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Abstract. With increasing reports of overexploitation of wild plants for timber and non-
timber forest products, there has been an increase in the number of studies investigating the
effect of harvest on the dynamics of harvested populations. However, most studies have failed
to account for temporal and spatial variability in the ecological conditions in which these
species occur, as well as variability in the patterns of harvest intensity. In reality, local
harvesters harvest at variable rather than fixed intensity over time. Here we used Markov
chains to investigate how different patterns of harvesting intensity (summarized as return time
to high harvest) affected the stochastic population growth rate (ks) and its elasticity to
perturbation of means and variances of vital rates. We studied the effect of bark and foliage
harvest from African mahogany Khaya senegalensis in two contrasting ecological regions in
Benin. Khaya populations declined regardless of time between harvests of high intensity.
Moreover, ks increased with decreasing harvesting pressure in the dry region but, surprisingly,
declined in the moist region toward ks¼ 0.956. The stochastic elasticity was dominated by the
stasis of juveniles and adults. The declining growth rate with decreasing harvest pressure in the
moist region was mainly driven by the declining mean survival rates of juveniles and adults.
Our results suggest that modeling the temporal variability of harvest intensity as a Markov
chain better mimics local practices and provides insights that are missed when temporal
variability in harvest intensity is modeled as independent over time and drawn from a fixed
distribution.

Key words: African mahogany; Benin, West Africa; contrasting ecological conditions; effect of NTFP
harvest; environment-specific elasticity; harvest return time; Khaya senegalensis; Markov chain; matrix
models; stochastic elasticity; tropical trees.

INTRODUCTION

Non-timber forest products (NTFP) are biological

materials other than timber, which are extracted from

forests for human use (de Beer and Mcdermott 1989).

These resources include seeds, flowers, fruits, leaves,

roots, bark, and latex, and have been harvested as

sources of food, medicine, and construction materials by

indigenous people for thousands of years. The harvest of

non-timber forest products across tropical forests,

savannah, and woodlands is very common, given its

economic and sociocultural importance (Bawa et al.

2004, Ticktin 2004). Many species chronically harvested

for their NTFP are facing declines over time (Peres et al.

2003, Silvertown 2004). The importance of investigating

the effect of NTFP harvest goes beyond the sustainabil-

ity of harvesting itself, and has implications for the fate

of more complex ecological interactions between har-

vested plants and animal species that depend on the

former as sources of food or shelter while serving as

dispersal agents or improving seed germination (e.g.,

Silvertown 2004).

Harvesting is most often modeled as a source of

mortality within the framework of density-dependent

population growth (e.g., Beddington and May 1977,

Boyce et al. 1999, Jonzen et al. 2002, Poysa et al. 2004).

A key point is that, in classical theory of both grazing

(e.g., Noy-Meir 1975, Caughley and Lawton 1981) and

harvest (King 1997: Chapter 4), net production of biotic

resources has density-dependent dynamics; net produc-

tion is higher at lower density (individuals or biomass)

and zero at maximum sustainable density (carrying

capacity). In this context, harvest, by reducing density to

be lower than carrying capacity, leads to enhancement

of short-term net production rate. Maximum sustainable

yield in such systems occurs at a lower density than

carrying capacity. Applications have emphasized figur-

ing out which density best optimizes the yield. This kind

of theory is appropriate for fisheries or timber, where

harvest leads to removal of individuals or biomass from

populations that were at or near their carrying capacity

prior to harvest, and maximum sustained yield is

achieved at a population level that is well below the

carrying capacity. However, it may not necessarily be
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applicable to harvest of non-timber forest products (e.g.,

bark, foliage, fruits) where harvest does not generally

kill harvested individuals directly but may affect their

survival probability, growth, or fertility, and popula-

tions may not be at a density-driven equilibrium. The

focus for NTFP has been on evaluating how harvest

impacts asymptotic population dynamics modeled by

projection matrices. Such an approach has also been

used in evaluating the effects of herbivores on plants

(Ehrlen 2003, Maron and Crone 2006, Farrington et al.

2009). In this framework, harvest is expected to have a

negative or neutral effect on population growth rate

depending upon its effects on matrix parameters and the

sensitivity of population growth to changes in the

parameters.

Over the past two decades, more than 50 published

studies have modeled the impact of harvesting various

types of NTFPs on plant population growth rate,

including harvest of fruit and seed (Bernal 1998, Peres

et al. 2003, Emanuel et al. 2005), palm foliage and heart

(Pinard 1993, Boot and Gullison 1995, Olmsted and

Alvarez-Buylla 1995, Endress et al. 2004, Zuidema et al.

2007), roots (Nantel et al. 1996, van der Voorta and

McGraw 2006), herbs, ramet, and foliage (Nault and

Gagnon 1993, Ticktin et al. 2002, Ghimire et al. 2008),

and tree foliage and bark (Guedje et al. 2003, 2007,

Gaoue and Ticktin 2010). Most studies have assumed

that harvest intensity is constant across years. The few

that have included variability in harvest intensity over

time (e.g., Nantel et al. 1996, Ticktin et al. 2002,

Ghimire et al. 2008, Gaoue and Ticktin 2010), assumed

that each year’s intensity of harvest was independent

from prior years (independently and identically distrib-

uted [i.i.d.] processes; Caswell 2001) and neglected any

environmental or temporal autocorrelation. However,

abundant evidence indicates that harvest intensity of

NTFP varies over space and time and that ecological

characteristics like moisture and temperature also vary

across the regions where harvest takes place (Gaoue and

Ticktin 2007, Ghimire et al. 2008). Moreover, harvesters

often adjust current harvesting intensity at a site based

on their expectation of successful yield and of resource

recovery time in the context of local patterns of previous

harvesting. Other factors may interact to determine

which site to harvest in a given year, including variation

in tree density across the landscape and land-use tenure.

That is, local people often decide how much and when

and where to harvest based on their knowledge of the

response of harvested individuals to previous harvest

(Berkes et al. 2000, Turner et al. 2000, Ghimire et al.

2005). However, in some contexts where access to

resources is highly competitive or where traditional

harvesting practices are lacking or unknown, decisions

about whether and how much to harvest may be

independent of previous results. Then, harvest intensity

and frequency may be higher than local people

themselves would consider sustainable (e.g., Joyal

1996, Gaoue and Ticktin 2009).

At the population level, the temporal sequence of

intensities of harvest can matter even when the overall

harvesting frequency remains the same. For example,

one would expect populations or individuals harvested

for five consecutive years at high intensity (H), followed

by three consecutive years at low-intensity (L) harvest,

and then two years at medium-intensity (M) harvest

(HHHHHLLLMM) to exhibit weaker recovery and

fitness than one that had been harvested following the

sequence HLHLHMLHMH, even though they both had

been harvested five times at high intensity, three times at

low intensity, and twice at medium intensity. The return

time for each harvesting intensity is therefore crucial in

understanding how populations respond to harvest, with

longer return time to high harvest levels expected to

confer higher resiliency.

The response of population to a given harvest

sequence may also vary depending on the ecological

context, specifically according to differences in soil

moisture, fertility, and rainfall. For example, the

resilience of populations to frequent high harvest may

be weaker when populations are stressed by drought.

Therefore, to gain a realistic understanding of the

ecological impacts of NTFP harvest and to better

manage NTFP populations, it is critical to understand

how and why populations respond to variation in the

pattern of harvest intensity over time and in different

ecological contexts.

Khaya senegalensis (Meliaceae) is a tropical tree, well

known as a source of mahogany timber, but also heavily

harvested by indigenous people in Africa for its foliage

as dry-season fodder for cattle and its bark as source of

medicine (Gaoue and Ticktin 2007, 2010). In this study,

we explicitly modeled foliage and bark harvesting

sequences over time as a Markov process to investigate

the effects of the variation in harvesting intensities at the

population level on the dynamics of Khaya populations

in two contrasting ecological regions in Benin, West

Africa. The finite-state Markov chain model (Caswell

2001, Tuljapurkar et al. 2003) we used here relaxes the

assumption that harvest intensities are independent over

time and drawn from a fixed distribution. This approach

has been used in many contexts, including studies of the

effects of fire (e.g., Silva et al. 1991, Caswell and Kaye

2001) and of plant–insect interactions in hurricane-

prone environments (Horvitz et al. 2005). In our study,

the Markov chain model supposes that the sequence of

harvesting intensity, in addition to the frequency of

harvest, matters.

For long-lived species such as Khaya, previous studies

suggest that the long-term per capita growth rate is

sensitive to changes in the probability that adults remain

reproductive over time (Silvertown et al. 1993, Pfister

1998, Morris and Doak 2002, Franco and Silvertown

2004, Morris et al. 2008). In this study, we asked if the

relative importance of stasis to asymptotic growth rate

would be altered when ecological conditions and the

sequence of harvest intensity change. Recent theoretical
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advances in stochastic demography (Tuljapurkar et al.

2003, Horvitz et al. 2005, 2010, Tuljapurkar and Haridas
2006, Ezard et al. 2008, Aberg et al. 2009, Ezard and

Coulson 2010) provide important tools to investigate the
response of populations to the stochastic variation of

vital rates and the most important demographic
processes driving changes in population growth rate
when the environment varies. We conducted stochastic

elasticity analysis to understand the population response
to perturbation of mean and/or variance in vital rates

(Tuljapurkar et al. 2003).
In this paper, we addressed the following questions:

(1) How does harvest intensity of Khaya foliage and
bark affect demographic rates? (2) When harvest

intensity varies over years, how does the frequency and
sequence of harvest intensity (summarized as the return

time to high harvest) affect (a) the mean and variability
of matrix elements, (b) the stochastic growth rate of the

population, and (c) the sensitivity of the stochastic
growth rate to perturbations of means and variabilities

of matrix elements and harvest-level-specific matrix
elements? For each question, we compared the results

across moist and dry regions, with the expectation that
dry regions are more stressful for Khaya than moist

regions.

METHODS

Study system

Khaya senegalensis (Desr.) A. Juss is a valuable tree in
the mahogany (Meliaceae) family. Khaya grows in the

wild through a wide range of habitats (gallery forests,
dry forest, savanna woodland) in tropical Africa, from

88 N to 148 N and across the continent, from the Senegal
in the west to the Uganda in the East (Normand and

Sallenave 1958, CTFT 1988). It is a semi-deciduous,
shade-intolerant, and slow-growing tree that may reach

up to 30 m in height and 3 m in girth (CTFT 1988, Keay
1989). Khaya is monoecious, wind-dispersed, with flat

winged seeds, and small white hermaphroditic flowers
that are insect-pollinated (CTFT 1988).

Khaya leaves, fruits, and bark contain a wide range of
biological compounds with anti-feedant, repellent, anti-
inflammatory, and antimicrobial potentials (Govin-

dachari and Kumari 1998, Lompo et al. 1998,
Nakatani et al. 2000) that may confer high commercial

interest in the insecticide and health industries to the
species (Muellner et al. 2003). Khaya is heavily harvested

across West Africa for its timber, bark, and foliage. The
bark is used for medicine by traditional healers and local

populations to cure several human and livestock diseases
(Atawodi et al. 2002). The foliage is harvested by Fulani

people during the dry season as a critical source of
fodder for cattle (Petit 2003, Gaoue and Ticktin 2007,

2008). The Fulani specialize in raising cattle, which are a
vital source of income for them and an integral part of

their culture. Khaya is also one of the best timber
species, and the first timber species exported from Africa

during the colonial era (Normand and Sallenave 1958).

Commercial companies and local populations illegally

harvest the timber to depletion.

We studied the dynamics of Khaya populations in two

contrasting ecological regions where it occurs in Benin,

West Africa. The Sudanian region is dry with lower

rainfall, fewer rainy months, higher mean temperature

than the moist Sudano-Guinean region. Details about

the ecological differences between the dry and moist

regions are provided elsewhere (Gaoue and Ticktin

2007, 2008, 2010).

Khaya senegalensis population dynamics

We collected data on growth, survival, and fruit

production over four years (2004–2007) in 12 1-ha

permanent plots equally distributed in the dry and moist

ecological regions of Benin. In the dry region, Khaya

only occurs in one type of habitat: gallery forest. In

contrast, in the moist region it occurs not only in gallery

forest, but also in dense dry forest and woodland. Our

study plots were chosen to sample this regional

difference: only one habitat in the dry and diverse

habitats in the moist region. We estimated the percent-

age of trees harvested (pruned and/or debarked) in each

population. In previous work, Gaoue and Ticktin (2010)

categorized Khaya populations in two groups of

different harvest intensities (low and high). In this

study, we recognized three levels of harvest intensity

(low, medium, and high). Each population was classified

as belonging to one of the three levels depending on the

proportion of trees harvested for foliage and bark. Low-

harvest populations had ,25% of trees harvested;

medium-harvest populations had 25–50% of trees

harvested, and high-harvest populations had .50% of

trees harvested. In the moist region, there were three

low-, two medium-, and one high-harvest population;

while in the dry region, there were three low-, one

medium-, and two high-harvest populations. We classi-

fied individual trees in each population into five life

stages using the basal diameter (for seedlings and

saplings) and diameter at breast height (dbh; for juvenile

and adults) as the metric of size: seedlings (diameter at

base ,2 cm), saplings (2–5 cm), juveniles (5–20 cm),

small reproductive adults (20–40 cm), and large

reproductive adults (dbh � 40 cm). For each population

and year, a population projection matrix model was

developed from empirical data (Caswell 2001):

nðt þ 1Þ ¼ AnðtÞ

where A is a 535 stage-based projection matrix, n(t) is a

5 3 1 vector of the number of individuals in each of the

five life stages in year t, n(tþ 1) is the population vector

in the following year tþ 1. We averaged the elements of

the projection matrices across populations and years by

harvest level to obtain three matrices L, M, and H in

each region. For these matrices, we obtained the survival

rate of each stage by summing rows 2–5 and the

conditional growth rate of each stage, defined as the

probability of advancing to the next stage given survival,
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by taking the ratio of the sub-diagonal element over the

corresponding survival rate. The diagonal elements are

stasis probabilities, and the sub-diagonal elements are

unconditional probabilities of advancing to the next

stage. The dominant eigenvalue k of each matrix is a

summary measure of the average demographic quality

of the environment for Khaya under different harvest

intensities in each region, since it represents a projection

of what the average per capita rate of increase in a

population would be if it were constantly harvested at

that level over a long time.

Modeling harvesting sequence as a Markov process

We modeled the temporal sequence of harvest

intensity as a stochastic Markov process using K 3 K

Markov transition matrices C that define probability

rules to generate a temporal sequence of harvest

intensities that a given population will experience over

the long run (Tuljapurkar et al. 2003, Horvitz et al.

2005). Each matrix element cab represents the probabil-

ity that a population that is currently harvested at

intensity b will be harvested at intensity a the next year.

We used Markov chains with three states corresponding

to the three harvest intensities (low, medium, and high);

therefore, K ¼ 3. To generate plausible sequences of

harvest intensities for a given population, we created 36

different three-state Markov chains, each chain simu-

lating a specific management option. In this way, we

altered both the frequency and sequence of high-,

medium-, and low-harvest years for a given population

over the long term. For example, we considered

situations in which high-harvest years were most likely

to be followed by low-harvest years, and contrasted

these with the opposite pattern, high-harvest years most

likely to be followed by another high-harvest year. To

examine whether Khaya responds differently between

ecological regions, we applied each of the Markov chain

models to populations in the moist and dry regions.

Associated with each Markov chain model are several

properties, including (1) the stationary distribution or

ergodic frequency of levels of harvest intensity, (2) the

value of the serial autocorrelation, and (3) the return

time, i.e., the average number of years it takes to return

to a high-harvest year after one has occurred. To

estimate the return time to high harvest for each model,

we considered high harvest intensity as the absorbing

state and calculated the first passage time for popula-

tions starting at a high harvest level to be absorbed,

using the sum of the column b ¼ high level of harvest

intensity, of the fundamental matrix N (Caswell

2001:112). Time between harvests should allow individ-

ual trees to recover, and thus, at a population level, the

higher the return time, the lower the harvest pressure.

The return times for the 36 Markov chains ranged from

1.11 to 99.11 years. To understand the effect of temporal

patterns of harvest on the average fitness of the

population over the long run, we examined correlations

between the stochastic growth rate and return time in

each region. We used the following stochastic matrix

population model:

nðt þ 1Þ ¼ XtnðtÞ

where n(t) and n(tþ1) are the population vectors at time t

and tþ1. Xt is the random population projection matrix

(L, M, or H) selected at a given time t, as prescribed by a

stochastic sequence of harvest levels generated by one of

the Markov chain models. We calculated the stochastic

growth rate ks for each of the 36 harvest level sequences,

from numerical simulation of 100 000 time steps

(Tuljapurkar et al. 2003, Horvitz et al. 2005):

logðksÞ ¼ lim
t!‘
ð1=tÞlog½PðtÞ=Pð0Þ�

where P(t) is the population size, i.e., the sum of the

elements of n(t) at a given time t. Also, using these

sequences, we examined how the mean and variability of

three key matrix elements with the highest elasticity

values (the stasis entries for juveniles, for small

reproductives, and for large reproductives) changed

with increasing return time in each region. Then we

examined sensitivity of ks to perturbation of the means,

variabilities, and harvest-level-specific values of matrix

elements.

Perturbation analysis

For each stochastic sequence, we calculated the

elasticity of ks to perturbation of the mean (El) and of

the variance (Er) for each matrix element and the

harvest-level-specific elasticities (Eb) for each matrix

element (see Tuljapurkar et al. 2003, Horvitz et al. 2005,

Ezard et al. 2008). The harvest-level-specific elasticities

(Eb) quantify the sensitivity of the stochastic growth rate

to perturbing a rate only when the population is at a

given level of harvest (b ¼ low, medium, or high). To

obtain a summary of the relative importance of stasis,

growth, and fertility to the influence on ks, we summed

the relevant entries of the elasticity matrices. For stasis,

we summed all the diagonal elements, for unconditional

growth, we summed all the sub-diagonal and lower

triangle elements, and for fertility, we summed the

relevant top row elements.

RESULTS

Demographic rates for low, medium, and high levels

of harvest intensity

Projected per capita population growth rate.—For

Khaya, the lowest level of harvest intensity, if main-

tained constantly through time, would result in the

highest per capita population growth rate in both the

moist and the dry regions (Fig. 1a). At this level of

harvest intensity, the dry region, on average, is a higher

quality environment for Khaya than the moist region.

The medium and high levels of harvest intensity, if

maintained constantly through time, would result in per

capita population growth rates that are not distinct from

one another. Despite these broad patterns in projected
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population growth rates, underlying stage-specific vital

rates varied by region and harvest intensity in different

ways.

Survival.—Seedlings survive considerably better in the

moist than in the dry region (Fig. 1b). In the dry region,

seedling survival decreased as harvest intensity in-

creased, while in the moist region, it unexpectedly

increased. Regional survival differences for the other

stages were much smaller than for seedlings. Sapling

survival in the dry region increased from low- to

medium-harvest intensity, while in the moist region it

decreased. Juvenile survival in the dry region was barely

affected by harvest level, while in the moist region it was

highest at high harvest intensity. Survival of small adults

was very high, with minimal effects of either region or

harvest intensity. Survival of large adults in the dry

region was barely affected by harvest level, but in the

moist region it increased with harvest intensity. One

summary note of interest is that in the moist region,

survival of three stages (seedlings, juveniles, and large

adults) was highest at the highest intensity of harvest.

Conditional growth.—Advancing one or more stages

was possible for four stages at each of three harvest

levels. For eight of these 12 stage–harvest-level combi-

nations, conditional growth was better in the moist than

in the dry region, usually considerably so (Fig. 1c). No

more than 25% of survivors transitioned to a higher

stage in any stage–harvest combination; most survivors

remained in the same stage. Seedling growth in the dry

region was lowest at intermediate harvest intensity,

while in the moist region, it was highest at intermediate

harvest intensity. Sapling growth in the dry region

decreased with harvest intensity, while in the moist

region, it was lowest at intermediate harvest intensity.

Juveniles in the dry region did not grow into a larger

stage, while in the moist region, they grew best at high

FIG. 1. (a) Population dynamics of African mahogany Khaya senegalensis in Benin for each harvest intensity (low, medium,
and high), (b) stage-specific survival, and (c) conditional growth rate for each harvest intensity in moist and dry regions.
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harvest intensity. Small adults in the dry region grew

best at intermediate harvest intensity, while in the moist

region they grew considerably better at low harvest

intensity than at medium or high harvest intensity.

Demographic rates of populations experiencing variable

levels of harvest

To understand means and variabilities of vital rates

when populations experience variable levels of harvest,

for each Markov chain, we obtained a long sequence of

harvest intensities and calculated the corresponding

mean and coefficient of variation for each matrix

element aij. We focused on matrix elements a33, a44,

and a55, which had the highest elasticity values, and

present the stasis probabilities of juveniles, small adults,

and large adults, and the probabilities of remaining in

the same stage from one year to another. Mean stasis

probabilities of juvenile ā33, small ā44, and large adults

ā55 significantly decreased with increasing return time in

the moist region, while in the dry region the stasis of

juveniles and small adults increased, but the stasis of

small adults decreased (Fig. 2a–c). Overall, stasis

probabilities were lowest in the moist region. There

was less variability in stasis in the dry region than in the

moist region (Fig. 2d–f ). Variability in stasis slightly

increased with decreasing harvesting pressure in the

moist region.

Khaya populations were in decline (ks , 1) for all

Markov chain models in both the dry and the moist

regions. However, for a given Markov chain model, the

decline in population size was faster in the dry region

than in the moist region (ksdry , ksmoist; Fig. 3). The

stochastic population growth rate, ks, increased in the

dry region, but surprisingly declined toward ks ¼ 0.956

in the moist region when harvest pressure decreased

(Fig. 3). When harvest pressure was high (low return

time), the difference in ks between dry and moist regions

FIG. 2. Mean stasis of (a) juveniles, ā33, (b) small adults, ā44, and (c) large adults, ā55, and (d–f ) corresponding coefficients of
variation for each harvesting sequence in moist vs. dry regions. Statistical significance of Spearman correlation coefficients is
indicated by asterisks.

* P , 0.05; *** P , 0.001; **** P , 0.0001.
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was the highest, and that difference was the lowest when

harvesting pressure was low.

Elasticity of ks to perturbation of mean or variance:

El and Er

The stochastic growth rate ks was most sensitive to

perturbation of the mean value of stasis elements (Fig.

4). The pattern of the elasticity of ks to perturbation of

mean vital rates was remarkably different between the

dry and moist regions. In the dry region, where

ecological conditions were harsher, ks was only sensitive

to perturbation in mean stasis value, except for few cases

(Fig. 4b). In the moist region, the elasticity of ks to mean

stasis remained high (.90%), regardless of harvesting

pressure and was also sensitive to perturbation of mean

unconditional growth and, in few cases, of fertility,

mainly when harvesting pressure was high (Fig. 4a).

In the moist region, the elasticity to perturbation of

stasis was dominated by stasis of adults (e44 and e55, Fig.

5a). With decreasing harvesting pressure, the elasticity to

mean stasis of small adults, e44, decreased (r¼�0.87, P

, 0.0001), but there was no trend in the variation of e33
or e55. In the dry region, the elasticity to perturbation of

mean stasis was dominated by stasis of juveniles (e33;

Fig. 5b); e33 was the lowest when harvesting pressure

was high, and increased moderately with decreasing

harvesting pressure. The same trend was observed for

e55, but the contrary was observed for e44 (r¼�0.55; P ,

0.001). Consistently in both regions, the elasticity of ks

to perturbation of mean stasis of juveniles e33 and large

adults e55 tended to increase with decreasing harvesting

pressure, while it decreased for small adults.

The effect of perturbing the variability of vital rates

on ks was small (in absolute value: 0.004–0.01) in both

ecological regions and across all return times. This effect

was stronger in the moist than in the dry region (Fig. 6).

Although ks was less sensitive to perturbation of mean

fertility (than to mean stasis or growth) in both

ecological regions (Fig. 4), it was more sensitive to

variability in mean fertility rates in the moist region

(Fig. 6a). Variability in fertility and growth will have a

negative effect on ks in the moist region, while variability

in stasis will increase growth rate. There was no

consistent trend in the elasticity to variability in vital

rates across return time.

Harvest-level-specific elasticity, Eb

The response of ks to perturbation of a particular vital

rate differed markedly depending upon the context at

the time of perturbation as defined by the level of

harvest intensity when the perturbation is made.

Moreover, there was a clear and strong correlation

between the Eb and the return time to high harvest (Fig.

7). For low- or medium-harvest populations, the

elasticity of ks to stasis and growth increased with

increasing return time (rlow ¼ 0.64, rmedium ¼ 0.66, P ,

0.001; Fig. 7). For high harvest populations, the relative

importance of stasis and growth to ks was the highest

(0.90) when harvesting pressure was the highest and it

declined quickly with increasing return time to high

harvest (rhigh ¼�0.99, P , 0.0001; Fig. 7a). For return

time greater than two years, the elasticity to stasis in

high-harvest populations was no longer the highest; at

that point, stasis in medium-harvest population had the

greatest influence on ks.

DISCUSSION

In defining ecological thresholds or sustainable

harvesting limits for plant resources, most emphasis

has been placed on identifying the proportion of

resources that can be extracted without jeopardizing

the biological system. Previous models have assumed

either that there would be no harvest between harvest

episodes or that populations would be harvested at a

fixed rate over time, or at a variable but time-

independent rate, and few studies have investigated

how frequently a population should be harvested (e.g.,

Olmsted and Alvarez-Buylla 1995, Endress et al. 2004).

In reality, local people often change how much they

FIG. 3. Stochastic growth rates ks increased (in the dry
region) or decreased (in the moist region) with increasing mean
return time to high harvest. The regression lines were obtained
from significant nonlinear Michealis-Menten models. Statistical
significance of Spearman correlation coefficients is indicated by
asterisks.

**** P , 0.0001.
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FIG. 4. Elasticity, El, of the stochastic growth rate to perturbation of mean stasis, growth, and fertility in the (a) moist and (b)
dry regions. The elasticity is dominated by stasis in both regions.

FIG. 5. Variation of the elasticity of ks to mean stasis of juveniles (e33), small adults (e44), and large adults (e55), with increasing
return time in the (a) moist and (b) dry regions.
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harvest each year based on economic, social, and

ecological considerations, including local evaluations

of the state of the resource. Therefore, decisions on how

much to harvest in a given year often depend on what

was harvested the previous year. Our approach of

modeling Khaya NTFP harvesting levels as a stochastic

Markov process sequence demonstrates that the tempo-

ral sequence of harvest intensity matters. Our results

illustrate that the stochastic growth rate and its elasticity

to changes in the mean and variance of the vital rates

correlated with the return time to high harvest. This

approach provides an understanding of the demograph-

ic processes that determine population dynamics of

harvested species when harvest intensity varies stochas-

tically over time, and how the relative importance of

various demographic processes may change when

harvesting pressure varies.

The response of Khaya to increasing harvesting

pressure depended on the ecological context in which

the populations were found. While reducing harvesting

pressure (increasing the return time to high harvest)

increased population growth in the dry region, it

reduced it in the moist region. The results from the

dry region are expected and similar to other studies on

the effects of plant harvest (Nantel et al. 1996, Svenning

and Macia 2002, Ticktin et al. 2002) or herbivore

browsing (Knight et al. 2009) on population dynamics.

In contrast, the increase in population growth rate with

increasing harvesting pressure in the moist region is

similar to the response of populations to disturbance

such as fire (Silva et al. 1991, Menges et al. 2006) or

hurricanes (Horvitz et al. 2005) where increasing

disturbance tends to improve habitat quality, for

instance, increasing light penetration by increasing

canopy openness, or removing litter and therefore

increasing the availability of safe sites, or removing pest

or herbivore insects that were limiting growth or

survival. In our study, NTFP harvest was not expected

to have similar beneficial effects. However, our results

can be explained by analyzing the coupled variation of

mean vital rates and their elasticities across harvesting

sequences. In the moist region, the mean stasis rates of

juveniles, ā33, small, ā44, and large, ā55, adults decreased

with increasing return time to high harvest. In contrast,

the elasticity to mean stasis of juveniles, e33, and large,

e55, adults did not vary significantly with return time to

high harvest. Only e44 was negatively correlated with

return time. Therefore, the stochastic dynamics of

populations in the moist region was mainly driven by

the decreasing survival of juvenile and large adults when

harvesting pressure decreased. While it is not clear what

specific mechanisms drive these decreasing survival rates

at lower harvesting pressure, one hypothesis is that it is a

result of increased light penetration and a subsequent

increase in photosynthesis in pruned individuals (Anten

and Ackerly 2001, Martinez-Ramos et al. 2009). From a

FIG. 6. Elasticity, Er, of the stochastic growth rate to perturbation of the variability of stasis, growth and fertility in (a) moist
and (b) dry regions.
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short-term perspective, this increase in the quantity and

improvement in the quality (fewer tannins) of new

foliage has nutritional benefits for the cattle. However,

when harvesting is too frequent, the benefit gained from

foliage harvest may be outweighed by the cost of

constant compensatory growth.

In contrast to our previous study where we simulated

an i.i.d. (independent and identically distributed)

environment and found that low-harvest populations

were projected to increase in the moist region (ks . 1;

see Gaoue and Ticktin 2010), in this analysis Khaya

populations were projected to decline regardless of

harvesting pressure or ecological context. From a

management perspective, this difference in the results

between an i.i.d. and Markovian environment suggests

that populations would increase only if they are

consistently harvested at a low level over time, but if

the sequence of harvest includes medium- or high-

intensity years, populations are likely to decrease. In our

study region, Khaya harvest often takes place at high

intensity with low return time (Gaoue and Ticktin 2007,
2009) and it is unrealistic to expect a low-harvest i.i.d.

scenario.

Our results show that, in the dry region where

populations are already experiencing stressful ecological

conditions, Khaya populations are more buffered

against variance in vital rates. Our results also show

that increasing harvest pressure (return time to high

harvest) tends to increase the relative importance of

stasis and more so when ecological conditions are

stressful. In a context where populations already face

drought related stress, population growth tends to be

driven mainly by the ability of individuals to resist

perturbation and persist. The importance of stasis for

long-lived species has been reported by other studies

(e.g., Silvertwon et al. 1993, Morris and Doak 2002) and

may be explained by a long-term selection for high

survival in these species and a buffer against environ-

mental variability (Morris et al. 2008). Although the

context dependent variation in the importance of

demographic processes for population fitness is rarely

reported (e.g., Menges and Quintana-Ascencio 2004,

Sletvold and Rydgren 2007, Knight et al. 2009), the few

studies that have reported this are consistent with our

results on Khaya and illustrate that the elasticity of the

deterministic growth rate to stasis increased with

increasing disturbance. This pattern supports the theory

that plants in stressful environments tend to invest in

greater stasis than growth or reproduction (Grime 1977)

and suggests that for populations heavily and chroni-

FIG. 7. Environment-specific elasticity, Eb, for (a) stasis and (b) growth for each harvest intensity: low, medium, and high.
*** P , 0.001; **** P , 0.0001.
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cally harvested for their NTFPs, there is an increase

selection pressure for individuals that are resilient to

harvest and therefore with higher survival rates. This

also has implications for future harvest and the economy

of NTFP harvest for local populations. If frequent high-

intensity harvest will shift the life history strategies of

harvested species toward reduced growth (reduced leaf

production) and reproduction (reduced fruit produc-

tion), as a trade-off for higher survival, then, for species

that are harvested for their foliage, fruits, and seeds,

frequent harvest may lead to decreasing productivity. In

terms of management, the greater increase in elasticity of

stasis in the dry region suggests that the key manage-

ment approach there should be toward ensuring greater

survival of the adult plants.

We further show that the importance of demographic

processes to population growth also depends on the

harvest states in which the population is found prior to

perturbation. For example, for high harvest populations,

with greater return time to high harvest (low harvesting

pressure), population growth is sensitive to growth or

reproduction in addition to stasis. But if the population

is in a low- or medium-harvest state, the elasticity of the

stochastic growth rates may show completely different

trends. This has significant management implications as

it suggests that the choice of the demographic processes

to manipulate for population management should be

carefully considered and adapted depending on the state

in which the population is. However, with frequent

harvest, the population growth rate may never reach an

asymptote and the long-term behavior of harvested

populations may be less of immediate use for managers

than their transient behavior after harvest (Caswell 2001,

Koons et al. 2005, Ezard et al. 2008). Future demo-

graphic analyses of non-timber forest product harvest

impact should focus both on the asymptotic and

transient behavior of harvested populations to be able

to suggest a coupled short- and long-term management

strategies for end-users.

The way we use Markov chains in this study may be

suitable for most indigenous resource management

strategies where harvesting decisions are made based

on responses of the resource (e.g., postharvest density or

yield) to recent harvest activities and the historical

patterns of yield at a site. However, in some indigenous

communities (see Berkes and Kislalioglu Berkes 2009,

Peloquin and Berkes 2009) and for park managers who

have the possibility of documenting harvesting history,

it is possible to use a different approach to account for

the effect of long-term history of harvest on population

dynamics. A delay difference/differential equation mod-

els or autoregressive moving average (ARMA) matrix

model (see Mode 1988, Tuljapurkar and Istock 1993,

Caswell 2001) could be used to model future population

dynamics as a function of present, but also past harvest

effect.

What insights do we gain from the approach we used

in this study? First, modeling variation in the patterns of

harvest intensities over time using Markov chains is

much more realistic than the i.i.d. (independent and

identically distributed) approach; the latter assumes that

at each time step the next environmental state is

independent of the current environmental state. The

i.i.d. approach has often been used to model stochastic

dynamics of NTFP harvested populations, and we show

that the two approaches provide different results.

Therefore, not doing this can lead to management

decisions that are potentially erroneous. Second, the

results vary across contexts and management decisions

must be localized to explicitly consider the context

dependent resilience of resources to perturbation. The

fact that the population growth rate decreases in the

moist region as harvest pressure decreases, but that the

opposite was found in the dry region, has important

management implications and suggest a different

approach in managing (quota of harvest, public

awareness, et cetera) populations in the two regions.

One of the difficulties in using Markov chains in

modeling the effect of harvest is the lack of sufficient

longitudinal data to accurately define the state-by-state

transition probabilities in the Markov chain. In our

study, we simulated a wide range of Markov chains that

mimicked various management options and this ap-

proach could be used like a sensitivity analysis to

investigate the effect of variation in management

options on future long-term population behavior.

Another approach would be to calculate the sensitivity

of population growth rate to perturbation of the

Markov chain elements. The mathematical framework

for this type of sensitivity analysis exists and has been

recently introduced to ecologists by Steinsaltz et al. (in

press).
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