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species-area relationships, which can reflect the impact of regional processes on
. species richness (Holt 1993; Rosenzweig 1995; Rosenzweig and Ziv 1999). For in-
stance, on patches of clover and vetch in agricultural landscapes in central Eu-
rope, parasitoid species richness increases much more rapidly with area than does
the richness of their hosts (Kruess and Tscharntke 2000), leading to lower rates of
asitism on smaller patches (Kruess and Tscharntke 1994). In European cal-
eous grasslands, habitat fragmentation affects species of higher trophic rank
nd trophic specialists particularly strongly (Steffan-Dewenter and Tscharntke
002). Habitat fragmentation differentially impacts species at different trophic
anks (Didham et al. 1998; Holyoak 2000; Davies et al. 2001). Vertebrate carni-
res seem particularly vulnerable to extinction in small fragments (e.g., Crooks
Soule 1999), which can have devastating consequences for the remainder of
community (Terborgh etal. 2001). Spencer et al. (1999) examined the trophic
re of arthropod assemblages in temporary ponds in Israel, and observed
the fraction of species that are predators increases strongly with pond area.
eanic island biotas are often particularly poor in predator species (Rosenzweig
095: Schoener et al. 1996) and so have short food chains (Schoener 1989).

" These examples provide tantalizing evidence that ecosystem size and distance
from source pools have profound effects on food web structure. For reasons dis-
ssed below, these effects could partly reflect metacommunity dynamics.
rther discussion of metacommunities and ecosystem properties can be found
oreau et al., chapter 18.) Chapter 1 (see also Leibold et al. 2004) outlines four
rent perspectives on metacommunities: patch dynamics, species sorting,
effects, and neutrality. All of these perspectives could pertain to food webs.
trictly neutral models have not been developed for food webs, and in any case,
e development of neutral food web theory some constraints must be surely
laced on the system (e.g., one cannot have predators in a persistent food web
out also including their prey). If species have roughly equivalent resource re-
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Food Web Dynamics in a
Metacommunity Context
Modules and Beyond
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Introduction

Most natural metacommunities are also food webs, with producers and con
sumers at different trophic levels. What is the relationship between metacommu
nity processes and food webs? :
The “ur-theory” of metacommunities is surely the theory of island biogeogra .
phy developed by MacArthur and Wilson (1967), in which dispersal is asymmet
rical between a continental source and island recipient communities. This famous
monograph and the rich literature it spawned almost entirely focused on the
“horizontal” structure of communities, such as the number of species withina.
taxon as a function of island size, and largely ignored food web interactions
(Whittaker 1992; but see Lomolino 1984 and Spencer and Warren 1996). Like
wise, a vast literature documented the importance of “vertical” forces in commu
nities, ranging from reciprocal controls of predator diversity and prey diversity,
indirect impacts of predators on plant production (e.g., Holt and Lawton 199
Pace et al. 1999; Estes et al. 2001; Persson et al. 2001; Chase et al. 2002). Food web

are a basic organizing theme in studies of many core ecological issues (Pi
1982; Lawton 1989; Warren 1994; Cohen et al. 2003), yet until relatively recenth ments, and are experiencing similar sets of predators, then sometimes they

ecologists paid scant attention to how spatial processes might influence food web ped in food web analyses (e.g., functional groups). These may be candi-
structure and dynamics (Schoener 1989; Holt 1993; Polis, Holt, et al., 1996; Poli : ‘.vmmnmm of the full web where neutral models could apply.
Power, et al. 2004). ies sorting involves classic and familiar issues in community ecology
An important challenge in community ecology, and the theme of this chapter, & ‘of dominance, invasibility, and exclusion due to the combined impact of
is to weave together traditional food web ecology and metacommunity dynamics ic factors and local interactions; e.g., Chase and Leibold 2003). Food web
A growing body of evidence points to the importance of space in food web eco often predict a plethora of alternative stable equilibria, with the one being
ogy. Consider for instance food chain length (Post 2002; Holt and Post, MS)& depending on initial conditions. If there is dispersal, and occasional local
There are suggestive hints from surveys of connectance webs that food chains are? 5 “rmbnmm that reinitiate local community assembly, then one of these states
longer in larger ecosystems (e.g., Rey and McCoy 1979; figure 5 in Schoener 198% to dominate regionally (Shurin et al. 2004). Alternative food web states are
figure 7.2 in Holt 1993). Stable isotope analvses show that trophic rank of the top likely to be observed if alternative communities can sort out along environ-
i tihpery gradients (Shurin et al. 2004).
The mass effect has recently received a great deal of attention from food web
“ecologists under the rubric of “spatial subsidies” (Polis, Anderson, et al. 1997;

—
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lake volume, with little residual effect of productvity ( Post et al. 2000 . A furthers
line of evidence for metacommunity effects on food web structure comes from
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Polis, Power, et al. 2004). Mass effects have many potentially important impacts community modules, embedded in a metacommunity context—pairwise
on local food webs, ranging from stabilization of otherwisc unstable interactions e trophic interactions, food chains, and shared predation. In the final section we
(e.g., Huxel and McCann 1998), to gencrating reversals of local competitive. 88 sketch some thoughts on how to go beyond modules in relating food web ccology
dominance (Holt 2004). A

Finally, patch dynamics occur if species in local communities often go extinet,
but can persist overall because of colonization from a regional ensemble of local !
communities. If food webs experience frequent strong disturbances, or if local
trophic interactions are quite unstable, such extinctions are likely. Below, we will
consider in more details some models for simple metacommunities fitting theas-
sumptions of patch dynamic theory.

Food web ecology is an enormous subdiscipline of ecology, and there are
many legitimate approaches to studying food webs (Pimm 1982; Cohen, Beaven:
et al. 1993; Cohen, Jonnson, et al. 2003; Polis and Winemiller 1996; Polis et al.
2004). One approach is to focus on entire, fully articulated webs, addressing issues.
such as connectance, patterns of interaction strength, the relationship betwees ;
diversity and stability, and rigid circuit patterns. Thercare many challenges to de- greating one large spatially-distributed community. Conversely, if dispersal rates
veloping adequate empirical characterizations of any but the simplest food webs e vanishingly small, the only species expected to be present are those that can
(e.g., Cohen et al. 1993; Polis 1994). This is duc in large measure to the large num- S8 persist based on local environmental conditions and interspecific interactions; in
ber of species in most webs, and the complex, reticulate, and variable network of ._,H.. case, for all practical purposes communities are closed and could potentially
interactions among these species. For these same reasons, theoretical models for B bedescribed by existing food web theory. Although Karciva was concerned with
the dynamics of entire webs are often built on highly simplified and unrcalistic as- single species and pairs of interacting species, his general point pertains to mod-
sumptions about interspecific relationships. A continuing challenge in both em- 2 " ules and indeed to entire food webs. The importance of metacommunity dynam-
pirical and theoretical studies of food webs is to develop approaches to surmount Siesrelative to local interactions in explaining food web structure should reflect the
this “curse of dimensionality” (Cohen et al. 1993). L “interplay of dispersal rates and the scale of patchiness and spatial heterogeneity

In this chapter, we use a complementary approach to whole web analyses to ad- g., Hoopes et al., chapter 2). Moreover, the importance of dispersal must be
dress the interplay of food web and metacommunity dynamics. A conceptual way uged against the strength of local interactions (Holt 2004; see also below).
station between the relative simplicity of single-species population dynamics and 8 One of the key ways that dispersal and species interactions can come together
the almost overwhelming richness of full food webs is the analysis of “community isin the process of community assembly. Dispersal constraints define the species
modules” (Holt 1997b; Persson 1999). The basic insight is that food webs contain wol available for colonization into a local community (Belyea and Lancaster
recurrent structures that involve a small number of species (c.g., three to six) en=" 99), whereas local food web interactions can determine which colonists actu-
gaged in a defined pattern of interactions. At times, empirical systems may closely ‘become established. For instance, Shurin (2001) experimentally demon-
match the structure of a given module. Systems with strong interactors and well-* ated that predators attacking a zooplankton community facilitated invasion by
defined functional groups often fit simple modules; this scems particularly trug. mpetitor and prey species from a regional species pool, and that predator im-
in the simplified communities of agroecosystems and other anthropogenic land= et depended on community openness: predators reduced local species richness
scapes (e.g., Evans and England 1997; Muller and Brodeur 2002). Moreovef: \ddosed communitics, but enhanced richness in open cominunities. The likeli-
modules are basic building blocks of more complex communities. Analyses of mods d of exclusion can itself have an implicit spatial dimension; for example, ex-
ules can provide a handle for grappling with processes believed to be gene ion may be more likely in a small than in a large patch, because the latter may
drivers of community dynamics. nore likely to have refuges from predation or competition.

Van Nouhuys and Hanski (2002; chapter 4) provide a nice overview of real Historical contingencies (c.g., priority effects) can arise because of the inter-
world metacommunity dynamics for a number of modules, centered on  of dispersal constraints and local web interactions. With strong negative
Glanville fritillary metapopulation in the Aland Islands off the south coast of E actions, low rates of extinction and low rates of dispersal, it is relatively casy
land. After a brief discussion of some general issucs, we consider several fami enerate alternative community compositions in food web models (Luh and

to metacommunity dynamics, and we present a novel, simple modcl extending is-
3 ‘m_»nm biogeography theory to multiple trophic levels. Further discussion of food
web issucs, particularly in the context of landscape ecology, can be found in chap-
ter 20 by Holt et al.

Conceptual Overview

In an influential review, Kareiva highlighted how population dynamics may be
" fundamentally influenced by the fact that individuals disperse as well as interact
f._ (1990). The magnitude of the influence of dispersal on interactions depends on
espatial scale of environmental variation, relative to dispersal rates. If dispersal
tes are very high, the metacommunity is just a well-mixed soup of interactions,
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Pimm 1993; Law and Morton 1996). Such alternative states get blurred at higher ,
invasion rates (Lockwood et al. 1997), and are fess likely to persist regionallyif
there are frequent local extinetions and global dispersal (Shurin etal. 2004). How-

- dance and distribution of a keystone species due to dispersal should thus have ¢
yerberating effects on the rest of the community.

ever, alternative states could be important contributors to metacommunity diver- . -
sity at landscape or regional scales if disturbances are infrequent and dispersalis Competitive Modules

Other chapters in this book deal with competitive interactions (c.j;., Mouquct
- etal,, chapter 10), so here we only touch on this important topic.
ifconsumers overlap in their dict, exploitative competition may occur. Spatial dy-
. . pamics may help explain the coexistence of consumers competing lor shared re-
Pairwise Trophic Interactions 1 arces. For instance, Ruxton and Rohani (1996), building on an carlicr coupled
: ttice model of Hasscll et al. (1994), showed that coexistence between (wo para-
ds competing for a single host species can occur in a metacommunity, given
rade-off between local attack rates and ability to move among local popula-
Such coexistence was robust to varying assumptions about spatial and tem-
heterogeneity. Shurin and Allen (2001) explore a metacommunity model in
ich a predator permits competing prey species to coexist locally, when the
etitors cannot coexist in the absence of the pradator (for related models sce

localized.

ny food web,

Community Modules and Mctacommunities

Predator-prey interactions are the core building blocks out of which food websare
built, so their general features can intluence the properties of the entire system. I
chapter 2, Hoopes et al. cousider in some detail the mechanisms by which spa
dynamics and spatial structure can lead to the regional persistence of predatogs
prey interactions, and so here we simply note key insights that pertain more -
broadly to multispecies food web interactions

In pairwise predator-prey interactions, a necessary condition for a stable equ
librium is that at least one specics experience direct density dependence. Simi ell 1978 and Britton etal. 2001 ). The model splices together metapopulation
larly, in multispecies systems, direct, negative density dependence (measured by for competing prey (e.g., Levins and Culver 1971) and metapapulation
the trace—the sum of nonzero elements along, the diagonal of the community models for predator-prey interactions {e.g., Holt 1997a; May 1994). Shuvin and
Goo: found that predators generally promoted _oc_:_z_ coesistencee, but
have positive or negative effects on mean local diversits
multiple generalist predators, cach with different impacts on theiv prey,
: e could observe a positive correlation between the local diversity of predators
d prey. Below we will develop a quite different model that leads to a similar

matrix) is a necessary condition for a stable equilibrium (May 1973). Movem
among habitats can create an “induced” form of local density dependence (Holt
1993); if a population of size N reccives I immigrants into a population, the pe
capita effect on growth is I/N, a term which declines with increasing N. This neg
ative density dependence can stabilize otherwise unstable local interactions.
effect helps explain the stabilizing impact of source-sink dynamics and spati \ _, usion.
refuges in both pairwise and multispecies predator-prey interactions (Holt 19848 s
1985, 1993; Nisbet ct al. 1993; Huxel and McCaun 1998; Briggs and Hoopel
2004). !
Many food webs contain specialist predators and parasitoids. Specialist en
mics impact their prey more when those prey are more common (an idea th jer consumer (c.g., a predator). Interpreted literally, an unbranched foad chain
stems back at least to Janzen 1970; for formal treatments see Armstrong 1989 fises from interlocked trophic specializations, Ieading to stacked specialists (Tolt
Grover 1997). This lcads to density-dependent _:c_.S_:F which frees space an 993). Theoretical studies of food chains are central to the hypothesis of ex-
ation ecosystems (e.g., Oksanen, Iretwell, et al. 1981; Oksanen, Oksanen,
1992; Oksancn, Schucider, et al. 1999), a hypothesis that cmphasizes the in-
ay of top-down and bottoni-up forces in community organization (Leibold
_. Sinclair et al. 2000). Tere we address several questions about this module.
st factors determine food chain length, both in the absence and presence of

They suggest that

Spatial Determinants of Food Chain Length: Metacommnity Peispectives

¢ food chain module describes a tritiophic interaction of a basal resource (e.g
ant), sustaining a consumer (c.g

fa

. a herbivore), which in turn supports an-

resources for other species, thus promoting local diversity. If metapopulati

dynamics promote persistence of a specialist predator-prey interaction (Hansk
1999; Bonsall ct al. 2002), this indirectly facilitates the persistence of other sped
sharing that prey’s resources. More broadly, if keystone specices dominate loc

community structure, their dynamics also loom Jarge in the metacommunity. kg

rsal? How do tritrophic interactions respond to spatial flows among differ-
habitats?

Traditional explanations of the factors limiting food chain length emplhasize
dogical energetics and the stability of local interactions (Pinum 1982; Pos

instance, a keystone predator may expericnee metapopulation dynamics becags
of recurrent extinctions unrelated to its impact on its food base (Britton et
2001; Shurin and Allen 2001). This sets up a parallel dynamic in the prey co
munity, since local predator extinctions unleash competitive interactions
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2002). Schoener (1989) extended the energetic hypothesis to a “productive space™
hypothesis, which is that food chain length is governed by the total energy mé,r-...
able to a given trophic level (productivity per unit arca or volume, :_:om\mﬁm "
volume). However, productivity alone does not at present scem to be a goodp .
dictor of food chain Iength, whereas habitat arca or volume can m:::nﬂdna chai
_n:.m:a Cvo,f..ﬂ. 2002; :_c:m: see Rosenzweig 1995 and Vander Zanden et al. 1999 mnked species that depend on it, so extinction rates must stay the same orin-
i:,ﬁ:.ﬁ.g e.:nﬁ n.H:__ﬁ_.E._mc:H:_d _:.Quco_:_::::Y dynamics (Iolt and Post, MS) Sreas with trophic rank. A striking cxample comes {rom :‘\:m_:e:_on_ horeal
Given tight trophic specialization, spatial effects influencing the persistence est, where specialist food chains of a bracket fungus, a tineid moth herbivore,
n,_umvmnmm:mg SQ::E:%_::..._.ﬁ:::__,omc_:c m:c_.o.ﬁ_m_,:m:‘:::Q:Q_2::_._T

—
Q- . R N . . . ©
of basal resource species are automatically transmitted to higher-ranked sp
yeasing time since fragmentation (Komonen et al. 2000). The presence and
.._....anm?:mm_?:m::m _Eg_?_.m_:.m::‘ <E.§7_c::.9_m::_:m: lanski

are particularly unlikely to sustain food chains comprised of specialists (TTolt
997a, 1997b, 2002; Mclian and Bascompte 2002). Moreover, the hasal species is
mlikely to sustain a long food chain if it hasa Jos maximal occupancy (¢.g., be-
Sase of its own high extinction or low colonization rates).

* Ifa specics at any given trophic rank goes extinct ona pateh, so do all higher-

A:w: _.ccm“ Holt et al. 1999; Van Nouhuys and Hanski 2002). ﬁc_o_:Nmm:,,...
extinction dynamics in a metacommunity can constrain food chain length. Weil

lustrate this with a simple “d ¢ v \
¢ s : ¢ “donor-controlle e -ontr 989 i i | , i fali
e s ith :_\”:c: onor-conte _?j :_c,gn_. _Mv\ ﬁ_w:ca no_::.u_.zm < 1989), which makes it harder for this resource to sustain a chain of specialist con-
independent c:v t_ . I as extinction and colonization dynamics that ar smers. Another cxample is provided in chapter 4 by Van Nouhuys and | lanski,
: op-down effects of consumer ations. I or : ) ity off i k i
p ccts of consumer populations. However, we ass who argue that metacommunity effects are the dominant factor explaining there-

icted distribution of a specialist parasitoid with limited dispersal abilitics in the
nd Islands; this system matches an assumption of the model, which is that
¢ specialist parasitoid cxperiences donor control (Van Nouhuys and Fay 2001).

=
. Alternative Stable States in Food Chain Lengtl at the Landscape Scale

that consumers can only colonize a patch if their required resource is already pres
ent, and if the resource goes extingt, so too does the consumer, so there are stro :
bottom-up effects. !
For a species of trophic rank j in this donor-controlled food chain, a standard
metapopulation model (Holt 1996, 1997a, 1997b) is :
dp, . ‘More generally, predators will influence prey colonization and/or extinction

x:‘[‘ T opthy = p) = apy & qates. For instance, if predation reduces average prey population size, or generates
: rongly unstable dynamics with fluctuations to low levels, predators can elevate

ey extinction rates. Relaxing the assumption of donor control (allowing top-
1 effects to occur) leads to models with a more complex algebraic structure,
does not change the fundamental conclusion that food cliain length can be
astrained duc to coupled metapopulation dynamics @ 1ol 1997a, 1997b). This
articularly true if extinction rates always increase with a lengthening of the

where p, is the fraction of patches occupied by specics j, . is the fraction of :
landscape suitable for species i, ¢ is the per patch Q;:_:Z_:.c: rate, and ¢ is i
rate of extinction. The basal species in the chain persists only if I, > ,q f¢ ,m_:n:m.
persists its equilibrial occupancy is pf = i, — ¢//¢,. N

ATlat - oY ~tow C i 1
What about the species of rank 27 Becausc it requires the prior presence of sp

”ﬂ__w_m:_:,mf“_n;nﬂw ud.;ﬁ_m_mﬂ_wm%nmw M_Nwﬂ__nwpN:“w._v__d‘mn:n_,ﬂ__,“,@:::.uw__.H\,:lc_, _‘:.n _::n_mn.:wmno - #0d chain in a patch. However, ::o,ﬂ,cﬁ::x novel cifects can ::m.n in titrophic
the equilibrial cnn:_s:Q\.c_.mmoﬁo_ﬁ Sis ot M,:,,o!f_‘:\m.oﬂlc\l r _:AQ_:M:_oim._w.. me ....BB::E@ with top-down .c:cnﬁ that enhance _,.F,:_ stability, such as al-
species 2 persists only Fho> /e + . w..P‘AZ:_‘. " ﬁ_ m,. .I..~__ e/c 1.wu\mw,:m & lemative, stable landscape states with E_?E_: food c_.z:: lengths. TTolt :ccl\..,:
tion of patches that have N_d _.::_»_ n_,:.::\_.c.q.._,, ;_n. V:f\__f also __ﬁnﬁ_:__::._&m. : eralizes the model (equation 3.1) to include such a:nn;,.:_:_ Holt (2002) pres-
able for the top pred: N ¢ g j. R arly, habitat patches suit= enls examples of alternative states. Rather than describe this model inall its alge-

p predator contain both the intermediate consumer and the basd Braically complex glory, we hereattempt to give the reader a flavor for why alter-

. ;_ states can arise if lop-down effects are sufficiently strong.

A tritrophic predator-prey modl described by May (1973) reveals that local
fmamics can be stabilized by a top predator, which can lead to alternative stable
Sates for food chain fength on a landscape. Unstable dynamics in a two species
sstem can lead to low densitics of the basal prey species, leading to its possible
nction, followed by extinction of the intermediate predator. Such extinctions

y 2 metacommunity context can imply low occupancies for the intermediate
dator— too low for the top predator to increase when rare, However, if the top

species, so the top predator persists only if i, > ¢,/¢, + e,/c, + e,/c,. By indue
1 3t i

tion, for a donor-controlled food chain of length # the criterion for persistenceg
the top-ranked species is

"
~. Ny
- M elc.
jol
As onc ascends the food chain, by inspection of expression 3.2 it is clear that the
are increasingly stringent criteria for persistence of the top-ranked species (whose

presence determines chain length). Sparse habitats, which have small ve 3 : - ; Sets : ;
gth). Sparse habitats, «which have small values fo pedator is sufficiently common, it may reduce extinction rates in the patches it
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tions describes prey 2 with subscripts I and 2 reversed and the predator occupy-

occupies, and colonization from these occupied patches can permit the stable per- 1
b s .
-ing patches with prey 2):

sistence of the entire food chain in the metacommunity.
An alternative scenario for tritrophic interactions in a metacommunity was

«olored by Jansen (1995). In contrast to the above model, Jansen assume that | A _ . —p —

o.xc_c cd by H,E .1 ‘ 5) .rw $ . > .5 . od f: n:._,f.._ d tha ‘ o, —p,—q) —ep,—ple,q +c,q,) (3.3)
for consumers (cither the herbivore or top predator), dispersal occurred solely - dat

due to local extinction of their required resource. Such dispersal can be strongly - dq

destabilizing. The reason is that dispersal permits a delay in the response by the | q_ =pleng to,q) —e.q,. (3.4)

consumer population to declining resource levels, allowing consumers to push

resources even lower across the landscape and thus increasing the time required
for resource recovery. The model also permits alternative states, with both stable
three-species equilibria and limit cycles emerging in a given environment, but;
from different initial conditions. i

In equation 3.3, I1; is the fraction of the landscape with habitat suitable for prey
cies . The fraction of the landscape occupied by prey species it alone is p. The
ction of the landscape occupied simultaneously by prey i and the E‘Q_..:c_q is .
assume that predators can only colonize patches in which one or the c:_c__.
. species already resides. The parameter ¢ scales colonization by prey i of
..g hes of type I; ¢ is the extinction rate of prey i, in the absence of the t_dm_..:c_.n
i the rate of colonization by predators into patch type i, drawn from patch type
ally, e, is the rate at which predators drive prey (and thus themselves) extinct
patches. The model assunies that predators have a very strong cffect on
local prey abundance, making those prey in patches with predators ,om,f,m:::__w

Shared Predation and Apparent Competition

Top predators can stabilize the dynamics of other species, and so facilitate pre
persistence. Conversely, top predators can attack prey at sufhcient rates to excl
some prey specics from communities. In particular, generalist predators canle

to the extinction of prey species due to the maintenance of the predator by alter-
native prey. This indirect interaction, called apparent competition, has been stud- ant to prey colonization into cmpty patches; successful prey colonization

ied cxtensively theoretically (e.g., Holt 1977, 1984) and has received a considers pends on dispersers emitted by predator-frec patches.

ablc amount of empirical attention as well (Chancton and Bonsall 2000). Indirect " Akey feature of this model is that alternative prey species occupy mutually ex-
exclusion of prey duc to shared predation can occur ina metaconnmunity, e dusive habitats, and so do not directly interact. The predator, however, can colo-
among prey species that are never found together. An experimental demonstra: across as well as within the two habitats, and so provides a conduit of indi-
tion of this effect is provided by Bonsall and Hassell (1997, 1998). In their systemy _ bn.mm.:?m interaction between prey species. This can lead to apparent
each of two moth hosts (Plodia interpunctella and Ephestia kuehniella) for a pari ppetitive exclusion in the metacommunity. If prey i is present alone, it persists
sitoid (Venturia canescens) was maintained in a separate laboratory arena, sol _ > e/c. The predator can persist on prey i alone if ¢,(h, — ¢, /c;) — ¢ > 0. We
effect cach species occupiced a distinct habitat, with no interspecific competitio

Lach host species could persist for long time periods when coexisting with
parasitoid alone. However, when both host species were present, and the par
sitoid (but not either host) was permitted to move frecly between the habitats
one host species was rapidly excluded due to the spillover of parasitoids mov .
between habitats. This exclusion arose because parasitoids were produced in suffi

cient numbers by the host with higher intrinsic rate of increase (P, interpunctella
Y

aime this is true. Coexistence requires that each prey species he able to increase
o rare, given that the other prey species aud predator are at equilibrivn, im-
o the following joint condition for cocxistence:

¢, (h — hM_;\ﬁ:v - oh,—e

¢+,

A

to drive the exclusion of the other host.

A simple two-patch metacommunity model (Holt 1997a; for similar mod
sec Swihart et al. 2001; Melian and Bascompte 2002) illustrates that forap
tor that feeds on two prey specics, predator mobility is a critical determinanté
prey coexistence. For simplicity, assume the two prey species usc distinct I8
sources in different patches, and so do not directly compete (as in the cxperimé
just described). The potential for indirect competitive exclusion in metacom
nities is illustrated by the following model. We show the equations just for pa
species 1 and predators occupying patches with that prey (a similar pair of eqy .

2

Expressions 3.5 and 3.6 imply that if the predator has little cross-habitat colo-
on, prey coexistence is assured; if for cach prey species, cross-habitat colo-
0 by the predator is less than within-habitat colonization, there is a range
rameters permitting coexistence; and, there is a range of habitat availabilities
plies the indirect exclusion of the prey species requiring that habitat, which
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asingle closed patch the dynamics are unstable, and host coexistence does not oc-
cur. In a homogeneous, well-mixed system, the theoretical expectation is that the
, host species with the higher value of the intrinsic growth rate, scaled against the
-5 mew_w rate, should tend to displace the alternative host mvmﬁmm,ﬁzo: u:w _Lm,io:
- In the _.:ﬁ.&.m_ of Bonsall and Hassell (2000) there are no within-patch mecha-
g nisms permitting coexistence, but dispersal is limited. The parasitoid inflicts par-
asitism evenhandedly on the two hosts, and one host has a higher intrinsic growth
rate. The model predicts apparent competitive exclusion in a wide range of cir-
cumstances (as expected from the results of Holt and Lawton 1993). But it also
shows ﬂﬂmm 8@.%3:8 can occur in a metacommunity, and for two distinct .3?

Community Modules in Spatially Explicit Landscapes a.MMm_mMMMMMMM%WMMMMMQQ o e o e i
These metacommunity models for modules of interacting species assume lobal : i lar coloniation. o m:m._om:m el

| y models fo : g specic glob teractions of the familiar colonization-competition trade-off; see Ho 1

dispersal; patch arrangement 1s ignored. In spatially explicit metacommunity s thapter 2). More surprisingly, the inferior species may also vma.mﬂ::rﬂmwm_wﬁzmnm

models with localized dispersal, spatial patterns may arise that are important in ower rate of dispersal! The interesting finding that sluggish inferior prey
. . can per-
reflects phenomena that arise only in a spatially structured metacommunity

determining persistence (sce also Hoopes et m__;n_:::nawv.mwm:ogm_:@og_ &r
namics can produce dynamics thatarc consistently out of phasc in different parts. with limited dispersal. If the superior host and parasitoid are both dispersing, but
S . e ! ersing, bu

ispersal is localized, parasitoid numbers tend to be highest in patches temporar-

of the landscape; dispersal between populations at peaks and thosc at low abun-
ly containing the supcrior host. In effect, the sedentary behavior of the inferior

dances can help rescue local populations from extinction.
Consider the two modules we have discussed above: food chains and apparent means it will be left behind by waves of parasitoids tracking the superjor host
lefth : s 0s
space, so the inferior host enjoys transient refuges (often found in the

competition due to shared predation. Wilson ct al. (1998) examined a stocha i
ghs of the spiral waves these models can generate on the lattice). In chapter 2,

tritrophic model in a cellular _m:mnmixr:mmqmm?:ammrvoﬁ&mwﬁmu_ m:am:osn_
unstable local interactions, and showed that lattice size (a measure of metacoms pes et al. describe parallel spatial mechanisms of escape in syst fdircctl
. X ¢ e 1n systems of directly
ting species.

munity “size”) had a strong effect on the persistence of the food chain. Small lat
tices did not permit the simultancous existence of local populationsin sufficien
different phases to generate the stability rescue cffect of dispersal, which coulé
have prevented local (and regional) extinction. To persist, a three-species systef
required lattices an order of magnitude larger in area than did a two-species hosts
parasitoid system. These area effects on food chain length were particularly p
nounced with large differences among species in dispersal rates. In effect, ex
pected food chain length should incrcase with lattice size, because larger lattics
permit regional mechanisms of persistence to operate more effectively. It is likel
that this effect contributes to the observed influence of ecosystem size on
chain length in some natural systems (Post 2002; Holt and Post, MS).

The model for apparent competition explored above (equations 3.3 and 34
assumes global dispersal for all species. With spatially explicit interactions andle
cal dispersal, ina metacommunity one can observe coexistence under shared pes
dation that would otherwise not occur. This is illustrated by a model mE&&h
Bonsall and Hassell (2000), who examined apparent competition between @
hosts species sharing a parasitoid in a lattice. Within cells, parasitism is de
by a Nicholson-Bailey model. Dispersal is among nearest-neighbor cells. With

would suffice for that prey to persist together with the predator, were they alone.
If the inequalities in equations 3.5 and 3.6 are reversed, one expects prey species
exclusion. The model suggests that prey specics may be vulnerable to exclusion
from a metacommunity for many reasons: vulnerable species may be specialized
to rare habitat types, have lower intrinsic rates of colonization, have higher in-
trinsic rates of extinction (independent of predation), or be more vulnerable to-
extinction when confronted by the predator.

This model shows how apparent competitive exclusion ina metacommunity
can arise because of predator dispersal. Were such exclusion to occur, one is likely &
to miss the mechanism in observational field studics, since at equilibrium the 3
predator will be absent from any patch without prey!

.

Beyond Modules

nodule approach, although useful (and indecd we would argue essential) as
for analyzing the structure and dynamics of complex communities, is not
nt »..oa understanding all aspects of food web structure. As the :::MUQ of
being considered explicitly grows, the number of possible module con-
0Ds grows much faster. As an example, Sinclair et al. (2000) in reviewing
&.:»5_8. with just three components note that there are twenty-seven
ble S:mmcgso:m of interactions (including dircct density dependence).
Bway to circumvent the issue of dimensionality is to lump species into broad
inal groups. However, ignoring heterogeneity within nodes of lumped

bs must be mo:m cautiously. Seemingly slight differences in the web of
ons can at times profoundly influence dynamics. For instance, Persson
01) experimentally enriched aquatic food webs in tanks, and found that
failed structure of the system (e.g., the presence of inedible as well as edible
s) was essential for interpreting impacts of enrichment. Similarly,
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Abrams (1993) iu studies of food web models observed that disparate responses
of biomass to increased productivity arose between models with slight differences
in the configuration of food web interactions (e.g., presence or absence of om-
nivory).

Despite these cautionary remarks, relatively simple effects may emerge when
one considers shifts in diversity in food webs with well-defined trophic levels.
Caswell and Cohen (1993) superimposed disturbance regimes on patch dynamic
models of competing species, and found that species richness tended to be maxi-
mal at intermediate levels of disturbance. Wootton (1998) considered how dis-
turbance influenced species diversity in a community with multiple species at

several trophic levels. His model consisted of MacArthur’s resource-consumer =

equations, with superimposed density-independent mortality and immigration
from an external source. Depending on the details (e.g., which species immi- =
grates) immigration could cither enhance or eliminate the effect of disturbance
on coexistence. The latter effect was particularly likely when top consumers were
mobile. Wootton concludes that “the surprisingly different effects of immigra- =
tion... suggest that its effects on more complex situations also merit further ex-
ploration” (1998). In the following scction, we exantine comimunities with well- -
defined trophic levels by using an approach that deliberately ignores the detailed
pattern of trophic interactions among species to examine how ccosystem size
influcnces species richness at different trophic levels. :

Trophic Island Biogeography: A Step toward Generality

The stacked specialist models for food chains discussed above provide a first step

toward a generalization of island biogeography and metapopulation theory to

food webs. Yet these models are limited, because they assunie tight trophic spes
cialization, which is not necessarily the norm for predators. Developing compa- =
rable models for trophic generalists that keep track in detail of each possible com=
munity configuration and transitions amongst them leads to models of daunting
complexity. An alternative approach we explore here is to radically siimplify the
problem by assuming a minimal set of assumptions about the likely relationships
between trophic diversity on adjacent levels. Our aim is to develop a qualitative
theory predicting how species richness at various trophic ranks scales with area
(c.g., of islands, or habitat patches). :

Assume that multiple species can co-occur at each trophic level (either region :
ally, locally, or both), but that broad, qualitative constraints define coexistence,
General ecological theory (e.g., Whittaker 1975) predicts that a more diverse
source base should support a more diverse consumer basc, given that many
sumers are relatively specialized in their dicts; there is suggestive support for
hypothesis from the plant and arthropod communities of Cedar Creek,
nesota (Siemann 1998). We develop a “minintalist” island biogeographic mo
for two trophic levels, where we deliberately ignore many details of trophic intej

Food Web Dynamics and Metacommunitics 81

actions. Let P denote the number of predator species present on an island of size
: .>.. and S denote the number of prey species. We assume that the number Cm,ﬁtm-
| desat .amn: trophic level is determined by colonization from a source pool, and
extinctions. Morcover, we assume that trophic interactions arc donor-controlled
so that colonization-extinction dynamics of the prey level are not driven _E,
changes in the predator community. However, the converse will not be true; an in-

dS/dt = C — E= (¢ — sS) — ¢S. (3.

~1
~—

Here, Cis the total rate of colonization of new prey specics into the community
i _..._o_.:Nm:o: entails establishment of viable populations), and E is the total rate
extinction of resident, established prey species. To make the model algebraically
~transparent (as did MacArthur and Wilson), we make these rates depend in a
mple linear manner on specics richness. The parameter ¢is the rate at which new
species successfully colonize empty islands, s describes the reduction in rate
colonization with increasing island richness, and eis the rate of extinction, per
ident species. At cquilibrium, we have S* = ¢/(s + ¢).

._m Leta power law, S = A% describe among-island variation in prey species rich-
L Bess, where A s island area, z describes the strength of the species-arca relation-
 ship, and q is a taxon-specific parameter. After taking natural logs and differenti-
g S* with respect to natural log of arca we can form the identity

N

= dlog $*/dlog A

= (l/c)dcldlog A — (1/(s + e)(ds/dlog A + de/dlog A). (3.8)

ciple, any of the parameters ¢, s, and e describing community dynamics
d vary with island area. For instance, a larger arca provides a _N:.mo\n target
rger ¢), holds more species when saturated (smaller s), and has a lower extinc-
rate of resident specices (lower ¢€). The two terms in the right-hand parcenthe-
e thus negative, so z > 0.

In like manner, the dynamics of the predator community can be described by
plonization and extinction:

-

dP/dt=C" —E' = (' —s'P)—¢'P (3.9)

e the symbols match those for the prey. Equilibrial richness of predators is
e — ./ ’ ? )
ci(s" +e).

gain, we would like to know how predator specics richness scales with island
2. We assume that predator colonization and extinction rates are determined
directly by area, but rather by the number of prey species present. There may
dbeemergent arca effects on predator richness arising indirectly via arca ceffects
.:n::mmm.
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One expects predator colonization to increase with prey species richness S(i.c., -

dc'/dlog S > 0). If a predator is a specialist, to successfully colonize its required |
prey species must be present. It is reasonable to hypothesize that in general,
ticular prey specics is more likely to be present if the total number of prey mnmaa
is larger. For generalist predators, colonization success may also increase with in-
creasing prey species for several distinct reasons. First, if total food supply scales ¢
with prey species richness, colonization should be more likely if therc are more
prey species resident. Second, if different prey provide different limiting nutrients
(the obligate-generalist case of Holt et al. 1999), it is more likely the predator can
colonize into a richer prey community. :

With more prey specics, there is also a greater chance that predators can have
sufficiently distinct diets that competition is moderated. Even if there is no com-
petition among predators, a greater diversity of prey permits bet-hedging in thes
face of temporal variability. So, the number of predators that can be sustained in 2
a saturated community should increase with prey richness (95'/dlog § < 0), and*
the extinction rate of predators already present will be lower with more prey mmn...._
cies present (de’/dlog$ < 0). Ritchie (1999) presents evidence for one system
(prairie dog colonies sustained by herbaccous plant communitics) where local
extinction rates decline with increasing prey species richness. .

Using these inequalities, and with an application of the chain rule to the ex-
pression for equilibrial predator richness, we have

= dlog P*/dlog A = (Qlog§*/dlog A)

X [(1/¢") dc'1dlogS* — (1/(s" + €')(9s'/dlog S* + de'ldlog §¥)) G;S....,...

or compactly,

(3.11)

where Qs the right-bracketed expression in (3.10). The quantity Q describes the
strength of the species-area relationship in the predator community, relative
that in the prey community on which they depend. With our assumptions, anins
crease in prey species richness should increase predator colonization rates (highets
¢" and/ or lower s), and reduce predator extinctions (lower ¢”). Hence, Qis posi=
tive, so predator richness should always scale positively with island area. Howe .
for predator species richness to scale more strongly with area than does the prey
(predators have a higher z-value), we must also have Q greater than 1.
It is likely that the magnitude of Q will depend on whether or not the pred
tors in question are specialists, or generalists. Several distinct processes co
make Q lower for generalist predators than for specialists, making it more likel
would not always increase with increasing trophic rank. Consider first coloni
tion dynamics.
Generalist consumers may be able to readily colonize, given only a small sul
of the resident prey community. Moreover, initial colonization should not strong
depend on the richness of the resident prey community (lowering dc’/dlog$)-

apar-
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. specialist consumer by contrast requires that a particular prey species be present,
before it can colonize. By chance, many species-poor communities (e.g., on smalt
areas) will lack its required prey, whercas species-rich communities will harbor
that prey. This automatically increases the dependency of ¢” on prey species rich-
ness for specialists, compared to generalists. So considering just the first term
weoé suggests that it is reasonable that Q should be lower for generalists.

If all consumers are specialists, their extinction rates can be no lower than the
extinction rates of their required prey (and may be higher). If a generalist can sub-
ist on various subsets of the prey it can utilize, there should be a reduction in the
n@nsam:Q of extinction rates on prey species richness for generalist predators,
“compared to specialists (hence, a decrease in the magnitude of de'/dlog S). This
should also reduce Q for gencralists.

Finally, if there were no local extinctions, the island predator community
uld equilibrate at K(S) = ¢'/s', which we might consider to be the “saturation”
tichness of the community. An increase in the number of prey species may not
' greatly increase the number of generalist species, compared to specialists, because
. of the opportunity for overlap in dict, competitive interactions, and intraguild
stedation. In the above model, this could be described by decreasing the magni-
de of ds'/01log S, again lowering Q, and hence z'.
. These observations suggest that gencralist predators should have lower valucs
of z than do specialists, and possibly even lower values than that of their prey
figure 3.1). Holt et al. (1999) reviewed empirical relationships between trophic
and the species-area relationship, and observed instances of both Q> 1, and
< 1. In systems dominated by trophic specialists (e.g., the parasitoids on habi-
fat patches studied by Kruess and Tscharntke [2000]), one observes stronger
jpecies-arca relationships at higher trophic ranks, so z' > z. However, in other
ems (e.g., invertebrate consumers on islands in the Gulf of California; Holt
etal. 1999; G. A. Polis, pers. comm.), predators (e.g., scorpions) arc highly gener-
d and have lower z-values than do some lower-ranked trophic levels (e.g.,
ts). This suggests that in these systems z’ < z; arca has a stronger effect on
es richness at low trophic levels. Steffen-Dewenter and Tscharntke (2000)
howed that the predicted effect of trophic generalization on the magnitude of z
sevident in butterflies differing in dictary breadth on habitat fragments; the re-
ion coefficient of log(species) versus log(area) (the z-value) increases mo-
jtonically from butterflies, which are extreme generalists, to those which are
pligophagous, to those which are tight specialists on a single host plant. Given that
flies often show metapopulation dynamics (Hanski 1999), it would be in-
g to know the relative contribution of colonization and extinction (as me-
ted through host species richness) to this pattern.

7,

Axll 1

ral cautionary remarks are in order.
First, we assumed that predator dynamics depend solely on prey species rich-
More generally, one might expect that predator extinctions and coloniza-
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factors out the influcnce of environmental covariates such as temperature
: _...,_..?S.E:m and Porter 2003). Once obvious difference between consuniers on is-
lands in the Gulf of California (1ol ct al. 1999) and parasitoids on the habitat
- patches studicd by Kruess and Tscharntke (2000) is that the istand populations of
sumers on these islands are not solely dependent on island populations of
prey, but can also be supplemented by allochthonous resources from outside the
system (Polis and Hurd 1996). In many systems movements of organisms and

aterials across habitat boundarics have profound consequences for within-
itat trophic dynamics and species composition (Polis ct al. 1997; McCann
1998; Power and Raincy 2000; Polis, Power, et al. 2004). Allochthonous in-
tscan lead to systematic deviations in species-area relationships away from that
expected from island biogeographic theory, particularly on small islands or habi-
#at patches, where such inputs may greatly exceed Jocal productivity (Anderson
and Wait 2001). In chapter 20 of this volume, Holt ct al. provide further discus-
sion of spatial fluxes and landscape scale influences on food webs and metacon-

nity dynamics.

log S,

log A

Figure 3.1 Species-arca relationships as a function of trophic rank and trophic speciatization. §is -
number of species of trophic rank i, and A is arca. 4
tions could be directly influenced by island arca, among islands with comparable

prey species composition. For instance, large islands are larger targets for colo-
nization, and can sustain larger population sizes. Incorporating direct area effects

on predator colonization and extinction in the above formulation tends to in-
creasc the z-value of the predator assemblage (Holt et al. 1999, and unpublished
results). If predators are much rarer than their prey (as is typically true of top en=1
dothermic predators), then these direct effects of arca on predator-species rich-!
ness may greatly outweigh the indirect effects of istand area mediated through the ™
prey trophic level. “

Second, the above approach gives qualitative insight, but does not quantify the
strength of the relationships. Some explicit food web models suggest rather weak: mmparison of these studics suggests that different patterns will be observed in
dependencies with arca (c.g., the cascade model; Cohen and Newman 1991). On e, flerent ecosystems, with the relative strengths of the four major modes of meta-
practical complication in relating the model to ficld data is that food webs ._“_1 A unity dynantics (patch dynamics, mass effects, species sorting, and neu-
not cleave neatly into distinct trophic levels (Polis 1994). ral ty) varying greatly among systcins.

Third, we have ignored the potential for top-down impacts of predators g ! _mronnin and De Meester (chapter 8) in their analysis of zooplankton commu-
prey species richness (including apparent competition). As we saw in the sections sties among ponds showed that species sorting along environmental gradients
on alternative stable states and apparent competition, top-down effects alter con dlarge impacts, relative to mass effects. One of the gradients had to do with the
ditions for coexistence and could change extinction rates. For instance, Bengtssa ssence/ absence of a top predator (fish), comparing high fish predation with no
and Ebert (1998) argue that parasites increasc the extinction rates of Daphnia : .%Rmm:o? and the other was a habitat variable (macrophyte presence), which
rock pool metapopulations. Iolt et al. (1999) suggest that top-down extinctio , ld indirectly influence the strength of predation. The rock pools assemblages

- Linking Food Web Theory to Empirical Studics of Mctacommunities

Empirical studics that examine entire, fully-articulated food webs in a metacom-
nity context have not yet been conducted. Many studies (e.g., the scale transi-
nanalyses of Mclbourne et al., chapter 13) focus largely on dynamics within
gle trophic levels. However, several of the empirical contributions in this vol-
e do consider communities with species at different trophic levels. Overall, a

could weaken or even reverse the predicted relationship between trophic rank and wamined by Kolasa ct al. (chapter 9) also broadly fit a species sorting paradigm.
z. A proper assessment of this suggestion will require the examination of more ...m!wo:mi implicit message in these results is that they suggest interspecific

detailed models that make explicit assumptions about the web of interacti
among predators and prey.

Finally, cven if the suggested relationship exists, it may be obscured by othe
factors. For instance, although butterflics arc typically somewhat restricted inlar-
val host range (often monophagous or oligophagous in California, local butte
species richness is not strongly correlated with host plant species richness, once

ons ¢ Meractions arc strong. If a species with density N and continuous population
: rowth is rare and being excluded at rate f, but is at the same time being input at
Ifrom the regional species pool, the equilibrial standing crop is N* = 1),
here _m_ is the absolute magnitude of the rate of exclusion (Holt 1993, 2004).
Species that are being weakly cxcluded can thus be present in substantial abun-

If there is temporal variation in the rate of exclusion (c.g., duc to fluctua-
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tions in the abundance of locally superior competing specics), this, if anything,
tends to increase the average abundance of the excluded species, particularly ifex- -
clusion is weak (Holt et al. 2003). The fact that Cottenie and De Meester and Ko-
lasa et al. observed strong species sorting and weak mass cffects, despite consider-
able opportunity for dispersal, suggests that interspecific interactions leadingto -
exclusion is quite strong in these zooplankton and rock pool communities. It
would be intcresting to tie these experiments more explicitly to theory, so as toas-
sess this prediction directly. :
The metacommunities associated with butterflies described by Van Nouhuys ;
and Hanski (chapter 4) closely match the modules approach discussed above,.
This correspondence arises because butterflies are often specific consumers on
one to a few plant species, and many of their natural enemies, in particular para- 3
sitoids, are likewise host-specific. The Glanville fritillary (Melitaea cinxia) in |
south Finland utilizes just two plant species as hosts; it Is attacked by two special=3
ist parasitoids, which in turn are attacked by two hyperparasitoids. The relative:
simplicity of this food web permits close analysis of mechanisms at work in=
fluencing food web structure and dynamics. The authors conclude that both loca:
within-community, and large-scale, among-community processes contribute to:
observed patterns. For instance, the interaction of the two specialist parasitoidss
when they co-occur can be explained by local processes, largely independent of
metacommunity dynamics. By contrast, the parasitoid with more limited mobil-
ity can only persist in patch networks with the highest metapopulation capad o
consistent with the metacommunity models of food chain length discussed?

Rh tion and tellingly observe that local trophic interactions can also strongly influ-
- ence dispersal rates among communities, particularly when individuals can
choose local habitats (¢.g., to avoid predation). This is more likely for some com-
ponents of food webs (c.g., large vertebrates) than for others (e.g., sced plants).
....Umm@mﬁmm_ is a topic of great importance in behavioral ecology as well as meta-
. community ecology, and explicitly drawing out these linkages is a theme that
_ warrants much more empirical work.
\
Conclusions

here is enormous opportunity for further empirical and theoretical work on all
the themes we have touched on in this chapter. We have shown that surprising
effects may emerge, even in familiar modules, when considered in a metacom-

nunity context. The food chain model with sequential colonization and inter-
pked extinctions revealed that landscapes may exist in alternative states, reflect-
ing how local interactions influence extinction risk. Shared predation mmay lead to
usion of prey specices that are never found together in the same local commu-
ty because of habitat specialization, duc to predator spillover. Conversely, meta-
.EEE:Q dynamics may permit alternative prey to coexist, when such coexis-
nce is not expected in a single local community closed to dispersal. All these
ed ctions are amenable to experimental test (¢.g., in microcosm studies). More-
ver, the specific models we discussed considered transitions between qualitative
tates (e.g., food chain length, presence/absence of a prey species in a habitat
h). Such patch dynamic approaches need to be complemented with analyses
that pay close attention to numerical dynamics in each habitat, and how such dy-
nics are modulated by flows of individuals among habitats (mass effects). As
d above, such flows or mass effects can cither stabilize or destabilize local

earlicr.
The inquiline communitics in pitcher plant Jeaves discussed by Miller and
Kneitel (chapter 5) also reveal the interplay of local interactions, such as preda,

tion, and metacommunity processes such as dispersal. In particular, the relation
ship of species richness to dispersal rate at intermediate trophic levels was uni mteractions (Huxel and McCann 1998; Holt 2002), depending on the detailed

modal in the absence of top predators, but flat in their presence (see also Kneitd unctional naturc of the interactions {sec also Tlolt et al,, chapter 20). If species
and Mitler 2003). In this system, however, the top predators (¢.g., mosquito lar- g turns out to be the norm in describing food web dynamics in heteroge-
vae) did not maintain separate populations in each pitcher, but instead were landscapes, this has important implications for our understanding of the
pieces of a population operating at a coarser spatial scale. The moss microcos ngth of local interspecific interactions as a force governing the structure of
examined by Gonzalez (chapter 6) found that habitat fraginentation led to exting
tions, particularly of those species that had low abundances in the original, pres
fragmentation communities. In one experiment, there was also a mmm:mmnm:ﬁn.._ﬁ. 12 modules in community ecology (e.g., intraguild predation, two con-
of fragmentation on the proportion of predators in the final community. on two biotic resources, interactions involving mutualisms, competitive

trophic island biogeographic theory we have presented suggests that the impactos ems with ecosystem feedbacks through detrital pools), and explore the conse-

. ces of colonization-cxtinction dynamics and mass cffects for species coexis-
. In all these modules, as with apparent competition, permitting dispersal
twee communities is likely to open up additional avenues both for coexistence
id exclusion.

nally, it is important to emibed these analyses of modules in analyses of full,

Animportant task for future work will be to work systematically through other

fragmentation upon the proportion of predator species present should be sef
tive to the degree of trophic specialization or generalization present in the p
tor guild. The detailed trophic information required to assess this hypothesi
not yet available for this microarthropod community. 3

Finally, Resetarits et al. (chapter 16) review empirical studics of habitat se
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