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ABSTRACT

Previous research suggests that prey-switching behavior by consumers (adaptive 
foraging) contributes to the stability o f food web networks and may help explain the 
apparent contradiction between the complexity o f natural ecosystems and theory that 
suggests such complex systems should be unstable. However, no previous study has 
explored the consequences o f adaptive foraging behavior on ecosystem processes (or 
'functioning'). I assembled communities from regional pools while varying searching 
efficiency, connectance, and the fraction of adaptive foragers in order to observe the 
effects these properties have on the diversity and functioning o f the resultant 
communities. In general, pools with increased connectance, a higher fraction o f adaptive 
foragers, and intermediate searching efficiencies yielded communities with greater 
diversity. However, while pools with high connectance and intermediate searching 
efficiencies tended to have higher ecosystem productivity, adaptive foragers decreased 
the overall productivity o f the assembled communities. Unsurprisingly, adaptive 
foragers, connectance, and increased searching efficiency all led to higher rates of trophic 
transfer. These trends occurred alongside an overall positive correlation between 
diversity and the rates of these processes. In addition, the higher regional richness 
increased the per-species functioning o f the assembled community. These results suggest 
that the diversity and structure of food web networks interact with the dynamics of 
trophic interactions to determine and maintain the properties and processes of ecological 
communities.



THE EFFECT OF A DAPTIVE FORAGERS ON THE DIVERSITY  
AND FUNCTIO NIN G  OF ASSEMBLED COMM UNITIES



1. I n t r o d u c t i o n

The accelerating ra te  of global biodiversity loss [1. 2. 3]. has brought increasing 
a tten tion  to  the relationship between biodiversity and ecosystem functioning, and 
the potential consequences diversity loss has for services provided to  the hum an 
population [4, 5. G, 7]. This has triggered a charge to  uncover the mechanisms 
by which diversity affects functioning, and the potential effects these mechanisms 
might have on ecosystem services. In addition, much of ecological theory focuses on 
reconciling the species-rich and highly connected com m unities found in natu re with 
the fact th a t theoretical models a ttem p ting  to  represent these com munities tend 
to  be highly unstable. A lthough early heuristic argum ents claimed that increased 
diversity and connectance should improve stability  [8. 9], subsequent quan tita tive 
models consistently suggested th a t diversity could not be m aintained in highly 
connected com m unities (e.g. [10, 11]). Suggested explanations have ranged widely: 
Food web models are ridiculously cartoonish and can not begin to  approxim at e real 
ecosystems (e.g. [12]); most interactions are weak, facilitating dam pening effects 
th a t encourage stability  (e.g. [13]); sigmoidal functional responses (e.g. [14]) and 
plastic consumer behavior (e.g. [15]) reduce resource extinction risk; m utualistic 
interactions arc more prevalent, than  is realized, increasing the  stability  of diverse 
com m unities (e.g. [16]). This relationship between com plexity and stability  could 
have large im plications for the  relationship between diversity and ecosystem func­
tioning [17]. However, although these m echanisms help to m aintain the stability  of 
complex communities, their po ten tia l effects on the relationship  bet ween diversity 
and functioning has yet to  be explored.

A lthough the response of species foraging behavior to  a changing environm ent 
has been studied extensively [18], the po ten tia l effects of adaptive foraging behav­
ior on the food web structu re  and dynam ics are only recently being explored. This 
research has explored the effect of dynam ic foraging strateg ies on t he structu re  of 
food web interactions. A daptive foraging behavior of consumers lias been found 
to be particularly  influential on food web stability  ([15, 19, 20, 21]. For exam ­
ple, optim al foraging theory predicts the  network struc tu re  of natu ra l food webs 
[22], though the food web generated in the study is still static. In contrast, adap­
tive foraging theory  allows for the evolution of network s tru c tu re  by facilitating 
prey-switching (see, e.g. [23, 24]). This behavior has been shown to facilitate the 
persistence of simple tw o-resource/one consum er model food webs [25]. Kondoh 
[15, 20] showed that, allowing consum ers to  ad just their preferences for resources 
improves the  stability  of complex food webs. Subsequent, research discovered th a t 
sim ulations of model food webs w ith adaptive foragers results in fewer extinctions, 
and th a t these com m unities developed a diversity/ connectance relationship similar 
to  em pirical food webs [21]. These studies suggest th a t  adaptive foraging may be a 
mechanism determ ining the structu re  of food-web networks and m aintaining their 
diversity.

Despite research showing th a t behavioral plasticity  can have significant ecological 
consequences [26], the  po ten tia l im plications of adaptive foraging on ecosystem 
functioning have yet to  be explored. Recent, research has found th a t biodiversity 
can have im portan t affects on ecosystem functioning [4, 6. 7], and adaptive food- 
web networks have the potential to  influence this relationship in two ways. F irst, 
adap tive foragers help com m unities m aintain  greater diversity [21] [20]. Second, 
adaptive foraging behavior has the potential to significantly alter the effects of
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increased biodiversity on ecosystem processes. The top  down influence of consumers 
may have a disproportionately large affect on the relationship between biodiversity 
and ecosystem functioning ([27] [28]), and this could make the  dynam ics of trophic 
interactions particularly  im portan t to  these relationships [29].

A potential lim itation of many theoretical studies of food webs is th a t the initial 
species abundances used for sim ulations are often arbitrary . One possible solution 
to  this problem  is to  create the com m unities using an assembly process. Assembly 
is the process through which species com m unities develop from a “void” . Theoreti­
cal ecologists have used a variety of m ethods to  explore com m unity assembly, m ost 
involving the sequential addition of species to  com munities governed by a system 
of Lotka-V olterra equations [30] [31] [32], In addition, allowing adaptive consumer 
behavior may have profound effects on com m unity assembly. Assembly history 
[33, 34] and processes such as invasion rates [32, 35] can have dram atic  effects on 
com munity com position, and the presence of adaptive foragers during com munity 
assembly has the potential to  influence the diversity of the assembled com munity 
and the structu re  of its affiliate food web network. Assembly acts as a, sieve, lim iting 
the com munity com position to  one subset of the pool from which the  com m unity is 
assembled [36], and because interactions can have dram atic effects on the success 
of invading species [37] [38], it is probable th a t allowing species in the assembled 
com m unity to adjust their foraging strategy  will significantly im pact their invasion 
success. Therefore, adaptive foragers have the po tential to  alter the  com position 
of assembled com munities, either by affecting their ability to  invade, or by resist­
ing /facilitating  invasions of other species. In addition, the assembly history of a 
com munity can influence the resulting production-biodiversity relationship of the 
ecosystem [34]. and invasion m echanisms help determ ine the relationships between 
biodiversity and additional processes [34] [39] [40].

In this study 1 use an assembly process to investigate how food web complexity 
and adaptive foraging behavior in teract to  determ ine the  diversity and functioning 
of ecological com m unities. I found th a t (1) com munity diversity is enhanced by 
a strong interactive effect, between higher num bers of food-web connections and a, 
higher fraction of adaptive foragers, t h a t (2) ecosystem productiv ity  was maximized 
in highly connected com m unities w ith interm ediate searching efficiency, and th a t 
(3) transfer of biomass to  higher trophic levels was maximized in highly connected 
com munities with high searching efficiency. In addition, the effects of increased 
connectance and more adaptive foragers on com munity diversity and functioning is 
largely dependant on consum ers' searching efficiency.



2. T h e  M o d e l  a n d  M e t h o d s

In order to sim ulate an assembly process, we first generated a. food web rep­
resenting a regional species pool containing n species. Species in the pool were 
selected random ly and allowed to  invade a local com munity a t exponentially dis­
tribu ted  intervals with mean length // (the invasion period). Species were removed 
from the  com munity at any tim e their biomass dropped below a, threshold density 
( X q =  0.001). which also served as the  propagule size for invasions. We indepen­
dently m anipulat ed the threshold value and the  propagule size by an order of m agni­
tude and found th a t neither affected the results. Between invasions, the  population 
dynam ics of species in the  local com m unity were sim ulated by an adaptive-foraging 
model. The biomass and preferences of each species were m onitored throughout 
the  sim ulation, which allowed the  ecosystem processes in the model to  be m easured 
as well.

2.1. T h e  A d a p tiv e  F o ra g in g  M o d e l.  The adaptive foraging model accounts 
for the biom ass and behavioral dynam ics of all species simultaneously [15]. The 
biom ass dynam ics are described by Lotka-V oltcrra predator-prcv equations m od­
ified to  include a sa tu ra ting  (type II) functional response [41]. The dynam ics of 
species f s  biomass {Xj )  is given by

(1) Xj  =  y  ( r j ( i +  -  E A . y e y
\  X 7 = 1  7 =  1

where prim ary producers have a pcr-biom ass reproductive rate  (r?), and they all 
have the sam e h ab ita t size K .  Every species j  has a respiration rate . dj.  The f.,j is 
the efficiency of specie's j  (the consum er) searching for species i (the resource); it 
determ ines the ability of i to  exploit j .  Ojj is the conversion efficiency of j  preying 
on i, and depends on w hether i is a. p lan t (Ojj =  0.5) or an animal (0,j =  0.85), as 
suggested by Yodzis and Innes [42]. Fj  is the fraction of consumer j  th a t is free to  
actively search for resources,

f 9) F- =  1------

where /-y/^.V, corresponds to  a  type II functional response [43] [44] and Hj  is 
species f  s handling time.

Pij is the  fraction of tim e consum er j  spends searching for resource i. The 
preferences of an adaptive forager are allowed to  change in response to  availability 
of its resources. We assume tha t the  preferences of an adaptive forager move in 
the direction th a t most rapidly increases its intake rate , while ensuring th a t the 
sum of its preferences rem ains one (i.e. E ”=i P j  — !)• This direction is calculated 
using a, gradient w ith respect to  the Shashahani m etric, a metric used extensively 
in evolutionary game theory (e.g., see Hofbauer and Sigmund [45]). Under th is set 
of assum ptions, we show in appendix A th a t the preference dynam ics are given by

(3) P,3 =  9l Pu lf  +  l ) ' £ l t kin j f kiX>
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where g} scales the ra te  at which species i adjusts its foraging rates (preferences). 
T he fraction of species th a t are allowed to  adap t (adaptability) determ ines the 
num ber of species which have a non-zero y. which is the same for all adaptive 
species. We set g =  0.3 for m ost sim ulations and, as in previous studies, the actual 
value of g had negligible influence over the results. Equation  (3) provides a natural 
generalization of K ondoh’s original preference equation [15]. However, ensuring 
that, adap tive foragers arc maximizing the ir intake* causes equation (3) to  differ 
from the  equations of Brose et. al. [41] and subsequent studies [19] [20] [21].

2.2. F o o d  W e b  S t r u c tu r e  a n d  A llo m e tr ic  S c a lin g . The food web network 
describing the  potential interactions between species in the regional pool is repre­
sented by the n by n m atrix  / .  The location of the I non-zero entries in /  are 
determ ined by the niche model, which has been shown to produce networks with 
structu ra l properties sim ilar to those of em pirically determ ined food-webs [40]. The 
niche model assumes th a t species can be ordered along a one-dimensional gradient, 
or “niche dim ension7' [47]. The model generates the structu re  of /  by assuming 
consum ers can eat every species within a contiguous range 7?.,-, where the  center 
of Rj  is a random ly det erm ined point in the* niche dimension below species i and 
its b read th  is determ ined by the food web’s connectance, the fraction of potential 
links in the food well th a t are actually realized (4 j) .  For consistency with previous 
literature , all non-zero searching efficiencies are assum ed to  be identical.

The one-dim ensional niche gradient used to  generate the food web is often as­
sumed to  be a representation of body size [31] [46] [48]. We retain  this convention, 
using uniform ly d istribu ted  random  variables between 0 and 1 as the body size 
of each species [46] [48] and using allom etric scaling to  determ ine the production 
rates, tv, handling tim es H,.  and respiration rates, d, [49] [42] [50].

Previous work has showed th a t the interaction between connectance, adaptability  
and diversity can be confounded when the  niche model is used because, trad ition ­
ally, producer diversity is inversely correlated with connectance [41] [20]. To avoid 
this com plication, we kept the fraction of prim ary producers fixed a t 0.4. Food web 
research has reported  fractions ranging from 0.04 to  0.5 [46] [51], however, fractions 
of basal species reported in the lower range are likely an artifact of increased ag­
gregation of species in lower trophic levels [51]. In any case, lowering the* fraction 
of basal species to  as low as 0.1 did not affect the* m ain results.

2.3. S im u la t io n  a n d  D a ta  A n a ly s is . In the  m ajority  of the sim ulations (79380) 
the m anipulated  input variables included the fraction of adaptive foragers (adap t­
ability, or A),  the connectance of the regional food web used to assemble the com­
m unity (C), the* period between invasions (//), and the m ean searching efficiency of 
the species ( / )  in order to  investigate how these properties interact to determ ine 
the  final diversity and functioning of the assembled (•omniunities. The values of the 
input variables in these* sim ulations were: for A (adaptability), 21 values from 0 to 
1; for C  (connectance*), 21 values from 0 to  0.45; for / ,  (mean searching efficiency) 
f  ~  0 . 3 . 0.03. or 0.003; and for /i. (invasion period) ft =  1. 10°'5. or 10. yielding 
a to ta l of 3969 input treatm ents. Tw enty sim ulations were run with each combi­
nation of variables, in which 20 species were included in the  regional pool. 13230 
additional sim ulations were run to  investigate* the im portance of regional richness. 
Half w ith a 10 species regional pool, and half with 40 species.
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Each sim ulation was run until species in the regional pool have invaded an av­
erage of 30 tim es (time T  m 30n/q  see fig. 1). Q uantities tracked throughout 
each sim ulation include the tim e each species has spent in the community, to ta l 
biomass of each species in the  com m unity (A”), and the preference values contained 
in the  n by n m atrix  P . The sim ulation ou tpu ts were calculated from these quan­
tities. They included th e  average richness and biomass Q A  A ,) of the community, 
as well as the average rates of four ecosystem  processes ( “functions” ), p roductiv ity  
(/’•A ), respiration (d-X) ,  assim ilation ( ^  . X j  , >̂j I\ i  f>j ̂  j ) • and consum ption
(ZiKZjPtifijFjXj)''

Often, the biomass dynam ics began to  approach an equilibrium  after a m ean 
of 15 invasions for each species(e.g. figs. la., c). However the  assembled commu­
n ity ’s dynam ics occasionally failed to  stabilize through the entire sim ulation (e.g. 
figs. lb , d). In these com munities, the diversity of the local community, the biomass 
of individual species, and th e  streng th  of particu lar interactions could vary greatly  
(see appendix B). Therefore, the  values of the response variables were averaged 
over the last half of each sim ulation.
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3. R e s u l t s

3.1. F u n c tio n in g  c o m p o n e n ts  a n d  o v e ra ll t r e n d s .  In order to  obtain  m etrics 
of ecosystem ‘'functioning’-, we perform ed a principal com ponent analysis (PCA) 
on the four ra te  variables (productivity, respiration, consum ption and assim ilation) 
and the m ean to ta l biom ass of the assembled com munities ([52]). The first, t wo prin­
cipal com ponents explained 99% of the to ta l variation of these variables (fig. 2). 
The first com ponent (62%) is a, weighted average of the five variables; it is most 
dependent on overall productivity. In contrast, the second functioning component 
(37%) separates com m unities in which the productivity  is predom inantly  respired 
from those with large am ounts of trophic transfer (i.e. consum ption and assim ila­
tion). Hereafter we refer to  com munities w ith high values on the first com ponent 
as com munities w ith high “ecosystem productiv ity ’-, and to  com munities w ith high 
values on the second component, as having high “troph ic  t ransfer” .

Overall, there is a positive correlation between the diversity of an assembled 
com m unity and both  its ecosystem productiv ity  and trophic transfer (fable 1). In 
addition, regional pools w ith increased connectance, higher fractions of adaptive' 
foragers and shorter periods 1 jet.ween invasions (lower //) tended to  prom ote higher 
diversity and increased trophic transfer in the  assembled com munities. Connectance 
generally increased ecosystem productiv ity  (table 1). but more adaptive foragers 
and faster invasion ra tes tended to lower ecosystem productiv ity  (table 1). Despite 
these broad trends, there were a. num ber of exceptions and qualifications due to 
subtle inl.erad.ive effects. Like the correlations in table 1, all of the results mentioned 
below are st atistically significant, w ith p-values far below p  =  0.01. Therefore, we 
do not include p-values when discussing these results.

3.2. D iv e rs i ty  o f  th e  A s se m b le d  C o m m u n ity . Regional pools w ith high con­
nectance and a high proport,ion of adaptive foragers produce the m ost diverse com­
munities (fig. 3 and table 1). This is m ostly due to a consistent positive' in teraction 
between the two variables. This interaction is easily observable in com m unities as­
sembled with interm ediate searching efficiencies (figs. 3d-f). This p a tte rn  probably 
arises in p art because adaptive foraging offers a greater advantage to consum ers 
with m ultiple resources.

A lthough increased connectance and adaptab ility  always interact to  produce 
greater diversity, the com m unity’s searching efficiency determ ines how these two 
variables’ effects on diversity are influenced by the period between invasions and 
each other. For example, in com m unities w ith high searching efficiency ( /  =  0.3). 
the effect, of adaptive foragers on diversity switches from neutral (fig. 3a) t o negative 
(fig. 3c) in com m unities with longer invasion periods (p)  and low to in term ediate 
connectance. In com m unities with high connectance. however, the  interaction  be­
tween adaptive foragers and connectance m aintains a positive adap tab ility / diversity 
relationship. The lower diversity in these com munities with high searching efficien­
cies is probably due to  overexploitation, indicated by the loss of basal species in 
these com m unities (see appendix D, fig. 9). Slowing the assembly process may 
enhance this exploitive effect by giving adaptive foragers tim e to  focus the ir con­
sum ption and drive their resource (and thus themselves) ex tinct before alternative 
resources appear. As a result, the com m unity is unable to  build up a “critical m ass-’ 
of species richness th a t woidd be sustainable. The extrem ely high variability in the 
richness of these com m unities supports th is hypothesis (see appendix B, fig. 7c).

9



T a b l e  1 . Correlation Coefficients of diversity, ecosystem produc­
tiv ity  (P C I) and trophic transfer (PC2) w ith adaptability , con- 
ncctancc, //, and each other for different searching efficiencies ( / ) .  
All of the  non-zero relationships are significant (p <  0.05). Note 
th a t, although P C I and PC2 are orthogonal ( r2 =  0), there are 
fairly high correlations between the  two am ong com munities with 
the same searching efficiency.

Com ponent f P C I PC2 Diversity A daptability Connectance mu
Ecosystem all - 0 0.59 -0.10 0.24 0.04

Productiv ity 0.3 - 0.46 0.39 -0.27 0.18 -0.05
(P C I) 0.03 - 0.62 0.58 -0.02 0.61 -0.02

0.003 - -0.97 0.28 -0.03 -0.11 0.37
Trophic all 0 - 0.12 0.01 0.30 -0.03
Transfer 0.3 0.46 - 0.41 -0.01 0.67 -0.01

(PC2) 0.03 0.62 - 0.63 0.17 0.60 0.01
0.003 -0.97 - -0.18 0.03 0.12 -0.33

Diversity all 0.59 0.12 - 0.16 0.32 -0.14
0.3 0.39 0.41 - 0.11 0.42 -0.32

0.03 0.58 0.63 - 0.36 0.51 -0.10
0.003 0.28 -0.18 - 0.10 0.12 0.07
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(a) f  =  0.3, \x — 1

O

(d) /  -  0.03, n =  1

0 0.25 0.5 0.75 1.0

(b) /  =  0.3, n =  10° 5 (c) /  -  0 .3 ,/x -  10

0 0.25 0.5 0.75 1.0

(e) /  =  0.03, /x =  10°-5 (f) /  =  0.03, n =  10

0 0.25 0.5 0.75 1.0
A d ap tab ility

(g) /  =  0.003, /x =  l

0 0.25 0.5 0.75 1.0
A d ap tab ility

(h) /  =  0.003, n =  100-5

3 0.25 0.5 0.75 1.0
A d ap ta b ility

(i) /  . 0.003, Ai =  10

F i g u r e  3. Each panel shows m ean richness (scale is the  sam e for 
each panel, indicated  by th e  colorbars) as a response to  m anipu­
la ting  A dap tab ility  along the  X axis (20 values from  0 to  1), and 
C onnectance along the  Y axis (20 values from 0 to  .45), w ith  a 
p articu la r invasion ra te  (colum ns, [i — 1, 10° 5, or 10) and  search­
ing efficiency (rows, /  =  0.3, 0.03, or 0.003). Every value is from 
an average of tw enty independent sim ulations w ith  th e  sam e input 
param eters.
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( a )  /  =  0 . 3 , ax =  1

(d) /  =  0.03, fi =  1

0 0.25 0.5 0.75 1.0

(b) /  =  0.3, n =  10°'5 (c) /  =  0 .3 , / i  =  10

0 0.25 0.5 0.75 1.0

(e) /  =  0.03, n =  10°-5 (f) /  =  0.03, n  =  10

0 0.25 0.5 0.75 1.0
A d ap ta b ility

(g) /  =  0.003, =  1

0 0.25 0.5 0.75 1.0
A d ap tab ility

(h) f  -  0.003, n  =  10°-5

0 0.25 0.5 0.75 1.0
A d ap tab ility

(i) /  =  0.003, n =  10

F i g u r e  4 .  Each panel shows m ean ecosystem  productiv ity  (i.e. 
P C I from th e  P C  A in 2) as a response to  m anipulating  A dap tab il­
ity  along th e  X axis (20 values from 0 to  1), and  C onnectance along 
the  Y axis (20 values from 0.0 to  0.45), w ith a particu lar invasion 
ra te  (colum ns, [i — 1, 10° 5, or 10) and  searching efficiency (rows, 
/  =  0.3, 0.03, or 0.003). Every value is from an average of tw enty 
independent sim ulations w ith  the  sam e input param eters.
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In contrast, when searching efficiencies are low ( /  =  0.003). diversity is m axi­
mized a t in term ediate connectance (fig. 3g), although the connectance-adaptability  
interaction switches this to a positive effect of connectance in slowly assembled 
com m unities (fig. 3i). This effect of high connectance on richness may be because 
sp litting  a higher level consum er's po tential effort am ong so many resources leads 
to  an inability 1o gather sufficient resources 1,o support m ore than  one ex tra  t rophic 
level. However, because.' sim ulations last longer when the invasion period is slower 
(// > 1). they- have ex tra  tim e to  ad just their preferences and build biomass th a t 
supports additional consumers. Indeed, the  to ta l biom ass increases with invasion 
period only when /  =  0.(103 (appendix C fig. 8).

3.3. F u n c t io n in g  o f  th e  A sse m b le d  C o m m u n ity .  Overall, there1 was a positive 
correlation between ecosystem productivity  (P C I) and diversity (table 1). This is 
probably because berth richness and ecosystem proelactivity were maximized by 
high connectance and interm ediate searching efficiency of consumers (figs. 3, 4. 
However, in contrast- to  species richness, adaptive foraging and faster invasions 
affected ecosystem productivity  negatively (table 1 and fig. 4). Also, there is no 
indication e>f a consistent increase in functioning due to  a connectance/ adaptab ility  
interaction.

As would be expected, the relative im portance of tr ophic transfer is increased by 
higher searching efficiency and connectance (fig. 5). In addit ion, searching efficiency 
was the principal factor determ ining how adaptability , connectance, and invasion 
period affected ecosystem productivity  and the im portance of trophic transfer.

In com m unities with interm ediate searching efficiencies ( /  =  0.03). both  in­
creased connectance and a larger proportion  of adaptive foragers increased th e  
im portance of trophic transfer (figs. fkl-f). The la tte r trend  m irrors the diversity 
result, (figs. 3d-f). Consumers with interm ediate searching efficiencies ( /  =  0.03) 
were able to  slightly reduce the num ber of basal species (set' appendix D fig. 9), bu t 
basal richness was m aintained by higher connectance a n d /o r  a higher fraction of 
adapt ive foragers (appendix D fig. 9). This suggests th a t spreading foraging effort 
am ong m ultipit' resources and allowing prey-switching stabilizes resource diversity, 
facilitating an increase in diversity a t higher trophic levels. The resulting increase 
in the num ber of consumer species increases the  fraction of biomass moving into 
higher trophic levels, indicated by the increase in the relative im portance of trophic 
transfer (figs. fid-f).

Ecosystem  productivity  of com m unities w ith interm ediate searching efficiencies 
is enhanced by the increase in connectance. Tin; increase in productivity  may be 
facilitated by lowering basal biomass below the carrying capacity. ^  (appendix 
D fig. 10). However, if connectance is not high enough, adaptive foragers lower 
basal biomass further (appendix I) fig. 10), resulting in a slight drop in ecosystem 
productiv ity  (fig. 4d-f).

In com m unities with high searching efficiencies ( /  =  0.3) the overexploitation of 
resources leads to  lower ecosystem productiv ity  (figs 4a,-c). As in the case w ith inter­
m ediate searching efficiency, this is m itigated  somewhat, by increased connectance. 
However, although an increased fraction of adaptive foragers helps to  m aintain di­
versity (fig. 3 and see appendix D), the  heightened effectiveness of these consumers 
still decim ates the biomass of the basal species (appendix D fig. 10) and d ram a t­
ically lowers ecosystem productivity. Unsurprisingly, trophic transfer dom inates 
in these com m unities as long as connectance is high enough to  allow significant
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(b) f  = 0 .3 ,  n =  10°-5

0 0.25 0.5 0.75 1.0
A d ap ta b ility

(h) /  -  0.003, n  =  10°-5

(c) /  =  0.3, *7 =  10

0.25 0.5 0.75
A d ap tab ility

(i) /  =  0.003, n  =  10

(a) /  =  0.3, n  =  1

(d) /  =  0.03, n  — 1

0 0.25 0.5 0.75 1.0
A d ap tab ility

(g) /  =  0.003, n =  l

F i g u r e  5. Each panel shows m ean trophic transfer (-PC2) as a 
response to  m an ipu la ting  A dap tab ility  along the  X axis (20 values 
from 0 to  1), and  C onnectance along the  Y axis (20 values from 
0.0 to  0.45), w ith the  invasion ra te  (//) and  th e  searching efficiency 
( / )  shown. Every value is from an average of tw enty independent 
sim ulations w ith the  sam e in p u t param eters.

0 0.25 0.5 0.75 1.0

(e) /  =  0.03, n =  10°-5 (f) /  =  0.03, /j. =  10
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consum ption by consumers (fig. 5a-c). Less expected, adaptab ility  actually  de­
creases the trophic transfer com ponent. This is probably because there is so little 
ecosystem productivity in these com m unities that, the am ount of trophic transfer 
is constrained, i.e. the range of PC2 depends on the score along P C I (see fig. 2). 
Surprisingly, although a longer invasion period triggers the negative effect of adap­
tive foragers on bot h overall (fig. 3c) and basal (see appendix D fig. 9c) diversity, 
functioning (figs 4 and 5) and t he biomass of basal species (appendix D fig. 10) are. 
re 1 ati vely un affocted.

Unsurprisingly, com munities w ith low searching efficiencies (./ =  0.003) have 
minimal trophic transfer (figs. 5g-i). W hen assembly is rapid  (//. =  1) bo th  ecosys­
tem  productivity  and trophic transfer are th e  same as in com m unities only contain­
ing basal species (figs. 4g and 5g). Interestingly, when assembly slows down (// >  1) 
in com munities with low searching efficiencies, those with in term ediate connectance 
{C ~  0.15) have higher ecosystem productiv ity  and less trophic transfer (figs. 4g-i 
and 5g-i). This suggests th a t, in com m unities with low searching efficiency, lower 
trophic transfer values are more an indicator of high b iom ass/respiration  than  of 
low consum ption/assim ilation (see fig. 2). 'Phis is also consistent w ith the  diversity 
trend  in (fig. 3g-i), which we suggested could be due to  the increased potential for 
biom ass buildup in longer sim ulations (i.e. p >  1 see appendix C fig. Sg-i), allowing 
for successful invasions of higher t rophic level species.

3.4. Adaptation speed, basal species, and regional diversity. The above 
influences of adaptability  (A ), connectance (C).  searching efficiency ( / ) ,  and in­
vasion period (/j ) on the assembled com m unity’s richness, ecosystem productivity, 
and trophic transfer were unaffected by the maximal adap ta tion  rate  g  (see eq. (3)). 
Coefficients for the principal com ponent s were' also m aintained. However, there was 
one notable' effect, g  alters the  invasion speed (//) required to  see any interactive 
effects between //. and adaptability . For example, when foraging changes happen 
slowly (g  ~  0.03 or less) the negative effect of adaptab ility  on diversity when fi 
and /  are high and connectance is low (fig. 3c) requires even slower invasions (in­
creased /j). Perhaps due to  the relatively minimal effect of invasion period on the 
two functioning com ponents, changing g  has no notable effect on either. These 
results are consistent w ith previous research suggesting th a t the  m agnitude of g  is 
not im portant as long as it is sufficiently positive [15].

The fraction of basal species in the  pool had a som ewhat larger effect on the 
assembled community. In addition to  decreasing the to ta l biomass of assembled 
communities, a lower fraction of basal species decreased the richness of assem­
blages, and vice versa. This is consistent w ith a. similar effect found previously [20]. 
'Fhe fraction of basal species also had notable effects on the functioning variables. 
A lthough the relationships between the input variables (A, C,  f ,  and g)  and the  
functioning com ponents (ecosystem productiv ity  and trophic transfer) were m ain­
tained, communities assembled from pools w ith more producers had higher values 
for each of the five functioning variables.

The effects of adaptability , connectance, searching efficiency and invasion pe­
riod on the diversity arid functioning of the  assembled community were unaffected 
fry the diversity of the regional pool. Indeed, an average 66% of species in the 
regional pool were in the assembled com m unities regardless of regional diversity. 
However, despit,e no proportional change in the average richness of the assembled 
community, the diversity of the regional pool had an obvious positive effect on the
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F i g u r e  6. T he effect of regional pool size on m ean per-species 
functioning. T he m ean of th e  five functioning variables in each 
com m unity, divided by the  regional richness (a), and  a  com parison 
of th e  two m ain com ponents of a P C A  done using these ad justed  
values (b). In (a), values of the  four ra te  variables are indicated 
by the  left axis, and  values for biom ass are shown on th e  right axis.
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per-species functioning of the assembled com m unities (fig. 6). Since there is no di­
rect com petition between producers in th is  model, an increase in functioning merely 
proportional to  the increase in pool diversity would be explained by the  increase in 
the  to ta l po tential productivity. However, com m unities built from regional species 
pools w ith either 10 or 40 species had either lower or higher per-species functioning, 
respectively, th an  com m unities assembled from 20 species pools (fig. 6). The trend  
held for all five of the  functional variables (fig. fia) and for the two principal com­
ponents of an analysis done on the functioning variables normalized to  the  richness 
of the  regional pool (fig. Ob).
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4. D i s c u s s i o n

This study supports the conclusion of previous research th a t adaptive' foraging 
behavior facilitates high diversity in ecological com m unities [15. 21, 53]. However, 
in our study th is result is dependant on a complex set of interactions between 
the searching efficiency of consumers, the invasion period, and the connectance 
(fig. 3). in particu lar, diversify is maximized in com m unities with a high fraction 
of adaptive; foragers, high connectance. a rapid assembly process, and intermediate' 
searching efficiencies. Many ree-ent studies [13. 17, 54, 19] suggest that, the' strength  
of t rophic interactions rail be' an influential determ inant of com m unity stability. We; 
further show th a t consumer efficiency alters how comiectanere and the fraction of 
adaptive foragers affect cennmunity diversity. For example, the diversity e>f slowly 
assembled com m unities with highly efficient, consumers is negatively affected when 
the; consumers exhibit adaptive' bc'havior.

D espite the prevalence of complex relationships like' this, diversity is always m ax­
imized by in term ediate searching efficiencies. This result confirms previous work 
suggesting th a t high interaction strengths destabilize; com m unities [13, 54]. In ad­
dition, many studies have found that, variation in interaction strength  may increase' 
stability  [17, 54, 49], especially if the;rc are a few strong interactions and many weak 
ones. Indc'ed, it has been suggested that, com m unity stability  is more dependant, on 
the variance of interaction strengths than  their m ean [54, 55. 53]. 1 propose; that, 
adaptive foraging behavior may be a source' of this variation. Because; a consum er's 
to ta l foraging effort is fixed (preferences always sum to 1), allowing consumers to 
inc-.rease the ir preference for a valuable resource' will make their other interactions 
we;aker. Thus, in com munities w ith high connectance and a, high fraction of adap­
tive foragers, consumer species will have' a few (relatively) strong interactions and 
many weak interactions. D istinguishing between the stabilizing e'ffoct.s of adaptive; 
behavior and skewed interaction strengths requires additional study.

A lthough th is resultant heterogeneity in the strength  of a consum er’s interac­
tions may partially  explain how adaptive; foragers in te ract with high conneetance to 
yield diverse com munities, the fact th a t diversity is highest in com m unities with in­
term ediate searching efficiency even when there are no adaptive foragers requires an 
a lternate explanation. Potentially, high searching efficiencies allow for the; overex­
ploitation of resources. A daptive foragers with few resources would be; particularly 
susceptible', especially when there is a long period between invasions (see fig. 3c). 
On the o ther hand, exceptionally low searching efficiencies dram atically  limits the; 
ability of high trophic level consumers to  invade, perhaps because' their potential rev 
sources have not accum ulated enough biomass to  support them . In this case, a. slow 
assembly process would allow for enough biom ass accum ulation bv low-le;vel con­
sum ers to  facilitate the; invasion of higher trophic levels, especially in ee>inmunitie;s 
with high adaptab ility  and connectance (fig. 3i).

The;re is a positive correlation between ine.reaseel riedmess and increased ecosys- 
tem productiv ity  of the  assembled com m unity (table' 1). He>wevc;r. the strength  of 
this relationship and w hether it is c:oincidc;nt w ith an increase; in the importance; 
of trophic transfer depcuids highly on the searching efficienc-y of consumers in the; 
community. While; adaptive foragers are typically aide' to  stabilize and m aintain 
com m unity diversity, in com m unities w ith high or interme;dia,te searching efficiency 
(./ >  0.03) the increase'd effectiveness of these consumers lowers ecosystem pro­
ductivity. W hen searching efficiency is high ( /  =  0.3) this effect is large enough
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to  lower trophic transfer as well. In contrast, the additional consumers in com­
m unities w ith weak interactions increase functioning by increasing the biomass in 
the  community, as opposed to  increasing trophic transfer. This is consistent w ith 
research suggesting th a t the relationship between diversity and functioning is more 
complex in m ultitrophic system s [56].

A lthough assembly processes th a t produce more diverse com munities do not al­
ways produce com m unities w ith greater functioning, assembled com m unities from 
more diverse regional pools exhibit functioning proportionately greater than  the 
increase in regional diversity. This may be another exam ple of scale altering di­
versity /function  relationships. This is similar to  previous studies done on invasion 
success [57] [58]. The studies showed th a t the same properties of com munities th a t 
encourage diversity facilitate exotic invasions among different ecosystems. There­
fore, there is often a, correlation between diversity and invasion success across large 
spatial scales, however, am ong sim ilar com munities (typically a t sm aller scales) 
higher diversity inhibits the success of invaders. In this study, the' properties of the 
species pool (e.g. connectance, adaptability , searching efficiency) th a t enhance di­
versity usually increase functioning as well, bu t not necessarily. On the  o ther hand, 
if these propert ies are the same in two different regional pools, bu t the pools contain 
different num bers of species, the more diverse pool will produce com m unities with 
higher per-species funct ioning. In o ther words, w hether the biodiversity determ ines 
ecosystem functioning or bo th  are jointly  determ ined by regional properties may 
depend the scale a t which the ecosystems being com pared differ.

This study has shown th a t the diversity and functioning of assembled com mu­
nities depends on consumer behavior, which in this case facilitated the food-web 
netw ork’s ability to  evolve. For exam ple, t he effects of high searching efficiencies 
(strong interactions) on overall diversity or ecosystem productiv ity  could be d ra­
m atically underestim ated if the com m unity has a significant num ber of adaptive 
foragers (figs. (4)a-f), and trophic transfer rates would be overestim ated (figs. (5)a- 
c). As a consequence, before a ttem p tin g  to  make predictions with food web models, 
it is essential to  a ttem p t an accurate description of consumer behavior, w hatever 
it may be.
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A p p e n d i x  A. A d d i t i o n a l  M o d e l  D e t a i l s

As discussed in the m ethods (section 2.1), The adaptive foraging model used is 
a modified Lotka-V olterra predator-prev  model th a t allows interactions to change 
in strength . The assum ption is th a t a consumer species is given a. fixed am ount 
of tim e that, it can spend searching for (and handling, if a type II response is 
included) resources and th a t it can only actively search for one type of resource at 
any particu lar tim e [15] [59]. This assum ption applies in many situations where an 
organism needs to  change its location an d /o r  behavior in order to  exploit different 
resources. The equations are based on a prey-switching model presented by Kondoh 
[15]. The biomass dynam ics (eq. 1 described in section 2.1) an; shown below, Fj is 
a Holling type 2 functional response [43] [44].

X j  = X.

Fj 1 +  E L i  Hjjfi jPijX,

From eq. (1) we derive eq. (3) by first making two assum ptions regarding j 's 
preferences, Pj: 1) Pj must, evolve to  maximize j ’s biom ass intake rate , Ij = 
^ ”=1 Oi jP i j f i jFjXi  which is a function of Pj,  given X(l ) ;  2) the sum of the com­
ponents of Pj is one Pjj =  1). To m aintain the first assum ption, we take the 
gradient of Ij  w ith respect to  Pj, in order to  m aintain the second we use a. gradient 
system w ith respect to  the Shashahani m etric [45].

Pj ~  Pj ° \ V ĵ — Pj ' V/j

As sta ted  in the m ethods, V / 7 is the gradient of Ij w ith respect to  Pj.

dl ,
VI ,  =

dl j  d l }
d P l j d P 2j OP.,,

and after defining H(k)  =  Hkj f k j Xk  and 0(k)  =  (h-jfkjXk--
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finally, after adding the adjustable adap ta tion  ra te  (g), we have eq. (3)

• (  d l j  d l j  \

( / ‘U  ¥

= aP.jFf 1Y -  ( f f y / y v ,  + 1) j2 e kjPkihjX^I

Under the  assum ptions m ade in K ondoh’s initial study [15] (Hj  = 0  and Q\j =
=  th is reduces to

P,J =  g P i j

which corresponds to  the  preference equation in th a t study. However, under the 
assum ptions used in subsequent studies (i.e. H \ 3 — and 0 \ j  =  &2j  =

....0nj , we get

P tj  =  g F f P i j  ( o f i j X i  -

which is weighted by an additional F j  term . This ad justm ent only affects the speed 
of adap ta tion , and because the g te rm  has been shown to have minimal influence, 
it is unlikely to appreciably influence the results. However, we do not assume 
equivalent O'  s. W ithout th a t assum ption, previous form ulations could potentially 
move P j  in a different direction than  eq. (3).
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A p p e n d i x  B. C o e f f i c i e n t  o f  V a r i a t i o n

V ariability in the  richness of the communities through tim e was maximized in 
high searching-efficiency com m unities with long invasion periods, a high fraction 
of adaptive foragers, and low-interm ediate connectance (fig. 7). These coincide 
with the low-diversity com m unities in fig. 3c. These p a tte rn s  may be because the 
consumer species in the  com m unity rapidly over-cxploit their resources. This results 
in com m unities w ith extrem ely low richness in which invading consumers quickly 
drive their resources (and thus themselves) extinct, and a resource only lasts until 
one of its consumers arrives (e.g. fig. lb ).
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F i g u r e  7 .  Each panel shows m ean coefficient of varia tion  of 
species richness as a response to  m anipulating  A dap tab ility  along 
the X axis (20 values from 0 to  1), and  C onnectance along the  
Y axis (20 values from 0 to  .45), w ith a particu la r invasion ra te  
(colum ns, /j, =  1, 100 5, or 10) and  searching efficiency (rows, 
/  =  0.3, 0.03, or 0.003). Every value is averaged over tw enty 
independent sim ulations w ith the  sam e input param eters.
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A p p e n d i x  C. T o t a l  C o m m u n i t y  B i o m a s s

As w ith diversity and the two composite functioning variables, the effects of 
adaptive foragers and connectance on the  assembled com m unity’s to ta l biomass 
depended on the searching efficiency (fig. 8). In fact, to ta l biomass and ecosystem 
productiv ity  (P C I) had very sim ilar patterns. Both were negatively affected by 
adaptive behavior when consumers were highly efficient. ( /  =  0.3, figs. 3a-c and 
4a-c) and, to  a lesser extent, w ith interm ediate search efficiencies as well ( /  =  0.03, 
figs. 3d-f and ld -f)). Also like ecosystem productivity, biom ass in com munities with 
low searching efficiencies was only affected by connectance and the invasion period. 
However, although the to ta l biomass in low searching efficiency com munities was 
(on average) greater than  in com munities w ith interm ediate searching efficiency 
(fig. 8), the  reverse was true  for ecosystem productivity, w ith interm ediate searching 
efficiency com m unities generally having much higher scores on the first principal 
com ponent (fig 4). This suggests th a t biomass may be a reasonable m easure of 
“functioning” in the  same types of com munities, b u t th a t using biomass to com pare 
different types of com munities may be misleading. As m ight be expected, using 
biomass to  com pare the trophic transfer of different kinds of system s would be 
even m ore problem atic; to ta l biomass in the com m unity increased w ith searching 
efficiency (fig. 8). bu t the am ount of th a t biomass making it into the higher trophic 
levels decreased dram atically  (fig. 5).
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A p p e n d i x  D. B a s a l  S p e c i e s  D a ta

For com munities w ith high or interm ediate searching efficiencies ( /  =  0.3,0.03), 
the mean richness of the basal species (figs. 9a-f) followed alm ost the same pattern  
as to ta l com munity richness (figs. 3a-f). A daptability and connectance interacted 
to increase the num ber of basal species th a t successfully established themselves 
in the local community. This is consistent w ith the suggestion th a t the interac­
tion between these variables increased richness by allowing consumers to  switch 
resources before one went extinct. As w ith overall diversity, a longer period be­
tween invasions lowered basal diversity in high searching efficiencies. Com munities 
containing consumers with low searching efficiency always had a full com plem ent 
of basal species (fig. 9), consistent w ith the suggestion th a t these consumers are 
unable to affectively take advantage of their resources.

In com munities with high searching efficiency, the combined biom ass of the basal 
species dropped with connectance and adaptab iltiy  (figs lOa-c). The negative effect 
of adaptive foragers on basal biom ass was present even when the connectance of the 
com munity was helping to  m aintain basal richness (figs 9a-c). This suggests th a t 
adaptive consumer behavior makes consumers more effective a t exploiting resources, 
bu t th a t when they have enough choices they are less likely to  drive them  ex tin c t.

The biomass of the basal species is decreased by adaptive foragers in communi­
ties with in term ediate searching efficiencies, bu t it is increased by high connectance. 
This could indicate th a t consum ers w ith in term ediate searching efficiencies are bet­
te r able to  m aintain their resources a t relatively high levels when they are generalists 
(figs lOd-f). These biomass densities could explain the high levels of ecosystem pro­
ductivity  in these com munities (figs. 4d-f), duo to  the prim ary producers com pen­
sation for consum ption when their biomass drops slightly below carrying capacity,

V

Like to ta l biomass, com m unity richness, and both  functioning com ponents, the 
variable with the largest influence 011 basal biomass was invasion period (figs lOg- 
i). Basal species had lower biom ass in com munities with a slower assembly process 
(mu =  105, 10). This indicates th a t the gain in to ta l biomass in these com munities 
(figs 8g-i) was due to an accum ulation of biomass by consumers.
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