and Manaslu 

Conservation Area (MCA) in Manang District, north-central Nepal (Figure 10). 

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 Department of National Parks and Wildlife Conservation (DNPWC) 

of the Government of Nepal, and due to poor implementation of regulatory 

mechanisms the human exploitation of natural resources at this site is very heavy 

(Pyakurel et al., 2018). Further, the local community 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, 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 2100 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, D. hatagirea, Fritillaria  cirrosha, 

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 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 people 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 locally “protected site”. 
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At the protected site in Manang the climate varies from temperate 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 (Subedi & Chapagain, 2011; Chhetri, 2014). 

 

These study sites differ slightly with respect to edaphic, topographic and substrate 

conditions. Both the sites have loamy soil rich in herbs, grasses, mosses, lichen and 

litter. D. hatagirea is found in slopes ranging between 1-66°. The sites do not vary 

much in terms of relative radiation index (RRI) (Appendix II). 

The sites vary greatly in terms of anthropogenic disturbances. The unprotected site is 

subjected to higher anthropogenic pressure as revealed by higher disturbance scores 

(harvesting, grazing, trampling and animal droppings) than observed at the protected 

site. 
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4.2.2 Study species 

Dactylorhiza hatagirea (D. Don) Soo 

Dactylorhiza belongs to the family orchidaceae and the genus has approximately 75 

sepcies in the world. Two of the species are recorded from Nepal. Dactylorhiza 

hatagirea hereafter D. hatagirea is locally known as Panchaunle (‘five fingered 

hand’). It is distributed in Nepal, India, Bhutan, Pakistan, China, Afganistan and 

Mangolia (Ghimire et al., 1999). It prefers growing in wet places with high soil Ca 

content (Thakur et al., 2021) along forest margins, shrubby slopes, wet meadows and 

marshy places at an elevation ranging between the elevation of 2800- 4600 m 

(Ghimire et al., 2021). 

It is an erect perennial herb (30-90 cm tall) with palmate tubers, 5-7 lanceolate or 

oblong leaves, which are progressively smaller towards the top and has a robust stem 

(Figure 11 left). Inflorescence ranges up to 15 cm long, with densely packed large 

number of flowers. Flowers are resupinate purple to light pink, arranged around the 

rachis resembling a hyacinth (Ghimire et. al., 2021). Capsules bear thousands of dusts 

like seeds. Seeds are minute and lack the storage reserve, i.e., endosperm impelling 

the orchid to depend partly on the mycorrhizal fungi Rhizoctonia for nutrition (Giri & 

Tamata, 2012; Warghat et al., 2014). The plant posses very slow rate of vegetative 

propagation and very poor natural seed germination, i.e., 0.2%-0.3% (Vij, 2001). 

The tubers of D. hatagirea (Figure 11, right) yield a high quality salep (a beverage 

made from the powder of orchid tuber) which is used as an aphrodisiac or a nutritive 

and restorative tonic and is also eaten raw as farinaceous food (Vij, 1995; Sood et al., 

2005; Watanabe et al., 2005; Baral & Kurmi, 2006; Thakur & Dixit, 2007). It is also 

used in the treatment of diabetes, chronic diarrhea, dysentery, cough, hoarseness of 

voice, paralysis, fractures, during convalescence and to correct malnutrition (Das, 

2004; Singh & Duggal, 2009). The whole plant posses anti bacterial properties and is 

used in curing various bacterial diseases (Ranpal, 2009). 

The secondary metabolites such as dactylorhins A–E, dactyloses A–B, glucosides, 

starch and albumin present in the plant are responsible for the wide spectrum of 

pharmacological activities (antioxidant, antimicrobial, antiseptic, anticancer, and 

immune enhancing activities) (Kizu et al., 1999; Lama et al., 2001; Wani et al., 

2020). Recent findings indicate that D. hatagirea also has anti-cancerous properties 
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(Popli & Sood, 2017). The plant also acts as a good indicator of environmental quality 

(Kindlmann et al., 2006). 

The salep produced from its tuber has spurred its market value which has promoted its 

illegal harvest (Subedi et al., 2013). Incessant overexploitation resulted in the 

dwindling of its populations in the wild. Overexploitation, illegal trade, habitat 

destruction, and climate change are the major threats to its survival (Shrestha et al., 

2021). 
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4.2.3 Sampling design used in the vegetation survey 

This study was carried out between 2015 and 2017 to understand the population 

dynamics of D. hatagirea in unprotected site (Darchula) and protected site (Manang). 

Here, vegetation was sampled in two ways: (i) to meet the first objective regarding 

variation in the populations over time three permanent plots (20 × 20 m) were 

established in each population at the two study sites. (ii) Similarly, to meet the second 

and third objectives regarding impacts of environmental variables on population 

density a total of 144 temporary plots (3 × 3 m), 72 at each site, from the lowest to the 

highest elevation to cover the whole distributional range of D. hatagirea at the study 

sites was established. 

In each site three fairly dense populations (with all four stages) were subjectively 

identified. In each population, three randomly located permanent 20 m × 20 m plots 

were established and each plot was divided into four 10 m x 10 m subplots. In each 

subplot all individual plants were tagged in 2015, categorized with regard to life stage 

and monitored in 2016 and 2017. 

Temporary plots were established using the methods described in chapter 2. At each 

site three populations of D. hatagirea were identified along an elevation gradient 

ranging from 3400–3900 m along the Upper Chamelia valley of ANCA and 3400-

4600 m along the Gyasumdo valley in Manang (Figure 10, Appendix II). In each 

population four transects were established at a minimum vertical distance of 

approximately 100 m. In each transect six (3 m × 3 m) plots at a minimum horizontal 

plot to plot distance of 10 m were established. Each plot was divided into nine 1 m × 

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), non-vascular 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 dropping) scores ranging from 0 (none) to 4 (very high) were 

recorded for each subplot after careful observation of the evidence, e.g., large holes 

caused by excavation, wilted or fresh uprooted aerial parts, tuber fragments, browsed 

plant parts, defoliated aerial parts and animal droppings. 
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The individual plants were classified into four life stage classes based on the number 

and size of leaves and presence of reproductive structures. The four stages are: 

seedlings (Sd; leaf breadth ≤ 1 cm, leaf number = 1-2), juveniles (Jv; leaf breadth ≥ 1 

cm, ≤ 2cm, leaf number = 2-3), vegetative adults (Adv; leaf breadth ≥ 2 cm, leaf 

number > 2, non-flowering) 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, fifteen mature individuals from each population at the 

two sites were selected and recorded the reproductive traits (number of flowers and 

fruits). For the estimation of dry biomass of tubers, the weight of fifteen dried tubers 

of D. hatagirea from the local MAPs collectors were recorded. 

4.2.4 Interview survey 

Semi-structured interviews were conducted during 2015-2017 among 117 persons in 

the unprotected site (Darchula) and 69 persons in the protected site (Manang). 

(Details in chapter 2) 

4.2.5 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°- Ω) × sin(β) × sin(Φ) + cos(β) × cos(Φ), 

where Ω is aspect (slope azimuth in degrees), Φ is latitude (degrees) and β is slope 

inclination (degrees). 

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 populations in each of the two sites using one-way 

ANOVA. 

Direct field observations confirmed the plant as rare in the study site and it is 

therefore expected that the data collected would exhibit a large number of zeros. 

Different model alternatives were tried but based on the Akaike Information Criterion 
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(AIC) the best fit was obtained using mixed Zero-inflated Poisson (ZIP) models. The 

mixed ZIP model allowed to analyze relationships between density of D. hatagirea 

plants at different stages and a set of independent variables including population, 

cover of shrubs or herbs, relative radiation index (RRI), and anthropogenic 

disturbance indicators such as harvesting, trampling, grazing and animal droppings. 

Ten sets of candidate models were prepared using the glmmTMB package (Appendix 

VI) 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). 

In practice, the final average models were prepared using five models 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 stages. The full models were in 

all cases expressed as: 

Density (of a particular stage of D. hatagirea) = a + b (population) + c1RRI ij + c2 

Herb cover ij + c3 Harvesting ij + c4 Trampling ij + c5 Grazing ij + c6 Animal dropping ij 

Where a (intercept), b (population) and c1…c6 are fixed model parameters. i = 1…144 

is the plot (included as a random effect), j = 1…4 is the subplot. The population 

variable had six categories, three at each site (see Study area in chapter 1). 

Confounded variables were excluded from the analysis. 

4.3 Results 

4.3.1 Variation in population density and structure 

The population density of D. hatagirea at the unprotected site ranged from 0.60 to 

0.79 individuals/m2 while the density ranged from 0.70 to 2.16 individuals/m2 at the 

protected site. Population densities were highest in mid-elevation populations at both 

sites (Table 8). 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 8). At the protected site, the variation of density among the 

populations was significant (Kruskal Wallis test, P<0.05), overall and for all stages 

except the adult vegetative stage, but at the unprotected site there was no significant 

variation among populations (P > 0.05). 

The population structure varied between the sites (Figure 12). For all populations, the 

proportion of seedlings was lower at the unprotected site than at the protected site. 

The proportion of juvenile and adult vegetative plants was highest at the unprotected 
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site while the proportion of the adult reproductive stage was highest at the protected 

site. Comparing the 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 13). 
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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 (number of flowers, number of fruits, and total reproductive output 

per individual) were found to decrease from the lowest to the highest elevation at both 

sites (Table 9). 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 unprotected site and 

increasing tuber production at the protected site (Figure 14). 
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4.3.3 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<0.001) and 

adult vegetative (P<0.05) stages. Herb cover showed significant positive effects 

(P<0.05) on the juvenile and adult vegetative stages. The relative radiation index had 

a weakly significant negative effect (P<0.1) on the density of the adult vegetative 

stage. The zero-inflation model component was significant only for the adult 

reproductive stage (Table 10). 

The interaction effects of harvesting and grazing within population among the sites 

indicated that unprotected populations show significant negative effects of harvesting 

and grazing, while the effects were not distinct for the protected populations. The herb 

cover did not show any significant effects within populations among the sites (Table 

11). 

4.3.4 Interview survey 

About forty-three per cent of the MAPs users interviewed at the unprotected site (n = 

117) were aware that the harvesting of D. hatagirea was strictly protected, seventy 

one percent were aware of its use value, five per cent were aware of its population 

ecology, 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 per cent of the informants 

claimed that illegal harvesting of D. hatagirea was a common practice and that the 

population had decreased drastically over the last few decades in the unprotected site. 

They further disclosed that there are illegal traders in the district headquarters of 

Darchula who motivate MAPs 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 500-1000 mature plants are harvested. 

Eighty-one per cent of the informants were of the view that the major source of their 

livelihood is MAPs collection. 
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At the protected site, about ninety three percent of the MAPs users interviewed 

(n = 69) were aware of the harvesting ban, ninety-eight percent were aware of the 

species’ use value, nineteen precent 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. Interview results also 

revealed that none of the families totally rely on MAPs collection for their livelihood 

as they had access to income from the flourishing tourism. It is also observed that 

awareness programs were run at community level about the sustainable use of 

available MAPs. Further, they also used a specific grazing and trampling route to 

protect sensitive plants from damage. 
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4.4 Discussion 

The study is the first of its kind in this region, but similar research on Dactylorhiza 

sambucina has been done in Epirus, Greece (Charitonidou et al., 2019). The present 

work provides results based on a mediun-term (three years) study from the Nepal 

Himalaya and should therefore be of significance to the conservation management 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. 

4.4.1 Variation in population density and structure 

A maximum population-level mean density of 1.31 plants/m2 was recorded at the 

protected and 0.72 plants/m2 at the unprotected site. The population density at the 

protected site was thus roughly twice as large as for the unprotected site. Particularly 

low proportions of seedlings and adult reproductive plants observed at the unprotected 

site could be due to over-harvesting 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. 

Low proportion of seedlings at both the sites could partly be explained as a 

consequence of orchids being habitat specific and seedling establishment depending 

on a suite of environmental factors, which are rarely present at the same time and 

place (Sherfferson et al., 2020). The results compare well with previous researches as 

small populations have substantially lower viability compared to larger populations, 

and seedling recruitment rates can be considerably lower in small populations, which 

results in significantly lower population growth rate and density (Pellegrino & 

Bellusci, 2014; Hens et al., 2017). The low proportion of reproductive plants observed 

at the unprotected site compares well with observations made by Pellergrino & 

Bellusci (2014) for the orchid species Serapias cordigera, where human disturbances 

were noted to have a negative effect on the population size. The traditional practices 

of transhumance, harvesting, and habitat fragmentation are likely the major 

anthropogenic factors responsible for reducing the flowering density as well as the 
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population size of D. hatagirea in the unprotected site. Human induced disturbances 

like harvesting, grazing and fire have negative effects on population density and 

performances (McKinney, 2002; Aguilar et al., 2006) however, there are also 

examples of the opposite cases, and Chen et al. (2014) actually reported a positive 

effect of human disturbance on some orchid species. The results further suggest that at 

both sites the density of D. hatagirea reached a peak in mid-elevation populations 

(3799 m asl in the unprotected and 4046 m asl in the protected site). This might 

indicate that present sampling 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). 

4.4.2 Variation in the reproductive traits 

Reduced reproductive fitness in D. hatagirea was found at the unprotected site. 

Alterations due to anthropogenic disturbances in natural habitats often reduce the size 

and density of populations (McKinney, 2002; Aguilar et al., 2006). Anthropogenic 

disturbances increase the spatial distance between the plant populations as well as 

between individuals within a population, thereby disrupting insect movement between 

plants (Öckinger et al., 2009), decreasing pollinator abundance (Liu & Koptur, 2003) 

and altering their behavior 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, decreased out-

crossing in small, sparse populations may reduce population 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 development caused by 

breakage of inflorescences during heavy grazing and trampling. A long history of 

grazing and trampling at the unprotected site (DNPWC, 2015) might have resulted in 

the production of reduced or defective reproductive parts. Grazing is likely to affect 

D. hatagirea in numerous ways, both directly by damaging above-ground parts and 
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indirectly by changing habitat characteristics (light intensity, litter accumulation, 

temperature, etc.) and interaction with other individuals or species (intra- and inter-

specific 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 consequence of inadequate pollinator visitation in small populations, 

resulting in insufficient pollen transfer, poor pollination and lower seed set (Tremblay 

et al., 2005; Smithson, 2006; Xia et al., 2013). By contrast, larger populations of 

plants are likely to be more attractive to pollinators, resulting in higher visitation rates 

and therefore higher pollination success (Mustajärvi et al., 2001). Habitat 

fragmentation and disturbance lead to the interruption of interspecific interactions, 

indirectly causing changes in plant demographic dynamics via reduced reproductive 

output (Steffan-Dewenter et al., 2006; Sherfferson et al., 2020). Some studies have 

shown that plants 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 existed 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 huge influx 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 when D. hatagirea also emerges. 

The resulting trampling presumably 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; Kreouzi 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 
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(Korner, 2003). With increasing elevation, changes in pressure, temperature, wind 

speed, UV exposure, and soil properties have been shown to affect different 

phenological and morphological properties of plants (Hodkinson, 2005; Djordjevic & 

Tsiftsis, 2020), thus also influencing growth and reproductive performance. The 

decreasing number of reproductive parts observed along the elevation gradient could 

be further attributed to the time of flowering, which is influenced by the ambient 

temperature and the timing of the snow melt (Kudo & Hirao, 2006). 

4.4.3 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, altitude, slope and aspect (Bulafu et al., 

2007; Djordjevic et al., 2016; Djordjevic et al., 2020). This study recorded a very 

weak negative effect of the Relative Radiation Index (RRI) on the adult vegetative 

density (P<0.1) of D. hatagirea. Although the effect is weak, it may indicate that D. 

hatagirea prefers growing in humid places. Mixed ZIP models revealed a significant 

positive effect of herb cover on the juvenile and adult vegetative density. It may be 

possible to explain this as a consequence of the 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) showed that the current level of 

collection of Dactylorhiza sambucina in Greece is not significantly 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 harvest 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 
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prevailing disturbance practices (grazing, trampling and over-exploitation) 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, especially harvest, played a crucial role as determinants 

of the density and structure of Neopicrorhiza scrophulariiflora populations. 

4.4.4 Local communities’ perception 

I 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 territory (NTNC, 2016) and this helps to maintain a 

low harvesting pressure 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 conservation awareness and promote 

sustainable use of natural resources (Baral & Heinen, 2007). 

In contrast, in the unprotected site there is no strict local protection system and people 

from outside ANCA are also allowed to harvest MAPs. The local MAPs users were 

also found 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 MAPs users were found to engage 

in over- harvesting of D. hatagirea, and selling it to local traders (Pyakurel et al., 

2018) despite the local legal acts protectio of D. hatagirea. 

Additionally, a group of locals at the unprotected site has the view that the 

uncontrolled influx of unaware collectors from different parts of the country 

exacerbates the exploitation of the alpine vegetation. The prevailing unhealthy 

competition of MAPs collection among the collectors in the unprotected site 

sometimes terminate in social conflicts 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. 
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4.5 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 conservationt of D. 

hatagirea populations 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 populations 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 

unprotected site. Moreover, disturbances have the potential to cause a reduction in 

number of recruits and adult individuals (both vegetative and reproductive) as 

intensive destructive harvesting techniques are used at the unprotected site, 

irrespective of life stage and maturity. Coupled with other prevalent disturbances, the 

intensive and destructive harvesting may lead to local extinction of the species. 

Therefore, a good strategy for long-term conservation of the species would involve 

strengthening people’s knowledge about the population ecology of D. hatagirea, 

provide regular awareness program, increasing the enforcement of current regulations 

and introducing permanent monitoring of the populations. This study also 

recommends that governmental and non-governmental organizations working in the 

field of conservation help identifying alternative sources of income for the locals at 

the unprotected site, 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. 
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CHAPTER 5 

POPULATION DYNAMICS OF AN ENDANGERED ORCHID Dactylorhiza 

hatagirea (D. DON) SOÓ IN NEPALESE HIMALAYA: EFFECTS OF 

HABITATS AND HARVESTING  

Abstract 

Explaining the variation in population growth rate and identifying the causes of that 

variation is important for effective conservation of endangered species. In this study, 

population dynamics of an endangered medicinal orchid, Dactylorhiza hatagirea was 

studied and its current status was evaluated in two sites, one protected from 

commercial harvesting by the locals (Manang) and the other unprotected (Darchula) 

and thus receiving high harvesting pressure from commercial collectors. In the 

unprotected site, further comparison of population demography was made in wetland 

and grassland habitats. Matrix projection models, based on three years of data of 

seven populations (three in each site in grassland plus one wetland habitat in 

unprotected site), were used to identify the patterns of variation in the demographic 

vital rates of this species. Demographic data included 3-year observations on growth, 

fecundity and survival of individuals classified by size. Transition probabilities for 

stage-based population projection matrices varied between populations and among 

years. The population growth rate (λ) was 0.826 and 0.553 in the unprotected site, and 

1.166 and 1.003 in the protected site for the transition year 2015/2016 and 2016/2017, 

respectively. The wetland and grassland habitats in the unprotected site had λ of 0.847 

and 0.826 respectively, in 2015/2016 and 0.780 and 0.553 respectively in 2016/2017. 

The elasticity analysis showed that the stasis in the juvenile stage in unprotected site, 

and reproductive adult stage in protected site contributed most to λ. Numerical 

simulations were performed by changing the value of specific matrix entries and 

directly evaluating the effect on λ. Population growth rate reached values above unity 

only when fecundity was increased 10-fold in unprotected grassland populations. 

Further, the wetland population in unprotected site required 25-fold increase in 

fecundity to reach the population growth rate of unity. 

Management should focus on the maintenance of existing populations by maintaining 

the seeding recruitment rate in the protected site and increasing it in the unprotected 
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site. The wetland populations should be conserved with great focus on increasing the 

existing fecundity. Given the limited range and low population density of the species, 

this study supports management practices aimed at increasing seedling germination 

and establishment success. The results recommend that in the protected site very 

limited harvesting (10%) can be allowed for local use. In unprotected site commercial 

harvesting should be strictly banned for certain period of time. 

Keywords: Demography, fecundity, population growth rate, rotational harvest 

5.1 Introduction 

Explaining variations in population growth rate and identifying the underlying causes 

is critical for effective conservation of an endangered species like Dactylorhiza 

hatagirea (Thakur et al., 2020). Population dynamics studies are an important 

foundation for understanding the future of plant populations and allowing predictions 

about the impact of different disturbance regimes and habitats on plant population 

performance.  Disturbance regimes including over exploitation, habitat fragmentation, 

climate change and herbivory play crucial roles in altering the life history stages and 

population dynamics of plant species (Shrestha et al., 2021). Harvesting of MAPs 

affects survival, growth and fecundity and thereby also affects population growth rate 

and dynamics (Ghimire et al., 2008). 

The transition matrix model is a commonly used technique to describe the population 

dynamics of endangered plants, predict future viability, and apply the results to 

sustainable management (Crone et al., 2013; Caswell, 2001). Matrix models have also 

been used to determine the population growth rates, life expectancy and population 

extinction risk, and to identify the specific vital rates that are most likely to influence 

the population growth rate. This approach integrates the effects of management on the 

life history components (survival, growth, reproduction, mortality) and population 

dynamics (Kaye et al., 2001). 

Further, these techniques can be applied to assess impacts of harvesting on life-history 

processes, identify optimal harvest regimes, disentangle the role of habitats and other 

factors and devise sustainable and profitable management plans for various plant 

species (Ghimire et al., 2008; Schmidt et al., 2011; Mondragón Chaparro & Ticktin, 

2011; Klimas et al., 2012). However, the fact that collecting detailed demographic 
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data is very laborious and time-consuming hinders the wider application of transition 

matrix models. It is therefore appealing to use knowledge on population dynamics and 

resulting conclusions on optimal management obtained from one region (and/or 

species) to other regions and/or to closely related species. Different management 

regimes may serve as potential drivers of local adaptations and variations in grassland 

plant life histories. Much of the previously generated demographic information is now 

being used for all kinds of purposes, from management plans (Olmstead & Alvarez-

Buylla, 1995) to life history analysis and conservation guidelines (Silvertown et al., 

1993, 1996). Demographic studies also play an important role for evaluating the 

response of orchid populations to external factors, particularly management 

(Shefferson et al., 2001; Ke´ry & Gregg, 2003, 2004). Orchids can exhibit large inter-

annual variations in mortality, fecundity, and other vital rates (Hutchings, 2010). 

Terrestrial orchids typically remain dormant for one or many years, emerging from a 

dormant state in a vegetative or flowering state, with only a limited proportion of 

plants growing above ground each year (Reintal et al., 2010). 

Anthropogenic disturbances like harvesting, grazing and trampling are threatening the 

populations of many Himalayan orchids including D. hatagirea and achieving a 

sustainable harvest is a great challenge (Thakur et al., 2020). Even at low harvest 

intensities the exploitation of the species is likely unsustainable as the prevailing 

harvesting is destructive irrespective of life stage (chapter 4). Given that many orchids 

are currently endangered or on the verge of extinction, a better understanding of the 

factors driving orchid population dynamics will be important to their long-term 

conservation. 

D. hatagirea (D. Don) Soó is an endangered medicinal orchid with high medicinal 

value. It has a restricted distribution range from 3400 m to 4600 m above sea level (m 

asl) in the Himalayan region. The species is found in loamy soil (chapter 4) at an 

elevation of 3400 to 4600 m asl in Manang district, north-central Nepal, 3600–4200 m 

asl in Darchula district, north-western Nepal, and in similar ranges in other parts of 

the Himalaya. D. hatagirea is generally found in populations with a relatively low 

density, e.g., 1.31 plants/m2 in protected site (Manang) and 0.72 plants/m2 in 

unprotected site (Darchula) (chapter 4). The species is endangered across its entire 

distribution range, and is of interest for nature conservation efforts in all countries 
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within its range. It's populations are highly threatened due to anthropogenic 

disturbances. However, local participation in conservation activities emphasizing 

MAPs offers some protection of populations in some parts of Nepal, e.g., Manang 

(chapter 4). 

Long-term studies pertaining to population dynamics of endangered plant species, 

especially orchids are very scarce in Nepal and this has hampered the process towards 

devising conservation strategies and actions. Government of Nepal has listed D. 

hatagirea as a protected species under the Forest Act (2019), but due to poor 

implementation and enforcement of the law and the existence of lucrative markets for 

tubers of the species, local harvesters are heavily involved in illegal harvesting and 

trade for their livelihoods. The rugged topography, difficult terrain and lack of 

transportation facilities in the high mountainous region of the country are the 

hindrances for the government authorities to reach to the growing site where D. 

hatagirea is actually harvested and traded. Due to this the implication of government 

laws and policies in the ground level is very weak. This is one of the major factors 

that hinder the prevention of illegal harvest of D. hatagirea tubers. 

Habitat modification, climate change, and over-harvesting for ornamental or 

medicinal values are the factors thought to increase the vulnerability of orchid species 

(Swarts & Dixon, 2009; Wraith et al., 2020). How orchids became endangered and 

how their fate is linked to demographic characteristics is still poorly understood. 

Better predictive and explanatory models are needed to study the vulnerability and 

extinction risk of orchids. The forecasting of extinction has been an important aspect 

of conservation biology, since habitat loss, introduced organisms, and over-

exploitation of natural populations have long been a concern (Pimm et al., 2014). In 

recent decades, the issue of climate change has placed new emphasis on extinction 

threats (Thomas et al., 2005). However, studies of disturbance and habitat impacts on 

the population dynamics of endangered plant species are scarce in the 

Himalayas. Some studies, like Ghimire et al. (2008) and Rokaya et al. (2017) have 

explored the effects of harvesting on population dynamics of threatened Himalayan 

species in multiple habitat types and have stressed the importance of such long-term 

research for other endangered species. 
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Orchid species conservation priorities seem to be confused. For orchids, the current 

state of the art is to assess population health based on adult population and their 

geographic range. However, despite the growing awareness and surveillance of 

endangered orchids, little research has been done from a demographic perspective. 

Demographic variation of an endangered orchid D. hatagirea were compared in six 

populations, three exposed to high anthropogenic pressure (Darchula district) and 

three experiencing very little anthropogenic pressure (Manang district). The 

demography of D. hatagirea was also compared in two contrasting habitats, grassland 

and wetland, in unprotected site and sustainable management strategies suggested by 

the present results were proposed. This research is based on multiple-season data from 

the higher Himalayan ranges of Nepal. 

The main objective of this study is to describe the life cycle characteristics and the 

population dynamics of D. hatagirea. Specifically, (i) to explore its population 

dynamics, (ii) to contribute knowledge and evaluate the most important events in the 

life history, (iii) to disentangle the role of habitats (grassland and wetland) in the 

population demographics, and (iv) to predict the present sustainable harvest level of 

the species in the study sites. 

5.2 Materials and methods 

5.2.1 Study area 

The demographic study of D. hatagirea was carried out in three different populations 

each in north-central (Manang district) and four different populations in north-western 

(Darchula district) Nepal (Figure 10). Manang populations were protected from 

commercial harvesting, but the Darchula populations received high harvesting 

pressure from commercial collectors. Due to contrasting levels of anthropogenic 

disturbances, these two sites were regarded as locally protected (Manang) and locally 

unprotected (Darchula) on the basis of degree of local participation on the 

conservation of MAP resources (chapter 4). The study sites are almost similar in 

topographic and edaphic factors (Appendix II). In protected site, all the three 

populations of D. hatagirea occur in grassland habitat. In unprotected site (Darchula), 

three populations from grassland and one from wetland habitat were selected (details 

in chapter 4). 
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5.2.2 Demographic data 

Demographic data in all the seven populations (ranging in elevation from 3400 to 

4600 m) of two sites were collected during 2015-2017. All the plants found within 21 

permanent 20×20 m plots which were divided into eighty-four 10×10 subplots (thirty-

six in each site, plus twelve in wetland habitat in Darchula) were located, numbered 

and tagged in each population on both the sites during June-July 2015 (n = 1316 in 

unprotected site, and 2488 in protected site). A light aluminum plate (3×3 cm) having 

individual identity number was used to tag each individual. Each tag was tied with the 

aid of a short twisting wire in a bamboo stick; the latter was inserted deep into the soil 

at the close vicinity of the plant taking enough care so that the stick will not damage 

the plant and its tuber. The purpose of tagging was to identify each individual to be 

re-measured a year after. In 2015, 2016, and 2017, all the available demographic 

parameters for each individual, viz., plant height (for adult reproductive), number of 

leaf, length and breadth of the largest leaf (in all the individuals), stem girth (5 cm) 

above the ground, only for adult reproductive), were recorded. During the fruiting 

season of each study year, inflorescence length and the number of reproductive parts 

per plant (intact and aborted, buds, flowers and fruits) were recorded. Seed 

germination experiments were performed in 2015 by establishing three 1mx1m plots 

in close vicinity of each population, removed all the plants present there and dusted 

the seeds from 50 capsules of 5 matured plant individuals in each plot. As the result 

was not satisfactory it was not included in the analysis here. So, to calculate the 

fecundity measure the counts of seedlings in 2016 and 2017 were used and estimated 

the fecundity as the number of seedlings per adult reproductive plant. 

In a number of cases, where inflorescences were grazed prior to the data recordings, 

stem diameter of adults were measured and directly labeled those as adult 

reproductive as plants in other stages are smaller and do not produce thick stem. In 

2016 and 2017, all the tagged individuals were revisited (during June-July) to 

determine the number of intact, wilted and grazed (when entire inflorescence is 

removed), and partially damaged inflorescences. I also measured and recorded all the 

biological details in 2016 and 2017. A proportion (0.38% in unprotectes and 0.36% in 

protected site) of individuals in permanent plots were dormant at 2016 recordings, i.e., 

they did not produce aboveground parts. A number of individuals were found 

harvested in 2016 (n = 324) and 2017 (n = 591) in unprotected site and labeled them 
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as dead. To assess dormancy in 2016, I therefore revisited all populations in 2017 to 

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

individuals that were present in 2015 but absent in 2016, only 39 reappeared in 2017 

(from the unprotected populations). Similarly, out of 338 individuals present in 2015 

but absent in 2016 only 121 reappeared in 2017 (from the protected populations). 

Higher proportions of plants in juvenile stage showed a tendency of entering into 

dormancy at both the sites (24 and 76 individuals in unprotected and protected site, 

respectively). 

5.2.3 Matrix construction 

Stage-based population projection matrix models (Lefkovitch, 1965) were constructed 

for all individual populations using a life cycle graph (Figure 15) to estimate 

demographic parameters. I used plant size measures and presence/absence of a flower 

stem to classify individuals of D. hatagirea into four stage classes (seedling, juvenile, 

adult vegetative, adult reproductive (details in chapter 4) In addition, dormancy stage 

was added as an additional classification (when the plant remains dormant in 2016) 

and a state known as “dead” when plants were uprooted or remained dormant for the 

two consecutive years (Table 12). 

Table 12: Criteria of Stage categories used to describe the demography of Dactylorhiza hatagirea 

Life cycle stage Abbreviation No. of 
leaves 

Breadth of 
largest leaf 

Stem Remarks 

Seedling n Sd 1 to 2 ≤ 1 cm Absent  

Juvenile Jv 2 to 3 >1, ≤ 2 cm Absent  

Adult vegetative Adv more than 2 > 2 cm Absent  

Adult reproductive Adr more than 2 > 2 cm Present Flowering 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 censuses was constructed for each 

population by calculating the following demographic parameters: (i) the average 

number of seedlings produced per reproductive adult (F, fecundity); (ii) the 

proportions of individuals that survived and remained in the same size class (S, 

stasis); (iii) the proportions that survived and grew to a larger size class (P, 
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progression); and (iv) the proportions that survived but shrank into a smaller size class 

(R, retrogression). Each transition matrix was analyzed to calculate asymptotic 

population growth rates (λ) and stable size distributions (Caswell, 2001), and these 

quantities were compared across habitats and sites. The 95% confidence interval (CI) 

for each population growth rate value was estimated by the bootstrap percentile 

interval method (Caswell, 2001). 

 
Figure 15: Life cycle graph of Dactylorhiza hatagirea 

5.2.4 Matrix analysis 

It has not always been possible to determine with certainity whether plants that have 

not appeared in the final year of the study are dormant or dead. However, this 

information was necessary to enable estimating dormancy rates and maintain 

sufficient data for analyses. Confirmatory excavation of tubers was not possible due 

to the banned conservation status of the studied species. Therefore, it is arbitrarily 

assumed that all plants that did not appear in the final census in 2017 were dead, 

which may lead to underestimation of dormancy rates and overestimation of mortality 

rates. 

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

individuals in protected site from which the transition probabilities could be 

R42 
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estimated. Transition probabilities among size classes were calculated by calculating 

the relative frequencies of observed transition including death from year 1 to the next. 

Fecundities were estimated as the mean number of seedlings produced per 

reproductive plant. 

Matrix limit properties (i.e., the dominant eigenvalues and the right and left 

eigenvectors corresponding to population growth rates, stable stage distributions, and 

stage-specific reproductive values, respectively) were obtained using the statistical 

software package R (https: http://www.r-project.org/). The 95% confidence intervals 

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

From the right and left matrix eigenvectors the sensitivity of λ to changes in each 

matrix entry was computed (Caswell, 2001). From these values, elasticity matrices for 

the study periods (2015/2016 and 2016/2017) and population at each site were 

constructed. The elasticity evaluates the relative sensitivity of λ to relative changes in 

each matrix entry. Since the elasticity of the matrix sums to 1, each elasticity value 

can also be interpreted as the contribution of each matrix entry to the finite growth 

rate of the population (de Kroon et al., 1986; Silvertown et al., 1996; Caswell, 2001). 

Elasticity is therefore a useful tool from a conservation perspective, as it can identify 

the most vulnerable stages of a species' life cycle (de Kroon et al., 1986; Silvertown et 

al., 1996; Mills et al., 1999). 

5.2.5 Matrix simulations 

Numerical simulations were performed using the population projection matrix 

obtained for the period 2016/2017 to assess the potential impact of specific changes in 

specific matrix entries on population growth rate λ. Therefore, I multiplied the 

original fecundity estimates by various numbers from 5 to 30 to assess the impact of 

changing the fecundity values. 

I followed the fate of all individuals of D. hatagirea occurring in all the populations. 

The number of plants per population was 199, 443 and 674 in unprotected site and 

543, 989 and 956 (including seedling, juvenile plus adults) in protected site at the 

beginning of the experiment. Annual seedlings emergence was counted in all the plots 

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

experiment was not feasible within the short duration of the study. 

5.2.6 Life cycle and transition matrix model for Dactylorhiza hatagirea 

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

matrix where the matrix elements aij and Fij define transition from stage j to stage i 

within a time interval of one year. 

� ���⋮����� 	= 	 �
��� … ���⋮ ⋱ ⋮��� … ���� ∙ �

���⋮����� + �
��� … ����⋮ ⋱ ⋮0 … 0 � ∙ � ���⋮����� 

The fate transition (aij) varies between 0 and 1, whereas ‘fecundity’ transitions (Fij) 

can have values greater than 1. Transition matrices are described in detail by Caswell 

(2001). Analysis of a projection matrix at asymptotic population growth yields the 

population’s finite growth rate; λ = n t+1 /n t, where nt is the size of the population at 

time t. It can be used to show how the population growth rate changes with a change 

in any matrix element aij. Elasticity, defined as the proportional change in aij, was 

analyzed to compensate for differences in the absolute values of aij (deKroon et al., 

1986). The transition frequency table describes the fate of the individuals at each 

state, where the transition frequencies are the numbers (‘counts’) of individuals 

involved in each transition. 

The importance of fecundity on the sustainable population growth rate was measured 

in unprotected population. To do so fecundity was increased by a factor of 5, 10, 15, 

20 and 25 and compared changes in population growth rate. 

5.3 Results 

Decreased plant density was recorded in unprotected while it was almost constant in 

protected populations (chapter 4). Tables 13 and 14 show the transition matrices for 

unprotected and protected grassland populations respectively obtained for 2015/2016 

and 2016/2017. Along with the matrices the population finite rate of increase (λ) and 

the size-specific reproductive values (V) are presented. The λ values of the two 

matrices were lower than unity for unprotected but above unity for protected 

populations during both the transitions. 
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Distinct variation in recruitment was not recorded among the sites and years but 

recorded higher population growth rates in protected than in unprotected (Table 13 

and 14). The protected population showed increasing population growth rate (λ >1), 

whereas unprotected populations showed decreasing population growth rate (λ < 1) 

(Table 15). The wetland population in unprotected site also showed decreasing 

population growth rate (Table 16). The λ value in protected site indicates that, under 

current conditions, approximately 10% of the individuals can be harvested without 

exceeding their reproductive capacity, whereas harvesting in unprotected site will lead 

to further decline as these populations are already suffering from an unsustainable 

harvesting pressure. Under these conditions the fecundity value in unprotected site 

must be increased 10-fold to maintain the sustainable size of the populations. The 

wetland population of unprotected site is even more vulnerable to extinction as it 

requires a 25-fold increase in fecundity to reach a population growth rate of λ = 1. 

Mortality in unprotected populations was irrespective of size class and was basically 

caused by destructive harvesting, whereas the mortality was found closely related to 

size class in protected populations (Table 13 and 14). The seedling stage showed 

highest probability of dying among the stages in both the sites. However, the 

mortality rate of other stages was higher in unprotected populations as compared to 

protected populations (Table 13 and 14). 

Number of recruits of the juvenile stage is higher in both the sites and during the 

years. The populations’ size structures observed in 2015 and 2016 were characterized 

by a relatively higher frequency of juvenile plants and non-reproductive adults and a 

lower number of seedlings and reproductive adults in unprotected populations while 

the protected population is characterized by higher frequency of juveniles and 

reproductive adults. Non-reproductive adult individuals made up approximately 32% 

of the populations and approximately 3% of the individuals were dormant in 

unprotected populations. In protected site juveniles and reproductive adults 

constituted approximately 30% of the population and approximately 6% of the 

individuals were dormant. 
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Table 13: Population projection matrices of unprotected site during 2015–2016 and 2016–2017 

λ = 0.826 

 Life cycle stage 2015 

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

Sd     NA 0.164 1.000 2.049 0.332 2.916 

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 0.083       

N 43 444 349 317 102      

M 0.369 0.230 0.251 0.231       

 λ = 0.553 

 Life cycle stage 2016 

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

Sd      0.164 1 3.68 0.110 2.296 

Jv 0.140 0.171 0.103 0.072 0.236 0.424 1.290    

Adv  0.180 0.190 0.187 0.148 0.410 1.146    

Adr  0.031 0.080 0.149   1.172    

Dr 0.280 0.129 0.074 0.094   0.993    

N 24 227 280 89 125      

M 0.581 0.487 0.530 0.499 0.618      

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

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

individuals in each size category, M = mortality. Sd = Seedling, Jv = Juvenile, Adv = 

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

Generation time, Dar = Damping ratio, Ntr = Net Reproductive value 
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Table 14: Population projection matrices of Manang 2015–2016 and 2016–2017 

λ = 1.166 

Life cycle stage 2015 

Life cycle stage 2016 Sd Jv Adv Adr Dr Nr V 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 

N 433 908 448 660 

M 

λ = 1.003 

Life cycle stage 2016 

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

Sd 0.363 1 2.020 0.410 9.419 

Jv 0.602 0.497 0.110 0.120 0.224 0.508 1.204 

Adv 0.203 0.370 0.228 0.128 0.129 1.277 

Adr 0.134 0.420 0.603 0.006 1.331 

Dr 0.268 0.09 0.060 0.027 0.550 

N 96 936 662 975 175 

M 0.130 0.077 0.041 0.022 0.642 

Refer Table 13 for abbreviations 

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

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

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

demographic processes (stasis, progression, retrogression and sexual fecundity) and 

the six stage categories were studied. This elasticity analysis showed that the change 

in population growth rate was strongly affected by stasis in the juvenile stage in 

unprotected site and the adult reproductive stage in protected site (Table 16). 
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Table 15: Population projection matrices of unprotected wetland 2015–2016 and 2016–2017 

λ = 0.847 

Life cycle stage 2015 

Life cycle stage 2016 Sd Jv Adv Adr Dr Nr v 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 

N 5 60 35 83 

M 0.200 0.183 0.089 0.204 

λ = 0.780 

Life cycle stage 2016 

Life cycle stage 2017 Sd Jv Adv Adr Dr Nr v 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 

N 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 wetland habitat showed decreasing 

population growth rate (lambda = 0.84 and 0.74 in 2015-2016 and 2016-2017, 

respectively) with high number of recruits of the juvenile (Table 15). I found almost 

similar mortality rates among the seedling and adult reproductive stages (Table 15). 

The elasticity analysis showed that the stasis of the adult reproductive stage 

contributed most to the population growth rate in 2015-2016 transition, whereas in 

2016-2017 it was juvenile stage that contributed the most (Table 16). 
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Table 16: Elasticity Matrices of Dactylorhiza hatagirea in different populations in unprotected and 

protected site 

Unprotected grassland 

2015-2016 

Life cycle stage 
2016 

Life cycle stage 2015 

Sd Jv 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  

2016-2017 

Life cycle stage 

2017 

Life cycle stage 2016 

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 

2016 

Life cycle stage 2015 

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 

2017 

Life cycle stage 2016 

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 

2015-2016 

Life cycle stage 

2016 

Life cycle stage 2015 

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 

2016-2017 

Life cycle stage 

2017 

Life cycle stage 2016 

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 
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5.4 Discussion 

Our knowledge on the orchid longevity is limited because there are relatively few 

long-term population studies on orchids. Experimental application of harvest 

simulation is not possible for the endangered species D. hatagirea as harvesting is 

banned for this species and therefore this study applies an observational approach. 

Further, working in the difficult terrain is a great challenge. However, to achieve the 

conservation of the endangered species the challenges imposed by the endangered 

species must be addressed. The life history of orchids is relatively well understood 

qualitatively, but quantifying the dynamics and extracting a conservation message 

remains challenging. Although the life history of orchids is qualitatively understood, 

quantifying their dynamics and extracting conservation messages remains a challenge. 

Comparison of the response of D. hatagirea to harvesting was based on selecting two 

different sites with distinct harvest pressure. However, due to logistic limitations the 

effect of habitat was examined using a single population in unprotected site 

(Darchula). Despite these limitations, this study provided clear insight into the impact 

of habitat variation and harvesting on demographic processes and the population 

dynamics of D. hatagirea. 

5.4.1 Demography 

Wetland and grassland populations differed greatly in observed stage structure. 

Grassland populations at the unprotected sites consisted of a high proportion of 

juvenile-stage individuals, whereas wetland populations at this site contained similar 

proportions of juvenile and adult size class individuals. 

The proportions of seedlings were much lower in the wetland population. Habitat-

specific variation in germination traits is common to subalpine and alpine perennial 

herbs and is often related to spatiotemporal variation of seed availability, snowmelt 

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

Consistent with other studies, I found a strong size dependence of fecundity and 

survival in both populations (Drechsler et al., 1999; Méndez & Karlsson 2004, 

Ghimire et al., 2008). The higher fecundity of the grassland population might be due 

to higher flowering frequency and higher rate of seedling recruitment than in the 

wetland population. Mortality (natural) was highest for seedlings and juveniles, 
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particularly in the grassland, and lowest for the larger adults, however the mortality 

due to harvest was higher in grassland population (indicated by the holes and remains 

of the uprooted plants recorded during survival monitoring in 2016 and 2017) than the 

wetland as adults here are less vigorous with small sized tubers (personal 

observation). The stony substrates of grassland habitats, which have vastly different 

soil moisture and nutrient levels, may explain why seedling mortality compared to 

adult plants is higher than in wetland habitats. 

Orchids produce a huge number of seeds but have a low pre-reproductive survival 

rate. Difficulties in dispersal, failure in seed germination, and problems with 

establishment are factors that severely limit the survival to maturity (Shefferson et al., 

2020). A short growing season in alpine environments is an additional factor affecting 

seedling establishment. Only seedlings that reach critical size at the end of the first 

growing season are likely to survive the winter (Shimono & Kudo, 2003). High 

mortality, especially in the early part of life, is characteristic of different organisms in 

different taxonomic groups. Thus, a better understanding of orchids can therefore also 

help us understand the population dynamics of other high fecundity organisms. 

Conversely, other well-studied organisms with similar life strategies can shed light on 

important aspects of orchid ecology. 

The protected populations had higher proportion of adults (both vegetative and 

reproductive). Large adults are often numerically dominant in populations of 

perennial species (Cook, 1985), and populations growing in harsh environments often 

experience greatly reduced seedling recruitment (chapter 2). Mortality was highest in 

seedlings and juveniles and lowest in adults (vegetative and reproductive) in the 

protected population. Orchids belong to a group of highly fertile organisms, but have 

a correspondingly low pre-reproductive survival rate. All these organisms are 

essentially based on the same principle. They produce large numbers of offspring in 

the hope that some will reach adulthood, with much lower mortality thereafter. 

5.4.2 Population growth rate 

Deviation of the population growth rate (lambda) from unity is commonly used to 

explore how far the population dynamics is from the equilibrium. Growth rates of the 

grassland and wetland populations of unprotected site were significantly <1 in both 

years, indicating very slow population growth. Population growth rates did not differ 
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significantly from year to year in either habitat. Other studies have also reported small 

year-to-year variations in population growth rates, but large variations between 

habitats (Menges & Dolan, 1998; Ghimire et al., 2008). In contrast, growth rates in 

the protected populations were greater than 1 in both years, indicating positive 

population growth. 

Elasticity analysis showed that stasis of the juvenile stage had the highest contribution 

to the asymptotic population growth rate in both the grassland and wetland 

populations of unprotected site, followed by progression of seedling to juvenile and 

juvenile to adult vegetative and stasis of adult reproductive stage in unprotected 

grassland. In contrast, in the protected population, reproductive adult stasis 

contributed most to the asymptotic population growth rate, followed by stasis of 

juveniles.  High survival rates of adults and the tendency of adults to remain in the 

same stage from year to year (stasis) are also characteristic of other perennial species 

(Silvertown et al., 1993; Silvertown et al., 1996; Ghimire et al., 2008). Fecundity 

made a much smaller contribution to the population growth rate of the studied 

population. This study shows that large-adult stage, through its capacity for stasis, 

represents a critical life-history stage that strongly influences the population growth 

rate of the study population. 

5.4.3 Effect of harvesting 

Harvesting of underground plant parts can have a significant impact on the growth 

rate of plant populations (Rock et al., 2004; Ghimire et al., 2008; Rokaya et al., 

2017). It is found that harvesting of tubers affected most aspects (e.g., seedling 

density, fruit production, tuber size) of D. hatagirea (chapter 4). Harvesting had a 

significant impact on fecundity and growth of large individuals; it also significantly 

reduced population growth rate in unprotected populations. 

Additional disturbances that are common in unprotected site are trampling and 

grazing (chapter 4). These additional human disturbances may partly explain the 

decreasing population growth rate observed in the unprotected populations. Animal 

grazing can have a profound effect on orchid population dynamics. Removal of buds 

and shoots by grazing can significantly affect germination and flowering, and reduced 

photosynthetic capacity for one year can prevent plants from absorbing sufficient 

carbon stores for flowering the following year.  (Brzosko, 2002; Gregg, 2004). 
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Grazing intensity is also important and, for example, Gregg (2004) found that a 

moderately grazed population of Cypripedium reginae outperformed heavily grazed 

population in terms of equilibrium proportions of life stages, flowering and plant size. 

5.5 Implications for sustainable management and conservation 

Orchids are often the subject of conservation concern (Fay et al., 2015). The present 

results have many implications for conservation management of D. hatagirea. 

Although it is difficult to assess dormancy, it is clear that the unprotected population 

has not increased in number or spread over the past three years. Instead, flowering and 

emergence decreased in this population, while the opposite was true in the protected 

population. Understanding how plants and populations respond to harvesting is an 

integral part of a concrete foundation for conservation management. Harvest impacts 

on populations depend on their frequency and intensity, environmental conditions, 

and the viability and fertility of individuals after harvest (Ticktin, 2004; Ghimire et 

al., 2008; Rokaya et al., 2017). The results suggest that sustainable harvesting of D. 

hatagirea in unprotected grassland and wetland populations can only be achieved if 

fecundity can be increased by more than 10-fold and 25-fold, respectively.The 

protected populations showed positive population growth in both years of observation 

and under current conditions 10% of the protected population can be harvested 

sustainably. 

Severe overharvesting of D. hatagirea throughout the Himalayas threatens the 

stability of many natural populations (chapter 2), and therefore their cultivation and in 

situ conservation should be encouraged. However, environmental changes appear to 

influence how rapidly populations recover from harvest. Differences in growth rates 

in different habitats can have important conservation and socioeconomic implications 

(Ticktin & Nantel, 2004). In particular, population size, nutrient availability and 

management methods can affect seed production (Oostermeijer et al., 1998; 

Lennartsson & Oostermeijer, 2001; Münzbergová, 2006), germination rate (Colling et 

al., 2002; Lindborg & Ehrlén, 2002) seedling survival (Colling et al., 2002) and the 

stasis and growth of individuals (Hegland et al., 2001; Dahlgren & Ehrlén, 

2009Peters). 

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

feasible, so instead an observational approach was used and populations in two sites 
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with different levels of protection and harvesting were selected to study the effect of 

harvesting on the population dynamics of D. hatagirea. The typical harvesting 

approach is destructive as the commercial collectors harvest the tubers irrespective of 

developmental stage and maturation and most of the people are unaware of the 

ecology and regeneration potential of D. hatagirea in unprotected site (chapter 4). 

Harvesting by commercial collectors, depends not on size and maturity of the plant, 

but on the response of collectors to market demand and value of the species (Ghimire 

et al., 2005). It is important to note that commercial harvesting of D. hatagirea in 

unprotected populations will lead to rapid population extinction if the current situation 

continues for several more years. This would be a huge social and biological loss. 

The results show that D. hatagirea is highly sensitive to tuber harvest. This 

hypersensitivity is attributed to low germination and recruitment rates, high seedling 

and juvenile mortality (natural), and heavy harvesting of adult individuals by 

commercial collectors regardless of maturity. Given its limited population growth and 

high harvesting sensitivity, D. hatagirea should be managed strictly to establish 

seedling and meet fecundity levels that lead to stable population growth in severely 

depleted populations such as unprotected site. Fecundity-enhancing measures, such as 

demarcation of livestock grazing and trail routes, would be highly beneficial in the 

unprotected site. 

Accurate management plans for endangered species such as orchids, based on 

demographic responses to harvesting in various habitats, are an important part of 

long-term conservation strategies, which is believed to integrate ecological, social and 

economic factors enabling local collectors to become economically viable from 

sustainable harvesting of MAPs (Ghimire et al., 2005; Ghimire et al., 2008; Rokaya et 

al., 2017). Of course, increased market demand could lead to exploitation of these 

populations in the future, and their status therefore depends on their level of 

protection and the availability of alternative harvesting opportunities. 

5.6 Conclusion 

The unprotected populations are highly threatened by harvesting and show declining 

population growth rates. Laws to stop illegal harvesting should be strictly enforced in 

unprotected populations to protect them from further deterioration. Management 

practices focused on increasing the fecundity by a factor of 10 and 25 in unprotected 
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grassland and wetland respectively are necessary to achieve stable populations. In 

contrast, the protected populations showed increasing population growth rate allowing 

sustainable harvesting of 10% of the population. The extremely severe harvesting 

pressures recorded for D. hatagirea in unprotected populations, combined with its 

impacts on seedling densities and population structure suggests that continued 

harvesting in these populations presents serious conservation concerns. Continued 

monitoring by both biologists and local communities is 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 spicatum and Dactylorhiza 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 of A. spicatum in north-central 

Nepal. This chapter also deals with the socioeconomic values of the A spicatum. The 

second section (6.1.2) draws on Chapter 3 which describes the demography of A. 

spicatum and 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, D. 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 characteristics of D. 

hatagirea in the locally protected (Manang) and unprotected sites (Darchula). This 

chapter also explores the demographic response of D. hatagirea on different habitats 

(wetland and grassland). 

6.1.1 Plant density and life history traits of Aconitum spicatum 

Plant density and life history traits of A. spicatum were studied in three different 

populations (subalpine, loweralpine and alpine) along an elevation gradient in central 

Nepal. A total of sixty-six (3 m × 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, viz., 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 of A. spicatum individuals 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 of A. spicatum, type 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 density of A. spicatum. 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. 



101 

The reduced reproductive performance of the subalpine population indicates that the 

persistence and growth of A. spicatum at 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 dynamics of A. spicatum 

was studied in three different populations along an elevation gradient in Annapurna 

Base Camp Region, north-central Nepal. The demographic data of A. spicatum 

included 4-year observations on fecundity and survival of individuals classified by 

size. In each population, three belt transects of 2 m × 14 m were laid down, each of 

which was divided into seven 2 m × 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 of D. 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 of D. hatagirea individuals 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 of D. hatagirea at the unprotected site ranged from 0.60 to 

0.79 individuals/m2 while the density ranged from 0.70 to 2.16 individuals/m2 at the 

protected site with highest densities in the mid- elevation populations. A huge 

decrease (approximately by one third) was observed in mean densities across the three 

consecutive years (2015-2017) in unprotected site only. The comparision of the tuber 

production across the three consecutive years (2015-2017) showed reduced tuber 

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

Harvesting and grazing showed significant negative effects on the density of different 

life stages of D. hatagirea. Herb cover showed significant positive effect on juvenile 

and adult vegetative stages. The relative radiation index had a weakly negative effect 

on the density of the adult vegetative stage. The interaction effects of harvesting and 

grazing 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 informants in the protected site were found with more knowledge about different 

aspects of D. hatagirea. Ninety-three percent of the informants in protected site 

(n=117) and forty-three percent informants in unprotected site (n=69) were aware 

about the protection category, ninety-eight percent in protected and seventy-one 

percent in unprotected site knows the use value, nineteen percent of the informants in 

protected site and five percent in unprotected site were conscious of its population 

ecology, twenty-one percent in protected and forty-two percent in unprotected site 

harvest the individuals for the local use, twenty-four percent of the informants in 

protected site and ninety-two percent in the unprotected site claimed that the 

population is decreasing. Seventy-three percent of the informants in the protected site 

claimed that the population is almost constants since last few decades due to the strict 

implementation of local regulatory mechanisms for the illegal harvest. Eighty-one per 

cent of the informants were of the view that the major source of their livelihood is 

MAPs collection. In protected site none of the families rely totally of MAPs collection 

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

harvesting 

Demography of D. hatagirea was studied in two sites of different protection status as 

described in section 6.1.3. In each site, three populations (ranging in elevation from 

3400 to 4600 m), additionnaly one wetland population in unprotected site were 

studied during 2015-2017. All the individuals in different stages were tagged, each 

with its unique identity number in 2015 and monitored in 2016 and 2017. Fecundity 

was estimated as the number of seedlings per adult reproductive plant in 2016 and 

2017. Stage-based population projection matrix models (Lefkovitch, 1965) were 

constructed for all individual populations using a life cycle graph to estimate 

demographic parameters. In addition to four different stages classified earlier, 

dormancy was included as a separate stage (when the plant remained alive by tuber in 

2016). 

Each transition matrix was used to calculate the asymptotic population growth rate (λ) 

and stable size distribution (Caswell, 2001), and those quantities were compared 

between habitats and among sites. 

The population projection matrix obtained for the period 2016/2017 was used to carry 

out the numerical simulations to evaluate the potential impact of specific changes in 

particular matrix entries on the population growth rate λ. The effect of modifying the 

fecundity values was evaluated by multiplying the original fecundity estimate by 

different numbers ranging between 5 and 30. 

The population growth rates (λ) were 0.826 and 0.553 in unprotected, and 1.166 and 

1.003 in the protected site for the transition years 2015/2016 and 2016/2017, 

respectively. The wetland and grassland habitats in the unprotected site had λ values 

of 0.847 and 0.826, respectively, in 2015/2016 and 0.780 and 0.553, respectively, in 

2016/2017. 

The elasticity analysis showed that the stasis in the juvenile stage in unprotected site, 

and reproductive adult stage in protected site contributed most to λ. The population 

growth rate reached values above unity only when fecundity 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 spicatum and 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 of Aconitum spicatum at 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 of A. spicatum and thus the conservsaion priority should 

focus on protection of these stages. This study demonstrates that there are important 

differences in the ability of A. spicatum to regenerate after harvest along the 

Himalayan elevation gradient in Nepal. This study thus contributes to widen the 

knowledge on the population dynamics of A. spicatum and results can be extrapolated 

to other similar MAPs. 
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The grassland population of D. 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 history of D. hatagirea 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 exploring the role of variation in rainfall, snow melt and other

climatic conditions on the population dynamics of both species is

recommended.

• Future researches that investigate trade-offs between plant survival, growth

and reproduction, seed fate and early establishment of these plants would be

highly informative.

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

demographic parameters for other similar MAPs.
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APPENDICES 

Appendix I: Questionnaires for ethnoecological survey 

This survey is being carried out by Central Department of Botany, Tribhuvan 

University, Kathmandu, Nepal to assess local ecological knowledge and practices of 

the indigenous society in the Apinampa Conservation Area, Darchula, Bhimthang 

area of Manang and Annapurna Base Camp region of Kaski. Ms. Deep Jyoti 

Chapagain (PhD student of the department) and field assistants will be doing this 

questionnaire survey. The information given will not be 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 income : ________________________ 

1. Do you collect any NTFPs for your household use or for sale 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 specify in order of collection most 

frequently collected to less frequently collected: 

Order Name of 
species 

Month of collection 
& duration 

Collection 
site 

Distance from 
your home 

Method of 
collection 

1      

2      

3      

4      

5      

6      

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 and price you got last year?  

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

D. hatagirea     

A. spicatum     

5. For what purpose did you use the money you earn from these MAPs (D. 

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 Method of storage 

D. hatagirea    

A. spicatum    

7. Who taught this knowledge of these MAPs collection & use? 

8. Do you leave some parts, seeds or small plants in the ground or collect all the 

plants you find? 

9. Do you think it is important to leave some seed, parts or small plants for future 

use? 

10. What is your observation about the availability of these species? 

Species  Availability 
decreasing 

Availability 
increasing 

No 
changes 

Abundant/sparse/ 
or rear 

Do not 
know 

D. hatagirea      

A. spicatum      
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11. What are the causes for increase or decrease on the availability of these MAPs? 

a. Over harvesting b. Over grazing 

c. Climate change  d. If others please specify… 

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

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

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

suggestion?  

Species Suggestions for conservation of the species 

D. hatagirea  

A. spicatum  

14. What obstacles are you facing on collection and sell of these MAPs? 

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

establishment of Apinampa Conservation Area? 

16. How did you acquire all this knowledge about these MAPs? 

17. Do you think the knowledge is being transferred to new 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 harvesting season of these MAPs? 

23. If yes, please elaborate: 

Species Month and duration before Month & duration now 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 banned by the Government for 

collection? 
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26. Who look after the regulation of these MAPs? 

a. Local/village committee b. District level authority 

c. Park head quarter members d. Others 

27. How do they provide permission for collection? 

a. Year wise rotation b. Yearly 

c. Half yearly d. Others 

28. Do you think their regulation is satisfactory? 

29. How many species (MAPs) are traded from this district? 

30. Do you have any ideas about the total volume of MAPS exported annually from 

district? 

31. In which trade rank D. hatagirea and A. spicatum belong? 

32. Do you have the ideas on the following features of A. spiactum and D. 

hatagirea in 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 II: Summary of environmental variables (topographic and substrate) characterizing three 

populations each of locally unprotected and locally protected sites of Dactylorhiza hatagirea in Api-

Nampa Conservation Area (ANCA), Western Nepal and Manang, Central Nepal. Estimates of the 

topographic and substrate variables are specified as mean ± SE; ranges are also stated for topographic 

variables 

Topographic variables Locally unprotected site (Darchula) Locally protected site (Manang) 

Tadapani Nwagidanda Kalidhunga Bhimthang Ponker hill Salpodanda 

Elevation (m asl) 3604.91± 
9.09 

3799.41± 
3.52 

3975.62± 
7.44 

3712.59± 
4.67 

4045.80± 
10.60 

4436.50± 
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 25.50±1.80 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±5.89 119.59±5.96 166.80±3.78 164.67±4.18 

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

Relative radiation index 
(RRI) 

0.92±0.00 0.88±0.01 0.89±0.00 0.81±0.01 0.90±0.00 0.89±0.00 

 (0.77- 0.99) (0.38-0.98) (0.78-0.99) (0.58-0.99) (0.55-0.99) (0.61-0.99) 

Substrate variables       

Herb cover (%) 75.10±1.80 53.80±3.22 61.58±2.70 26.32±1.71 17.13±1.54 46.23±2.40 

Grass cover (%) 2.76±0.36 15.82±1.90 15.66±2.08 1.87±0.14 11.84±1.49 11.97±0.80 

Moss cover (%) 2.41±0.16 6.13±0.52 4.58±0.47 28.49±1.57 27.57±1.86 16.10±1.38 

Lichen cover (%) 0.11±0.02 1.20±0.17 1.16±0.11 5.70±0.40 9.67±0.63 4.10±0.36 

Litter cover (%) 2.92±0.17 4.47±0.46 2.51±0.16 7.66±0.91 12.13±0.74 8.37±0.74 

Rock cover (%) 4.50±1.09 15.10±2.26 4.99±0.98 20.42±1.98 18.11±2.26 12.10±1.76 

Scree cover (%) 0.16±0.07 0.20±0.11 1.41±0.50 2.19±0.36 1.69±0.34 0.22±0.10 

Bare ground cover (%) 12.10±1.30 3.37±0.44 8.21±1.18 7.17±1.44 2.02±0.53 1.21±0.21 
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Appendix III: Set of models prepared using glmmTMB for the distribution analysis of A. spicatum 

Model 1 

Density ij (of a particular stage of A. spicatum) = a + (1|Plot) 

Model 2 

Density ij (of a particular stage of A. spicatum) = a + b(Population) (1|Plot) 

Model 3 

Density ij (of a particular stage of A. spicatum) = a + b(Population)+ c1Herb coverij+ 

(1|Plot) 

Model 4 

Density ij (of a particular stage of A. spicatum) = a + b(Population)+ c1Herb coverij+ 

c2 Shrub cover ij+ (1|Plot) 

Model 5 

Density ij (of a particular stage of A. spicatum) = a) + b(Population)+ c1Herb cover ij + 

c2 Shrub cover ij + c3Harvesting ij+ (1|Plot) 

Model 6 

Density ij (of a particular stage of A. spicatum) = a + b(Population)+ c1Herb cover ij + 

c2Harvesting ij+ (1|Plot) 

Model 7 

Density ij (of a particular stage of A. spicatum) = a + b(Population)+ c1 Shrub cover ij+ 

c2Harvesting ij j+ (1|Plot) 

Model 8 

Density ij (of a particular stage of A. spicatum) = a + b(Population) + c1 RRI + (1|Plot) 

Model 9 

Density ij (of a particular stage of A. spicatum) = a + b(Population) + c1Harvesting + 

(1|Plot) 

Model 10 

Density ij (of a particular stage of A. spicatum) = a + b(Population) + c1Herb_cover ij + 

c2 Shrub cover ij + c3 Harvesting ij + c4RRI ij + (1|Plot) 
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Model 11 

Density ij (of a particular stage of A. spicatum) = a + b(Population) + c1Harvesting ij + 

c2RRI ij + (1|Plot) 

Model 12 

Density ij (of a particular stage of A. spicatum) = a + (1|Plot) + b(Population) + 

c1Herb_cover ij + c2RRI ij 

Model 13 

Density ij (of a particular stage of A. spicatum) = a + b(Population) + c1Shrub_cover ij 

+ c2RRI ij + (1|Plot) 

Model 14 

Density ij (of a particular stage of A. spicatum) = a + b(Population) + c1Herb_cover ij + 

c2Harvesting ij + c3RRI ij + (1|Plot) 

Model 15 

Density ij (of a particular stage of A. spicatum) = a + b(Population) + c1Shrub_cover ij 

+ c2Harvesting ij + c3RRI ij + (1|Plot) 

Model 16 

Density ij (of a particular stage of A. spicatum) = a + b(Population) + + c1RRI ij 

+c2Herb_cover ij + c3 Shrub cover ij + c4 Harvesting ij + c5Trampling ij + c6 Animal 

drooping ij+ c7 Fire ij + (1|Plot) 

Model 17 

Density ij (of a particular stage of A. spicatum) = a + b(Population) + c1 Harvesting ij + 

c2Trampling ij + c3 Animal drooping ij+ c4 Fire ij + (1|Plot) 

Model 18 

Density ij (of a particular stage of A. spicatum) = a + b (Population) + c1 Harvesting ij + 

c2Trampling ij + c3 Animal drooping ij+ c4 Fire ij + c6 Herb ij + (1|Plot) 

Model 19 

Density ij (of a particular stage of A. spicatum) = a + b (Population) + c1Herb_cover ij + 

c2 Harvesting ij + c3Trampling ij + c4 Animal drooping ijj + (1|Plot) 
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Model 20 

Density ij (of a particular stage of A. spicatum) = a + b (Population) + c1Herb_cover ij 

+ c2 Harvesting ij + c3Trampling ij + (1|Plot) 

Model 21 

Density ij (of a particular stage of A. spicatum) = a + b (Population) + c1Harvesting ij + 

c2Trampling ij + (1|Plot) 

Model 22 

Density ij (of a particular stage of A. spicatum) = a + b (Population) + c1Fire ij + c2 

Harvesting ij + c3Trampling ij + (1|Plot) 

Model 23 

Density ij (of a particular stage of A. spicatum) = a + b (Population) + c1Animal 

drooping ij + c2 Trampling ij + c3 Fire ij + (1|Plot) 

Model 24 

Density ij (of a particular stage of A. spicatum) = a + b (Population) + c1Animal 

drooping ij + c2 Fire ij + (1|Plot) 

Model 25 

Density ij (of a particular stage of A. spicatum) = a + b (Population) + c1Trampling ij + 

c2 Fire + (1|Plot) 

Model 26 

Density ij (of a particular stage of A. spicatum) = a + b (Population) + c1Harvesting ij + 

c2Fireij + (1|Plot) 

Where, a, b (Population) and c1…c13 are fixed model parameters, i = 1…66 is the plot 

(random effect) and j = 1…5 is the sub-plot. Population has three categories 

(subalpine, lower alpine and alpine). Density is expressed as the number of 

individuals in a given stage category counted within a 1 m2 sub-plot. 
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Appendix IV: Model selecton table for the distribution of different stages of Aconitum spicatum 

I. Seedling stage 

Model Selection table for Seedling stage 

SN Models logLik AICc 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. mzip17Sd -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. mzip12Sd -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 

II. Juvenile stage 

Model Selection table for Juvenile stage 

SN Models logLik AICc 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 
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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. mzip1Juv -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 

III. Adult vegetative stage 

Model Selection table for Adult vegetative stage 

SN Models logLik AICc 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. mzip16Adv -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. mzip15Adv -283.52 583.5 5.98 0.011 

19 glmm. mzip13Adv -284.67 583.7 6.17 0.01 

20 glmm. mzip14Adv -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. mzip10Adv -283.5 585.6 8.05 0.004 

26 glmm. mzip1Adv -309.07 624.2 46.69 0 

IV. Adult reproductive stage 

Model Selection table for Adult reproductive stage 

SN Models logLik AICc 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. mzip17Adr -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. mzip11Adr -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. mzip15Adr -379.99 776.4 9.24 0.004 

14 glmm. mzip8Adr -382.1 776.5 9.27 0.004 

15 glmm. mzip14Adr -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. mzip12Adr -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 11.5 0.001 

25 glmm. mzip4Adr -382.32 779 11.8 0.001 

26 glmm. mzip1Adr -402.01 810.1 42.91 0 
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Appendix V: Observed and expected (stable) stage distributions for different harvesting treatments and 

populations of Aconitum spicatum 

Transition  
periods 

Harvesting Stage class Population 

Alpine Lower alpine Sub alpine 

Observed Stable Observed Stable Observed Stable 

2015-2016 0-25% Seedling 0.107 0.313 0.058 0.306 0.041 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 0.225 

  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 ∆  0.260  0.303  0.317 

 50-75% Seedling 0.075 0.319 0.081 0.326 0.098 0.201 

  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 0.361 

  Adult reproductive 0.168 0.252 0.500 0.221 0.490 0.133 

  Dormant 0.358 0.087 0.274 0.067 0.039 0.238 

  Keyfitz’s ∆  0.366  0.486  0.427 

2016-2017 0-25% Seedling 0.017 0.067 0.059 0.272 0.044 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 0.199 

  Adult reproductive 0.357 0.041 0.372 0.196 0.311 0.189 

  Dormant 0.199 0.343 0.223 0.151 0.319 0.177 

  Keyfitz’s ∆  0.345  0.263  0.339 

 50-75% Seedling 0.012 0.124 0.068 0.149 0.071 0.303 

  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 0.138 

  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 ∆  0.297  0.443  0.509 

2017-2018 0-25% Seedling 0.019 0.250 0.054 0.276 0.038 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 0.220 

  Adult reproductive 0.100 0.183 0.362 0.186 0.331 0.251 

  Dormant 0.327 0.116 0.189 0.130 0.308 0.031 

  Keyfitz’s ∆  0.493  0.398  0.414 

 50-75% Seedling 0.009 0.061 0.061 0.158 0.077 0.290 

  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 0.322 

  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 ∆  0.214  0.318  0.248 

Keyfitz’s ∆ is a standard measure of the distance between two probability vectors, which values range 

between 0 (when the vectors are identical) to 1 (when the vectors are different) [Caswell 2001]. Here 

Keyfitz’s ∆ was used to compare stable stage-class distributions with observed stage class distributions. 

distributions, obtained from the left eigenvectors of the transition matrices, were compared with 

observed stage class distributions 



 

146 

Appendix VI: Set of models prepared using glmmTMB for the distribution analysis of Dactylorhiza 

hatagirea 

Model 1 

Density ij (of a particular stage of D. hatagirea) = a +b (population) + c1Harvesting ij + 

c2Herbcover ij + (1|Plot) 

Model 2 

Density ij (of a particular stage of D. hatagirea) = a + b (Population) +c1Harvesting ij 

+ (1|Plot) 

Model 3 

Density ij (of a particular stage of D. hatagirea) = a + b (Population) + c1RRI ij+ 

c2Harvesting ij + (1|Plot) 

Model 4 

Density ij (of a particular stage of D. hatagirea) = a + b (Population) + c1Herb cover 

ij+ c2 RRI ij+ c3 Harvesting ij + (1|Plot) 

Model 5 

Density ij (of a particular stage of D. hatagirea) = a) + b (Population)+ c1Harvesting ij 

+ c2 Trampling ij + c3 Animal dropping ij + (1|Plot) 

Model 6 

Density ij (of a particular stage of D. hatagirea) = a + b(Population)+ c1Herb cover ij + 

c2Harvesting ij+ c3 Trampling ij+ c4 Animal dropping ij+ (1|Plot) 

Model 7 

Density ij (of a particular stage of D. hatagirea) = a + b(Population)+ c1Herb cover ij + 

c2Harvesting ij+ c3 Trampling ij + (1|Plot) 

Model 8 

Density ij (of a particular stage of D. hatagirea) = a + b (Population) + c1 Harvesting ij 

+ c2Trampling ij + (1|Plot) 
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Model 9 

Density ij (of a particular stage of D. hatagirea) = a + b (Population) + c1 Animal 

dropping ij + c2 Trampling ij + (1|Plot) 

Model 10 

Density ij (of a particular stage of D. hatagirea) = a + b (Population) + c1Animal 

dropping ij + (1|Plot) 

Where, a (intercept), b (Population) and c1…c3 are fixed model parameters, i = 

1…144 is the plot (included as a random effect) and j = 1…4 is the sub-plot. 

Population has six categories (three at each site). Density is expressed as the number 

of individuals in a given stage category counted within a 1 m2 sub-plot. 
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• Chapagain, D.J., Mielby, H. & Ghimire, S.K. (2016). Current Status of a 
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Nampa Conservation Area North West Nepal. Conference paper presented in 

Seventh National Conference on Science and Technology, Kathmandu, Nepal. 

• Chapagain, D.J., Mielby, H. & Ghimire, S.K. (2016). Status of a Threatened 

Medicinal Plant Allium wallichii Kunth in Annapurna Conservation Area 

Central Nepal presented in Second Graduate Conference on Environment and 

Sustainable Development, Kathmandu, Nepal. 

• Chapagain, D.J., Mielby, H. & Ghimire, S.K. (2017). Sustainability of Harvest 

of Commercially Threatened Medicinal Plant Aconitum spicatum (Briihl) Stapf 

in Central Nepal presented in International Conference on Biodiversity, Climate 

Change Assessment and Impacts on livelihoods, Kathmandu, Nepal. 

• Chapagain, D.J., Mielby, H. & Ghimire, S.K. (2017). Sustainability of Harvest 

of Commercially Threatened Medicinal Plant Aconitum spicatum (Briihl) Stapf 

in Central Nepal presented in 5th International Conference on Wild Harvest 

Governance and Livelihoods in Asia, Kathmandu, Nepal. 

Poster Presentation 

• Chapagain, D.J., Mielby, H. & Ghimire, S.K. (2017). Conference on Plant 

Conservation and Sustainable Development Goals. Missouri Botanical Garden, 
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I. 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:e7574 http://doi.org/10.7717/ 

peerj.7574 (attached at the end of the thesis) 
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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/m2 with highestmean 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
the whole plant and this appears to be a main reason for low recruitment and reduced
density of the subalpine population. The level of disturbance decreased with increasing
elevation. In terms of reproductive effort, the alpine population performed best. Our
results indicate that the viability of A. spicatum populations depends on controlling
over-harvesting and pre-mature harvesting of tubers and protecting younger life stages
from grazing, trampling and fire. We therefore recommend that when formulating
management guidelines, measures aiming to mitigate such anthropogenic disturbances
should be considered.

Subjects Biodiversity, Conservation Biology, Ecology, Plant Science, Population Biology
Keywords Population density, Tuber biomass, Sensitivity, Mixed Zero Inflated Poisson

INTRODUCTION
The study of variation in life history traits of a species is crucial to understanding
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 (Körner,
2003), including a long floral axis, more globular flowers (Molau, 1993), persistent sepals,
larger root systems (Körner, 1999), vegetative apices or perennating buds at safe depth
below ground (Körner, 2003), higher proportion of belowground biomass (Webber & May,
1977) and increased number and size of seeds (Körner, 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 HimalayanMAPs 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 ofmanagement strategies tomaintain
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 (Biønness, 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
valuedMAPs, 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.

Full-size DOI: 10.7717/peerj.7574/fig-1

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 × 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 × 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× three m) plots, with 330 (onem× onem) 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 × 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 ofmaking our data appropriate formodeling 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 S2).
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The full models were in all cases expressed as:
Densityij (of a particular stage ofA. spicatum)= a+ b (Population)+ c1 RRIij + c2 Herb

coverij + c3 Shrub coverij + c4 Harvestingij + c5 Animal droppingij + c6 Tramplingij +
c7 Fireij where, a, b(Population) and c1 ... c7 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 m2 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◦-�)
× sin(β) × sin(�) + cos(β) × cos(�), where � = aspect (slope azimuth in degrees), �
= latitude (degrees) and β = 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 ± 0.24 plants/m2. The lowest density (0.56 ± 0.09
plants/m2) 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. χ 2 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
(3,000–3,300 m)

0.05 ± 0.02 0.07 ± 0.03a 0.10 ± 0.03a 0.34 ± 0.06a 0.56 ± 0.09

Lower alpine
(3,400–3,700 m)

0.13 ± 0.03 0.30 ± 0.06b 0.81 ± 0.12b 1.24 ± 0.13b 2.48 ± 0.24

Alpine
(3,800–4,200 m)

0.2 ± 0.06 0.24 ± 0.13b 0.78 ± 0.21b 0.93 ± 0.17b 2.16 ± 0.48

χ 2 value 5.18 10.33 34.79 34.17 45.23
p-value 0.08 <0.01 <0.0001 <0.0001 <0.0001

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 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 drymass 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 1Kruskal–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 com-
parison tests after1Kruskal Wallis and 2ANOVA.

Traits Subalpine
(3,000–3,300 m)

Lower alpine
(3,400–3,700 m)

Alpine
(3,800–4,200 m)

χ2/F
value*

P-value

Leaf number1 12.05 ± 0.33a 10.9 ± 0.46a 6.35 ± 0.18b 40.22 <0.001
Plant height (cm)2 156.43 ± 5.62a 151.28 ± 5.29a 81.77 ± 4.20b 67.47 <0.001
Stem girth (mm)1 10.04 ± 0.95a 9.60 ± 0.68a 6.62 ± 0.25b 12.51 0.001
Length of floral axis (cm)1 19.67 ± 0.86a 19.13 ± 1.42a 10.01 ± 0.60b 33.18 <0.001
Average leaf area (cm2)1 175.36 ± 14.21a 190.98 ± 10.98a 91.57 ± 4.95b 31.26 <0.001
No. of buds per plant1 29.77 ± 10.03a 9.14 ± 2.89ab 6.00 ± 1.19b 12.48 0.001
No. of flowers per plant1 15.85 ± 4.44 10.61 ± 2.03 6.20 ± 0.71 5.29 0.070
No. of fruits per plant1 22.15 ± 6.80a 17.5 ± 4.56a 4.12 ± 0.67b 10.72 0.004
Total reproductive parts per plant1 39.85 ± 7.31 26.75 ± 5.07 16.45 ± 1.71 4.89 0.086
Number of daughter tubers per plant1 1.6 ± 0.19 1.85 ± 0.25 1.80 ± 0.27 0.45 0.799
Volume of daughter tuber (mm3)1 272.66 ± 25.97a 246.41 ± 41.94a 109.67 ± 12.29b 25.88 <0.001
Dry biomass of a daughter tuber (g)2 17.88 ± 2.83a 12.18 ± 0.82a 4.58 ± 0.55b 32.58 <0.001
Total dry biomass of daughter tubers per plant (g)2 21.92 ± 3.47a 16.09 ± 1.32a 5.60 ± 0.86b 27.02 <0.001
Total dry biomass of mother tubers per plant (g)2 8.04 ± 1.03a 7.85 ± 0.79a 1.87 ± 0.21b 40.29 <0.001
Total belowground dry biomass (including daughter and
mother tubers) per plant (g)2

29.97 ± 4.39a 23.95 ± 1.83a 7.86 ± 0.95b 36.14 <0.001

Total above ground dry biomass per plant (g)2 23.61 ± 2. 90a 21.95 ± 1.46a 9.95 ± 1.05b 16.22 <0.001
Ratio of dry biomass of belowground and aboveground
parts2

1.34 ± 0.12a 1.13 ± 0.07a 0.86 ± 0.07b 7.00 <0.01

Ratio of dry biomass of reproductive and aerial vegetative
parts2

0.21 ± 0.03a 0.27 ± 0.04a 0.46 ± 0.05b 9.61 <0.001

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 volumeof fruits varied significantly among the populations (χ2 = 51.58,P < 0.0001)
with highest mean value (19.19 ± 0.49 cm3) for the lower alpine population and lowest
mean (14.41 ± 0.33 cm3) for the alpine population (Table 3). We found similar results
for the number of seeds per fruit (χ2 = 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 (χ2 = 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 = 0.006) (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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of A. spicatum. Level of significance:***: 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 (n = 225). ∗Population comparisons were based on either 1Kruskal-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 1Kruskal
Wallis and 2ANOVA.

Reproductive performance traits Subalpine
(3,000–3,300 m)

Lower alpine
(3,400–3,700 m)

Alpine
(3,800–4,200 m)

χ2/F
value*

P-value

Fresh weight of fruit and seed (g)1 0.45 ± 0.01a 0.55 ± 0.02b 0.57 ± 0.01b 20.98 <0.0001
Dry weight of fruit and seed (g)1 0.08 ± 0.004a 0.09 ± 0.004ab 0.1 ± 0.003b 9.64 0.008
Volume of fruit (cm3)1 18.91 ± 0.75a 19.19 ± 0.49a 14.41 ± 0.33b 51.58 <0.0001
No. of seeds per fruit1 37.21 ± 1.76a 47.16 ± 1.95b 36.63 ± 2.59a 17.85 <0.0001
No. of seeds per unit volume of fruit1 2.08 ± 0.10a 2.44 ± 0.07b 2.60 ± 0.18ab 7.74 0.0208
Dry weight of seeds per fruit (g)1 0.03 ± 0.002 0.03 ± 0.003 0.04 ± 0.003 1.34 0.511
Seed mass of 50 seeds (g)2 0.04 ± 0.004a 0.04 ± 0.004a 0.06 ± 0.002b 5.69 0.006
Seed viability (%)2 16.07 ± 0.99a 17.14 ± 1.05a 22.5 ± 0.64b 10.69 <0.0001
Fecundity 2.59 2.71 2.9
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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
(3,000–3,300 m)

Lower alpine
(3,400–3,700 m)

Alpine
(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 ± 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.

Full-size DOI: 10.7717/peerj.7574/fig-4

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/m2 in A. balfourii, 2.57 (Nautiyal et al., 2002) to 3.1 (Semwal et al., 2007)
plants/m2 in A. heterophyllum, 2.7 plants/m2 in A. rotundifolium (Kala, 2005), and 2
plants/m2 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/m2 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/m2 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
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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 theA. spicatum individuals seemed to showpreference
for growing in the proximity of cattle sheds where the soil had higher concentration of
animal droppings. Ohlson & Grønli (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; Körner, 2003), such as temperature and
moisture (Körner, 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 (Körner, 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

Chapagain et al. (2019), PeerJ, DOI 10.7717/peerj.7574 16/22



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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