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Abstract

We constructed a Lotka—\olterra-like competition model to study the role of environmental generalists in maintaining ecosys-
tem function under arange of species richnesses and environmental conditions. Ecosystem function was quantified as community
biomass, proportion of initial species that coexist through time, and resilience and resistance to perturbation. Generalist and
specialist species were created that differed in their realized growth rates under suboptimal environmental conditions. Generalists
were more tolerant of suboptimal conditions but specialists grew faster when conditions were optimal. Model simulations were
performed involving generalist-only and specialist-only communities comprised of 4—100 species under constant and cyclical
environmental conditions. We used pulses applied to biomass to estimate resilience and pulses applied to the environment to es-
timate resistance. We also simulated 4-species and 100-species mixed communities of generalists and specialists under the sam
cyclical environmental conditions. Analysis of model predictions was performed after all simulations reached quasi-equilibrium.
Comparisons of total community biomass, proportion of initial species coexisting through time, resilience, and resistance under
constant and cyclical environmental conditions showed that, in some situations, a species-poor community of generalists can
have equal or greater ecosystem function than a species-rich community of specialists. Results from the mixed community
simulations confirmed these results. Our analyses suggest that the environmental tolerances of species can be an importan
consideration in determining ecosystem function, and should be considered in asking whether all species, or certain key species,
drive the positive relationship between diversity and ecosystem function.
© 2005 Elsevier B.V. All rights reserved.
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in terms of the breadth of prey types they utilize or abiotic interactions, as well as indirect effects, that af-
by the breadth of environmental conditions under fect populationsl(awton, 2000; Wootton, 2002
which they thrive. Several studies have asserted that One way we can compare the performance of gener-
generalists could never outperform specialists due to alists and specialists is by using mathematical models
the inherent extra costs associated with generaliststo assess the ecosystem function of communities com-
being able to accommodate multiple prey types or posed of various combinations of species types (e.g.,
variable environments (i.e., ‘jack-of-all-trades is mas- Wilson et al., 2008 Ecosystem function is measured
ter of none’) (Principle of Allocationlevins, 1968; in a number of ways, including total biomass, temporal
Pianka, 1978 The physiological plasticity that allows  stability, and the nature and magnitude of the com-
generalists to be tolerant of variable environmental munity response to perturbations (resilience and resis-
conditions also has increased energetic cd3&Nitt tance) Loreau et al., 2001 All of these measures are
et al., 1998; Coustau et al., 2000; Agrawal, 2000; van amalgams of the influences of both biotic characteris-
Kleunen et al., 2000 Thus, under optimal conditions  tics of the community (e.g., species traits, species rich-
specialists tend to outperform generalists. When the ness, strength of competitive interactions, complexity)
environment is variable or unpredictable, however, the and abiotic environmental conditions. Use of models
costs associated with being a generalist may be smallallows for general understanding of the relative contri-
in comparison to the benefits of the increased behav- bution of generalists and specialists to ecosystem func-
ioral, physiological, or phenotypic plasticity, and the tion under controlled and contrived conditions. Models
generalist may be favoredérgman, 1988; Parsons, allow for the formulation of communities comprised of
1994; Rutherford et al., 1998Nhether there is always  different numbers of species (richness) involving var-
a cost of being a generalist (cost of plasticity) is still ious mixes of generalists and specialists, and for these
under dispute; these costs have been demonstrateccommunities to be placed into arange of environmental
in certain instancesWilson, 1988; Kawecki, 1994; (e.g., stable, cyclic, variable) conditions.
Steinger et al., 20Q3and refuted in otherdHuey and One mechanism that maintains ecosystem function
Hertz, 1984; Relyea, 2002; Palaima and Spitze, 2004 under variable environmental conditions is the com-
The difficulty in measuring these costs reflects the plementary responses of different specieoét et al.,
complexity of organisms’ responses to environmental 1995; Doak et al., 1998; Yachi and Loreau, 1999;
conditions, which can include either expensive costs of Brown et al., 2001 In a species-rich community,
producing and maintaining tolerance to a range of en- different specialist species could dominate as the envi-
vironmental conditions or inexpensive solutions such ronment changes. However, complementary responses
as the elimination of existing processes that prevent of specialist species may not be necessary to maintain
environmental toleranceBérgelson and Purrington, ecosystem function under suboptimal or variable
1996. Linkage disequilibrium may also confound the conditions. For example, if the cost of generalization
ability to accurately measure costs of plasticity. is less than the cost of coping with the environmental
The tradeoff between the costs and benefits of be- fluctuations, generalist species may contribute to
ing a generalist can influence their performance rela- ecosystem function over all environmental conditions.
tive to specialists. We might predict that a generalist In this situation, community composition would not
will outperform a specialist under suboptimal environ- change dramatically in the way we would expect from
mental conditions in which the costs of generalization the complementary responses of specialists. Rather,
are small relative to the reduction in performance of the generalist species would dominate the community
the specialist. Measurement of competitive outcomes across a wide range of environmental conditions, such
under variable environmental conditions is tractable in that not only community biomass but also community
the laboratory (e.gKirk, 2002), but it is difficult to composition would be stable. The role of generalists
extrapolate the results to the natural system. Ideally, in ecosystem function has not been fully explored,
one would compare the relative performances of gen- particularly in comparison to the performance of
eralists and specialists when they co-occur in natural specialists under similar environmental conditions.
conditions. However, comparisons under natural con-  Toinvestigate the influence of generalists on ecosys-
ditions are confounded by the multitude of biotic and tem function, we modeled and compared the ecosys-
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tem function of communities comprised of general- 2. Materials and methods
ist and specialist species. The model is based on a
modified version of the Lotka—\Volterra competition 2.1. Model description
equationsiflay, 1979 where species performance was
determined by their breadth of environmental toler- We modeled the growth of a multispecies phyto-
ance (generalist versus specialist), environmental con- plankton community using a system of Lotka—\olterra-
ditions, and the number and traits of the other species like competition equations. All species shared a global
with which they compete. The costs of environmen- carrying capacity K); species differed in their traits
tal tolerance were decomposed into constitutive costs that affect their responses to environmental conditions.
(costs of plasticity, incurred regardless of conditions) The traditional Lotka—\olterra competition equations
and induced costs (incurred only when conditions de- for two species are:
viated from optimal). We defined generalists as having
higher constitutive costs and lower induced costs, while dNa(r) _ r-Ny- <1_ NMita-No
specialists had lower constitutive costs and higher in- d K1
duced costs. (1)

We analyzed model communities comprised of
only generalists, only specialists, and equal num-
bers of generalists and specialists for communities dNa(r) _ Fo- No- (1_ NZ+“21'N1> —do- N>
ranging from 4 to 100 species. Community dy- dr K>
namics were simulated under constant, pulsed, and (2)
cyclical _envir_o_nnjental conglitions until eqL_JiIibrium This form of the equations includes the terms
or quasi-equilibrium conditions were obtained. We 4144 as constants of proportionality for growth and
compared ecosystem function, as reflected in t0- yeqth, respectively, and has been used in a number of

tal biomass, proportion of initial species that co- | gika—Volterra models (e.gDoncaster et al., 2000;
exist through time, and resilience and resistance t0 pgynd et al. 2002

perturbation, for each of the three types of model  \we modified and expanded the traditional
communities in the different environments. Ecosys- | gika_\olterra model. We divided the growth term
tem function has been defined many different ways intg two components: the maximum growth rate;, gb
(e.g., Timan, 1999; Symstad and Tilman, 2Q00ur 4 the reduction in growth rate due to the constitutive
suite of ecosystem function response variables usedcqs; of stress, gcThe latter term represents the cost
in this paper are generally representative of the types o majintaining tolerance to a wide range of conditions,
of response variables commonly used in other stud- jngependent of environmental conditions. We also
1es. _ added a term for the constituent costs of coping
_ Our general community model can be thought of it stress (i.e., dealing with suboptimal conditions),
in the context of marine phytoplankton. Marine phy- 5,4 we defined the carrying capacity as a global
toplankton are found in species-poor and species-rich |oye| shared by all species. Finally, we expanded the
communities, and individual phytoplankton species ex- yo_species model to simulate multiple species. In our
hibit strategies for resource gathering and tolerances o gified model, the daily change in biomass of each

specieg at timer (N;(¢)) was:

dNi(r) P Ni+ (Bij - (32 Ni(r) = Ni(1))) _ _
= ((gh —gG) - Ni(r) - (1— ( ! 0 —(9s() - N:(®)  (3)

)—d1~Nl

where g;; is the interspecific competition coefficient
to suboptimal environmental conditions that could representing the competitive effect of an individual of
be likened to our treatment of generalists and spe- species on an individual of species gs(7) is the in-
cialists ¢eitzschel, 1978; Parsons, 1994; Reynolds, duced costof stress, ak?) is the carrying capacity of
1997). the environment for speciésThe units of gh gg, and
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Model parameters and values assigned to generalist and specialist species

Variable or Parameter Values

Descriptions and explanations

Optimal environmental condition: when the environment is at the optimal valee-€q)

then species i experiences the lowest cost of stress; values; feesmrandomly assigned

Interspecific competition term. B; =0.5 was used for all species; 0.5 was chosen as

midpoint between no competition (0.0) and competition equivalent to conspecifics (1.0)

Carrying capacity of species I: K; varies by species and time (day), depending on the

global carrying capacity = 1000) and the biomasses of the other species in the

Population size of species i: initial values ofN; were set to 0.1 for all species; low initial

population size starts growth under density-independent conditions to allow all species a

Baseline phytoplankton growth rate: gb; was set to 1.75 for all species; this is a typical

near-maximum growth rate for phytoplanktdpefsons et al., 1934

Constitutive cost of stress: values in the interval of 1.4—1.6 were used for generalists and

values in the interval 0.0-0.1 were used for specialists; the maximum value of 1.6 was the
largest value that still permitted positive population growth in all environmental conditions

eqg Varies within 0.0-1.0
to species
Bi 0.50
K; Varies by species
community
N; Varies over time
chance to establish
gby 1.75
ac Varies by species
gm; Varies by species Induced cost of stress:

induced costs were always assigned so that they were higher for

specialists than for generalists; three intervals were.Used(0.0-0.05 for generalists
and 0.5-1.25 for specialists), intermediate (0.05-0.1 for generalists and 0.75-1.5 for
specialists), and high (0.15-0.2 for generalists and 1.25-2.0 for specialists)

Three intervals of values (low, intermediate, and high) are shown for the induced cost of stress (gm).

gs are 1/daypN;(f) andK;(¢) are in units of population
size (biomass), angl; is unitless Table J).

All species were assigned the same gb and the
samep values. gewas assigned species-specific val-
ues that did not vary over time. §8 was species-
specific and varied daily depending on the environ-
mental conditions, whilev;(r) and K;(r) varied daily
due to the dynamics of other species. Values for all
of the model parameters are listed Table 1 We
include the species subscriptand time notation
when needed for clarity. Simulations were performed
for various combinations of environmental generalists
and environmental specialists in communities com-
prised of 4-100 species, representing extremely low

and moderate to high phytoplankton species richness

(Makarewicz, 1993; Reynolds, 199All simulations
were run for the longer of either 400 days or completion
of 10 environmental cycles.

The induced cost of stress (jdepended upon envi-
ronmental conditions. The environmeawas defined
as a continuum between 0 and 1, and environmental
conditions were specified in simulations as either con-
stant or cyclical. The realized induced cost of stress for
species at timer (gs(f)) depended upon how much

the specified environment deviated from the optimal
environment (e for that species:

gs () = gm - le(r) — eq] (4)

where gmis the slope of a line relating stress to the
deviations o from eq. gm; can be considered the sen-
sitivity of a species to stress; low values imply small re-
sponses to suboptimal environmental conditions. Sub-
optimal conditions are considered to be any conditions
in which e deviates from egofor species; the further

the deviation, the greater the degree of suboptimality.
The final term in the Lotka—\Volterra competition equa-
tion (equation(3)) is therefore the reduction in growth
due to poor environmental conditions.

Carrying capacityK) was represented as a constant
over time and was a global level shared by all species.
At each timet, the carrying capacity of specigs
(K;(r)) was calculated to adjust for the biomass and
competitive effects of all other species. We defined an
interspecific competition terng;;, as the competitive
influence of specieson species. For all simulations,

Bij was set to 0.5Table 1), which implies that two
individuals of another species affect the carrying
capacity to a degree equivalent to one conspecific
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individual. Given equalg; values (denoted), we nance and production costs) reported in the literature
computed the carrying capacity of specieat time on the costs of plasticity (e.gDeWitt et al., 1998
tas: It is important to note that there is also a competing
theory in the literature (the resource breadth hypoth-
Ki(t) =K - ZN"(I)'B — Ni(1)p ®) esis), which states that resource generalists are able
1

to both exploit a wide range of habitats and achieve
whereK is the global carrying capacity. The second higher densities in those habitats than specialists
term in equation(5) is the total effective biomass of (Krasnov et al., 2004
the community, adjusted for interspecific competition, The costs of stress (gc, gm) were negatively corre-
and the third term removes the effects of specighe lated to each other for all species. The cost of being
value ofK; at any given time is the highest biomass that able to tolerate suboptimal environmental conditions
species could achieve (i.e., total community biomass (i.e., low gm value) was assumed to be higher constitu-
would equalk), if all other species stayed at their cur- tive costs (i.e., high gc value). These kinds of constitu-
rentbiomasses. Our definition of the global carrying ca- tive and induced costs of stress are considered to vary
pacity is slightly different from other treatments, where with the degree of phenotypic plasticity exhibited by a
K; is more commonly calculated as the carrying capac- speciesDeWitt et al., 1998
ity of specieg if it existed in isolation (i.e., no competi- For each simulation, values of the three traits (eo,
tion) (e.g.Doncaster et al., 2000; Byers and Noonburg, gc, gm) were randomly assigned to each species from
2003. Our global carrying capacity is constrained specified uniform probability distributions. To ensure
such that the carrying capacities of all species presentadequate coverage of the possible trait values for dif-
(>_K;) must sum toK, usually defined as a constant fering number of species, we used a stratified sam-

(e.g.,Case, 199D pling approach for assigning values of eo, gc, and
gm to species. The range of possible values for a

2.2. Environmental generalists and environmental trait (Table J was divided into a number of intervals

specialists equal to the number of species in a simulation. For eo,

an interval was randomly assigned (without replace-

Three parameters (traits) described a species’ re-ment) to a species. A value was then randomly se-
sponse to the environment: the constitutive costs of lected from within each interval. For gc and gm, the
stress (gc), the induced costs of stress (gm), and theintervals were numbered, randomly assigned to first
species’ optimal environmental condition (eo). Gener- gc, and then the opposite interval was assigned to gm
alists were defined as having high gc values but low (e.g., for nine species, interval 2 assigned to gc im-
values of gm, while specialists were defined as hav- plied interval 8 was assigned to gm). Once the inter-
ing low gc values and high values of gm. A high gc vals were assigned, values were randomly and inde-
value implies relatively high constant costs of main- pendently selected from within the intervals for gc and
taining the ability to tolerate many environmental con- for gm. Thus, the values of gc and gm assigned to
ditions; a low gm value implies high relative toler- a species were negatively correlated with each other
ance or low sensitivity as the environment deviates but with some noise, and both were independent of
from optimal conditions. Generalists had lower real- the value of eo assigned to the species. We configured
ized growth rates than specialists under optimal con- communities comprised of only generalists, only spe-
ditions, but incurred smaller reductions in growth rate cialists, and an even mix of generalists and special-
when the environment deviated from optimal condi- ists.
tions. These parameters (gc and gm), and the pre- By our definition of species types and traits, com-
sumed negative relationship between them, are in ac-munities of specialists contained species with greater
cordance with the theory that a fitness tradeoff ex- variability in their induced costs of stress (gm) than
ists between generalists and specialiSsvenster and  corresponding communities of generalistaffle J).
van Alphen, 1993; Egas et al., 2004; Palaima and However, the ranges of values of gm did not overlap
Spitze, 2003 Our gc and gm correspond to the con- between specialists and generalists within any given
stitutive and induced costs (sometimes called mainte- simulation.
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2.3. Environmental conditions obtained in a constant environment? (3) Are the results
based on communities of either only generalists or only
We performed simulations using constant and cycli- specialists robust when both species types coexist in a
cal environmental conditions. Constant conditions community? Three sets of simulations were performed
maintained the environmental valug &t a fixed value to address these three questions.
(between 0.0 and 1.0) throughout each simulation. Un-
der cyclical conditions, the environment fluctuated ina 2.4.1. Question 1
sinusoidal pattern between the two environmental ex-  Generalist-only and specialist-only communities
tremes of 0.0 and 1.0. We varied the period of the cycle comprised of 4, 9, 16, 25, 36, 49, 64, 81, and 100
from 0.1 days to approximately 820 days. The short pe- species were simulated in a constant environment. We
riod cycles correspond to much less than the 1-2 day simulated environmental conditions ranging between
turnover time of phytoplankton populationBgrsons 0.0 and 1.0. Because results were similar across en-
et al., 1984. The longer period cycles correspond to vironmental conditions, we show only the results of
seasonal, annual, and multi-year cycles in environmen- simulations with the environmeng)(set to 0.0. The
tal conditions Karentz and Smayda, 1998; Thomasand induced cost of stress (gm) was assigned from ranges
Strub, 2001 that did not overlap between generalist and specialist
As part of our analysis under constant environmen- types (intermediate intervals for gmTable J).
tal conditions, we used pulses on biomass to estimate We report average community biomass (propor-
resilience and used pulses on the environment to es-tion of K), proportion of initial species coexisting,
timate resistance. Resilience is the ability for a com- resilience, and resistance for the generalist-only and
munity to recover from a perturbation; resistance is specialist-only communities. Biomass and proportion
the degree to which a community withstands a pertur- of species coexisting were computed from daily aver-
bation Grimm and Wissel, 1997 For estimation of ages (over 20 replicate simulations) for days 51—400;
resilience, the biomasses of all species in the commu- total biomass of all communities reached equilibrium
nity were reduced by a fixed percentage on day 100 of well prior to day 400. Resilience and resistance were
the 400-day simulations; resilience was defined as time computed for all levels of species richness; we show
(days) for the community biomass to regain 90% of its only the results from simulations with the extreme
pre-pulse biomass. To estimate resistance, the 400-daylowest level of 4 species and the highest level of 100
simulations were run for 100 days with an environ- species. Resilience was computed from 10, 20, 30, 40,
mental condition of zero. On day 100, a single 4-day and 50% reductions in biomass on day 100. Resistance
pulse of new environmental conditions was imposed, was computed from environmental conditions pulsed
after which the zero environmental condition was re- to 0.2, 0.4, 0.6, 0.8, or 1.0 for days 100-103.
stored for the remaining 296 days of the simulation. We
measured resistance as the proportion of unperturbed2.4.2. Question 2
biomass, computed as the ratio of the lowest biomass Simulations were performed in a cyclical environ-
(during or after the pulse) to the biomass on day 100. ment and with gm further subdivided into low, inter-
Values of the proportion unperturbed near one imply mediate, and high interval§gble ). Communities of

high resistance. 4 species and 100 species, with each of the low, inter-
mediate, and high intervals for gm, were used for both
2.4. Design of simulations generalist-only and specialist-only communities. Each

of these communities was simulated using cycle peri-
Simulations were performed to address the follow- ods of 0.1-820 days. We report community biomass
ing questions. (1) Under constant environmental con- (proportion ofK), averaged over day 51 to the end of
ditions can a community of environmental generalists the simulation, for each combination of species number
have greater ecosystem functioning (biomass, stability, and the three gm intervals. We also report the propor-
maintenance of species richness) than a community of tion of initial species coexisting, also averaged over the
environmental specialists? (2) Do the results of sim- time from day 51 to the end of the simulation, for all
ulations in cyclical environments differ from results cycle periods using the intermediate interval of gm.
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2.4.3. Question 3 We report mean values computed over the 20 repli-
The third set of simulations involved the mixed- cate simulations. Between-replicate variability was
species communities under cyclical environmental generally small relative to the differences in mean val-
conditions. All species used the intermediate inter- ues across different conditions. The within-replicate
val for gm (Table 1), and the mixed community was standard deviation of mean biomass was generally less
composed of equal numbers of generalist and spe-than 5% of mean biomass for both generalist-only
cialist species. Four-species and 100-species commu-and specialist-only communities. The within-replicate
nities were simulated for cycle periods of 0.1-820 standard deviation in the proportion of species coex-
days. We report the community biomass and the pro- isting was generally less than 8% of the mean species
portion of generalist species, computed as the aver- coexistence values in generalist-only communities, but
age from day 51 to the end of the simulation. We varied much more (5-42% of mean species coexis-
weighted the average proportion of generalist speciestence) in specialist-only communities. We examined
by the biomasses of each species present at eacha number of different levels of species richness and

time step. environmental conditions in order to be confident that
any emergent patterns were real and reflected model

2.5. Initial conditions, solution method, and behavior rather than chance effects.

replication

Initial biomass was set to 0.1 for all species in all 3. Results
simulations. If the biomass of a species dropped be-
low 0.1, its biomass was reset to 0.1 in order to guard 3.1. General patterns
against complete extinction and to enable recoloniza-
tion under possibly future favorable conditions. Setting Time series plots of species biomasses are shown
densities to a minimum is realistic for communities that in Fig. 1 for simulations with nine generalists species
would likely experience immigration after local extinc-  and nine specialist species under constant environmen-
tion. Species with biomass equal to 0.1 were ignored tal conditions, a short (4-day) cycle period, and a long
in all calculations of model outputs. (200-day) cycle period. These results show the typical

All statistics related to model simulations were behavior of the model of a monotonic increase in indi-
based on daily values of species’ biomasses. The vidual species biomass to the global carrying capacity
model was coded in Fortran95 and the system of dif- under constant environmental conditiof$g 1a and
ferential equations was solved using a fourth-order b), the coexistence of multiple species under short cy-
Runge—Kutta method. For constant environment and cle period conditionsKig. 1c and d), and the shifts
cyclic environments with period equal to or greater in community composition and dominance under long
than 5 days, we used a daily time step to solve for daily cycle periodskig. 1e and f) as species track relatively
biomasses. For cyclic environments with periods less slowly changing environmental conditions.
than 5 days, we used a time step equal to one-fifth of
the cycle period in order to ensure adequate sampling 3.2. Question 1: generalist versus specialist
of the environmental cycles. We averaged predicted communities in constant and pulsed environments
biomasses at each time step to predict daily values.
We ran 20 replicate simulations for each combination ~ Under constant environmental conditions the
of richness and environmental conditions. Each repli- generalist-only communities generated similar
cate differed in the values of traits (eo, gc, and gm) biomass Fig. 2a), but maintained a higher proportion
assigned to each species. In order to assure our result®f coexisting speciedg. 2b) than the specialist-only
were robust to the numerical integration, we reran the communities. Equilibrium biomass of both communi-
model using finer time steps (e.g., 10 times per day, and ties was nearly equal to the glob&lvalue Fig. 2a).
100 times per day) and confirmed that the model pre- The patterns shown irig. 2 based on the environment
dictions exhibited the same behavior as with our daily equal to zero, were consistent across the range of
time step. environmental conditions (0.0-1.0).
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Generalists Specialists
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o
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cyclical conditions (200d cycle)
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800 1
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0 100 200 300 400

time (d) time (d)

Fig. 1. Daily simulated biomass of individual species over a 400-day model run for nine species communities of generalists only and specialists
only under constant environmental conditions, cyclical environmental conditions with a short (4-day) cycle period, and cyclical environmental
conditions with a long (200-days) cycle period. (a) generalists in constant, (b) specialists in constant, (c) generalists in short cycldigid) specia

in short cycle, (e) generalists in long cycle, and (f) specialists in long cycle.

The generalist-only community had a lower re- reduction (for resilience) and with the magnitude
silience (longer time to recovery), but a higher re- of the environmental pulse (for resistance). Species
sistance (higher proportion of biomass unperturbed richness had little qualitative effect on the patterns
by pulse) compared to the specialist-only commu- of resilience and resistance, as the results were
nity (Fig. 3). These differences between community consistent between the 4-species and 100-species
types increased with the magnitude of the biomass simulations.
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1.00 7 cycle period (decreasing biomass fréiig. 4a—c for a
fixed cycle period).

The biomass achieved by the specialist-only com-
munities increased progressively more with longer cy-
cle periods and with increasing values of gm than the
biomass of the generalist communitiésg. 4a—c). At
low values of gm, average biomass was always higher
for the generalist communities (solid lines above dot-
. ted lines inFig. 4a). Even the species-poor (4-species)
0 20 0 60 80 100 generalist communities achieved higher biomass than
the species-rich (100-species) specialist communities
1.00 7 (b) (open circle line above solid diamond linekig. 4a).

For intermediate values of gmFig. 4b), average
0.75 1 \ biomass of the specialist community increased more
~— rapidly with cycle period than the biomass of the gen-
0.50 1 — eralist community, and became similar to the generalist
community for periods of 400 days and longer. Up to
0.25 1 cycle periods of approximately 200 days, the species-
poor (4-species) generalist communities did at least as
0.00 ' , ' : ' well as the species-rich (100-species) specialist com-
0 20 a0 6o 8o 100 munities (open circle similar to solid triangle for less
number of species than 200 day cycle periods Fig. 4b) At high values
Fig. 2. Mean equilibrium biomass (a) and mean proportion of orig- of gm, blomags of the speuahst-only communities eX.-
inal species coexisting at equilibrium (b) for communities of gen- ceeded the bI.O.maSS of the same richness generalist-
eralists only (grey lines) and specialists only (black triangles) for ONly communities for cycles longer than about 100
increasing species richness. Environmental conditions were main- days (open triangle above open circle and solid trian-
tained at a constant value of zero. Mean equilibrium biomass was gle above solid circle for greater than 100 day cycle
measured as the proportion of the global carrying capakitydal- periods inFig. 4c). Species-poor (4 species) general-

0.96 1

i ——— generalists
—A— specialists

biomass
(proportion of K)

0.92 1

proportion of species
coexisting
/
/

ized. ist communities had equivalent biomass to species-rich
(100 species) specialist communities for cycle periods
shorter than 25 days (open circle similar to solid trian-

3.3. Question 2: generalist versus specialist gle near the abscissalfig. 4c).

communities in a cyclical environment Consistent with the results under constant environ-

mental conditions, species coexistence was higher in

While total biomass of the generalist-only and the generalist-only community than in the specialist-
specialist-only communities was similar under con- only community at all levels of species richness (open
stant conditions, generalists had higher biomass undercircle line above open triangle line and solid circle line
some, but not all, of the cyclic environmental condi- above solid triangle line iffrig. 4d). In both types of
tions. Whether the communities of generalists or spe- communities, the proportion of initial species coexist-
cialists achieved higher average biomass was a com-ing decreased as the cycle period increased (i.e., stable
plicated function of the values of the induced cost of conditions caused lower coexistence).
stress (gm), the cycle period, and species richness.
Average biomass of both community types generally 3.4. Question 3: mixed community in a cyclical
increased with longer cycle periods (rising lines in environment
Fig. 4a—c) and greater species richness (sold circles
above open circles and solid triangles above open tri-  The proportion of generalists in mixed species com-
angles inFig. 4a—c). Average biomass also generally munities depended upon both initial species richness
decreased with increasing intervals of gm for a given and cycle periodKig. 5a). The mixed community was
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Fig. 3. Resilience and resistance of 4-species and 100-species generalist-only (grey lines) and specialist-only (black triangles) communities
Resilience was measured as the time in days for recovery to 90% of the pre-pulse biomass, and pulse strength is shown as the percent reductic
in biomass. Resistance was measured as the proportion of pre-pulse biomass unperturbed by a 4-day long pulse, and pulse strength is shov
as the magnitude of deviation in environmental conditions from a pre-pulse environment of zero. Resilience shown for (a) 4-species and (b)
100-species simulations; resistance shown for simulations with (c) 4 species and (d) 100 species.

dominated by generalists at virtually all cycle periodsin the same (intermediate interval) induced cost of stress
the low richness (4-species) situation (open square line (Fig. 4b).

above 0.5 irFig. 5a). In contrast, in the high richness

(100-species) situation, generalists dominated only at

cycle periods shorter than about 250 days (solid square4. Discussion

line drops below 0.5 irfFig. 5a). For cycle periods of

longer than 400 days, the 100-species mixed commu-4.]. Model predictions on the relative

nity was completely comprised of specialists (solid performance of generalists and specialists

square line approaches zeroRig. 5a). This shift in

dominance from generalists to specialists as cycle pe- We constructed this model to explore the con-
riod increased is consistent with the results obtained ditions that could affect the relative contribution
with generalist-only and specialist-only communities of generalists and specialists to the maintenance
(i.e., increasing biomass of specialists with increas- and stability of ecosystem function. We used total
ing cycle periods irFig. 4a—c). Mean biomass of the  community biomass, species coexistence, resilience,
mixed communities generally increased with species and resistance to quantify ecosystem function. The
richness and cycle periodig. 5), similar to the re- model results indicate that generalists can dispropor-
sults of simulations with only one species type that used tionately contribute to ecosystem function, especially
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when environmental conditions fluctuate with short of gm (Fig. 4a), and for extremely short cycle peri-
cycle periods. In addition, the presence of generalists ods for the intermediate and high interval gm values
can promote the coexistence of a greater number of (Fig. 4b and c).
species, both in constant and fluctuating environmental  Species richness influenced the relative perfor-
conditions, and across the range of species richnessmance of generalists versus specialists. A larger num-
tested. Our analyses demonstrate that even with simpleber of species meant that, regardless of whether the
models of communities, the performance of general- species were generalists or specialists, there was a
ists versus specialists in ecosystem function can be larger palette of traits from which to draw upon as en-
complicated. vironmental conditions fluctuated. High species rich-
We also showed that under highly variable environ- ness in a community enabled that community to per-
mental conditions a community comprised of general- form better under changing environmental conditions
ists can outperform a similar richness community com- than a community with fewer species. Species rich-
prised of only specialist${g. 4). Thiswas seenatshort ness affected biomass more strongly in specialist-
cycle periods as generalist communities having higher only communities than in generalist-only communities
total biomass and a greater proportion of coexisting (Figs.2aand4ajcThisresultis consistentwith empir-
species compared to specialist communities for the 4- ical and theoretical work suggesting that system func-
species case and the 100-species case. In some situaion increases with biodiversity (richness here) due to
tions, the low species-richness (4-species) generalist-the increased likelihood that a more diverse community
only community even outperformed the high species- will contain at least one species that will perform well
richness (100-species) specialist-only community. For under any environmental conditions that arideighes
example, biomass of generalists was higher than spe-and Petchey, 2001; Loreau et al., 2002; Chesson et al.,
cialists for all cycle periods for the low interval values 2002.
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1.00 to maintain system function (here, measured as total
@ biomassfig. o).
% 0.75 Many of our results can be explained by comparing
s the performance of generalists and specialists under
2 oso optimal versus suboptimal conditions. Neither species
3 type incurs an induced cost under optimal conditions.
= As the environment strays further from the optimum,
8_ 0.25 . . T
2 however, the induced costs incurred by the specialistin-
a creasingly offset its advantage over the generalist. In a
@ % 0 200 400 600 800 fluctuating environment, a generalist incurs relatively
constant costs because the generalist’s costs are pre-
1.00 9 dominately constitutive. In contrast, a specialist in a
fluctuating environment incurs potentially significant
& 0957 induced costs of stress, depending upon the magni-
@ E tude and duration of deviations from optimal environ-
£ 2 o090 mental conditions. The importance of the tradeoff be-
28 number of species tween constitutive and induced costs was illustrated in
S oss 5 4 our analysis of generalists and specialists in a fluctu-
= = 100 ating environment. As induced costs were increased
0.80 4 i _ , . (Fig. 4a—c), total biomass of specialist-only commu-
(b) 0 200 400 600 800 nities increased relative the biomass of the generalist-

only communities. Thus, the performance of generalist
versus specialist communities depends on the combi-
Fig. 5. Mean proportion of species that are generalists at equilibrium nation of constitutive and induced costs and the extent
(a) and mean equilibrium biomass (b) for increasing cycle periods of suboptimal environmental conditions.
for mixed communities of 4-spgcies (open §quares) and 1OQ-species The generality of our conclusions depends on the
(solid squares). All communities began with equal proportions of 4y \siness of the model results and the applicability
generalists and specialists (dotted horizontal line). Mean equilib- o
rium biomass is measured as the proportion of carrying capagty ( of our model to natural cpmmunltles. We te_Sted the
realized. robustness of model predictions by constructing com-
munities with a greater variety of traits among species,
thereby relaxing our previous confinement of species
Our simulations with a mixed community composed types to only generalists or only specialists (i.e., re-
of both species types paralleled the findings of simula- laxed the non-overlapping low, intermediate and high
tions that included only generalists or only specialists. intervals of gm inTable ). We randomly assigned
As the environmental cycle period increased (less vari- species traits associated with the costs of stress (gc
able conditions), community dominance shifted from and gm) using the full range of possible values for
generalists to specialistfi). 5a). In the species-rich  both traits irrespective of species type (gc selected
community (100 species), this shift was more com- from 0.0 to 1.60 and gm selected from 0.0 to 2.0, see
plete and occurred at a shorter environmental cycle Table 7. We repeated the same simulations (cyclic en-
period (less stable conditions) as compared to simu- vironment) as performed with the mixed communities
lations with low species richness (4 species). However, that used the more restrictive intervals for gm and gc
under short environmental cycle periods, the commu- (seeFig. 5. Model predictions using the full range
nity was dominated by generalists for both low and were qualitatively similar to those obtained with the
high species richness. Interestingly, the low richness more restrictive intervals for gm and gc. While we no
simulations had a greater proportion of generalists than longer distinguished generalist- and specialist-species,
specialists even under more stable (longer cycle period) the mean value of gm of the species persisting was gen-
conditions. This result suggests that if generalists are erally lower (generalist-like) for short cycle periods and
present, even a low richness community may be able higher (specialist-like) for longer cycle periods, simi-

cycle period (d)
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lar to the pattern predicted iRig. 4. Also interesting Lotka—Volterra approach to predicting the outcomes
is the shift from generalist species when species rich- of ecological interactionsgase, 1990; Looigen, 1998;
ness is low (4) to specialist species when species rich- Pound et al., 2002; Vandermeer et al., 2002; Loreau,
ness is high (100) as environmental conditions became 2004. We view our analysis as providing theoretical
more stable (longer cycle periods) (asHig. 5a). To- results that are suggestive of mechanisms that may oc-
tal biomass for 4-species and 100-species communitiescur in real ecosystems. The next step is field-testing of
using the full range of gc and gm values were similar model behavior and predictions using empirical data
to those obtained for the restrictive ranges shown in from natural systems to confirm or reject our results.
Fig. o.

We also evaluated the robustness of model results4.2. Generalists versus specialists: theoretical
to several alternative assumptions. One alternative in- predictions
cluded assigning the trait eo from a normal (rather than
uniform) probability distribution, which did little to Our definitions of generalists and specialists are de-
change model predictions. In addition, we systemat- rived from along history of ecological debate ontherel-
ically explored different values fg8 and various nar-  ative performances of generalist and specialist species
rower and broader ranges of values of gm and gc that (Kassen, 200R Generalists have been defined a num-
were assigned to generalist and specialist species. Weber of ways McPeek, 1998 (a) species that main-
repeated many of the simulations of specialist-only and tain a variety of specialist genotypes that can be ex-
generalist-only communities under constant environ- pressed depending upon the environmental conditions,
mental conditions. Different values gfaffect the de- (b) species in which each genotype has the ability to
gree of interspecific competition and therefore affected express various phenotypes depending upon environ-
the total community biomass. All values gfand the mental conditions (phenotypic plasticity), and (c) the
various intervals of gm and gc that we evaluated all “jack-of-all-trades”—a species with phenotypes inter-
generated community biomass and proportions of co- mediate to the range of environmental conditions expe-
existing species results that were qualitatively similar rienced. We have designed our generalist species con-

to the results shown iRig. 2 sistent with the phenotypic plasticity definition stated
Our model can be viewed as a modified version of in (b), in order to explore the tradeoff between environ-

the classic Lotka—\Volterra competition modélidy, mental tolerance and the costs of plasticity.

1974, where we explicitly define the costs of subop- The cost of plasticity, while well-explored in the

timal environmental conditions with constitutive and theoretical literature, has been notoriously difficult to
induced costs and express a species’ carrying capac-neasure empirically. Many explanations have been of-
ity as part of a global carrying capacity. While others fered as to why empirical measurement of plastic-
have explored and discussed the relevance of these clasity is so difficult. These explanations range from the
sic models to niche breadth theory, we are unaware of possibility that there is little or no cost of plasticity
other models that have explicitly incorporated ecolog- (Kassen and Bell, 1998; Scheiner and Berrigan, 1998;
ical niche breadth (defined here as range of tolerance Scheiner, 2002 to the possibility that generalists do
to environmental conditions) in a Lotka—\Volterra mul-  well in a range of habitats because their niche is avail-
tispecies competition model. able in a wider range of habitats than the niche of a
Lotka—\Volterra competition models, and their specialist icPeek, 199% Some studies have demon-
closely related predator—prey (consumer—resource)strated costs of plasticityBergelson and Purrington,
versions, are widely used today in ecology to study food 1996; DeWitt, 1998; DeWitt et al., 1998; Semlitsch
web and community dynamic$icCann et al., 1998; et al., 2000; Kassen, 20p2often measured as the
Chen and Cohen, 2001; Jam et al., 2003; Wilson  costs ofinduced responses to environmental conditions
etal., 2003. Many of these have been theoretical anal- (Agrawal et al., 1999; Strauss et al., 200Qther stud-
yses, leading some to argue that Lotka—\Volterra, and ies have indicated that generalists can be outperformed
similar simple models, do not reflect any actual natural by specialists in a given habitat not due to the cost
systems lfall, 1988. Despite their simplicity, many  of plasticity, but due to factors such as the accumu-
still acknowledge the utility and application of the lation of mutations in generalists experiencing many



292 C.E. Richmond et al. / Ecological Modelling 188 (2005) 279-295

environments—mutations that would be purged from tal fluctuations, demonstrating how those species that
a population of specialists remaining in one environ- excel under temporally variable conditions can effec-
ment or habitati{awecki, 1994; Whitlock, 1996 In- tively maintain ecosystem function (here, productiv-
terestingly, some studies have demonstrated a cost ofity). Estuaries are also relatively species-poor habitats,
specialization, although this may be confined to a nar- providing a concrete example of our model results: a
row set of circumstances (e.g., extreme conditions) in species-poor community can still exhibit a high level
which the cost of performing well at extremes is a re- of ecosystem function if the species present are envi-
duction in the range of conditions a species can tol- ronmental generalists. The environmental tolerance of
erate Miller and Castenholz, 2000Finally, Vazquez a species may also play an important role in ecosys-
and Simberloff (20025uggested that generalists may tem function in regions where anthropogenic impacts
not outcompete specialists under environmental distur- are causing these fluctuations to be more severe or more
bance, which is in contradiction to our results. common. Current global climate change models predict
A number of ecological models have expanded upon future environmental conditions to be increasingly un-
the results of empirical studies comparing the perfor- stable, with more frequent, abrupt, and extreme events
mance of generalists and specialists. Models compar- (Committee on Abrupt Climate Change, 200# this
ing ecological (or ‘habitat’) generalists and specialists light, generalist species may be particularly important
have demonstrated how, despite the costs associatednthe maintenance of ecosystem functionsin the future.
with generalization, generalists can be better invaders
in degraded habitat conditionMérvier et al., 2004 4.3. Relevance to biodiversity losses
and can promote metapopulation stabiliBu{tan and
Spencer, 2002 Reviews of empirical studies have Our results may have relevance to understanding
failed to demonstrate conclusively that niche breadth the ecosystem consequences of species loss, which
influences invasion success, and itis likely that the out- is occurring worldwide at an increasingly rapid rate
come of a species introduction is the result of acomplex (Chapin et al., 2000 Ecologists have focused con-
array of variables, only one of which is a species’ niche siderable attention on predicting the repercussions of
breadth Yazquez, in pre3s species losses, since depauperate ecosystems may not
Our results are consistent with previous work sug- function as they did in their original stateStéchowicz
gesting that generalists are favored in fluctuating en- etal., 1999; Tilman, 1999; Sala et al., 2000he loss of
vironments, while specialists excel under constant or species or functional types could interrupt food webs
slowly changing environmental conditiondi@ran, and destabilize systems, thereby making them more
1992; Bowers and Harris, 1994, Gilchrist, 1995; Sultan, vulnerable to further stress or compromising their abil-
2001; Van Buskirk, 200R Our analysis also expands ity to provide essential ecosystem functions (e.g., nu-
upon previous work that focused on single-species trient recycling, decomposition).¢reau et al., 2001
comparisons. We analyzed communities of only gen- Our results suggest that the vulnerability of commu-
eralists, only specialists, and a mix of species types, nities to perturbations is not a simple function of the
in both low and high species-richness situations. We number and types of species present, but can depend
confirmed the general pattern that the relative perfor- upon the mix of generalist and specialist species and
mance of generalists and specialists is dependent uporthe temporal dynamics of the environment.
environmental conditions, but our results also demon-  There have been a number of mechanisms proposed
strated that the success of generalists versus specialist$o explain the positive relationship between biodiver-
can depend upon species richness. sity and ecosystem function. For example, the idea of
There are many natural habitats where conditions species complementarity describes how system stabil-
are temporally variable and we would expect general- ity can be augmented by biodiversity (species richness)
ists to dominate. Estuaries are an example of a dynamicif the species in a community each excel under differ-
habitat in which the resident species are, by neces-ent environmental conditions. As conditions change,
sity, tolerant of a range of condition$dal, 1962; Day the proportional densities of individual species can be
et al., 1989. These systems are also extremely pro- quite dynamic, but biomass of the overall community
ductive despite the stress associated with environmen-is maintained at a consistent level as different species
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come to dominate under each new conditiGmoét funded wholly or in part by the United States Environ-

et al., 1995; Hughes et al., 200Biodiversity may mental Protection Agency, it has not been subjected

also lead to greater system stability due to the sam- to the Agency'’s required peer and policy review and

pling effect, where the presence of a greater number therefore does not necessarily reflect the views of the

of species is associated with a greater probability that Agency and no official endorsement should be inferred.

the system will include key species or functional types Many thanks to the Academy of Natural Sciences Es-

that will maintain essential functiongi(iston, 1997; tuarine Research Center for the use of facilities during

Diaz and Cabido, 2001; Tilman and Lehman, 2002 this project.
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