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Abstract The relative importance of resources (bottom-up
forces) and natural enemies (top-down forces) for regu-
lating food web dynamics has been debated, and both
forces have been found to be critical for determining food
web structure. How the relative importance of top-down
and bottom-up forces varies between sites with diVerent
abiotic conditions is not well understood. Using the pitcher
plant inquiline community as a model system, I examine
how the relative importance of top-down and bottom-up
eVects diVers between two disparate sites. Resources (ant
carcasses) and top predators (mosquito larvae) were manip-
ulated in two identical 4 £ 4 factorial press experiments,
conducted at two geographically distant sites (Michigan
and Florida) within the range of the purple pitcher plant,
Sarracenia purpurea, and the aquatic community that
resides in its leaves. Overall, top predators reduced the den-
sity of prey populations while additional resources bol-
stered them, and the relative importance of top-down and
bottom-up forces varied between sites and for diVerent tro-
phic levels. SpeciWcally, top-down eVects on protozoa were
stronger in Florida than in Michigan, while the opposite
pattern was found for rotifers. These Wndings experimen-
tally demonstrate that the strength of predator–prey interac-
tions, even those involving the same species, vary across

space. While only two sites are compared in this study,
I hypothesize that site diVerences in temperature, which
inXuences metabolic rate, may be responsible for variation
in consumer–resource interactions. These Wndings warrant
further investigation into the speciWc factors that modify
the relative importance of top-down and bottom-up eVects.
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Introduction

Abiotic factors can change the strength of biotic interactions,
with wide-ranging consequences for biological communities
(Sanford 1999; Berlow et al. 2004). An important conse-
quence of biotic interaction strength is the relative importance
of top-down and bottom-up eVects. Populations are aVected by
lower (bottom-up) and higher (top-down) trophic levels. The
relative importance of these forces and how they vary in diVer-
ent systems is debated (Chase 2000). It is broadly recognized
that a combination of top-down and bottom-up eVects are
responsible for determining food web structure and dynamics
(Hunter and Price 1992; Moore et al. 2003). However, these
eVects vary spatially and temporally, and therefore under-
standing what inXuences their importance is an important
question in community ecology (Gripenberg and Roslin 2007).

The relative importance of top-down and bottom-up
eVects may be inXuenced by a number of abiotic variables
that vary among systems in time and space (Polis and
Winemiller 1996). Sites at diVerent latitudes or elevations
can be useful for determining the eVects of factors that vary
across space (e.g., Belovsky and Joern 1995) and for mak-
ing predictions about how those eVects may change at a
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given location in the future. Top-down and bottom-up
eVects may vary spatially in the aquatic inquiline commu-
nity contained within the purple pitcher plant, Sarracenia
purpurea (L.) (Kneitel and Miller 2002; Hoekman 2007).
Pitcher plant mosquito Wyeomyia smithii (Coq.) larvae
have been shown to initiate trophic cascades in Florida
(Kneitel and Miller 2002) but not in Michigan (Hoekman
2007), suggesting that top-down eVects may be stronger in
Florida. Buckley et al. (2003) conducted a survey across
North America of Sarracenia purpurea inquiline food webs
in order to quantify spatial patterns of species richness.
They found that species richness increased with latitude,
and they speculated that this was driven by decreased top-
down eVects of the pitcher plant mosquito at northern sites,
where they are less abundant (Buckley et al. 2003). Higher
species diversity can result in compensatory dynamics and
weaker top-down control (Frank et al. 2006). However,
Buckley et al. (2003) did not quantify top-down or bottom-
up eVects or demonstrate functional diVerences in the food
web between northern and southern sites.

I conducted a pair of manipulative experiments using the
same pitcher plant food web to investigate how consumer–
resource interactions diVered between two very similar
food webs at geographically disparate locations (Michigan
and Florida). I expected to Wnd diVerences between sites in
the strength of top-down and bottom-up eVects. Because of
accelerated metabolism in response to warmer temperatures
(Brown et al. 2004), I expected stronger top-down eVects at
the southern site (O’Connor et al. 2009). In greenhouse
experiments, the top-down eVect of pitcher plant mosqui-
toes on protozoa has been show to increase with tempera-
ture (Hoekman 2010). In addition, the reverse latitudinal
diversity gradient in pitcher plant communities (Buckley
et al. 2003) suggests that top-down eVects could be stronger
at less diverse southern latitudes (Frank et al. 2006). There-
fore, based on metabolic theory, species diversity and pre-
vious studies (Kneitel and Miller 2002; Hoekman 2007,
2010), I hypothesized that top-down eVects would be stronger
at the southern site (Florida).

Methods

A model system: the pitcher plant inquiline community

The purple pitcher plant, Sarracenia purpurea (L.), has
modiWed leaves arranged in a rosette that both attract inver-
tebrates with nectar and entrap them in a Xuid-Wlled cavity.
It grows in ombrotrophic bogs and other wetlands with
infertile soils. A simple aquatic community exists in rain-
water that collects in each pitcher (Fig. 1a) (Giberson and
Hardwick 1999) and receives all of its energy from exterior
sources (mainly arthropods that drown in the pitcher).

Fig. 1 a Food web of the pitcher plant inquiline community used in
experiments at two geographically disparate locations. Path diagrams
from b Michigan and c Florida displaying positive (solid) and negative
(dashed) eVects and their signiWcances (line thickness). Mosquitoes
and dead ants are manipulated variables, while rotifer, protozoan and
bacterial populations are response variables. Single-headed arrows
represent feeding relationships and were modeled as direct eVects.
Double headed arrows depict correlations in the model
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The food web inside each pitcher includes bacteria, pro-
tozoa, bdelloid rotifers, Habrotrocha rosa (Donner), water
mites, Sarracenopus gibsoni (Nesbitt), and three larval dip-
terans. The dipterans are the pitcher plant mosquito,
Wyeomyia smithii (Coq.), the pitcher plant midge, Metri-
ocnemus knabi (Coq.), and the pitcher plant Xesh Xy,
Fletcherimyia Xetcheri (Aldrich). All three dipterans are
obligate symbionts of the pitcher plant inquiline habitat.
The midge, Xesh Xy and mites feed directly on insect car-
casses, comminuting prey and accelerating their digestion
by bacteria (Heard 1994; Ellison et al. 2003). Bacteria grow
on surfaces and suspended particles in the water and are
consumed by rotifers and a diverse group of protozoa. Mos-
quito larvae are omnivorous top predators, feeding on small
rotifers, protozoa, and bacteria (Miller et al. 2002; Hoekman
2007).

There are several advantages to utilizing this inquiline
community as a model food web in manipulative experi-
ments. The system is small, relatively simple, easily manip-
ulated, and replicable (each leaf) (Miller and Kneitel 2005).
Simple aquatic food webs have been proposed as model
systems for studying food webs (Morin and Lawler 1996),
and this system is particularly applicable because it is a nat-
ural community, not a laboratory construct (Srivastava
et al. 2004). In addition, the food web is well suited to
experiments manipulating top-down and bottom-up forces.
Bacterial productivity, derived from allochthonous input,
fuels the system and can be manipulated by adding arthro-
pod carcasses. Top-down processes can be controlled by
manipulating top-predator (mosquito larvae) density.

The food web found within the pitchers contains largely
the same species across the range of the plant (Buckley
et al. 2003), from northern British Columbia to the east
coast of North America as far south as Florida. Across this
range, many factors vary that may inXuence the relative
importance of top-down and bottom-up eVects, including
surrounding environment, regional species pool, local
genotypes, day length, rainfall, and temperature. For exam-
ple, Bradshaw and Holzapfel (2001) have shown that the
critical photoperiod that triggers seasonal diapause in the
pitcher plant mosquito varies with latitude and is shifting
toward shorter day lengths (especially in the north, an
example of recent evolution driven by climate change). In
the inquiline communities used in the current experiments,
the insect larvae, rotifers, and most protozoa were the same
species at both sites.

Experiments in Michigan and Florida

I conducted a factorial “press” experiment at two sites, one
in Michigan (at the University of Notre Dame Environmen-
tal Research Center, 46º N) and one in Florida (in the Apal-
achicola National Forest, 30° N) (hereafter referred to as

MI and FL). Mean daily temperature and total precipitation
during the experiments were 15°C, 3.6 cm and 25°C,
3.1 cm, respectively (MI, 21 June–10 July; FL, 18 Septem-
ber–6 October 2004). The temperature ranged from 5 to
28°C in MI and from 15 to 34°C in FL. The 4 £ 4 factorial
design included four levels of resource addition (0, 5, 10,
20 mg ant carcasses, each ant weighs approx. 1 mg) and
four top-predator levels (0, 5, 10, 20 mosquito larvae, third
or fourth instar), which reXect common Weld densities.
Predator treatments represent half mean predator density,
mean predator density and double mean predator density
(mean § 1SE: mosquitoes 10.5 § 1.3, n = 66). Each of the
16 treatments were replicated three times (n = 48 pitchers at
each site).

The experiments were initiated by collecting inquiline
Xuid from approximately 65 randomly chosen pitchers at
each site. Insect larvae and carcasses were Wltered out using
folded 1 mm tulle mesh, and the Xuid was pooled to homoge-
nize the rotifer, protozoan, and bacterial communities. In the
Weld, 48 similarly sized new pitchers (<3 weeks old) were
chosen from among the emptied pitchers to be rinsed and
stocked with 15 mL of liquid (5 mL of Wltered Xuid and
10 mL of deionized water) and the appropriate number of
mosquito larvae and biomass of ant carcasses. Mosquito lar-
vae had been removed from inquiline Xuid collected that day
and were pooled and randomly assigned to treatments. Dead
Wre ants, Solenopsis invicta (Buren), collected from a single
source, were added as resources in both MI and FL.
Experimental pitchers were covered with 1 mm tulle mesh to
prevent additional prey entry or mosquito colonization.
Treatments were assigned in three blocks across a uniform
habitat, each containing the 16 treatment combinations.

The pitchers were sampled six times over the course of
three weeks, during the growing season of the plant. Sam-
pling included gently mixing the community, temporarily
removing the pitcher contents, counting mosquito larvae,
and making appropriate adjustments to maintain treatment
levels. Mosquito larvae (third or fourth instar) were added
to replace those lost to mortality, and new eggs or young
larvae that were previously undetected were removed.
Additional prey biomass was added (0, 2, 5, 10 mg) based
on treatment type to maintain resource treatments. Small
samples (<300 �L) of inquiline Xuid were taken for proto-
zoan and bacterial analysis.

Protozoa and rotifers were enumerated live using Palmer
counting cells and a compound microscope (£100). From
each pitcher sample, 100 �L were pipetted onto a slide, and
the abundance and richness of protozoa as well as the abun-
dance of rotifers were recorded. Protozoa were identiWed to
genus. Because protozoa are a disparate group and vary
enormously in size, I calculated protozoan biovolume
(�m3) based on the density and dimensions of each genus
and used this measure as a dependent variable for statistics.
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Protozoa size did not vary between sites. To estimate bacte-
rial density, a 25 �L sample from each pitcher was treated
with formaldehyde, stained with acridine orange, and
strained through a Nuclepore Wlter with a pore size of
0.2 �m (Pace 1993). The Wlters were put on slides and later
photographed under an epiXuorescence microscope. Cell
density was counted using the Metamorph® imaging sys-
tem (Molecular Devices Corp., Sunnydale, CA, USA).

Laboratory experiments

Two lab experiments were conducted to address whether
diVerences in treatment eVects were due to initial protozoan
densities or some unknown feature of the mosquitoes at the
two sites. To test the eVects of initial stocking density of
protozoa on their density over time, protozoa were stocked
in 50 mL tubes at three densities (25,000, 2,500, and 250
protozoa per mL), and their population density was mea-
sured Wve times over the following month (n = 10, N = 30).
To compare the top-down eVects of mosquitoes (third or
fourth instar) from a northern and a southern site, a week-
long laboratory experiment was performed in 50 mL tubes
at 20°C (intermediate temperature between sites). The
tubes were stocked with 2 mL of protozoan solution, 18 mL
of deionized water, 20 mg of dead ants, and either zero
mosquitoes, two mosquitoes from FL or two mosquitoes
from a northern population (n = 5, N = 15). The northern
mosquitoes and protozoa for this experiment were collected
from a bog in northern Indiana. Protozoa were enumerated
and biovolume calculated as described above.

Statistical analyses

Site and top-down and bottom-up treatment eVects

Analysis of covariance (ANCOVA) was used to test for the
eVects of site (factor), mosquitoes and dead ants (two
covariates) on the loge-transformed density of rotifers, pro-
tozoa and bacteria. Because the experiments were not con-
ducted simultaneously, this analysis confounds space and
time. However, it does allow for a direct statistical test for
site diVerences and site-by-treatment interactions. Multiple
sample sessions over time were used to ensure adequate
estimation of population sizes, but no time series or
repeated measures tests were done because temporal
dynamics were not of primary interest. Therefore, tests
were conducted on either the average values over the six
sampling sessions (rotifers) or the Wnal sample session
(bacteria and protozoa). Each individual sample session
was also tested, and results were consistent in the direction
of the eVect with the average or Wnal sample session. Spa-
tial block had no eVect on any dependent variables and was
consequently not considered a factor in the models.

EVect size

Using the following formulae, top-down and bottom-up
eVects were measured using log response ratios, and the rel-
ative strengths of top-down and bottom-up eVects were
evaluated by calculating relative eVect sizes (Denno et al.
2005):

(1) EVect size = ln[(treatment density)/(control density)]
(2) SpeciWc eVect size = (eVect size in each treatment)/

(number of predators or milligrams of resources added
in that treatment)

(3) Relative eVect size = ln(|bottom-up speciWc eVect size|/
|top-down speciWc eVect size|)

“Treatment” refers to ant (5, 10, 20 mg) or mosquito (5, 10,
20 larvae) addition treatments for bottom-up or top-down
eVects, respectively, while “control” refers to zero ant- or
mosquito-addition treatments. Positive bottom-up eVects
and negative top-down eVects are expected. If relative
eVect size is positive, bottom-up eVects had a greater impact
on the population density than top-down eVects, while if rela-
tive eVect size is negative, top-down eVects were stronger
than bottom-up eVects, and if relative eVect size is zero,
population density was inXuenced equally by top-down and
bottom-up treatments. At each site, three eVect sizes were
calculated for each group (rotifers, protozoa and bacteria)
by comparing the mean density of each of the three treat-
ments to the control. SpeciWc eVect sizes were calculated by
dividing each eVect size by 5, 10, or 20 (depending on the
treatment) to determine the top-down eVect per mosquito
predator or the bottom-up eVect per mg of ant resources.
Mean speciWc eVect sizes were used to calculate relative
eVect size. A commonly noted problem with eVect size
measures is the fact that the magnitude of any treatment
eVect will depend on the magnitude of the experimental
manipulation (Wojdak and Luttbeg 2005). For example, a
large top-down eVect may be indicative of a drastic preda-
tor treatment rather than the strength of top-down eVects in
nature. To address such criticism, I designed the top-down
and bottom-up treatments to be representative of the levels
of predators and resources found in the Weld at both sites.

Path analysis

Path analysis was used to estimate the strengths and signs
of all food web relationships simultaneously and to quanti-
tatively compare the MI and FL food webs. Because the
variables are related via known feeding interactions, I pro-
duced a path diagram (Fig. 1b, c) that I judged to be most
representative of the model food web used in the experi-
ments (Fig. 1a) based on published web topologies (Ellison
et al. 2003; Miller and Kneitel 2005) and my own expe-
rience with the system (Hoekman 2007). In this model
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(Fig. 1b, c), variation in mosquito density has direct eVects
on bacterial, protozoan and rotifer populations. Ants have a
direct eVect on bacteria, which have direct eVects on proto-
zoa and rotifers. Ants are allowed to covary with protozoa
and rotifers, and also with mosquitoes (though mosquitoes
and ants were factorially manipulated, so the correlation
between them is 0). Protozoa and rotifers are also allowed
to covary. To better meet the assumptions of linearity and
homogeneity of variance, all measured variables were loge

transformed. Structural equation models were Wtted using
M-plus (version 3.0, Muthén & Muthén, Los Angeles, CA,
USA). The block experimental design was accommodated
using the “cluster” option. Partial regression coeYcients
were Wrst estimated independently for each site (MI and
FL). Then, to determine if the food webs were functioning
diVerently between sites, I constrained the path coeYcients
to be equal and repeated the analysis. The constrained
model was compared to the unconstrained model using a
hierarchical chi-square test to test the null hypothesis that
the models Wt the data equally well. The chi-square diVer-
ence test required a scaling factor (Satorra and Bentler
2001), which did not change the result of the test.

Laboratory experiments

The eVects of initial stocking density of protozoa and mos-
quito origin on the subsequent protozoan biomass (loge

transformed) were both tested using separate one-way
ANOVAs.

Results

Density and diversity diVerences between sites

Initial densities of bacteria, protozoa and rotifers were sim-
ilar at both sites. Location (site) was a signiWcant factor in
every test (Table 1). By the end of the experiments, rotifer

density was higher in FL, while bacterial density was
higher in MI and protozoan density was much higher in MI
(Figs. 2 and 3). Protozoa samples were more diverse in MI
(2.8 § 0.4, 1–8) than in FL (1.8 § 0.2, 0–5) (mean richness
in fourth sample session § SE, range).

Top-down (mosquito treatment)

Increases in mosquito density caused a signiWcant decline in
rotifer density in both MI and FL (Fig. 2a, Table 1). Proto-
zoan density was also reduced by mosquitoes in both MI and
FL (Fig. 2b, Table 1), though the eVect was stronger in FL
(two-way interaction between site and mosquitoes, Table 1).
In addition, the eVect of mosquitoes is stronger at low ant
densities in MI, but not in FL (three-way interaction between
site, mosquitoes and ants). In contrast, bacteria populations
were unaVected by mosquito treatments (Fig. 2c, Table 1).

Bottom-up (ant treatment)

The response of rotifer density to dead ant additions
depended on location (site). In FL, rotifer density was posi-
tively aVected by ant addition (Fig. 3a, Table 1). In MI, in
the absence of mosquitoes, there was a negative relation-
ship between rotifers and dead ants. However, in the pres-
ence of mosquitoes, rotifer density was reduced so
dramatically that they could not respond to ant treatments
(Fig. 3a, Table 1, three-way interaction between site,
mosquitoes and ants). Protozoan density increased mono-
tonically with ant addition in both MI and FL (Fig. 3b,
Table 1). Bacterial density also increased with ant addition
at both sites (Fig. 3c, Table 1).

EVect size

Top-down forces (mosquitoes) had negative eVects on
rotifer and protozoan populations in both MI and FL and
no discernable eVects on bacteria (Fig. 4a). Bottom-up

Table 1 EVect coeYcients § standard errors for each ANCOVA model (rotifers, protozoa and bacteria)

This is a summary of the eVects of site location, top-down and bottom-up treatments and their interactions on populations sampled from food webs
within purple pitcher plants, Sarracenia purpurea, in Weld experiments in Michigan and Florida

Statistical signiWcance is noted with asterisks (* p < 0.05, *** p < 0.001)

Rotifers Protozoa Bacteria

Site 0.183 § 0.077* ¡4.772 § 0.312*** ¡0.630 § 0.079***

Mosquitoes ¡0.048 § 0.010*** ¡0.384 § 0.042*** ¡0.002 § 0.011

Dead ants 0.018 § 0.010 0.265 § 0.042*** 0.055 § 0.011***

Site £ mosquitoes ¡0.015 § 0.010 ¡0.085 § 0.042* ¡0.004 § 0.011

Site £ dead ants 0.0289 § 0.010* ¡0.083 § 0.042 0.005 § 0.011

Mosquitoes £ dead ants ¡6.8e-5 § 0.001 0.001 § 0.006 0.001 § 0.001

Site £ mosquitoes £ dead ants ¡0.005 § 0.001*** ¡0.012 § 0.006* ¡0.001 § 0.001
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forces (dead ants) had positive eVects on bacterial and
protozoan populations in both MI and FL, and positive
eVects on rotifers in FL, but negative eVects on rotifers in
MI (Fig. 4b). Relative eVect size showed that top-down
eVects predominated in rotifer populations in MI and pro-
tozoa in FL, while bottom-up eVects were more important
than top-down eVects for bacterial populations at both
sites (Fig. 4c).

Path analysis

The path coeYcients for each variable and the standard
error of the estimate summarize the eVects and conWrm
ANCOVA results in terms of both direction and signiW-
cance. Standardized z-scores were computed for each
path coeYcient and used to determine signiWcance (if the
absolute value of the z-score is >1.96, the eVect is signiW-

Fig. 2 The inXuence of the top-down predator treatment (mosquito
larvae) on the population densities of a rotifers, b protozoa, and
c bacteria in pitcher plants in Michigan and Florida. a Rotifer density
is totaled over all sampling sessions; the inset in b shows Florida pro-
tozoa alone with an adjusted y-axis scale for greater visibility;
c bacterial density is shown for the last sampling session. Datapoints
are the mean § SE, pooled across all four resource-addition treatments
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Fig. 3 The inXuence of the bottom-up resource treatment (dead ants)
on the population densities of a rotifers, b protozoa, and c bacteria in
pitcher plants in Michigan and Florida. a Rotifer density is totaled over
all sampling sessions; the inset in b shows Florida protozoa alone with
an adjusted y-axis scale for greater visibility; c bacterial density is
shown for the last sampling session. Datapoints are the mean § SE,
pooled across all four predator-addition treatments
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cant at the p = 0.05 level). The null hypothesis that the
models (i.e., constrained and unconstrained) Wt the data
equally well was rejected (hierarchical X2 = 90.4,
df = 10, p < 0.001) (constrained model RMSEA 0.29).

This suggests that the MI and FL food webs have diVer-
ent parameter values. This is conWrmed by a comparison
of some path coeYcients. For example, bacteria had a
strong eVect on protozoa in MI, but this eVect is absent in
FL (Fig. 1b, c).

Laboratory experiments

When protozoa were stocked at three diVerent densities, the
initial stocking diVerences persisted for a few days, but pro-
tozoan biovolume was no longer signiWcantly diVerent
between stocking-density treatments by day Wve of the
experiment (ms = 3.78 £ 1012, F2,27 = 0.16, p = 0.85) and
remained so (p > 0.05) for the remainder of the experiment.
In the second lab experiment, top-down eVects of mosqui-
toes from northern and southern pitcher plants were com-
pared. Mosquito predation signiWcantly reduced protozoan
biovolume (ms = 4.02 £ 1015, F1,13 = 9.36, p = 0.004), but
mosquito origin did not change the magnitude of the eVect
(Tukey HSD, p = 0.61).

Discussion

Although it has long been recognized that top-down and
bottom-up eVects in food webs are likely to vary across
space, there have been few studies that have experimentally
examined these factors in diVerent environmental contexts.
In this study, I found that in food webs composed of the
same species, the strengths of top-down and bottom-up
eVects varied between trophic levels and sites (Michigan
versus Florida). I hypothesized that top-down eVects would
be stronger in Florida, but only protozoan populations sup-
ported this prediction.

DiVerent densities and dynamics in Michigan 
and Florida

The components of the food webs and the top-down and
bottom-up treatments applied were the same at each site,
but the strength of trophic interactions varied. In most
cases, adding resources bolstered consumer population
density and predators depressed prey populations. The
protozoan community exempliWes these trends, showing a
strong positive response to resources and a negative
response to predators in both MI and FL (Figs. 2b and 3b).
In contrast, the rotifer populations responded diVerently
to treatments in MI and FL (Fig. 3a). The bottom-up treat-
ment had a positive eVect on rotifer density in FL, but an
unexpected negative eVect on rotifer density in MI
(Figs. 3a and 4b). At both sites, mosquitoes reduced roti-
fer density to near zero (Fig. 2a), so the divergent
responses to resource addition (Fig. 3a) are most apparent

Fig. 4 SpeciWc eVect sizes (per mosquito or mg of ants) of a top-
down or b bottom-up factors for rotifers, protozoa, and bacteria in
pitcher plants in Michigan (shaded bars) and Florida (open bars),
mean § SE. The inXuence of each factor (top-down or bottom-up) on
the population density determines the sign of the eVect (positive or
negative). c Relative eVect size indicates the relative importance of
top-down and bottom-up treatments on population density; e.g., if
relative eVect size is positive, bottom-up eVects had a greater impact
on the population density than top-down eVects. See main text for
calculations
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when only the zero-mosquito treatment is considered
(data not shown, Fig. 3 includes all mosquito treatment
levels). In the zero-mosquito treatment, rotifers increased
30-fold with resource addition in FL, while rotifer density
declined across resource addition treatments in MI (three-
way interaction, p < 0.001). The negative eVect of
resources on rotifer density in MI may be due to competi-
tion with protozoa. Though rotifer density was low in
both MI and FL, the density of protozoa was more than
100 times higher in MI. Because protozoan populations
were so large, they may have been able to competitively
suppress rotifer populations when resources were added
to the system. This is a plausible scenario considering that
protozoa can respond numerically to resource addition
faster than rotifers on account of their smaller body size
and shorter generation time (Ellison et al. 2003). Though
exploitative competition is expected between rotifers and
protozoa, rotifers are superior competitors when stocked
at equal densities (Kneitel 2002). However, in this case,
protozoan density was so high in MI that they appear to
have overwhelmed the rotifer population by their abun-
dance and faster numeric population response to resource
availability.

Comparing relative eVect size between Michigan 
and Florida

Relative eVect size was positive for bacteria at both sites
(Fig. 4c), indicating that bottom-up forces had a greater
impact on bacterial populations than top-down forces. This
is consistent with expectations for bacteria because they
feed directly on detrital resources. The top-down eVect of
mosquito predation on bacteria was non-existent. The top-
down eVect may have been mitigated by the extremely high
growth rate of bacteria, and also indirectly by mosquito
feeding on bactivorous rotifers and protozoa. In this sys-
tem, bacteria are prey for both intermediate consumers and
top predators, though their importance in the mosquito diet
is unknown. Indirect eVects (e.g., intraguild predation) may
counteract direct eVects (Morin and Lawler 1996), and
these competing inXuences cannot be distinguished by
eVect size calculations.

Bottom-up eVects were more important for the numeri-
cally dominant middle trophic level group at each site,
protozoa in MI and rotifers in FL, whereas top-down
eVects were more important for the subdominant group,
rotifers in MI and protozoa in FL (Fig. 4c). Whichever
group was at lower density at a site seemed to be more
susceptible to top-down eVects of mosquitoes; in fact,
predation may be the reason for their lower density. How-
ever, it is unknown why either protozoa or rotifers were
numerically dominant.

Between-site diVerences

Many diVerences between the sites may have contributed to
the community response to treatments. Heterogeneity in
temperature can inXuence the relative importance of top-
down and bottom-up eVects in a food web at a single site
(Ritchie 2000; Chase 2000; Barton et al. 2009), and higher
temperatures have been shown to increase the top-down
eVects of pitcher plant mosquito larvae on protozoa
(Hoekman 2010). Ambient temperature diVered between
sites by about 10°C, and may have inXuenced the rates of
predator grazing and bacterial production, even though the
density of predators and the biomass of resources added
were the same for both sites.

The metabolic theory of ecology (MTE) describes how
metabolic rate increases with temperature (Allen et al.
2002; Brown et al. 2004), which can inXuence food web
structure (O’Connor et al. 2009) and metabolic balance
(Yvon-Durocher et al. 2010). The increased metabolic rate
of the predatory mosquito at warmer temperatures in FL
could have resulted in an increased foraging rate that outp-
aced any increase in protozoan population growth rate,
resulting in a stronger relative importance of top-down
eVects in FL. At a given resource supply rate, increased
temperature will result in higher individual metabolic rates
and a lower population density. As MTE predicts, bacteria
were less abundant in FL than in MI (on average by an
order of magnitude). This same eVect of temperature is
expected for protozoan and rotifer populations, and because
their resources (bacteria) are at a lower density in FL, pro-
tozoa and rotifers would be expected to be even more
depressed. This is consistent with lower protozoa densities
in FL than in MI (on average by two orders of magnitude),
but not rotifer densities. Though it is unknown why rotifers
were more abundant in FL, their densities were relatively
low at both sites (MI: 0.29 § 0.07, FL: 0.79 § 0.23, mean
per 100 �L sample § SE).

Although temperature is an important diVerence between
these disparate sites, temperature was not controlled, and
other site and seasonal diVerences may have contributed to
the results. The experiments were not conducted at the
same time, though pitchers (newly opened) and mosquitoes
(third and fourth instars) of the same developmental stage
were used in both experiments to reduce seasonal diVer-
ences. In addition, because there was no replication at the
site level, it is uncertain whether the observed variation in
response was due to environmental diVerences related to
latitude, or if the same amount of variation would have
been observed at replicate sites in MI or FL. The hypothe-
sized role of temperature has some experimental support
(Hoekman 2010), but is only one of many potential contrib-
uting factors.
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Inherent interpopulation diVerences in life-history traits
may contribute to the observed site diVerences in top-down
and bottom-up eVects. Microbial communities are diverse
and can adapt quickly to local conditions (Strickland et al.
2009). The microbial communities within pitcher plants at
disparate sites could have evolved diVerent characteristics,
and because microbes form the base of the food web, their
traits can inXuence the Xow of energy to higher trophic lev-
els. Mosquitoes could also diVer between geographically
separated populations. Top-down eVects on mosquito prey
were similar between the sites, though on average stronger
on protozoa in FL (Fig. 4a). Previous studies have sug-
gested that pitcher plant mosquitoes vary across their geo-
graphical range (e.g., in life history characteristics;
Bradshaw and Holzapfel 2001). This may be due to geno-
typic diVerences between local mosquito populations.
However, a lab experiment suggested that northern and
southern mosquitoes at the same temperature have equal
eVects. Therefore, I assume that MI and FL mosquitoes are
equivalent in predation ability, and that any diVerences in
the relative importance of top-down and bottom-up eVects
are due to other diVerences between sites.

Another explanation for diVerences in results between
MI and FL is initial stocking conditions. I used local in situ
pitcher Xuid to start both experiments. Because the natural
initial density was lower, FL inquiline populations started
at lower densities, and this may explain why they remained
low throughout the experiment. However, the experiments
both lasted for 3 weeks and identical allochthonous
resources were added. Considering the generation time of
the organisms in the food web (a day to a few hours for rot-
ifers and protozoa; less than an hour for bacteria) and the
fact that their populations reached stable levels within each
treatment group by the end of the experiment, initial condi-
tions are not likely to be responsible for the diVerent results.
A laboratory experiment conWrmed that initial stocking den-
sities only persisted for 5 days. Therefore, initial stocking
densities do not explain the lower densities of bacteria and
protozoa in FL pitchers.

Conclusions

An important conclusion that can be drawn from these
experiments is that the relative importance of top-down and
bottom-up eVects varies between diVerent sites of even a
well-conserved food web, and can also vary between tro-
phic levels of a food web in one location. How any given
factor may inXuence the relative importance of top-down
and bottom-up eVects may be contingent upon the speciWc
location or trophic level of the population under consider-
ation. Finally, rising temperature, which accelerates basic
metabolic processes in all systems, may have implications

for population densities, species interactions and the rela-
tive importance of top-down and bottom-up eVects.
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