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You open, you pay! 



Vitellaria paradoxa 
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Sclerocarya birrea 
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Non-Timber Forest Products 



The value of wild plant harvest	



•  Up to 300 million people annually earn part or all 
of their livelihood and food from forests. 

•  Nearly US$90 billion in non-timber forest 
products harvested per year. 

•  80% of world population relies upon medicinal 
plants for their primary healthcare. 

Pimentel et al. 1997, Human Ecology 25: 91-120 

Ecological Society of America 



How sustainable is our current use of forest 
resources? 



Prunus africana, Bark	

Bertholletia excelsa, Brazil nuts	



Cunningham & Mbenkum. 1993. UNESCO	

Peres et al. 2003, Science 302: 2112-4	



© T. Cunningham	
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Over-exploitation 

Warburgia salutaris, Bark	



© M. Hyde	



Botha 2004, Biodiv & Cons 13: 1675-98	





Ticktin (2004)  J.  Appl. Ecol. 41: 11-21 



•  How do you quantify sustainability of use 
when environmental conditions are changing 
(testing I.I.D. versus Markovian environments)? 

•  Are species more resilient to harvest in less 
stressful environments (moist, nutrient rich, etc.)? 



Harvest matrix models 

n(t + 1) = HAn(t)

where H=diag(hi,…. hs), and A is a s×s matrix 

hi is the proportion of stage i surviving harvest 

For harvest to be sustainable, the dominant 
eigenvalue of HA must be ≥1 



Context and Data 



Khaya senegalensis, Mahogany	





Benin	



Areas: 114, 763 Km2	



Population (2010):  9.05 million	


GDP (2009): $1,500 per capita	


Cotton: 40% of GDP	


            70% of export	



Bierschenk et al. (2003) Dev. Policy Review 21:161-78; US State Dept. (2010)	





mahogany timber 



grazing 



Khaya senegalensis: source of fodder for cattle	









High pruning 
intensity (>80%)	



Gaoue & Ticktin 2007. 
Biological Conservation 



Sudanian 
Region (DRY)	



Sudano-Guinean 
(MOIST)	



Study design	



Low Harvest	



High Harvest	





Woodlands 
(dbh>5cm) 

Gallery forests  
(dbh >5 cm) 

10 x 10m subplots 
(dbh ≤ 5cm) 

100 m 

50 m 

500 m 

10 m 

Permanent Plots 



Tagging individuals  



DBH, Height, # of fruits, seeds, seedlings… 





Khaya Population Matrix “A”	



Seedling	

 Sapling	

 Juvenile	

 Adult 1	

 Adult 2	



Seedling	

 0.60	

 0.03	

 0	

 0.80	

 3.20	



Sapling	

 0.04	

 0.76	

 0	

 0	

 0	



Juvenile	

 0	

 0.14	

 0.95	

 0.008	



Adult 1	

 0	

 0	

 0.01	

 0.93	

 0.007	



Adult 2	

 0	

 0	

 0	

 0.05	

 0.98	



Seedlings	


< 2 cm	



Saplings	


  2-5 cm	



Juveniles	


5-20 cm	



Adults 1	


20-40 cm	



Adults 2	


> 40 cm	



0.60	

 0.76	

 0.95	

 0.93	

 0.98	



0.04	

 0.14	

 0.01	

 0.05	



0.03	

 0.0	

 0.008	

 0.007	



0.80	

 3.20	


(SHRINKAGE)	



(GROWTH)	



(STASIS)	



(FERTILITY)	





MOIST	



DRY	



Khaya harvest matrices 	


LOW	

 HIGH	



Seedling	



Sapling	



Juvenile	



Adult1	



Adult2	



Seedling	



Sapling	



Juvenile	



Adult1	



Adult2	



Sdl	

 Sap	

 Juv	

Ad1	

Ad2	

 Sdl	

 Sap	

 Juv	

Ad1	

Ad2	





Ecological variation, stochasticity and the 
sustainability of harvest 



Lefkovitch (stage-based) matrix model 
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n(t + 1) = An(t)

λ: population growth rate  



n(t + 1) = An(t)

Harvesting: deterministic model 
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Stochastic matrix population models	
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n(t) = A(t)n(t − 1)

Logλs is the stochastic population growth rate.	



 
logλS = limt→∞

1
t
log At−1At−2…A0n0

 n(t) = At−1At−2…A0n0



n(t) = A(t)n(t − 1)

Harvesting: stochastic I.I.D. model 
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site1 site2 



n(t) = A(t)n(t − 1)

Harvesting as Markov Process 
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Harvest 
states	



HHMHMHMLLHLMLMLMLHHHLMH	

 mgt 36	



. 

. 
. 
. 

Caswell 2001 

 
logλS = limt→∞

1
t
log At−1At−2…A0n0



Stochastic (i.i.d.) population dynamics	


(for a given harvest level and climate, at each time step, matrices 

were drawn at random with equal probability)	



Dry 

Moist 

Gaoue & Ticktin (2010) 
Conservation Biology 



Return time to high harvest (yrs)	



Gaoue, Horvitz & Ticktin (2011) 
Ecological  Applications 

Dynamics in Markovian 
environments	





Asymptotic growth rates underestimate the 
transient response to harvest 







Lefkovitch matrix models 
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w = right eigenvector 
v  = left eigenvector 

Elasticity of asymptotic dynamics 

(1) 

(2) 



r(t) = logN(t + 1) − logN(t)

d r(t)
dθ T

=
cT

N(t + 1)
dn(t + 1)
dθ T −

cT

N(t)
dn(t)
dθ T

er(t ) =
θ j

r(t)
dr(t)
dθ j

Transient dynamics: r(t) and elasticity 

t = 10 

(Caswell 2007. Ecology Letters 10:1-15) 

Δr(t) = r(t)Low − r(t)High

(1) 

(2) 

(3) 

(4) 

dn(t + 1)
dθ T = A dn(t)

dθ T
+ (nT(t)⊗ Is )

dvecA
dθ T

You can derive dn(t + 1) / dθ T

(5) 

from eq. 5 



Effect of harvest on asymptotic vs. transient 



Elasticity of short- vs. long term dynamics 

Khaya senegalensis vital rates 





Summary  

1.  Harvest of foliage from African mahogany is not 
sustainable. Effects of harvest is even stronger in 
populations in stressful environments or when 
harvesting sequence mimicked reality. 

2.  Effect of harvest on population dynamics is 
stronger in short-term than long-term. 

3.  Strategy to enhance survival at early life stage is 
the best approach to maintain population in the 
short term but long term persistence require 
enhancing survival of adults reproductive. 



Soopodu	



Gaoue & Ticktin (2009) 
Economic Botany 63:256-270  
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