CHAPTER 9

Assembly of Unequalsin the Unequal World
of aRock Pool Metacommunity

Jurek Kolasa and Tamara N. Romanuk

Introduction

Scaleisan important component of an integrated metacommunity theory (Lei-
bold et . 2004; Holyoak et d., chapter 1), and incorporatingvarious elements of
scaleislikely to continue to be amajor forceshaping the metacommunity frame-
work. A number of specific insights have proved useful. Mouguet and Loreau
(2002) considered two spatial sces—Ilocd and regional — and demonstrated po-
tential interactions between these scales. Hanski and Gyllenberg (1997) showed
that local abundance, geographical range, and species-area relationships could
havea common conceptual coreand represent differently scaled aspectsof meta-
populations. Some aspects of scae, particularly spatial ones, are formalized in
metacommunity theory, such as patch sizeand distance among patches(Holyoak
eta., chapter 1). By contrast, theoretical or experimental investigationsofmultiple
spatial scalesare rare (cf. Cadotte and Fukami 2004), and scalesother than those
discussed above may be important in devel oping an integrated metacommunity
perspective. For example, scalemay include dimensions such asgradientsin spe-
ciesspecializationor gradientsin habitat heterogeneity and habitat structure.

In this chapter we consider the importance of different spatial and organiza-
tional scaeson ecological processesin ametacommunity of rock poolsinhabited
by adiverseassembly of aguatic invertebrates using ahierarchical view of habitat
structure. We also attempt to relate the empirical patterns seen in the rock pool
metacommunity to the four metacommunity modelsarticulated by Leibold et al.
(2004) and Holyoak et al. (chapter 1). The primary structural feature of the rock
pool metacommunity is the nested hierarchy of spatial habitat units, from indi-
vidual poolsto the entire regional array of pools. Thisstructural hierarchy sug-
geststhat there is no simple local-regional scale dichotomy in the metacommu-
nity {sensu Mouquet and Loreau 2002; Mouquet et al., chapter 10). Instead,
habitat is portrayed asa nested hierarchy of habitat units, with each unit reflect-
ingafraction of multidimensional habitat spaceand with thewholestructure po-
tentially acting as aspeciessorting mechanism (Kolasa1989).

First, we will outline and explain a hierarchical model of habitat, its predic-
tions, and relationship to species and metacommunities. Subsequently, we will
introduce thestudy systemand illustrate the hierarchical natureof itsspatial con-
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figuration and the possible constraints the hierarchy may impose on the move-
ment and interactions among species. After describing the system in which meta-
community processestake place, weproceed to identify patternsin support of the
hierarchical perspective and patterns that relate our empirical observations to
various metacommunity models. In that section wehighlight theexistenceof dis-
continuities in the observed metacommunity descriptors, positivelinks between
density of individual species, occupancy of sitesand degree of habitat specializa-
tion, the relationship between local and regional density, and the dependence of
local speciesrichnesson scaleof habitat variability.

A Hierarchical Model of Metacommunities

The habitat-based model (HBM) uses assumptions about (1) speciesattributes,
(2) habitat attributes, and (3) the relation between speciesand habitat. The model
isscaeindependent and can be applied at any scale of habitat structure.

Species Attributes

With respect to species we assume that: (1) they differ in their ecologica needs
such that there is a speciaization gradient from specieswith narrow habitat re-
quirements (habitat specialists) tospecieswith broad habitat requirements (habi-
tat generalists), and (2) any habitat may host aset of speciesrepresenting the full
range of habitat specializations. We contrast habitat generalists and specialists,
but when referring to these two categorieswe recognizea gradient of habitat spe-
cialization. The differences potentially go far beyond core and satellite dynamics
(Hanski 1982) because species interact with multiscale habitat heterogeneity.
Different habitat requirementsinclude tolerance limits, resource needs, and con-
ditionsfor successful reproduction and dispersal such as nursery needs or pres-
ence of dispersal conduits. The terms specialist and generalist have avariety of
meaningsin ecology. The meaning hereisgeneral but precise: aspecialistisaspe-
ciesrestricted to asmall volume of the multidimensional habitat space. In con-
trast, a generalist is a speciesthat is not as restricted (Kolasaand Waltho 1998).
Notethat a speciesisevaluated by itsrelation to the habitat, and it isdefined asa
specialist or generalist relative to other speciesin the community, which jointly
define the multidimensional habitat space.

Habitat Assumptions

We assume that habitat is a nested hierarchy of multidimensional volumes (for
detailed discussion see Kolasaand Waltho 1998). Becauseany dimension except
time can be mapped onto space, weinterpret the habitat as(1) ahierarchical mo-
sac of patcheswith (2) lower level patches nesting within higher level patches,
and (3) with each level and patch at any level involvingadistinct set of attributes.
For the sake of illustration, we use two dimensions only, which give the model a
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Figure91 A simplified view of habitat hierarchy showing species categories defined by their use of
various levelsof resolution: (a) each of two typesof habitat can take continuous or fragmented forms
asillustrated by three combinations; (b) thesetypes are represented in the model asasingle two-level
habitat hierarchy that can be used by two specialistsat the lower level and one generalist at the higher
level; (c) ahypothetical habitat structure able to accommodate twenty-one species. Note that habitat
grain, size,and diversity changeswith resolution. From species perspective, the habitat becomesmore
fragmented at higher levelsof resolution (i.e., lower levels of structure). Whiletypes of habitat patch
areshown hereasregular subdivisions of thetotal habitat unit, red structuresare much morevariable
(figure9.2; for further explanation see Kolasa 1989).

spatial appearance even though this appearance representsaconsiderablesimpli-
fication becauseit does not purport to convey any specific configuration of actual
habitatsin space. The model only identifiesthetotal amount of spacea particular
habitat unit occupieson averagerelativeto ahigher level unit. Each unit can take
variousconfigurationsin spaceasa patch that iseither contiguousor fragm%nted
to varying degrees (figure9.1a). Regardlessof spatial configuration, two habitat
typesare represented in the model as two subunits (figure 9.1b). Extending this
approach permits representation of the whole habitat as a nested structure of
unitsemerging at increasing levelsof resolution (figure9.1c).

Rel ationship between Speciesand Habitat Sructure

The relationship between the species and the habitat assumes the following:
(1) habitat generalists use the largest habitat units, thus increasing habitat spe-
cialization resultsin the use of progressively smaller habitat units nested within
the larger ones; and (2) the density of a speciesvaries positively with the habitat
unit sizeand negatively with thedegreeof unit isolation from other similar units.
Thus, according to the model, the generalists density will be proportional to the
continuous area of the top habitat defined by the two dimensionsin figure9.1c.
Thesituation isdifferent for thespecialistsat thetwo lower levels. Although their
densitiesare proportional to thearea of the squares used, the expected density is
different becausetheir habitats appear assingle patchesinthe generalist's habitat.
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In ahabitat unit even larger than oneshown in figure9.1c¢, these habitats would
multiply but remain separated from each other by other, unusable, patches. The
more specidized the species, the greater the geometrical and ecological distance
(e.g., barriersof hostilehabitats) between suitable unitsof theenvironment. Frag-
mentation of ahabitat unititsaf (cf.figures9.1aand 9.2) can exacerbatethis bar-
rier effect. In asense, resourcesavailableto aspecialist can beviewed asbeingdi-
|utedin the patchwork of other habitat units. It isnot unreasonabl eto assumethat
aspecialist speciesfaceshigher energy and population costswhen it uses patchily
distributed habitats. By contrast, generalistsin the model experienceamore con-
tinuous distribution of habitat. Theoreticallythere may besevera componentsto
the costs experienced by specidists, such as energetic costs of travel, mortality
during dispersal, decreasedefficiency through failureto find patchily-distributed
resources, or finding and settling in low-quality,sink patches. From now on, the
sum of these costswill be assumed to reduce a species density in proportion to
the degreethat the habitat isfragmented at the specialist level.

Predictionsd the HBM

Consequences of the HBM arethat (a) thereare few speciesof habitat generalists
and many specidistsin species rich communities, (b) speciaistshave lower loca
density and habitat fragmentation plays aprogressivelylarger rolein determina-
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Figure92 Effectof spatial fragmentation on relativedensity of speciespredicted by the HBM model:
(a) therelativedensity of speciesusing habitat unit in figure 9.1b asafunction of fragmentation de-
pictedin figure9.1a; (b) therelativedensity of speciesusing ahabitat unit with onemoreleve of reso-
lution (inset showsa habitat ableto accommodate 7 species: 1 + 2 + 4), with spatial fragmentation
introduced for habitatsunits at theintermediateleve of resolution only. Fragmentation in both pan-
dsissimilar tothat showninfigure9.1a, that is, each habitat typeissplitinto1, 2, or 4-5 patches, with
correspondinglabelsof 1, 0.5, and 0.2 to reflect the resulting patch sze. Note that the fragmentation
of theintermediatelevel (figure9.2b) affectshabitat specialistsat thelower level of structure (ranks4-
7) wen though no specificfragmentation wasassumed for thislevel.
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tion of their density relativeto other factors, (¢) community structure isdiscon-
tinuous, with groups of species having similar degreesof habitat specialization
and local density, and (d)local and regiona density should convergefor general-
ists.

Furthermore, the model impliesthat most local communities may transition
gradually into metacommunities as spatial scdeisincreased. A thought experi-
ment illustratesthisobservation. If the graphical representation of habitat struc-
ture in figure 9.1c grew in space by copying itsef by 25%, it would mean no
changefor thetop generalist becauseits habitat would remain continuous. How-
ever, two of thefour intermediate speciesand four of thespecialistswould acquire
additional subunits and thus enter the realm of metacommunity dynamics. A
further expansion in the same direction by 5% would replicate patches suitable
for four more habitat specialists. However, neither the top generalist nor addi-
tional intermediate specieswould experienceadifferent habitat structurein the
second step. A complete duplication of the structure would create a complete
two-patch metacommunity, except for thetop species (unlesstheduplication was
discontinuous in space). Consequently, depending on the actual structure of the
habitat, or thestructureincluded in the study, acommunity of interest would re-
quiredifferent degreesof metacommunity leve insights.

Thismodel isgenera in that it does not rely on physica properties, competi-
tion, predation or any other specific mechanism acting among the many dimen-
sionsthat define habitat. Instead, it captures and summarizes thefinal outcomes
of many processes, stochastic and deterministic, external and internal, individu-
digticand interactive. This hierarchical view of habitat structure guidesour ex-
ploration into the ecology of the rock pool metacommunity and the parameters
that may be important in the development of metacommunity models. It also
highlightsthe importance of ametacommunity paradigm that explicitly consid-
ers the metacommunity as a set of interacting continua of properties and pro-
ceses staged on an uneven playingfield.

In general, however, the speciesin the rock pool metacommunity display afull
rangeof habitat specializationthat is positively correlated with their distribution
(Kolasaand Li 2003). Onecan thusformulate the problem of metacommunity as
theinteraction of aset of speciesattributes with aset of environmental attributes.
Existing metacommunity modelsdo not explicitly recognizemultiple scalesand
species responsesto them. The hierarchical model not only recognizes multiple
scales, but aso makes predictions about the patterns of densitiesand degrees of
habitat specializationthat should result from them.

Habitat-based Model and Other Metacommunity Models

Both the speciessorting and mass effects model sinclude a habitat gradient along
which speciessort. The hierarchical model (HBM) ismost likethe speciessorting
model but it explicitly recognizesthe hierarchical structureof habitat and species
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responses to the habitat. Unlikethe mass effects model the hierarchical model as-
sumesthat aspecieswill be present in habitatsthat meet two conditions: they do
have required resources (aniche based explanation) and are not excluded from it
viabioticinteractions such asdirect or indirect effectsof competition, parasitism,
or predation, or by intolerablephysical conditions. The HBM does not assumeor
includeexplicit mass effects or source-sink dynamics(e.g., Pulliam 2000). How-
ever, in empirical testsof the model (e.g., Kolasa1989) expected density wascal-
culated from the occupancy patterns. Because such patterns do not differentiate
between valuesof the finiterateof increasei, smaller or larger than 1, both effects
may have been subsumed in the relationship between thedistribution and den-

sity. Indeed, mass effects could promote species occupying habitats that are un-

suitable for them and so affect occupancy and distribution patterns. Unlike the
neutral and patch dynamics models, in the hierarchical model speciesare as-

sumed to be found in particular kinds of habitat that are suitable for them, a-

though the model is hot restrictiveasto how suitable habitats must be. At small

spatial and temporal scales, asuitable habitat may simply mean habitat sufficient
for survival of immigrants (A < 1}, whileat alarger scalethisimpliesa persistent
population (h = 1). Hence, in the neutral and patch dynamics models, species
compositionsof particular patchesare expected to drift randomly through time
and to show no particular habitat associations(see" Differencesbetween Habitat
Specialistsand Generalists” for atest).

Ftitchieand OIff (1999) have proposed an approach to regional diversity that
ds relieson differencesamong speciesin their perception of habitat patches.
This model has an advanced formal structure built on aset of specific assump-
tionsconcerning body size, habitat fractal structure, and home range of individ-
uasthat do not apply to the rock pool metacommunity. The mgjor difference
between the HBM and Ritchie and Olffs modd isthat species perceptionsare
andyzedat theindividual leve inthelatter whilethey areatrait of populationsin
HBM. Consequently, home range of an individual and itseffect on accessto the
amount and quality of resourcesforms the foundation of the Ritchie and Olff’s
model. In HBM, though, the perceptions of asingle copepod or midge do not
matter. What matters is the ability of a copepod subpopulation to persist in a
habitat. Consequently, the home rangedoes not matter in the HBM; the accessto
resourcesis determined by the ability of a population to usethe habitat. Findly,
whilein both models habitat is seen asa nested mosaic of patches (which can be
morethan three-dimensional in theHBM), the HBM does not requirethe patch
shapeand arrangement to approach fractal characteristics. Nestednessis a uni-
versal habitat feature and thusit isdways present. However no evidenceexists
that the self-affinity of habitat structure assumed by Ftitchie and OIff (1999) isa
common condition for most species assemblages. Findly, for aquatic inverte-
brates the body sizedoes not seem to offer any biological insightsto their ability
to move among patches such as natural pools. Adaptations such as airborne
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stages, eggs or ephippia, or ability to withstand transport by water and wind are
known to play crucial role (Bohonak and Jenkins2003).

The Rock Pool Metacommunity
Site

The rock pool metacommunity islocated around asmall cove near the grounds
of the Discovery Bay Marine Laboratory along the northern coast of Jamaica. The
system involves a set of 49 coastal rock poolsthat are formed primarily by rain
erosion of fossl reefs (Kolasa, Drake, et al. 1996; Kolasa, Hewitt, et a. 1998;
Romanuk and Kolasa 2002). Within the study area shown in figure9.3a, an addi-
tional 180 poolshavebeen identified and analyzed for their community structure.
The poolsare on average = 60 X 30 cm, havea mean depth of 13 cm and mean
volume of 15liters. On averagethe rock poolsarelocated within 1 m of the near-
est neighbor and none isseparated by more than 5m from the next nearest rock
pool. Their elevationabovesealeve is1-235cm (mean = 80cm) at hightide, with
the tide rarely exceeding a 30 cm range. Seven of the 49 rock poolsaretidal, al-
though tidal flooding is not daily. Most pools are maintained by atmospheric
precipitation and occasional wave splash water.

The strengths of the analyses stem from the nature of the study system. The
rock pool metacommunity is highly diverse, both biotically and abictically. The
poolshave similar history, climate, greatly reduced seasonality,and the systemiis
small enough to alow any species to reach any habitat. The rock pool/system
shares severa general advantageswith other aquatic habitat |andscapeslisted by
Resetarits et d. (chapter 16). Furthermore, it can be sampled for community
composition and abundance within hours of measuring physical attributes. The
main weaknessof the approach to datestemsfrom the fact that weinfer the com-
munity and metacommunity dynamics from temporal snapshotsinstead of pop-
ulation trajectories. Neverthel ess, we bdlievethat such snapshotsareinformative,
especially becausethey often cover tens or hundreds of generations.

Biotic Composition
We have collected invertebrate rock pool fauna and made physical measurements
of the rock poolsat least once a year, since the winter of 1989-90 (Kolasaet al.
1998; Therriault and Kolasa 1999, 2000; Romanuk and Kolasa 2001; Therriault
2002). Over seventy specieshave been identified and counted totaling more than
300,000 individuals from al samples. The majority of speciesare small benthic
animals ranging from 60 pm to 0.5 mm but some are plankton-like (Orthocyclops
modestus, Ceriodaphniasp.) and swim in the water column. The metacommunity
has unusual origin and composition. It isa mix of marine, brackish water, and
freshwater organisms, some with poor dispersal abilities and some with non-
aquatic dispersivestages(e.g., insects, crabs). Thefull list of the taxaidentified to
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dateincludes: Turbellaria(7 species), Nematoda (1), Polychaeta(5), Oligochaeta
(2), Ostracoda (21), Copepoda (8), Cladocera (4), Decapoda (crab) larvae (1),

Decapoda (shrimps) (3), Amphipoda (1), Isopoda(1), and Insecta (18).Thepool

communities experience high desiccation, especidly through the summer

months when most of the shalow poolsmay become completely dry (Therriault
and Kolasa 2001).

Coupled with the short generation times of the organisms (between lessthan
awesk and three months) the annual samplesare relatively independent, that is,
the current community structureisonly partially determined by the community
stateayear prior tothesampling dueto partial reassemblyfrom aspecies-pool of
short-lived organisms and cumulative stochastic effects of environmental and
bioticvariability (Romanukand Kolasa2002). Thus, the sampling regimemisses
detailed population dynamicsbut providesalong-term data set consisting of sta-
tistically independent snapshots, each separated by many generations from the
previous one. Metacommunity patterns are therefore expected to beeither at or
approaching equilibrium with the environmental template.

Thesystem of rock pool communitiesexhibitsat least fivedistinct spatial scales
(figure9.3) although additional intermediate but less defined scalesmay also ex-
ist. This multiscaleaspect appearsto bean inherent feature of natural metacom-
munities (cf. Miller and Kneitel, chapter 5). Dispersal islikely to be modified by
dl of thefivescaes: regional (figure9.3a), groups of rock terraces (figure9.3b),
poolson asinglerock (figure9.3c), poalslyingin asinglewatershed (figure9-3d),
and individual pooals (figure9.3e). Rock pool species, which include taxa with
diverselife histories such asturbellarians and mosquitoes, vary strongly in their
dispersal ahilities, and perceiveindividua patcheson a gradient from either to-
tallyisolated to fully accessbleor connected (Kolasaand Drake 1998). Thisdoes
not differ from the general patterns established for inland aquatic invertebrates
(Bohonak and Jenkins 2003). Consequently, aloca pool community islikely to
result from a blend of variably scaed immigration rates and the interaction of
processesthat are akin to population dynamics, metapopulation dynamics, and
island biogeography, depending on which of thefiveor more scales one chooses
tolook at (figure9.3).

Asspatial scalechanges, wewould expect different biotic and abiotic dispersa
processes to become relevant. The intermediate scaesinclude subregions of the
regional scalethat sharesimilar patterns of wind and precipitation or portionsof
arock terracewherelargeinvertebrateterritories may affect several but not dl wa
tersheds. In particular, crabsthat moveactively in and out of poolson adaily ba-
sscan act asvectorsfor dispersal of rock pool invertebratesby carrying propag-
ules in their digestive system or gill chambers. A different set of dispersa
mechanismsoperatesat each scae (cf. Bohonak and Jenkins2003). For example,
adjacent pools that remain unconnected by water channels may exchange
propagules or organisms via rain drop splash and overland transport by am-



Figure9.3 Physica layout of the rock pool system in Discovery Bay, Jamaica: (a) aerial view of thein-
let with rock terracesand outlinesof rock pools, ~60 m across; (b) distance based groupsof pools; eech
group may encompassseveral rock terraces; (c) poolsof one rock terrace; (d) five natural watersheds
(bounded by polygons) on onerock terrace (courtesy of D. G. Jenkins, University of Central Florida);
(e) individual poolsin oneof the watersheds. Shaded arrowsindicate watershed outflow.
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phibiousanimals as evidenced by specimenscaught after rain in beaker traps set
nearby. Poolsin awatershedexperiencedirectional transfer of animalsin addition
tothe previousmechanisms (Jenkins,pers. comm.). Poolsof different watersheds
receive animals as a cumulativefunction of pool-to-pool exchangesand a direc-
tional transfer within awatershed. Asthe spatial scaleincreases, the roleof wind,
storm, and largeanimal mediated dispersal increases; the relativecontribution of
these factors changesdepending on the rock terrace elevation and relative posi-
tion on aland-ocean gradient. The pools, watersheds, rock terraces, groups of
rocks, and the region form a distinct spatial nested hierarchy, with a number of
important consequencesfor modeling organism exchangesand their dynamics.

Recol onizationexperiments have shown that dispersal ishigh enough toalow
reconstitution of local communities within six to twelve months, irrespective of
their degree of isolation (A. Biggers, pers. comm.). However, the hierarchical
structure of the habitat and habitat specialization of species mediates coloniza
tion patterns (K otliarand Wiens1990; Kolasaand Rollo 1991). If habitatsofsimi-
lar qualitiesare within the same spatial subunit (suchason a rock terrace), then
predictions based on regiona (entire metacommunity) dispersal rates will fail
quantitatively because they assume a mean degree of interpatch isolation greater
than the effectiveisolation of patcheswithin the rock terrace.

Background Analyses and Review of Results
Specializationand Occupancy

Rock pool species show a strong link between distribution measured as occu-
pancy, p, and habitat specialization. Thisistrue for avariety of measuresof habi-
tat specializationbut one method illustratesthe point. Numerous other measures
of specializationcan be used and most producesimilar results(unpublished). We
have used amethod of cal culatingecol ogical rangethat islargelyimmuneto occa
sional occurrence of individuals outside conditions preferred and tolerated by a
gpecies. Thisimmunity isachieved by weighing exposure to environmental vari-
ables by local density. We obtained tolerance ranges for each species using
CANOCO’s (software package) Canonical Correspondence Analysis module
from four significant CCA axes. These were averaged and regressed on the occu-
pancy (usedin this chapter) expressed asthe cumulative number of poolsaspe-
ciesoccupied over nine years(r = 0.818, p < 0.0001, F = 145; or r = 0.896, F =
292, if y = ax"isfitted). The regression indicatesthat distribution (occupancy)
and specializationto physica conditions have asignificant degree of equivaency
in thesystem of interest.

Because occupancy reflects both the habitat suitability and the stochastic
effectsof immigration and extinction, the unexplained variancecould represent
acoarseindicator of theimportance of patch dynamics. At the same time, occu-
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pancycan be used asan empirical substitutefor specializationbut not, indeed, in
direct testsof modelsinvolving occupancy independently of specialization. This
need for caution is supported by the fact that dispersal and hence distribution
does affect measures of habitat speciaization (Pulliam 2000), with more mobile
speciessampling a greater range of habitat conditions. We believe, however, that
the methods employed here to evaluate the ecological specialization of species
reducesany potential biasto an acceptable minimum.

Hierarchical Nature of the Rock Pool Metacommunity

Spaceisthe most obvious dimensionin the habitat hierarchy, however the spatial
map is not a strict organizational tool in the hierarchy, nor do the habitat attri-
butes necessarily match the spatial map. In fact, for the rock pool metacommu-
nity the match is very wesak because poolsthat cluster according to their physico-
chemical properties may be scattered in different locations of the spatial
hierarchy. To add to thiscomplexity, thedegreeof match isscal e-dependent, with
the two hierarchies— onespatial and one of habitat properties— intersectingat
somescaeshbut not at others. For example, groupsof rock terracesat higher de-
vationsshare poolsthat are moresimilar to each other dueto the dominant effect
of rain and lef litter on their water quality. A GIS (Geographic Information Sys
tems) analysis of the rock pool metacommunity linking species patterns and
physicochemical properties (Romanuk 1999) showed that al physicd variables
exhibited some spatial autocorrelation. However, the clustering scale differed
among variables. The net resultisthat clustersof physicochemical properties may
be scatteredin different locations of the spatial hierarchy. For example, elevation
and salinity showed subregional clusteringwhiledepth, temperature, oxygen, and
pH al showed smaller scalesof clustering.

The hierarchical structure of the metacommunity can aso be seen in patterns
of specieshabitat use. Speciesview the habitat at different levelsin the habitat hi-
erarchy ranging along agradient from habitat specialiststo generalists. However,
this gradient is not necessarily continuous, since scale breaks or discontinuities
are expected consequences of the hierarchical structure of habitat (cf. Kolasa
1989; Allen and Holling 2002). Such discontinuities are registeredin assemblage
attributes. Data from the rock pool metacommunity provide a good exampled
this phenomenon (figure9.4) and can be seen in the graph combining degree of
speciaization and local density for ostracod species. Ostracods group into three
distinct scalesof habitat use; a group of highly specialized specieswith low loca
densities, a group of generalists with high local densities, and an intermediate
group (figure9.4). In addition to discontinuities ostracodsillustrate atrend in the
distribution-density relationship. The scale discontinuities in how species per-
ceivetheir habitat can be used to guide decisionsregarding the number of scdes
that would be important for modeling. For ostracods, any model using three
scalesmight do asatisfactory job.
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Figure 9.4 Groupsof ostracod speciesidentified by similarity of occupancy and mean local density
based on one 0.5 liter water samplestaken over twelveannual snapshot censuses of forty-nine rock
pool communities. Density is scaled up to theminimum of oneand hasno relationshipto observed
valuesper liter. Arbitraryellipseshelp to delineatethe groups.

Habitat Specialization

Two primary observationson the ecology of metacommunitiesare integral to an
understanding of rock pool metacommunity processes. We have dready dis-
cussd theimportance ofviewing the habitat asanested hierarchy of patchesthat
exigtin multidimensional space. I n this sectionwe present the resultsof analyses
that suggest that species perceive habitat fragments differently, depending on
their dispersal abilitiesand habitat tolerances.

Differences between Habitat Specialists and Generalists

Severd observations are relevant to applying the HBM to the rock pool meta-
community system. Speciesvary in their local density over both space and time.
In metacommunities, rlativevariabilityin density will have strong effectson the
probability of whether aspecieswill be present or not in apatch. Thisoccursbe-
caue specieswith low population numbers are more likely to becomelocally ex-
tinct than specieswith high population numbers. In rock pools, specidistsvary
more than generalistsin their relaive variability (coefficientsof variation) but
tend to vary lessin absoluteterms (Kolasaand Li 2003). Mean loca densitiesof
spedies (represented as ranks) also relate strongly to occupancy (figure9.5a),
which can be interpreted in favor of the link between local presence (and thus
regiona occupancy) and habitat suitability. Thedensity and occupancy relation-
ship could also arise under specia circumstancesof uniform habitat space and
random distribution of individuals, with the relationship being described by
the Poisson probability distribution (Wright 1991). These circumstancesdo not
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Figure 9.4 Groupsof ostracod species identified by similarity of occupancy and mean local density
based on one 0.5 liter water samplestaken over twelve annual snapshot censuses of forty-nine rock
pool communities. Density isscaled up to the minimum of oneand hasnorelationshipto observed
valuesper liter. Arbitraryellipseshelp to delineatethe groups.

Habitat Specialization

Two primary observationson the ecology of metacommunitiesarei ntegéal toan
understanding of rock pool metacommunity processes. We have aready dis-
cusd theimportance of viewing the habitat asa nested hierarchy of patchesthat
exig in multidimensional space. In thissectionwe present the resultsof analyses
that suggest that species perceive habitat fragments differently, depending on
their dispersal abilitiesand habitat tolerances.

Differences between Habitat Specialistsand Generalists

Severd observations are relevant to applying the HBM to the rock pool meta-
community system. Speciesvary in their local density over both space and time.
In metacommunities, relativevariability in density will have strong effectson the
probability of whether a specieswill be present or not in a patch. This occurs be-
cause specieswith low population numbers are more likely to becomelocally ex-
tinct than species with high population numbers. In rock pools, speciadistsvary
more than generaistsin their relative variability (coefficientsof variation) but
tend to vary less in absoluteterms (Kolasaand Li 2003). Mean local densities of
spedies (represented as ranks) also relate strongly to occupancy (figure 9.5a),
which can be interpreted in favor of thelink between local presence (and thus
regiona occupancy) and habitat suitability. The density and occupancy relation-
; ship could also arise under specid circumstancesof uniform habitat space and
random distribution of individuals, with the relationship being described by
the Poisson probability distribution (Wright 1991). These circumstances do not
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Figure9.5 Speciesoccupancy (a) and (b) itsvariability (coefficient of variation, cv) asa function of
mean speciesrank in abundance. Occupancy and cv of occupancy arebased on ten annual censuses.

appear to apply to the rock pool metacommunity for which abundant evidence
of nonrandom, environmentally determined distribution (Therriault and Ko-
lasa 1999) exists. Wright (1991) proposed that a set of species conformsto the
Poisson null model if the slope of aregression (b) between mean abundance and
In(1 — p)is - 1.0. For the rock pool metacommunity thisslopeismarkedly differ-
ent (b= —0.126, r> = 0.289).

The density-occupancy relationship however resultsin atrlple-edged sword
for specidists in the rock pool community where specialistsare locally and re-
gionaly rare, and their local population densitiesaswell their occupancy arerela
tivelymorevariable (figure9.5b). Thesespecies attributes suggest that the popu-
lation dynamics of specialistsare fundamentally different than the dynamics of
generalistsin the metacommunity. Theimportance however of specialiststo the
dynamics of the local communitiesin the metacommunity is unknown. Statisti-
ca analyses of the rock pool metacommunity described earlier indicate that the
population dynamics of generalistsdominate the dynamicsof local communities
(Therriault and Kolasa2000). These effectswere positive or negative depending
on the identity of the generalist and specifically affected long-term changesin
evenness. In this system, generalists may represent large-scale integrators of the
metacommunity (likein Figure9.1¢), aroleanalogousto hyperparasitoidsin but-
terfly metacommunities (Van Nouhuysand Hanski, chapter 4), or common cora
reef species (Waltho and Kolasa 1994). If habitat generalistsvary over time, then
rare species should also vary in response to habitat generalists, thus increasing
community variability (Therriault and Kolasa 2000).

The hierarchical model (HBM) postulates a general abundance pattern asan
outcomeof theinteraction betweenthe habitat structure and agradient of species
attributes. Unlikethe regional similarity model (Mouquetand Loreau 2002), the
HBM implies poor regional performers will also be, on average, poor local per-
formers in terms of their density. This further impliesthat mean and regional
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density of individual speciesshould bestrongly correlated, whichisthe casein the
rock pool metacommunity (figure9.6). Thisrelationship capturesthat regionaly
rarespeciesfail to attain high densitiesat siteswherethey manageto persist; with-
out exception, local rarity implied regiona rarity (figure9.6). Furthermore, there
isan accel erated convergencebetween loca and regional densities as predicted by
the HBM for abundant and thusbroadly distributed species.

Oneother consequence of the assumptions of the HBM isa relativeconstancy
oflocal composition. Thisconsequenceisshared with the speciessorting model as
the HBM relies on species sorting at multiple levels of resolution. The patch dy-
namicsmodel and the neutral model imply acontinuousdrift of community com-
position. In the HBM, however, aslong asthe environment retains its attributes
over time, local communitiesshould retain not only itscomposition but aso the
density structure. Furthermore, habitat specialists should show less site tenacity
than habitat generalists. Variousanalysessupport this postul ate. The community
smilarity toitself declined dramatically with the number of desiccation eventsand
the pattern wasevident whether just composition (Jaccard’sindex), rank structure
(Kenddl'sW),or composition and density wereconsidered (Therriaultand Kolasa
2001). Where the mean richnesswas reduced, itsdecline was predominantly due
tothedifferential lossof habitat specialists (Kolasaet d. 1998).

Habitat generalistsand specidistsaso differ in variation of their distribution
measured by occupancy (p),with specialists showing greater variability in the
number of poolsoccupied (figure9.5a, b). Recal that we defineoccupancy asthe
number of sites a speciesisfound in and specialization as a species position in
the multidimensional hierarchy of habitat attributes. However, this hierarchy
imposesonly a partial relationship between occupancy and specialization due to
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Figure9.6 Regional density and local density (log,,-tr ansfor med) of speciesarestronglyrelated (y =
0.215x%*%, r2 = 0.902,p = 0.0000). L ocal density of aspeciesisthemean of that speciesofall thepools
it was present on a singleday, averaged over ten annual censuses. Theregional density of a speciesis
thetotal populationof thespeciesin aregion divided by thevolumeof water sampled (regionistreated
hereasasinglelargepool) and averaged over ten censuses.
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differencesin habitat attributes. Furthermore, rock pool specieswith high loca
densitieshavethe greatest occupancy and the lowest temporal variability in den-
sity. These descriptive trends may both result from and affect metacommunity
dynamics.

Other Effectsof Scale

We postulated earlier that the metacommunity patterns appear to differ qualita-
tively dependingon scale. The effect of environmental variability on speciesrich-
ness and abundance is clearly scale dependent (figure 9.7; Romanuk and Kolasa
2002).Wefound that speciesrichnessislower in poolswith higher temporal vari-
ability in abiotic conditions, while speciesrichnessis higher in poolswith greater
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Figure9.7 Effect of heterogeneity at different scales on speciesrichness and combined pool density
for different groups of rock pools (Reid 2003). Temporal variahility of the whole pool among dates
representsalarger scale (aand b) while spatial variability at 5 cm lag distancesand 10 cm depth in-
crements (cand d) representsasmaller scale. Panel (a) showsrichnessdeclinesin freshwater pool sthat
vary morein time; (b) density increasesin saline pools; (¢) richnessincreasesin brackish water pools
that areinternally more heterogeneous; and (d) density alsoincreasesin such pools. The variability &
either scaleisageometric mean of thestandard deviations (SD) of the four abiotic variables (temper-
ature, oxygen, pH, and salinity).
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spatial variabilityinabiotic conditions (figure9.7). Incontrast, mean community
density is higher in poolswith greater spatial and greater temporal variabilityin
abiotic conditions. The scale-dependent effect of environmental variability is
most likely dueto different processesarising at different scaes. Spatial variability
in abiotic conditions may increase species coexistence through increasesin the
number of suitable habitats (cf. Holyoak 2000), whiletemporal variability in en-
vironmental conditions may decrease species coexistence through intermittent
reductionsof suitablehabitat that may drivesome populationsto local extinction.
Frequentdesiccationisan extreme exampleof such a process.

Applicability of the Four Metacommunity Perspectives to the Rock
Pool System

Neutral Model

Fuller et a. (2004) havecalibrated and tested the neutral model (Hubbell 2001) of
community assembly using data from the rock pool metacommunity. On the
wholethe model performed fairly well, however it underestimated the density of
speciesthat are rare as defined by their rank. Thiswaslikely dueto high predator
density in some poolswherepredators improved the survival of rare speciesthus
elevating the representation of rare speciesin the metacommunity. This result
underscoresthe potential of cross-trophic interactions to influence community
structure and the proportional abundance of species in the metacommunity
(Holt 2002). Theseresultsalso affirm theimportance of habitat structure, inclu-
siveof itshiotic component, argued throughout this chapter. In addition, the hi-
erarchical structureof the habitat and the speciesattributes might al so contribute
to the departure from predictionsof the neutral model (Kotliarand Wiens1990;
Kolasaand Rollo1991). If habitats of similar qualitiesoccur within the samespa-
tial subunit, then predictions based on mean regional dispersal rates (cf. Resetar-
itsat d., chapter 16) will fail quantitatively. Thisis because predictions based on
mean dispersal ratesassumea mean degreeof interpatch isolation that is greater
than the effective isolation. Consequently, habitat specialists should perform
somewhat better when the habitat patchesthey need areclustered. A GIS analysis
supportsthisargument by revealinganontrivial degreeof spatial autocorrelation
among physical properties of rock pools (Romanuk 1999).

Furthermore, using the hierarchical framework produces an intriguing pat-
ternthat may berelevantto testingthe neutral model. When relativedensity pre-
dicted by the HBM is plotted against species ranks, an S-shaped curve emerges
(figure9.2b). This S-shaped curve is dso predicted by the neutral model and is
reminiscent of those seenin natural communities.

Species Sorting
Variousaspectsof thismodel of loca community assembly and regional persist-
ence gain support in the analysesto date. Experimentsin which we emptied and
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cleaned rock pools and allowed their recolonization showed that dispersal wes
effectiveenough to alow most if not al the speciesin the pool to reach any rock
pool within days or weeks. Furthermore, we found that habitat specialists were
differentially absent from physicaly variable pools, which led to impoverished
and yet more predictablecomposition (Kolasaet al. 1998). Ampleevidenceexists
for linking individual species, species richness, and community metrics to indi-
vidual physicd variables, composite gradients expressed as principal compo-
nents, or their variability in rock pools (Therriault and Kolasa 2000, 2001; Ro-
manuk and Kolasa 2002; Kolasa and Li 2003). All of these links are strongly
consistent with theideathat most speciesare restricted to specific subsetsof pools
defined by the interaction between the physica attributes of the poolsand the
tolerancerangesof species.

Speciessorting processeshave important but previously unrecognized conse-
guences for metacommunities. One is the asymmetry of interactions that arise
from nested distributions. Habitat generalistsinteract with more species than
habitat specialists, have larger populations, and are regionally buffered against
abioticand biotic variability. This resultsin different population dynamicset al
scales. Furthermore, habitat generalistsare members of both species-rich and
species-poor loca communitieswherethey influenceloca dynamicsdifferently
asaresult of their different contribution to thelocal abundancestructure. Findly,
habitat generalistsarelikely to dominate community patterns of variability with-
out being themselvesaffected by local competitors or predators. Habitat general-
istsalso dominate the community patterns of specialists (Therriault and Kolasa
2000).

These general constraints are likdly to interact with species' life histories, the
presence of predators, and the availability of resources. Such effects have been
demonstrated to have strong effects in other agquatic microcosms (Miller & d.
2002), but haveyet to be examined in the rock pool system.

Mass Effect Modd

Preliminary work on the rock pool communities (D. G. Jenkins, pers. comm.)
showsthat dispersal may occur in large pulsesand may bedirectional. However,
the intensive dispersal that takes place after major rain events is uneven and
largely restricted to the watershedsthat encompass severa pools. The frequency
of dispersal reflectsthestochasti cexternal forcing (storms) and exhibitsstrongdi-
rectionality dueto downstream movement of water. Upstream flow and dispersal
can also occur when ocean wavesand high tidescombine to flood some rock ter-
races, which was observed twice between 1989 and 2003. The two kinds of flow
have different consequences. The rain-generated flows moveonly afraction, a-
beit substantial, of alocal community to pools downstream from the focal pool,
thus adding species and individuals to an already established community. The
ocean influencehasan entirely different impact —it removes most individual sof
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theoriginal community and homogeni zesspeciescomposition acrossdl affected
patches. In sum, given the frequency of rains relative to the pace of population
dynamicsof constituent populations, the massdynamics model islikely to apply
a the watershed level in the rock pool system while other models may be more
appropriate at different scaes.

Patch Dynam cs Model

The examination of the natural rock pool metacommunity has provided strong
evidence that both habitat, at multiple scales, and species are highly differenti-
ated. Thisevidenceappearsto violatethe basic assumptions of the patch dynam-
icsmodel. Wedo not seehow it could apply to the complex, hierarchical structure
of the rock pool metacommunity. Earlier, we suggested (Kolasaand Drake 1998)
that the explanatory power of the patch dynamics model as applied to meta-
populations declines with the increasing differences among quality of habitat
patchesand their isolation. We believe that this conclusion applies to metacom-
munitiesaswell.

All Four Models

Someobservations pertain to dl models. For example, thefact that regiona and
mean local densitiesof dl speciesare strongly correlated does not flow directly
fromany of thefour perspectiveson metacommunity. Accordingto the Mouquet
and Loreau (2002) model, aspeciesshould compensatefor poor regional p(erfor-
mancein at least some patches (regional similarity; the mass effect paradigm).
The species sorting model (Leibold 1998) appears more likely to accommodate
thispattern becauseit explicitly allowsfor agradient of performancealongagra
dient of environmental constraints (e.g., resources). Our data suggest that such
constraintsareindeed very strong. A further analysisof perturbation and physi-
cd variability patterns, which aso differ substantially among individual rock
pools, might lead to tightening of thisline of inference. Theincreasing variability
o occupancy along the gradient of speciesspecialization hasa biologicaly rele-
vant conseguence. As speciesdiversity increasesduring assembly or in reflection
d rich habitat structure, the number of speciaistsin acommunity also increases
but the predictability of their density declines. Thus, the determinacy of commu-
nity composition declines with increasing speciesdiversity. It is unclear if any of
the model sare ableto reproduce this effect; however apromising approach taken
by Holt (2002) yields resultsthat convergewith the aboveidea.

The most recent extension of the source-sink model (Mouquet and Loreau
2003) led those authors to quantitative predictions concerning the abundance
structureof local communitiesand thewholemetacommunity. Someof these pre-
dictionsappear to convergewith the hierarchical model. For instance, high dis-
persal homogenizes species distribution (cf. habitat generalists in the HBM).
Other predictions, such asemergenceof thelogarithmicseriesdistributionof rela-
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tive densitiesin highly isolated or highly invasble communities do not. Future
empirical testsand field experimentscoul d discriminatebetweensuch alternatives.

Desirable Additions to Theory

The hierarchica view of habitat structure impliesa more complex approach to
calculationof thedispersal rates. Dispersd isafunction of both organism vagility
and spatial resistance imposed by an emergenceof dispersal boundaries within
habitat hierarchy. Thus, an average (mean field) dispersal ratewould not tekecare
of the problem, even though it might sometimes provide a reasonable approxi-
mation or serve as a useful theoretical tool (e.g., Holt 2002). An appropriate
model should make dispersal rate dependent on the availability of accessble
patches. Formally, this could be obtained by weighting the dispersal success (cf.
Mouquet and L oreau 2002) or dispersal distance (Hanski 1998) by the number of
hierarchical levels separating suitable patches (cf. figure 9.1, where the lowest-
level specialist would haveto cross, on average, three hostile patchesand two other
[potentialy hostile] habitats to reach another suitable patch). Such weighting
could employ oneof the hierarchical treedistancealgorithms al ready usedin phy-
logenetic studies (cf. Mitchell 1996). Furthermore, differential performance of
speciesin different patches translates into different effective patch density and
spatial configuration for each species. The dispersal should thus be further modi-
fied to reflect thisdifferential effect.

A similar challengeemergeswith respect to incorporation of scalediscontinu-
itiesinto the conceptualization of therelationship between speciesand their habi-
tat. Hierarchy of structure, whether spatial, temporal, or organizational, implies
discontinuitiesin response variablessuch as occupancy, densities, or patterns of
their variability (Kolasa1989). Empirical work on thisand other systems shows
strong discontinuities in variousattributes. A question emergesasto what addi-
tional components or modifiers of metacommunity models could reproduce
such discontinuities.

Conclusions

In this paper we review the ecology of arock pool metacommunity usinga hier-
archical view of habitat structure and present severa aspects of the ecology of
metacommunities that may prove valuablein the construction of metacommu-
nity models. We suggest that three observationsare integral to an understanding
of rock pool metacommunity processes: (1) the habitat isarrayedin anested hier-
archy of discrete patches that exist in a multidimensional habitat space; (2) spe-
cies perceive habitat fragments differently, depending on their dispersal abilities
and habitat tolerances, along a specialist to generalist gradient; and (3) inter-
actions between the hierarchical structure of habitat and speciesattributes pro-
ducesdiscontinuitiesin species response patterns that may beacommon feature
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of multispecies systems. The hierarchical model views the metacommunity in
multidimensional space as a set of interacting continua of properties and pro-
cesssstaged on an unequal hierarchical playingfield. Speciesat different levelsof
thehierarchy exist and interact asymmetrically with their environment and each
other. Of thefour metacommunity models, we found astronger correspondence
between patterns and processesin the rock pool system and the speciessorting
model than the patch dynamic, masseffect, or neutral metacommunity models.
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