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Introduction

Over 30 years ago, Hairston et al. {1960}
published a short, insightful, and controver-
sial paper (see also Slobodkin et al. (1967))
that attempted to explain how resource limita-
tion and predator limitation varied among dif-
ferent trophic lévels. Hairston et al. restricted
their arguments to terrestrial systems with
three trophic levels; however, Fretwell
(1977) later extended Hairston et 4l.’s verbal
model to systems with greater (or lesser)
numbers of trophic levels. The basic argu-
ment presented by Hairston et al. and Fret-
well was that one process (i.c., resource limi-
tation or predator limitation} should dominate
ata given trophic level and that the identity of
this process should alternate among adjacent
trophic levels: e.g., if a consumer trophic
level was resource-limited, then the trophic
levels comprising its resources and predators
should both be predator-limited.

The simple ideas put forward by Hairston
et al. have given rise to a remarkabie number
of empirical and theoretical studies, and thus
represent an important foundation for much
of ecology (Fretwell, 1987; Schoener, 1989:
Kingsolver and Paine, 1991). There is wide
latitude, however, in interpreting the predic-
tions of Hairston et al. and applying them to
specific ecological systems. This has caused
difficulties both for testing the theory and
refining it. One of our goals in this paper is
to clarify what is meant when a trophic level
(or population) is said to be limited by a given
process, and to suggest how limitation may
be operationally defined and measured in nat-

ural systems. We use data from our studies of
aquatic communities to estimate the relative
magnitudes of resource and predator limita-
tions at three trophic levels within a single
system. Last, we review data from whole
lake surveys to evaluate how the relative im-
portance of resource limitation and predator
limitation might vary over productivity gradi-
ents. We begin with a brief discussion of
previous evaluations of Hairston et al.’s
model. We do not address the more general
problems concerned with the definition of tro-
phic levels (Polis, 1991) and the debate about
the organisms and systems to which Hairston
et al. originally defined their problem (e. g,
Hairston (1983)).

Previous Tests of Hairston et al.’s Model

Connell (1983), Schoener (1983), and Sih et
al. (1985} attempted to test Hairston et al.’s
(1960) predictions by compiling the propor-
tion of published studies that showed szaristi-
cally significant effects of competition (Con-
nell, 1983; Schoener, 1983) or predation (Sih
et al., 1985) on a target species (not trophic
levels as a whole). These studies assumed
that the predictions of Hairston et al. equated
fo competition (or predation: Sih et al.
(1985)) occurring significantly more (or less)
often among camivores and primary produc-
ers than among herbivores in three-trophic-
level systems. Statistical significance, how-
ever, does not measure the biological impor-
tance, or strength, of a process, nor does it
exclude the importance of other processes
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(Jones and Matloff, 1986; Yoccoz, 1991).
Indeed, it is likely that many processes simul-
taneously limit populations (Quinn and Dun-
ham, 1983; Mittelbach et al., 1988), and the
relative importance of a factor can only be
ascertained by comparing the effect of a par-
ticular process (which is a quantitative mea-
sure of magnitude, not statistical signifi-
cance) relative to the effect of other
processes. Gurevitch et al., (1992) make this
point in a more recent review (although their
analysis confounds the magnitude of the ef-
fect with the variability observed among rep-
licate plots). Combining results from differ-
ent systems can also obscure the importance
of particular processes operating within sys-
tems due to inherent differences among the
systems studied: e.g., due to variation in the
number of trophic levels or productivity (Ok-
sanen et al., 1981; Fretwell, 1977, 1987; Ok-
sanen, 1988; Schoener, 1989).

Trophic cascades (e.g., Power (1990),
Spiller and Schoener (1990}, and Vanni et
al. (1990)) have also been viewed as evidence
supporting Hairston et al.’s model and the
general importance of top-down processes
(Schoener, 1989; Power, 1990). While tro-
phic cascades clearly reveal that predators
influence prey dynamics, the occurrence of
trophic cascades says little about the relative
importance of limitation imposed by preda-
tors vs. resources. This would require docu-
mentation of the response of each trophic
level to changes in the density of predators
as well as changes in the density of resources.
Trophic cascades provide only weak support
for Hairston et al.’s ideas because trophic
cascades arc predicted by many models that
dynamically link adjacent trophic levels
(e.g., Oksanenetal. (1981), Arditi and Ginz-
burg (1989), and Kretzschmar et al, (1993))
but make very different assumptions (see dis-
cussion in Ginzburg and Akcakaya (1992)).

Part of the difficulty in assessing the valid-
ity of Hairston et al.’s hypothesis is that their
madel was verbal and open to a variety of
interpretations. Thus, an important step in
the development of ideas that originated with
Hairston et al. came in 1981, when Oksanen
et al. (1981) developed a multitrophic level
model that extended the three-level system
examined by Rosenzweig (1973). Oksanen
et al. (1981) were motivated by the earlicr .
work of Hairston et al. {(1960) and Fretwell -

-
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(1977), and their study is often referred to as
4 formalization of Hairston et al.’s model
{e.g., Schmitz (1992)). However, the model
developed by Oksanen et al. (1981) incorpo-
rates processes in ways that often differ from
the verbal mode) set forth by Hairston et al.
Most importantly, Oksanen et al.’s (1981)
model includes the simultaneous effects of
resources and predators on the growth of any
consumer population (or trophic level); thus,
each trophic level is simultaneously limited
by predators and resources. While Hairston
et al. clearly recognized that a given trophic
level could be simultaneously limited by both
resources and predators (see Slobodkin et al.
(1967)), they argued that a single process
would strongly dominate at any particular
trophic level and that the identity of this pro-
cess would alternate across trophic levels. It
is this prediction that is most often viewed
as the salient feature of Hairston et al.’s
model and it is this prediction that we exam-
ine below.

Limitation, Regulation, and Control

The terms limitation, regulation, and control
are often used interchangeably in describing
the interactions between trophic levels and
in discussing the predictions of Hairston et al.
(e.g., Ehrlich and Birch {1967), Stobodkin et
al. (1967), and Persson et al. (1988)). How-
ever, we suggest these terms actually refer
to different aspects of the processes that in-
fluence population abundance and dynamics
and that it would be wise to distinguish be-
tween them. For example, regulation occurs
when there is a locally stable equilibrium,
and results from the operation of density-
dependent processes. Perturbations to a sys-
tem can be dampened through time due to the
action of these regulatory processes (Figure
12.1). In contrast, we suggest that control
is often used to refer to factors that set the
equilibrium at a particular density {(or more
generally affect density); these factors need
not operate in a density-dependent fashion.
Perturbations to a system can shift the system
to a new equilibrium if a controlling factor
was affected by the perturbation (Figure
12.1). Thus, regulation and control refer to

. processes that cause a population -or trophic -

level to be at a particular density and therefore
necessarily inyolve the action of direct and
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Figure 12.1.

Graphical iftustration of limitation,

TIME

regulation, and control. Preceding a perturbation,

the idealized system is at equilibrium and the density (measured as numbers or biomass per unit area)

of the focal population (or trophic level) is constan
arrow and representing, for example, the removal o
of the focal population increases. This increased g
growth rate eventually decreases due to feedbacks within

t. At the point of the perturbation (indicated by the
f predators or the addition of resources), the growth

rowth rate results in an increase in density, but the

the system (e.g., due to reductions in other

Tesources or increases in other sources of mortality). The feedbacks arise from the existence of an

equilibrium and represent regulation, Eventually,

gains and losses that control, or determine,

the system reequilibrates due to the balancing of

the specific density at which equilibration occurs (which

will probably not be the same equilibrium density that occurred prior to the perturbation}. The initial

increase can be used to estimate lmitation

(Equation (3)), and in this example (with natural rates of

change equal 10 zero due to the equilibrium) is equal to the slope of the curve (i.e., d[log(density)]/

d(time)) imediately following the perturbation,

indirect effects mediated throughout the com-
munity over a variety of time scales (Schaf-
fer, 1981; Bender et al., 1984).

Limitation, on the other hand, is a simpler
concept and can be defined without reference
to the potential complexities inherent in regu-
lation (Figure 12.1). Limitation is the extent
to which a population’s, or trophic level’s,
per capita growth rate is depressed by the
action of a particular factor (e.g., resource
availability or predation risk). Operationally,
limitation can be measured by quantifying
the increase in a population’s per capita
growth rate following the removal of a partic-
ular form of limitation (e. g., after the addi-
tion of surplus resources, or the removal of
predators). Limitation necessarily focuses on
the change in growth rate (e.g., as assessed
by a change in abundance) over short time-
scales so that the influence of a specific pro-
cess can be isolated from other processes
(whose influences will eventually change as
other components of the system change),
Ideally, this requires measurement of an
instantaneous response to a perturbation, or

a sustained manipulation in which the single
source of limitation is removed while all
other factors that could influence population
growth are held constant (Figure 12.2).

In this chapter, we focus our attention on
processes that limit the dynamics and abun-
dance of populations or trophic levels (we
are not explicitly interested in effects on com-
munity structure: cf. Menge and Sutherland
(1976)). Although these restrictions do not
necessarily agree will all discussions of Hair-
ston et al., they are consistent with the overail
theme of the original papers (Hairston et al.,
1960; Slobodkin et at., 1967).

The Estimation of Limitation Under
Field Conditions

To quantify limitation, we desire an index
that isolates the effect of a limiting factor
(e.g., predation, or suboptimal resource
availability) on per capita population growth,
We begin with an exponential mode) of popu-
lation growth to describe dynamics of a focal
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Figure 12.2. Graphical representations of resource limitation (top panel), predator limitation (middle
panel), and limitation as assessed through a field experiment (bottom panel). Top: The per capita growth
of a consumer trophic leve! (or population) under different resource densities (assuming all other species
remain at their ambient densities). As resource density (R) increases, per capita growth of the consumer
(dCICdr) increases, but eventually asymptotes to the maximum rate that the consumer is capable of given
its physiological limitations and the influences of all other species within the system. The percapita growth
of the consumer is equal to r under ambient conditions (i.e., when R = R,), and r + Ly in the absence
of resource limitation. Although we represent the x-axis as resource density, it is best considered a com-
bined index of resource abundance and quality. Middle: The per capita growth of the consumer under
different predator densities (P). As predator density increases from zero, the per capita growth rate of the
consurner declines from its maximuom, r + L, to r (at the ambient density of the predator, P,), to even
lower values at greater predator densities. Bottom: Limitatign can be estimated in the field as the difference
between the per capita growth under natural conditions, r, and conditions it which limitation from the
focal pracess has been eliminated, r + £.. Thys, limitation can be estimated viaEquation (3), which yields
the difference in slope between the trajectories in the tv treatmeids. - -
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population {or trophic level}, which we call
the consumer, and assume that its density (C)
changes over a short interval of time ac-
cording to

G = Coe™, (1)
in sites with ambient densities of resource,

predators, and other species, and according
to

C:- = Coe(r+L)r (2)

in sites where the limiting process does not
act (i.e., has been removed). Cy is the density
of the consumer population (or trophic level)
at the start of the experiment (and is assumed
equal in the two treatments); C, is the density
under ambient conditions after ¢ days; C,' is
the density in the absence of the limiting
process after ¢ days; r is the population’s
instantaneous (i.e., per capita) growth rate
under ambient conditions; and r+L is the
per capita growth rate in the absence of the
limiting factor. Therefore, L is a quantitative
estimate of limitation, representing the decre-
ment in population growth due to limitation
imposed by the process being studied. If the
initial density (Cy) and duration (1) are the
same for the two treatments, L can be esti-
mated as:

L =[In(C.") — In(Cy} 3)

This expression can be adjusted if the initial
density or duration vary among the sites. The
index of limitation is superficially similar to
others that have been proposed (e.g., to quan-
tify interaction strength (Paine, 1992)), but
differs in that it is explicitly defined using a
model of the effect of the limiting process
on per capita population growth (see Wilson
and Tilman (1993) for an analogous index
involving plant competition).

Operationally, addition of surplus (and
high-quality) resources leads to estimation of
resource limitation (Lg: Figure 12.2ac),
whereas removal of predators leads to the
estimation of predator limitation (Lp: Figure
. 12.2b,c). In future studies, it would also be
possible to assess the importance of the inter-
action between two (or more) processes by
simultancously eliminating both sources of
limitation and comparing the response with
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that predicted from the additive responses
following elimination of each process sepa-
rately. Here, we restrict our analyses to the
effects of single factors.

Under ideal situations, growth rates should
be measured soon after elimination of the
limiting process, and in the absence of
changes in the abundances of other species
(i.e., without confounding effects of feed-
backs through other components of the sys-
tem). This is rarely possible, however, due
to time lags in the responses of populations,
inherent difficulties in performing such ideal-
ized manipulations, and problems in measur-
ing very small short-term responses. Caution
must therefore be exercised in any application
of this approach and precautions taken to help
ensure that direct effects are isolated from
longer-term feedbacks.

To deal with some of these problems, we
use biomass instead of abundance to calculate
density. This enabled us to aggregate across
organisms within a trophic levei that might
have very different body sizes (making total
abundance a problematic measure of den-
sity), and also to equate the responses of a
trophic ievel to changes in predators and re-
sources (which over short timescales can act
through different vital rates). The use of bio-
mass to better equate effects on mortality,
fecundity, and individual growth is, in part,
justified because fecundity is often propor-
tional to body mass (Peters, 1983), so that
short-term changes in biomass provide a good
surrogate of eventual changes in population
density.

Estimates of Limitation in an Aquatic
Food Chain

We use the preceding definitions of limitation
{Equation (3}, Figure 12.2¢) to estimate the
strength of resource limitation and predator
limitation for three trophic levels in a single
natural system, Lawrence Lake, a well-stud-
ied oligotrophic lake in southwest Michigan.
Although most of the data we use were col-
lected for other purposes (and are therefore
not ideaily suited to measure limitation), we
can think of no consistent biases inherent in
these studies that should influence the qualita-
tive outcome of our analyses. We view this
analysis as a first cut at quantifying the rela-
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tive magnitudes of resource and predator lim-
itation within a system, and it is our hope
that it will stimulate future and better studies
designed specifically to estimate limitation at
multiple trophic levels.

Most of the data were extracted from stud-
ies of littoral zone interactions in Lawrence
Lake. The food chain in this habitat includes
epiphytic algae (consisting primarily of
closely adhering microalgae attached to
rooted aquatic plants: Burkholder (1986)),
invertebrate grazers (dominated by gastro-
pods: Mittelbach (1981)), microcarnivorous
fishes (dominated by the bluegill, Lepomis
macrochirus, and pumpkinseed sunfish, L.
gibbosus: Wemer et al. (1977)), and piscivo-
rous fishes (consisting almost entirely of
largemouth bass, Micropterus salmoides:
Werner et al. (1977)). Here we focus on the
first three of these trophic levels.

Resource limitation of algae was quantified
by comparing the accumulation of algal bio-
mass in control sites with sites in which phos-
phorus, nitrogen, and potassium fertilizer
was added in excess (Osenberg, 1988, 1989),
Responses were restricted to approximately
one month following fertilization in order to
minimize the feedback between fertilization
and snail grazing; snail biomass increased
following the fertilization, which eventually
decreased algal growth. Predator limitation
of algae was quantified using gradients of
gastropod densities imposed directly via ma-
nipulation of gastropods or indirectly via ma-
nipulation of molluscivorous fish {(Osenberg,
1988, 1989).

Resource limitation in gastropods was as-
sessed by quantifying the change in gastropod
biomass in fertilized plots, which had very
high algal biomass (Osenberg, 1988, 1989).
Gastropod biomass was measured at the end
of one month to isolate the direct response
to increased resources from indirect effects
that arose following a shift toward grazer-
resistant algae (Osenberg, 1988). Predator
limitation of invertebrates was estimated
from experiments that manipulated fish den-
sity, The effect of fish on snails was estimated
in a nearby lake (Palmatier Lake), which has
a similar density of the dominant mollusci-
vore (pumpkinseed sunfish) as Lawrence
Lake (Osenberg et al., 1988). Other experi-
ments suggest pumpkinseeds account for all
demonstrable effects of predators on snail

P

mortality rates (Osenberg, unpublished data).
Effects of fish on other invertebrates was esti-
mated from a field experiment in Lawrence
Lake in which the biomass of invertebrates
was quantified over a gradient of sunfish den-
sities (Mittelbach, 1988). Comparison of in-
vertebrate biomass at natural fish densities
with those estimated in the absence of fish
was used to quantify predator limitation (us-
ing Equation (3)).

Resource limitation of fish was estimated
using data from Mitteibach (1986) and Wer-
ner and Hall (1988) in which they introduced
small bluegills and pumpkinseeds into ponds
previously lacking fish and thus with high
densities of invertebrate prey. We quantified
resource limitation by comparing these indi-
vidual growth rates with growth rates of simi-
lar-sized fish living in Lawrence Lake
(Osenberg and Mittelbach, unpublished
data). Growth rates of other species of fishes
strongly covary with growth rates of littoral
feeding bluegill and pumpkinseed (Osenberg
ct al., 1994), so these estimates are likely to
apply to the entire fish community (which is
dominated by bluegill: > 60% of total fish
biomass). Predator limitation of these fishes
was assessed in several studies in which blue-
gill (or pumpkinseed) biomass or numbers
were monitored in experimental ponds that
either lacked largemouth bass or had a density
and size structure of bass similar to Lawrence
Lake (Werner et al., 1983; Wemer and Hall,
1988; Turner and Mittelbach, 1990).

In each experiment predator and resource
densities were altered in particular ways. It is
possible that different alterations of resoutces
(i.e., food) might have produced even
stronger responses. It is also possible that
removal of additional predator taxa might
have increased the responses in the predation
experiments. Without extensive data on the
nutritional requirements of consumers and
the relative impact of different predators,
ideal experiments testing for resource and
predator limitation cannot be achieved.
Therefere the estimates of limitation for tro-
phic levels in Lawrence Lake might be some-
what biased; however, in all cases, resource
limitation was assessed by creating what ap-
peared to be close to ideal food conditions
for the consumers, and in each predation ex-
periment, the most obvious and putatively’
important predator was manipulated. '

- o L
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Table 12.1 Resource limitation and predator limitation Jor three trophic levels in Lawrence Lake. Limitation
was estimated from previous studies and unpublished data using Equation (3) or a slight modification.
Limitation is given in units of per day and is the amount by which the biomass specific growth rate increased
when resources were greatly increased or predator density was reduced to zero. For each rrophic level, we
report the mean, range (in par s), and ber of studies that permitied estimation of limitation. Analysis

of variance (using log-transformed data) revealed significant main effects of wophic level (fish vs. invertebrates
vs. algae: Fp 10=9.4, P=.005) and limitation source (resource vs. predator: F3 1g=20.4, P= 001}, but no
statisticaily significant interaction (Fy 1y=2.15, P=_17). Qualitative results were unaffected by data

transformation.

Trophic level

Resource limitation

Predator limitation

Fish 0.025
(0.012-0.038)
4
Invertebrates 0.042
(0.032-0.052)
2
Algae 0.098
(0.088-0.107)
2

0.0011
(0.0001-0.0031)
4
0.0056
(0.0035-0.0077)
2
0.0309
(0.0098-0.0519)
2

Four general conclusions emerge from
these analyses (Table 12.1).

1. Asindicated in many of the original
studies, resources and predators si-
multaneously limited each of these
trophic levels; estimates of limita-
tion exceeded zero.

2. However, these factors did not op-
erate to similar degrees. Each tro-
phic level showed a greater change
in biomass in response to resource
addition than in response to the re-
moval of predators. Therefore, re-
source liritation was more severe
than predator limitation for each
trophic level. Data for the fourth
trophic level, largemouth bass, sug-
gest that it is also strongly resource-
limited throughout its life history
(Gilliam, 1982; Osenberg et al.,
1994; Olson et al., 1995). No doubt
our studies underestimated the com-
bined effect of all predators (e.g.,
the predators we focused on make
up between approximately 50% and
90% of predator biomass for the
three trophic levels: Mittelbach
(1981) and Werner et al. (1977,
but even incorporating a correction
of a twofold increase in predator
limitation would not reverse the pat-
terns we observed (which, of
course, also include possible under-

estimates of resource limitation).
Thus, each trophic level appears to
be more severely resource-limited
than predator-limited; this pattern is
not consistent with the predictions
of Hairston et al,

There was a tendency for the rela-
tive importance of resource limita-
tion to be greater at the higher tro-
phic levels (Table 12.1). Addition
of resources led to a 25-fold greater
increase in biomass production for
sunfish than did the removal of
predators, Similar comparisons for
invertebrates and epiphytes showed
cightfold and threefold variation,
respectively. We believe the most
likely explanation is that we more
severely underestimated resource
limitation for the lowest trophic
level (i.c., algae) due to numerical
(or growth) responses of grazers
following nutrient enrichment.

The magnitude of limitation (e.g.,
response to resource addition or re- {
moval of predators) was strongest
at the lowest trophic levels. This
pattern is probably a simple conse-
quence of the expression of limita- i
tion in terms of biomass-specific i
production rates; smaller organisms 5
have greater production to biomass
rattos (Peters, 1983) and lower tro-
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phic levels (consisting of smaller
organisms) might therefore yield
higher absolute estimates of limi-
tation.

The Effect of System Productivity

Many of the recent studies motivated by Hair-
ston et al. (1960) are concerned with paiterns
of abundance across productivity gradients
(c.g., Persson et al. (1992), Mittelbach and
Osenberg (1993), and Wootton and Power
(1993)). Limitation (as discussed above) has
been largely ignored in these treatments, al-
though it plays a central role in many of the
interpretations about the impottance of top-
down and bottom-up processes. For example,
it is well known that the biomass of adjacent
trophic levels tends to increase along produc-
tivity gradients in lakes (as assessed by the
concentration of phosphorus, the limiting nu-
trient in most lakes) (see summaries in
McQueen et al. (1986) and Ginzburg and
Akcakaya (1992)). Because the biomass of
resources and predators both increase with
system productivity (but see Persson et al.
(1988)), it is possible that resource limitation
decreases and predator limitation increases
along these productivity gradients. It might
therefore be argued that our results for Law-
rence Lake, which is a relatively unprodue-
tive (oligotrophic) lake, might not be gener-
ally applicable and that the importance of
resource limitation would be ameliorated in
more productive systems.

In the absence of studies of limitation con-
ducted in lakes of different productivity, we
used an indirect approach to assess if the
relative importance of resource and predator
limitation change along a natural productivity
gradient. Observations from lake surveys
suggest that trophic-level biomass increases
as a power function of system productivity.
Therefore, we assumed that the biomass of
the focal trophic level (C, for consumer) and
the biomass of the next higher trophic level
(P, for predator) increase with system pro-
ductivity (G) according to:

CaxG?, 4)
PGP, (5)

where @ and b are fitted constants describing
the rate at which consumer and predator bio-
mass increase with system productivity.

Next, we assumed (as in standard Lotka-
Volterra models) that the per capita (where
per capita = per unit biomass) death rate of
the focal (consumer) trophic level is propor-
tional to predator density. Then, at equilib-
rium, the per capita birth rate (8: i.e., per
capita production or turnover rate) of the con-
sumer must balance this mortality rate. To
get the total production (or turnover, 7) of
consumers, we multiply consumer biomass,
C, by the consumer’s per capita turnover rate,
B:

T = CB x G*G® = G**°. (6)

That is, if the consumers and predators are
in equilibrium, we expect the total production
of consumers (7) to increase in proportion to
the product of the rate of increase of con-
sumer biomass (Equation (4): G®) and the rate
of increase of predator biomass (Equation (5):
G®, which is assumed to be proportional to
the mortality imposed by the predator trophic
level, which equals 8).

We surveyed the literature to obtain esti-
mates of the scaling relationships for the bio-
mass and production of trophic levels along
system productivity gradients. Total phos-

, phorus (TP) concentration was the metric typ-

ically reported in these papers, although
phosphorus loading may be a more appro-
priate index of system productivity. Because
total phosphorus concentration and phospho-
rus loading are likely proportional to one an-
other (Vollenweider et al. 1980), results ob-
tained using TP should be similar to those
that would be obtained using loading. Data
were obtained for three ¢rophic levels: algae
(epiphytic and planktonic algae), inverte-
brates (zooplankton and benthos), and fishes.
Although most data came from limnetic habi-
tats, the data from littoral habitats showed
very similar patterns {e.g., compare Cattaneg
(1987) and Watson et al. (1992)).

Based upon this literature survey, we esti-
mated the rate at which consumer production
should increase with lake productivity (using
Equation (6)), by summing the average scal-
ing exponents for the biomass of the focal and
next higher trophic levels. We then compared
these estimates with the scaling exponent ob-
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Table 12.2.  Scaling of trophic level biomass and production to system production. Scaling exponents are the
slopes of leost squares regression of log (biomass or production) versus log (total phosphorus concentration,
TP}. In several cases, least squares regressions were available Jor parameters other than TP (e.g., for primary
production against algal biomass); these estimates were corrected by multiplying by the coefficient observed
between the intermediate parameter ( e.g., aigal biomass) and TP. For each relationship, we indicate the mean
exponent, standard deviation (in parentheses), and the number of relationships found in the literature survey.
Results for fish production are not indicated (—) because data Jor piscivore biomass and fish production were
not readily available. Regression results, or data, were taken From Beaver and Crisman (1991), Brylinsky
(1980), Brylinsky and Mann (1973}, Cattaneo (1987), del Giorgio and Peters (1993), Downing et al. (1990},

Hanson and Leggett (1982), Hover and Jones ( 1983), Jones and Bachmann {1976), Jones and Hoyer (1982),
Morgan (1980), Ostrofsky and Rigler (1987), Pace ( 1986), Quiros (1990a, 1990b), Rasmissen (1988), Watson
and McCauley (1988), Watson et al, (1992), Yurk and Ney (1989), and studies cited in Table 2 of McQueen et

al. (1986).

Scaling Exponent

. Production
Biomass
Trophic level Observed Predicted Observed
Fish 0.74 — —
(0.55)
7
Invertebrates 0.74 1.48 1.0¢
(0.14) (0.22)
10 4
Algae 1.14 1.88 1.19
{0.22) (0.26)
17 6

-

served between total production of the focal
trophic level and system productivity (i.e.,
TP).

For algae and invertebrates, production in-
creased more slowly than predicted by Equa-
tion (6) (Table 12.2). Indeed, production in-
creased at rates similar to that observed for
the biomass of the focal trophic level, sug-
gesting that a unit of biomass does not tumn
over at appreciably higher rates in more pro-
ductive systems. Increased “predator” bio-
mass does not seem to translate into higher
mortality rates of consumers, nor does in-
creased “resource” biomass translate into
higher birth rates of consumers. Therefore,
this crude analysis suggests that the relative
strengths of predator and resource limitations
do not change appreciably along this gradient
of system productivity.

Limitation, Trophic-Level Heterogeneity,
and Timescale

Our analyses, although preliminary, indicate

consistent and strong resource limitation act-

. ing on adjacent trophic levels within a single

e

system and among systems that vary in over-
all productivity. Our experimental results
suggest that although predation (including
herbivory) has documentable negative effects
on consumer biomass, the impact of resource
limitation is greater than the impact of preda-
tor limitation at all trophic levels. These pat-
terns are not predicted by the model of Hair-
ston et al. (1960), nor are they implied in
more contemporary studies of “top-down
control” (Oksanen et al., 1981; Oksanen,
1988; Schoener, 1989; Power, 1990). How-
ever, as noted by early critics of Hairston et
al. (Murdoch, 1966; Ehrlich and Birch,
1967), trophic levels consist of species that
vary in their vulnerability and utility to preda-
tors: e.g., many plants species (or plant parts)
are inedible to herbivores (Sinclair, 1975;
White, 1978; Rhoades, 1985; Sinclair et al.,
1985; Hunter and Price, 1992). If higher tro-
phic levels also are dominated by predator-
resistant taxa, then this feature might explain
the prevalence of resource limitation (vs.
predator limitation) at all trophic levels.
.Indeed, in freshwater systems predators

are known to restrict the types of prey that

eoexist with them (Thorp, 1986). For exam-

o - s
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ple, the most dramatic effects of fish (includ-
ing local extinction of prey) are seen when
fish are experimentally (or accidentally) in-
troduced into previously fishless situations
(e.g. Brooks and Dodson (1965), Crowder
and Cooper (1982), and McPeck, 1990).
Therefore, the prey that coexist with fish are
relatively invulnerable to fish predation, and
although predators can have great effects on
some prey species, the most abundant taxa
are often the least sensitive to predation
(Vanni, 1987a; Mittelbach, 1988; Osenberg,
1988). Herbivores also may facilitate the de-
velopment of grazer-resistant algal communi-
ties (Cattaneo and Kalff, 1986; Vanni,
1987b; but see Sarnelle ( 1993)). In addition,
experiments and observational studies dem-
onstrate that piscivores cause shifts toward
relatively invulnerable prey species: e.g.,
prey fishes with spines and deep bodies (Tonn
and Magnuson, 1982; He and Wright, 1992;
see also Bronmark and Miner (1992)). -

Thus, the activity of predators tends to
create prey communities in which the co-
occurring prey are less affected by predation,
These relatively invulnerable prey often com-
pensate for the higher mortality of vulnerable
prey and may build up dense populations
even in the presence of predators. If prey
overlap in resource use, then resource Jimita-
tion should be transmitted to all prey species,
including those most susceptible to preda-
tion. Because these shifts in community com-
position can occur at each of the trophic lev-
els, the relative importance of predation and
resource limitation does not necessarily “flip-
flop” as predicted by Hairston et al. Instead,
the development of predation-resistant taxa
at each trophic level can maintain resource
limitation throughout the ecosystem.

The presence of invulnerable prey might
also help explain the persistence of resource
limitation in productive systems that contain
high biomass of “predators” (and “re-
sources”). For example, it has been com-
monly observed that algal communities in
more productive systems are typically domi-
nated by relatively inedible species (e. g., see
Cattaneo (1987) for epiphyton and Trimbee
and Prepas (1987) and Watson et al. (1992)
for phytoplankton). Thus, the higher biomass
of grazers in these systems does not necessar-
ily translate into higher per capita mortality

rates for the entire algal trophic level. Indeed,

Watson et al. (1992) suggested that increas-
ing biomass of grazers only directly affects
the smallest (i.e., edible) algae, which makes
up a smaller proportion of total algal biomass
in more productive lakes. Although the best
available data come from studies of algae,
studies of zooplankton also suggest shifts to-
ward less vulnerable species in more produc-
tive systems (Bays and Crisman, 1983; Mills
and Schiavone, 1982; but see Pace (1986)).
Thus, while a small component of a trophic
level might incur increased losses to preda-
tors as productivity increases, the bulk of the
trophic level is invulnerable and, as a result,
has a greater biomass but a similar per capita
tumnover rate in systems with high (vs. low)
productivity.

If species composition changes across pro-
ductivity gradients, as most available data
suggest, then several caveats are in order with
regard to the study of trophic-level responses
to increased productivity. First, our concep-
tual understanding of food web dynamics
needs 1o progress beyond models based on
abstractions that represent trophic levels by
a single species (c.g., Rosenzweig (1973)
and Oksanen et al. (1981)). Most natural tro-
phic levels consist of many species that vary
in many important aspects of their ecology,
and therefore differ in their responses to pred-
ators, resources, and other environmental
factors. Recent work has demonstrated how
heterogeneity within a single trophic level,
derived from population stage structure
(Osenberg et al. 1992, Briggs, et ai. 1993,
Mittetbach and Osenberg 1993) or the pres-
ence of edible and inedible species (Leibold,
1989; Abrams, 1993; Kretzschmar et al.,
1993), can lead 10 patterns of abundance and
dynamics not predicted by simpler models.
Future efforts should attempt to incorporate
heterogeneity at more than one trophic level
(Power, 1992; Strong, 1992).

Second, timescale of response becomes
critically important as we seek explanations
for patterns produced among sites that vary
in environmental conditions (e.g., system
productivity). Experiments conducted over
short timescales are useful in revealing pro-
cesses operating within systems (e.g., quanti-
fying the magnitude of limitation), but poten- .
tially are misleading if used to try to recreate )

“patterns observed over larger scales, For ex-
ample, experimentally manipulating produc-
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tivity within a system may lead to one pattern
of response in the short term, but a very
different pattern of response over the long
run (as species composition within the com-
munity changes in response to changing lev-
els of resources and predators) (Power et al.,
this volume). Thus, we need to exercise care
when using short-term experiments to try and
recreate systemwide patterns (e.g., Leibold
(1989) and Wootton and Power (1993)). Ex-
perimental manipulations of productivity, un-
less conducted over very long periods (on the
order of decades in many cases), may isolate
the wrong processes by missing not only the
numerical responses of higher trophic levels
(with long generation times) but also shifts
in species composition, which may require
generations to play out.

Finally, there needs to be a more explicit
link between theory and empirical tests. In
particular, models (both verbal and mathe-
matical) need to be explored more rigorously
for predictions that can be tested in field situa-
tions. Also, field experiments are needed in
which responses to predator removals and
responses to resource addition are simultane-
cusly and systematically assessed for differ-
ent species and trophic levels within the same
ecosystem. This approach will only yield sig-
nificant insights if the models and empirical
tests are stated within a clear framework that
defines critical assumptions, including those
related to timescale and trophic-level compo-
sition. The seminal work of Hairston et al.
(1960) may continue to provide a cornerstone
in the foundation of ecology, but only if we
move beyond it by developing more explicit
and mechanistic models that predict patterns
based on the processes that create and main-
tain them.
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