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Abstract. Ontogenetic changes in consumers can influence the magnitude and outcome of direct and

indirect ecological interactions. Although most research has focused on the consequences of qualitative

changes in diet (i.e., shifts in trophic guild between life-history stages), quantitative effects of ontogeny,

such as size-dependent per capita consumption rates, likely also influence food webs by modulating the

relative importance of top-down control. I examined the effect of predator ontogeny on per capita

consumption rates, selectivity between prey species, and the resulting food-web consequences using a

system of freshwater rock pools on Appledore Island, Maine, USA. The rock pools house a simple tri-

trophic food chain consisting of chlorophyte algae consumed by cladoceran grazers (Moina macrocopa and

Daphnia pulex), which are then preyed upon by the aquatic insect Trichocorixa verticalis (Corixidae).

Laboratory studies showed that Trichocorixa grows substantially during its life history, with size-dependent

(i.e., allometric) increases in per capita predation rates (consuming both Moina and Daphnia). Predation

rates were significantly higher on Moina than Daphnia in single-prey experiments and all instars of

Trichocorixa significantly preferred Moina in choice experiments. In a mesocosm experiment, predation by

Trichocorixa on zooplankters created a top-down trophic cascade by releasing phytoplankton from grazing

and the strength of the cascade increased significantly with Trichocorixa life-history stage. A yearlong

observational study of three rock pools in the field indicated that top-down interactions are present and

strongly affect food-web dynamics in situ, as well. In particular, time-series modeling showed that

increases in Trichocorixa biomass (due to ontogenetic growth and hatching) led to decreases in Moina

population growth rates, which caused increases in phytoplankton population growth rates. Taken

together, these results indicate that consumer ontogeny can affect food-web and ecosystem dynamics

without qualitative niche shifts if per capita feeding rates change substantially over the consumer’s life

history. Given the prevalence of both allometrically scaling consumption rates and dynamically structured

predator populations, top-predator demography may be an important driver of the trophic structure and

dynamics of food webs.
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INTRODUCTION

Most animal species grow substantially as they
develop from newborn (neonate) to adult (Peters
1983, Werner 1988), and many key ecological and
physiological parameters, such as per capita
consumption rate and metabolism, scale allo-
metrically with body size (Mittelbach 1981, Peters
1983, Kooijman 1993, Brown et al. 2004). As a
result, the strengths and outcomes of ecological
interactions may change as a function of the size
distributions of interacting species (Werner and
Gilliam 1984, Persson 1987, Persson et al. 1998,
Cohen et al. 2003, Hildrew et al. 2007a). At the
extreme, ontogenetic changes result in individu-
als qualitatively shifting their diet or habitat use
at a critical point in their life history (e.g.,
metamorphosis), a phenomenon that is known
as an ontogenetic niche shift (Werner and Gilliam
1984) and can have significant effects on the
dynamics of populations, food webs, and eco-
systems (Polis and Strong 1996, Woodward and
Hildrew 2002, Rudolf 2007, Rudolf and Lafferty
2011). However, even if individuals do not shift
their diet or niche qualitatively as they grow,
individual growth often results in important
quantitative changes in vital rates (Kooijman
1993, Brown et al. 2004) which may influence the
strength of ecological interactions.

In particular, many predators show strong
increases in per capita consumption rates as they
develop and grow (Thompson 1975, Mittelbach
1981, Peters 1983, Shine 1991, Kooijman 1993,
Aljetlawi et al. 2004). Although common, in-
creased consumption with size is not universal
among predators: some species show negative or
hump-shaped relationships between individual
size and per capita consumption rate (e.g.,
Persson 1987, Byström and Andersson 2005).
Regardless of the specific relationship between
size and consumption, any ontogenetic change in
the per capita predation rate may influence
population and food-web dynamics by altering
the strength of the predator-prey trophic link and
the relative importance of top-down control in
the food web (Alford 1989, de Roos et al. 2003).
However, the broader ecological effects of any
ontogenetic changes in individual vital rates
depend upon the size-structure of the popula-
tion, particularly whether it is stable or dynamic
(Kooijman 1993).

For example, if the size structure of a predator
population is stable, the overall rate of consump-
tion by the population will depend only on
population density, even if larger predators
consume more prey items per capita. Conversely,
if the size distribution of the predator population
is dynamic (e.g., due to non-overlapping gener-
ations or size-dependent mortality rates) and
individuals display an ontogenetic change in
predation rate, the overall rate of consumption
will fluctuate as a function of the size distribution
of individuals, even if the population size
remains constant. As a result, consumer demog-
raphy may play an important role in dictating the
dynamics of consumer-resource interactions by
causing fluctuations in predation strength and
may even introduce novel, destabilizing feed-
backs between consumer populations and their
resources (de Roos et al. 1990, Persson et al. 1998,
de Roos and Persson 2002, de Roos et al. 2003).
Given the complexity of ecosystems, however,
the trophic consequences of predator ontogeny
and related changes in individual consumption
rates will likely depend upon the food-web
context in which the consumer-resource interac-
tion occurs (Hairston and Hairston 1997, Hil-
drew et al. 2007b, Jones and Jeppesen 2007).

In a simple food chain with three trophic
levels, consumption by the top predator is
predicted to decrease the density of intermediate
consumers, potentially indirectly increasing the
biomass of the basal resource via a trophic
cascade (Hairston et al. 1960, Paine 1980, Strong
1992, Polis 1999, Schmitz et al. 2000, Shurin et al.
2002). It may therefore be expected that more
voracious predators with stronger trophic links
(higher per capita predation rates) will cause
stronger trophic cascades, all else being equal
(Paine 1980, Pace et al. 1999). Indeed, variation in
consumption rates among apex predators is a
major factor influencing the presence and
strength of trophic cascades across ecosystems
(Hairston and Hairston 1993, Polis 1999, Borer et
al. 2005, Hambright et al. 2007). Similarly,
ontogenetically driven variation in a particular
top predator’s consumption rate may shift the
relative importance of top-down and bottom-up
control within the food chain and determine if a
trophic cascade occurs in that ecosystem. How-
ever, despite the near ubiquity of ontogenetic
growth of consumers and relationships between
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body size and per capita consumption rate, the
effects of ontogenetic changes in predator con-
sumption rates on trophic dynamics within
ecosystems remain poorly studied (de Roos et
al. 2003).

Here I examine the role of predator ontogeny,
and thus size, on the rate of predation and the
strength of top-down control in a system of
freshwater rock pools on Appledore Island,
Maine, USA. The pools contain a simple tri-
trophic food chain of phytoplankton (primarily
chlorophyte algae) consumed by herbivorous
zooplankton (primarily Moina macrocopa and
Daphnia pulex [Cladocera, Daphniidae]) which
are in turn preyed upon by Trichocorixa verticalis
(Hemiptera, Corixidae) (J. G. Morin et al.,
unpublished data). Trichocorixa is a potentially
voracious consumer (Wurtsbaugh 1992) that
grows substantially in size during its ontogeny
(Kelts 1979; see also Results). Adult Trichocorixa
prey strongly enough upon Artemia (brine
shrimp) in the Great Salt Lake, USA to release
phytoplankton from grazing pressure and cause
a trophic cascade (Wurtsbaugh 1992). However,
little else is known about the trophic ecology of
this geographically widely distributed and high-
ly invasive aquatic insect (Tones and Hammer
1975, Tones 1977, Kelts 1979, Wurtsbaugh and
Berry 1990, van de Meutter et al. 2010).

Putatively a ‘‘generalist omnivore’’ (Kelts
1979), Trichocorixa possesses piercing and sucking
mouthparts typical of Hemiptera that make it
capable of consuming a wide range of resources
(e.g., filamentous algae, zooplankton, dipertan
larvae). In the rock pools studied here, Cladocera
(Moina in particular) are by far the most
abundant and available prey for Trichocorixa, as
filamentous algae are not found in the pools and
the chironomid larvae present construct protec-
tive cases that deter predation (Dillon 1985; J. L.
Simonis, personal observation). By comparison, the
cladocerans are widely distributed among pools
and often reach densities exceeding 1,000 indi-
viduals/L (Simonis 2012) due to the high pro-
ductivity of the pools (Loder et al. 1996).
However, the cascading effects of Trichocorixa
predation on the food web likely depends upon
which cladocerans are present in the rock pool, as
the two species display widely different intrinsic
rates of population growth (Moina reproduces
much more quickly than Daphnia; J. L. Simonis,

unpublished data). It is also possible that older
Trichocorixa supplement their diet by cannibaliz-
ing younger individuals, a widespread phenom-
enon among the Corixidae (Pajunen and Pajunen
1991), but there are no published data regarding
cannibalism in this species and I have not
observed it in any of my studies (including
experiments designed to test for cannibalism; J. L.
Simonis, personal observation).

The goals of this study were to determine the
effect of top-predator ontogeny on predation rate
and trophic dynamics in the Appledore rock-
pool ecosystem. I used laboratory feeding exper-
iments to show that all life history stages of
Trichocorixa consume both prey species (Daphnia
and Moina), yet prefer Moina, and that per capita
consumption rates scale allometrically with
predator body size. This increase in predation
rate with ontogeny led to a significant increase in
the strength of top-down control in a mesocosm
experiment. The trophic effect of Trichocorixa
ontogeny was evident in unmanipulated rock
pools as well, as increased Trichocorixa biomass
(when Trichocorixa developed into adults and
after the second generation hatched) led to
decreased zooplankton population growth rates
and caused a cascading increase in phytoplank-
ton population growth rates. These results
indicate that even without a qualitative shift in
feeding niche, top predator ontogeny can influ-
ence food-web structure and trophic dynamics.

METHODS

Study system
Trichocorixa is an aquatic insect that is native to

saline and freshwater habitats across North
America (Tones and Hammer 1975, Tones 1977,
Kelts 1979, Wurtsbaugh and Berry 1990) and has
also invaded wetlands in Iberia, Africa, and New
Caledonia (Jansson 1982, Sala and Boix 2005, van
de Meutter et al. 2010). Its ontogeny includes
seven life-history stages: egg, five juvenile instars
(each lasting 5–10 days), and adult. Trichocorixa
overwinters as eggs, hatching commences in
spring or early summer, and there are typically
two or three partially-overlapping generations
per year, resulting in a dynamic population age
structure (Tones 1977, Kelts 1979; see also
Results). Individuals grow substantially over
their ontogeny from approximately 1 mm (body
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length) as first-instar juveniles to approximately
5 mm as adults (Kelts 1979; see also Results). On
the Isles of Shoals Archipelago (Gulf of Maine,
USA), Trichocorixa is commonly found in fresh-
water rock pools that sit above the high tide line.
Appledore, the largest island in the archipelago
and home to the Shoals Marine Laboratory
(SML), is 38.5 ha with approximately 1,500 rock
pools, which range in size from ca. 1.0 to 30,000
L. The Appledore pools contain a relatively
simple food web that is dominated by a tri-
trophic food chain of chlorophyte algae, con-
sumed by Moina and Daphnia, which are, in turn,
preyed upon by Trichocorixa (J. G. Morin et al.,
unpublished data). Although other species of
aquatic invertebrates are found in the pools
(e.g., chironomids, ostracods, and cyclopoid
copepods), the most abundant prey for Trichocor-
ixa are cladocerans, and in particular, Moina
(Simonis 2012).

All Trichocorixa used in experiments reported
here were collected from rock pools on Apple-
dore Island in May and June 2009, held in 20-L
plastic buckets in the laboratory at SML, and fed
ad libitum on a mixture of Daphnia and Moina.
Individual Trichocorixa used in the experiments
were identified to instar based on body shape,
size, color, and wing development, following
Kelts (1979). Separate laboratory cultures of
Daphnia andMoina for use as prey in experiments
were maintained in 20-L buckets and fed rock-
pool phytoplankton.

Characterizing predator and prey sizes
To determine the length and weight of each

non-egg Trichocorixa life-history stage, I removed
22 individuals of each instar from the laboratory
culture, starved them for 24 hours (in individual
vials), and then freeze-killed them at �208C. I
measured each individual’s length, using digital
calipers under a dissecting microscope, and dry
weight (dried at 608C for 48 hours) using an
ultra-micro balance (Sartorius SE2). I fit a
standard length-weight regression to the data
using non-linear least squares regression in R (R
Development Core Team 2011) and determined
the average size of each instar. I also used the
laboratory cultures to determine the average
sizes of Daphnia and Moina. I photographed 20
non-gravid female individuals of each species
under a dissecting microscope (4–103 magnifi-

cation), measured their lengths using ImageJ
software (Abramoff et al. 2004), and converted
the lengths to dry weights using published
relationships (McCauley 1984).

Functional response experiments
I used a set of functional response experiments

to quantify predation rates and determine how
they are influenced by predator age class and
prey species identity. Single Trichocorixa individ-
uals of known instar were placed into glass jars
containing 100 mL of filtered (0.45 lm) well
water and non-gravid, adult female prey of either
Daphnia or Moina. To standardize hunger levels
among predators, I starved the Trichocorixa for 24
hours before each feeding trial. Prey abundances
used were 1, 2, 4, 8, 10, 12, 15, 20, 25, 30, 40, 50,
75, and 100 individuals per jar, giving densities
between 10 and 1,000 prey/L, which spans most
of the range seen in the Appledore rock pools
(Simonis 2012). Experimental jars were placed in
a temperature-stable room (mean: 188C, range:
16–208C) with fluorescent lamps (‘‘plant and
aquarium’’, Phillips 40W) on a 12:12 light:dark
cycle. After 24 hours, I removed the predators
using a wide-bore pipette and enumerated the
remaining prey by filtering the contents of each
jar through a 30-lm mesh sieve and loading the
retained sample into a counting tray. I did not
replace prey during the trials and no predators or
prey were re-used between trials. I conducted
duplicate trials for each of the six predator instars
at each of the 14 prey densities for the two prey
species, giving 336 total trials.

I fit the data using the Rogers Random
Predator Equation, which is a Type-II functional
response adapted to account for depletion of
prey during feeding (Rogers 1972):

N ¼ N0

�
1� eaðNh�PTÞ

�
ð1aÞ

where N is the number of prey eaten out of the
initial number of prey available (N0), a and h are
the baseline attack rate and handling time, P is
the number of predators (here, P¼1), and T is the
total time (here, T¼ 24 h). I adapted Eq. 1a to test
if either handling time or attack rate changed
with predator ontogeny by allowing both a and h
to scale allometrically with predator mass (using
the average dry mass for each instar). I also
tested if there were differences between the
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functional responses for the two prey species by
allowing all parameters to differ between the two
prey species (via a dummy variable approach).
Thus, the attack rate in Eq. 1a is actually

a ¼ ðai þ d 3 DaiÞ3 mðasþd 3 DasÞ ð1bÞ

where ai is the intercept attack rate when
consuming Moina, as is the scaling effect of
predator mass (m) on attack rate when consum-
ingMoina, d is the dummy variable to account for
prey species identity (equal to 0 when prey were
Moina, equal to 1 when prey were Daphnia), and
Dai and Das are the differences in the intercept
and scaling parameters, respectively, between
Daphnia and Moina prey items. Similarly, the
handling time in Eq. 1a is

h ¼ ðhi þ d 3 DhiÞ3 mðhsþd 3 DhsÞ ð1cÞ

where hi is the intercept handling time when
consuming Moina, hs is the scaling effect of
predator mass (m) on handling time when
consuming Moina, d is the dummy variable to
account for prey species identity (equal to 0 when
prey were Moina, equal to 1 when prey were
Daphnia), and Dhi and Dhs are the differences in
the intercept and scaling parameters, respective-
ly, between Daphnia and Moina prey items.

Model fitting was conducted using maximum
likelihood and the mle2 function in the R
package bbmle (Bolker and R Development Core
Team 2011), and the significance of each param-
eter was determined using Likelihood Ratio Tests
(LRTs) based on corrected AIC (AICc) values.
Note, however, that N (the number of prey eaten)
is on both sides of Eq. 1a, and in particular is in
an exponential function on the right-hand side,
meaning that Eq. 1 does not have a simple
closed-form solution. Following McCoy and
Bolker (2008), I solved Eq. 1 using the Lambert
W function, which works appropriately with
standard maximum likelihood-based approach-
es.

Prey choice experiment
I determined the preference of each Trichocorixa

instar for the two prey species (Daphnia and
Moina) using a choice experiment. Predators of
known instar were starved for 24 hours, then
placed singly into glass jars containing 200 mL of
filtered (0.45 lm) well water and 20 non-gravid,
adult females each of Daphnia and Moina (40

cladocerans total, the only density used). The jars
were placed in the same temperature and light
conditions as for the functional response exper-
iments. After 24 hours, I removed the predators
and counted the remaining prey (following
method used for the functional response exper-
iments). I conducted ten replicate trials for each
Trichocorixa instar, for 60 total trials. I did not
replace prey during the trials nor reuse any
predators or prey.

I quantified predator preference using the
Chesson-Manly alpha metric (hereafter: aCM;
Manly 1974, Chesson 1978) with Manly’s (1974)
approximation to account for prey depletion. The
expected value of aCM under no preference with
two prey types is 0.50 for both species, if
predators attack the prey types equally. Howev-
er, Trichocorixa have a much higher predation rate
on Moina than Daphnia (see Results, attack rate on
Moina is 2.84 3 attack rate on Daphnia), perhaps
due to differences in size or behavior between
prey species. Accounting for the difference in
attack rates, I recalculated the expected value of
aCM to be 0.74 for Moina and 0.26 for Daphnia
(following the methods of Chesson 1983, which
are appropriate for situations with prey deple-
tion). I calculated the selectivity of each Trichocor-
ixa instar towards Moina and evaluated the
significance of these selectivities using t-tests
with a null expected value of 0.74. I also
regressed aCM against instar to determine if
selectivity changed with ontogeny.

Food web mesocosm experiment
I then used a mesocosm experiment to deter-

mine if predation by Trichocorixa is strong enough
to affect zooplankton population densities and
cascade to indirectly affect phytoplankton bio-
mass, and if the age-structure of the Trichocorixa
population mediates the strength of the cascade.
Four Trichocorixa treatment levels were used:
predators absent, small juveniles (second and
third instars), large juveniles (fourth and fifth
instars), and adults. I chose these treatment levels
to reflect the age structure typically seen in field
Trichocorixa populations (multiple similar-aged
juvenile instars present simultaneously and
adults often without juveniles present; Tones
1977, Kelts 1979; see also Results), but I excluded
first-instar Trichocorixa in this experiment due to
their high mortality rates (see Results). In July
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2009, I collected and combined water from five
representative rock pools around Appledore
Island. I filtered (30 lm) the water, removing all
macrozooplankton and Trichocorixa, but leaving
microzooplankton and phytoplankton. Meso-
cosms (40-L Rubbermaid totes) were placed
outdoors in full sunlight and arranged in a 4 3

4 grid, then filled with 30 L of the rock-pool
water mixture that had an initial phytoplankton
density of 800 lg chlorophyll-a/L and a salinity of
0.4 ppt. The temperature of the water was 16.88C
when the mesocosms were set up, but it
fluctuated with weather during the course of
the experiment (noontime water temperature
ranged from 16.3 to 28.58C, mean: 22.28C). I then
inoculated all of the mesocosms with a mixture
of zooplankton from the same five pools (sup-
plemented with individuals from the zooplank-
ton laboratory cultures) to create initial densities
of 40 Daphnia/L and 125 Moina/L. These phyto-
plankton and zooplankton densities are within
the range of rock pools on Appledore (Simonis
2012; and see Results).

The mesocosm communities were left to
equilibrate for four days before the Trichocorixa
treatment was established. To minimize any
among-mesocosm variation that might have
developed during these four days, I removed 5
L from each mesocosm, combined and homoge-
nized this volume in a large bucket, removed a
small volume (1 L total) to quantify chlorophyll
and zooplankton densities (methods described
below), and redistributed the remaining volume
equally back among the mesocosms. I then
added fifteen Trichocorixa individuals (0.5 Tricho-
corixa/L) to each of the predator-present meso-
cosms according to the treatment levels outlined
above. For the two juvenile predator treatment
levels, each replicate had the same instar com-
position, determined by availability in the labo-
ratory culture (‘‘small juvenile’’: 10 second-instar
and five third-instar individuals, ‘‘large juvenile’’:
five fourth-instar and 10 fifth-instar individuals).
Each treatment level was replicated four times
and the treatment levels were arranged spatially
in a 43 4 Latin Square design. I covered all of the
mesocosms with 1 mm mesh screening to
prevent any immigration or emigration by
Trichocorixa or other organisms and reinforced
the mesh with chicken wire to exclude gulls
(Larus spp.). The experiment ran for 12 days after

the addition of Trichocorixa, which likely encom-
passed three generations of the dominant prey
species, Moina (Nandini and Sarma 2000). I
checked the mesocosms every three days and
removed and replaced any Trichocorixa that had
molted out of their treatment-level instar class or
had died.

On the final day of the experiment, I sampled
the mesocosms for phytoplankton and zooplank-
ton densities. Prior to sampling, I gently stirred
the mesocosms to homogenize the water column
without resuspending flocculent detritus. I sam-
pled chlorophyll-a as a proxy for phytoplankton
biomass (Wetzel and Likens 2000) by collecting
duplicate water samples from each mesocosm
and filtering them onto glass-fiber filters (What-
man GF-F), with a pre-filtration step using a 75-
lm sieve to remove zooplankton. The GF-F filters
were kept frozen and dark until analyzed. I
extracted chlorophyll-a from the filters in the
dark for 24 hours in cold ethanol (90%) and
measured fluorescence on a desktop fluorometer
(Turner Designs TD-700), with HCl acidification
to correct for phaeopigments (Nusch 1980). To
estimate zooplankton densities, I filtered each
mesocosm in its entirety through a 75-lm mesh
and preserved the contents in 95% ethanol until I
counted them under a dissecting microscope.
When necessary due to high densities, I subsam-
pled the zooplankton samples following stan-
dard protocols (Wetzel and Likens 2000). The
reported and analyzed grazer densities were for
total cladocerans (Moina and Daphnia together),
due to the very low densities of Daphnia in all
mesocosms (see Results).

I analyzed the phytoplankton and zooplankton
data using separate ANOVAs to determine the
overall significance of the Trichocorixa effect and
incorporating two independent a priori contrasts
(Gotelli and Ellison 2004) to address my specific,
directional hypotheses. The first contrast tested
whether the presence of Trichocorixa (of any
instar) induced a trophic cascade. That is, did
the three treatment levels with Trichocorixa
present have significantly lower densities of
zooplankton and significantly higher densities
of phytoplankton than the no-Trichocorixa con-
trols? The second contrast used a linear ordered
term to test if older instars caused significantly
stronger top-down effects. That is, did later instar
treatment levels have significantly lower zoo-
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plankton densities and significantly higher phy-
toplankton densities? Both the zooplankton and
phytoplankton data were log10-transformed pri-
or to analyses to homogenize variances and
normalize residuals. I conducted the ANOVAs
(with a priori contrasts) in R (R Development
Core Team 2011).

Trophic dynamics in the field
Finally, I explored the trophic consequences of

Trichocorixa predation and ontogeny in situ by
sampling a set of three rock pools every 2–4 days
from 22 May to 15 August 2009 (29 sample
dates). At each pool on a sample date, I collected
duplicate 500 mL samples haphazardly from
throughout the water column using a large-bulb
pipette with a 5.0 mm diameter orifice, removed
all invertebrates from the water via a 75-lmmesh
sieve, and preserved the plankton in 95% ethanol
until I enumerated the samples under a dissect-
ing microscope. If any species were present in
high densities, I counted replicate representative
subsamples. I also identified all Trichocorixa
present to instar, based on size and morphology
(Kelts 1979; see also Results), and determined the
total biomass of for Trichocorixa in each sample
using the length-weight regression (see Results). I
estimated phytoplankton biomass in all three
pools on each sample date by collecting duplicate
small volumes of water from each pool (typically
,25 mL), which I processed using the chloro-
phyll-a methods as described for the mesocosm
experiment. Duplicate samples were averaged
(and converted to densities per L) to generate one
datum for each trophic level in each pool on each
sample date. I also measured the temperature,
dissolved oxygen concentration, salinity, and pH
of the pools on each sample date using a YSI 556
Multi-probe and estimated each pool’s volume,
assuming basins were shaped as inverted cones
(following Pajunen and Pajunen 2007). The
volumes of the three pools were approximately
175, 305, and 350 L (see Results), thus each
plankton sampling removed only ;0.3–0.6% of
any population present at that time. I analyzed
the resulting field data using a multivariate
autoregressive state-space model (MARSS; Ives
et al. 2003, Holmes et al. 2012) to determine if the
trophic interactions observed in the experiments
were detectable in situ. The MARSS approach
allows one to estimate species interaction

strengths from time-series data and a typical
model includes two components: a state-process
model, which describes changes in population
sizes due to ecological interactions and environ-
mental covariates, and an observation-process
model, which introduces observation error asso-
ciated with incomplete sampling of the popula-
tions (Ives et al. 1999, Ives et al. 2003, Holmes et
al. 2012).

The state-process model I used relates the
population density of each trophic level at time t
(xt) to the density of all trophic levels (including
itself ) at time t � s (where s is a time lag, here
always s ¼ 1) via interaction strengths B and to
covariates at time t (ct) via parameters C:

xt ¼ Bxt�1 þ uþ Cct þ wt where wt ; MVNð0;QÞ
ð2aÞ

in compact matrix notation (see Appendix A for
the full model form). Here, u are intercepts (one
for each trophic level) and wt are process errors
that are multivariate normal (MVN) with mean 0
and covariance matrix Q. Because the state-
process model (Eq. 2a) relates the populations
at time t¼ 1 to the populations at time t¼ 0, their
states at time t¼ 0 (x0) must be estimated. Here, I
treated the initial conditions of the states as fixed
but unknown parameters p, such that x0 [ p. The
true, but unknown, states xt are then passed
through the observation-process model, which
relates them to the observed values of the
populations at time t (yt) by introducing obser-
vation errors vt (multivariate normal with mean 0
and covariance matrix R):

yt ¼ xt þ vt where vt ; MVNð0;RÞ: ð2bÞ

Rather than fit the R terms (observation varianc-
es) in the MARSS model, I estimated them
externally by determining the average coefficient
of variation among the duplicate samples taken
on each date (following Carpenter et al. 1994).
This resulted in observation variances of 0.007
(phytoplankton), 0.10 (Moina), and 0.30 (Tricho-
corixa), which are similar to other published
values for sampling planktonic organisms (Car-
penter et al. 1994).

To accommodate the irregular sampling re-
gime, I modeled the data using a fixed time step
of one day, covering 86 calendar days, with
observations only occurring on the 29 sample
dates. I treated the three pools as independent
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replicates and included them in a single model
with a common set of B, C, Q, and R parameters,
but with independent u parameters and initial
states p (see Appendix A). All state variable data
were log-transformed prior to analyses and the
covariate data were untransformed, meaning
that the entries in B and C can be interpreted as
the effects of the (log) abundance of species j on
the population growth rate of species i and the
effects of each covariate on each species’ popu-
lation growth rate, respectively. To be included as
true covariates (and not as state variables),
environmental parameters need to have data
for all days modeled, not just the sample dates. I
therefore linearly interpolated each environmen-
tal parameter to estimate their values on the 57
unobserved dates. Further, to make xt dependent
on ct�1 (the time lag on which population
densities influence each other) rather than ct
(the default of the MARSS model; Eq. 2a), I offset
the covariate data forward one day (following
Holmes et al. 2012), necessitating a one-day
backward extrapolation to estimate c0 and avoid
dropping data, which I did using the rate from
the first interpolation (see Appendix A).

The environmental covariates I considered for
the time-series analysis were temperature, dis-
solved oxygen concentration, pH, and salinity.
However, temperature, dissolved oxygen, and
pH were all strongly correlated (qtemp-DO ¼ 0.63,
qtemp-pH ¼ 0.68, qDO-pH ¼ 0.81; all P , 0.001),
likely reflecting that sunny days increase both
water temperature and photosynthesis, photo-
synthesis raises O2 and lowers CO2 concentra-
tions, and lower CO2 leads to higher pH due to
the low buffering capacity of the pools. Temper-
ature was the most predictive of those three
covariates in single-covariate versions of the
model (data not shown), and so only tempera-
ture and salinity were included as covariates in
the full model evaluation. The fullest possible
model therefore included nine parameters in B
(all pairwise species interactions in both direc-
tions and the three autoregressive terms), six
parameters in C (temperature and salinity
independently influencing each of the three
trophic levels), nine parameters in u and nine
parameters in p (separate intercepts and x0 for
each trophic level in each pool), and three
parameters in Q (one process variance for each
trophic level), for a total of 36 parameters (see

Appendix A). The simplest possible model
included 24 parameters: u, p, and Q as they
were in the fullest model, but with B only
including the three autoregressive parameters
and C empty. I determined the best-fitting model
structure using stepwise model selection (both
addition and deletion of parameters) based on
AICc scores and starting from both the fullest
and simplest possible models. The MARSS
models were fit in the MARSS package in R
(Holmes et al. 2012) using the expectation-
maximization (EM) algorithm to find the maxi-
mum likelihood parameter estimates (Holmes
2012).

RESULTS

Predator and prey sizes
Trichocorixa grew substantially during its on-

togeny, with individuals approximately doubling
their mass at each of the five molts (Appendix B:
Fig. B1; dry weight¼ 0.0059 3 length3.078; 92% of
deviance explained). First-instar juveniles
weighed 0.020 6 0.002 mg (dry weight) and
measured 1.24 6 0.02 mm (max length), whereas
adults were nearly 45 times heavier and over
four times longer at 0.864 6 0.070 mg and 5.07 6

0.09 mm (all data means 6 SEM, N ¼ 22
individuals per instar). The size of the prey used
in the experiments was both consistent within,
and quite different between, the two species
(Appendix B: Fig. B1), with Daphnia (0.053 6

0.003 mg, 2.02 6 0.05 mm, mean 6 SEM, N¼ 20)
being substantially larger than Moina (0.012 6

0.001 mg, 1.23 6 0.02 mm, mean 6 SEM, N¼ 20).
As a result, individuals from the two prey species
potentially represented large differences in ener-
getic rewards for the predator, depending on
conversion efficiencies. Also, Trichocorixa individ-
uals grow through the size spectrum of their
prey: first-instar Trichocorixa are nearly identical
in size toMoina but not until the third instar were
individual predators larger than Daphnia (Ap-
pendix B: Fig. B1). This overlap in predator and
prey sizes does not necessarily preclude con-
sumption, as Trichocorixa uses piercing mouth
parts to fluid-feed on its prey and so is not
limited by mouth gape size. However, the
predator-prey size overlap could still influence
the ability of different predator instars to capture
and subdue their prey.
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Functional response experiments
All six instars of Trichocorixa were able to feed

on both prey species and the functional response
curves describing this predation took a saturat-
ing (Type II) shape (Fig. 1). Attack rate and
handling time both had significant intercept
values (Table 1; ai ¼ 0.068 1/h, hi ¼ 0.270 h, both
P , 0.001) and scaled allometrically: attack rate
increased and handling time decreased as func-
tions of predator mass (as ¼ 0.482 1/(h�mg), hs ¼
�0.620 h/mg, both P , 0.001). Three of the four
parameters differed significantly between the
prey species, all showing increased predation
rates onMoina (Tables 1 and 2). Trichocorixa had a
lower attack rate intercept and a higher handling
time intercept when preying upon Daphnia
compared with Moina (respectively, Dai ¼�0.044
1/h, P , 0.001; Dhi ¼ 0.270 h, P ¼ 0.007) and
Trichocorixa’s handling time decreased less rapid-
ly with increasing predator biomass when
consuming Daphnia compared with Moina (Dhs
¼ 0.210 h, P ¼ 0.044). The scaling of attack rate
with predator mass did not significantly differ
between the prey species (Das; P . 0.05).

Although per capita predation was much
higher on Moina than on Daphnia for all six
Trichocorixa instars (Fig. 1, Table 2), the total mass
of Daphnia consumed was substantially higher
than the total mass of Moina consumed, a result
of the size difference between the prey species
(Daphnia is 4.4 times larger than Moina in dry
weight; Appendix B: Fig. B1). Consequently,
mass-specific consumption (mass of prey con-
sumed 4 mass of predator) was much higher for
Trichocorixa of all instars when preying upon
Daphnia than when preying upon Moina (Table
2). Despite the increase in the number of prey
consumed with predator ontogeny, the increase
in prey mass consumed by each instar was less
than the growth in predator biomass between
instars, causing predator mass-specific consump-
tion to decrease monotonically with increasing
instar (Table 2).

Prey choice experiment
When given both prey species together, Tricho-

corixa strongly preferred Moina over Daphnia
(across all predator instars, aCM for Moina ¼
0.930 6 0.014, mean 6 SEM, N ¼ 60) and all six
Trichocorixa instars displayed significant prefer-
ence for Moina, even after accounting for the

difference in their attack rates between the two
prey species (Fig. 2A; P , 0.001 for the first four
juvenile instars, P ¼ 0.026 for fifth-instar juve-
niles, P ¼ 0.019 for adults). Despite all predator
instars preferring Moina, older Trichocorixa were
significantly less selective towards Moina than
were younger individuals (regression of aCM

against instar, slope ¼ �0.032, P , 0.001). As
expected given the functional responses (Fig. 1,
Tables 1 and 2), older predators consumed
significantly more prey individuals in total
(Poisson regression of total prey eaten against
instar, slope¼ 0.18, P , 0.001). There was also a
significant positive correlation between the num-
ber of Moina and the number of Daphnia eaten
(Fig. 2B; r ¼ 0.45, P , 0.001).

Food web mesocosm experiment
The Trichocorixa treatment had significant

effects on the densities of both cladoceran grazers
(F3,12¼ 4.53, P¼ 0.02) and phytoplankton (F3,12¼
3.66, P¼ 0.04) in the mesocosm experiment (Fig.
3). Regardless of instar, the presence of Trichocor-
ixa led to a decrease in the density of cladocerans
and an increase in the density of phytoplankton
(a priori contrasts between treatment levels with
and without Trichocorixa, cladocerans: contrast ¼
�0.116, P ¼ 0.009; phytoplankton: contrast ¼
0.074, P ¼ 0.024; Fig. 3). Further, the strength of
both responses was significantly greater in the
treatments containing later life-history stages of
the predators (a priori linear contrasts among
treatments with Trichocorixa, cladocerans: con-
trast¼�0.344, P¼ 0.019; phytoplankton: contrast
¼ 0.207, P ¼ 0.049; Fig. 3). In the absence of
predators, the density of cladocerans increased
and phytoplankton decreased significantly from
the pre-Trichocorixa densities (dashed lines in Fig.
3; t-tests with null expected values equal to the
initial values; both P , 0.05), indicating that the
zooplankton can reach high enough densities to
suppress phytoplankton population growth
rates. This effect also appeared to occur over
the four day equilibration period before the
addition of Trichocorixa, during which zooplank-
ton concentrations increased from 165 to 223
individuals/L and phytoplankton concentrations
dropped from 800 to 719 lg chlorophyll-a/L (data
not shown). Any change in phytoplankton
density observed in the mesocosms was likely
not the result of excretion by predators or

v www.esajournals.org 9 May 2013 v Volume 4(5) v Article 62

SIMONIS

 21508925, 2013, 5, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1890/E

S13-00019.1, W
iley O

nline L
ibrary on [22/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



grazers, since nutrient concentrations are ex-

tremely high in the Appledore rock pool water

as the result of a steady input of gull guano (Sze

1981, Loder et al. 1996).

Despite the strong preference of Trichocorixa for

Moina and the higher rate of predation on Moina

compared to Daphnia, all of the mesocosms were

dominated by Moina at the end of the experi-

ment. Indeed, Daphnia was only found in three of

the mesocosms and always at much lower

densities than Moina. There was no clear rela-

tionship between the Trichocorixa treatment level

and the presence of Daphnia: they were found in

one mesocosm containing adult predators (17

Daphnia/L) and two containing small juvenile

predators (1 and 2 Daphnia/L). This decrease in

Daphnia densities appears to have begun before

the predator treatment was imposed: during the

four day equilibration period, the density of

Daphnia decreased from 40 to 18 individuals/L

(compared to an increase in Moina from 125 to

205 individuals/L). This suggests that some

aspect of the mesocosm environment was unfa-

vorable for Daphnia. One likely factor may have

been the high phytoplankton densities, as Daph-

nia is not commonly found in rock pools with

over 250 lg chlorophyll-a/L (J. L. Simonis,

unpublished data). Also present in the mesocosms

were Brachionus (rotifer), Acanthocyclops (cope-

pod), and chironomid larvae. However, these

Fig. 1. Functional responses for each of six Trichocorixa instars feeding on (A) Moina or (B) Daphnia. All data

were fit with a single model based on the Rogers Random Predator Equation with allometric scaling of

parameters across instars and differences in all parameters between prey species (Eq. 1 and Table 1). Note the

difference in y-axes between (A) and (B).
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taxa were generally at low densities (,40

individuals/L) and none displayed changes in

density significantly associated with the predator

treatment (data not shown).

Trophic dynamics in the field

All three pools surveyed had populations of

chlorophyte algae, Moina, and Trichocorixa, but

no Daphnia (Fig. 4). There were also populations

of Brachionus and chironomid larvae in all three

pools. However, the chironomids were at rela-

tively low densities (average: 8.6 chironomids/L)

and typically in protective cases attached to the

benthos, which prevent predation by Trichocorixa

(J. L. Simonis, personal observation). The survey

began when the first generation of Trichocorixa

was in the third through fifth instars and lasted

through the hatching and partial development of

the second generation (Appendix B: Fig. B2). The

first generation reached adulthood 2–2.5 weeks

into the survey and the second generation began

hatching approximately three weeks later (Ap-

pendix B: Fig. B2). Trichocorixa population densi-

ties were relatively constant at near 5

individuals/L during the survey period, except

when the population densities temporarily ex-

ploded (ca. Julian Date 190–210, maximum of 116

Trichocorixa/L) due to the hatching of the second

generation (Appendix B: Fig. B2). However, the

second Trichocorixa generation appears to have

experienced high mortality among the youngest

instars, as population densities decreased mark-

edly in the weeks following the hatching and

there was relatively low recruitment to later-

Table 2. Estimated parameters for functional response curves of each Trichocorixa instar consuming each prey

species (Fig. 1) as fitted using the allometric model shown in Table 1.

Prey Instar
Average Corixid mass

(mg dry wt)
Attack rate

(1/h)
Handling
time (h)

Predicted prey eaten�
Predicted
DSC� (%)No. Mass (mg dry wt)

Moina 1 0.038 0.014 2.05 8.61 0.104 273.8
Moina 2 0.085 0.021 1.25 13.61 0.165 193.7
Moina 3 0.130 0.025 0.96 17.25 0.209 160.9
Moina 4 0.241 0.034 0.65 24.27 0.294 121.8
Moina 5 0.495 0.048 0.42 35.55 0.430 87.0
Moina 6 0.992 0.068 0.27 50.18 0.607 61.2
Daphnia 1 0.038 0.005 2.08 5.81 0.307 806.3
Daphnia 2 0.085 0.007 1.49 8.26 0.436 513.2
Daphnia 3 0.130 0.009 1.25 9.93 0.524 404.0
Daphnia 4 0.241 0.012 0.97 12.97 0.685 284.0
Daphnia 5 0.495 0.017 0.72 17.61 0.930 188.1
Daphnia 6 0.992 0.024 0.54 23.58 1.245 125.5

� The predicted number and dry weight of prey eaten (in 24 hours) was determined using the functional responses with 100
initial prey individuals.

� Predicted daily specific consumption (Predicted DSC) was calculated as the predicted mass of prey eaten in 24 hours
divided by the average mass of the Trichocorixa instar and is displayed as a percentage.

Table 1. Best fit parameters from the functional response model where both attack rate and handling time were

allowed to scale allometrically with predator biomass and the resulting four parameters could differ between

prey species (Eq. 1).

Parameter Estimate� SE P

ai 0.068 0.005 ,0.001
Dai �0.044 0.005 ,0.001
as 0.482 0.039 ,0.001
hi 0.270 0.030 ,0.001
Dhi 0.270 0.010 0.007
hs �0.620 0.059 ,0.001
Dhs 0.210 0.104 0.044

Notes: The scaling term for attack rate (as) did not differ significantly between the prey species (Das; LRT, P . 0.05) and thus
was removed from the model. Translation of these parameters into instar- and prey-specific functional response parameters is
shown in Table 2.

�Units were 1/h for attack rates and h for handling time.
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instar stages (Fig. 4A, Appendix B: Fig. B2). As a
result of these changes in total population size
and size-structure, the biomass of Trichocorixa
generally increased during the beginning of the
survey, peaked during the hatching of the second
generation, and decreased at the end of the
survey (Fig. 4A, Appendix B: Fig. B2). Converse-
ly, Moina densities in all three pools were high at
the beginning of the survey, decreased during the
middle of the survey (after Trichocorixa popula-
tions became dominated by adults), and in-
creased again later in the summer following the
mass mortality of the second generation of
Trichocorixa (Figs. 4B, 5). The decrease in Moina

density was also followed by the expected
increase in phytoplankton density (Figs. 4C, 5),
reflecting the trophic cascade seen in the meso-
cosm experiment (Fig. 3). Both the predator-
grazer and grazer-phytoplankton relationships
displayed similar dynamics among the three
pools, as shown by their trajectories in the
consumer-resource phase planes (Fig. 5). And
despite any differences among pools (e.g., vary-
ing densities at the beginning of the experiment,
or offset timing of Trichocorixa maturation), the
temporal dynamics of all three trophic levels
were synchronized among the pools: average
cross-correlation coefficients were 0.69 for the

Fig. 2. Trichocorixa choice between prey species (Daphnia and Moina) across Trichocorixa instars. (A) Preference

of each Trichocorixa instar for Moina (as measured by aCM; points are means with 95% CIs) in relation to the

expected value given the differences in attack rates on the two species (dashed horizontal line; aCM¼ 0.74). (B)

Individual predator data showing the relationship between the number of prey consumed from each species.

Data in (B) were slightly jittered in both the x- and y-directions and the 1:1 line was added to aid interpretation.

Note the different ranges for the x- and y-axes.
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phytoplankton, 0.58 for Moina, and 0.37 for
Trichocorixa (using a 0-time lag and averaging
the three possible pairwise cross-correlation
coefficients for each trophic level).

The MARSS model fit indicated that top-down
interactions were the only trophic factors influ-
encing population dynamics in the field: the
Trichocorixa!Moina (�0.16) and Moina!phyto-
plankton (�0.06) terms were the only non-
autoregressive interaction strengths remaining
in the best-fit model (Table 3). Because these
two direct interactions were both significantly
negative, and not countered by a negative
Trichocorixa!phytoplankton term, the model

indicates that increases in Trichocorixa biomass
led to decreases in Moina density, which led to
increases in phytoplankton chlorophyll-a. That is,
according to the MARSS model, the trophic
cascade was detectible in the time-series data.
Indeed, if the Trichocorixa!Moina and Moina!
phytoplankton terms were excluded from the
model, the Trichocorixa!phytoplankton interac-
tion became significantly positive (maximum
likelihood estimate: 0.08, 95% CI: 0.0–0.15). That
the Trichocorixa!phytoplankton term was not
retained in the best-fit model, however, suggests
that the trophic cascade was approximated well
by the linear combination of the two direct top-
down effects. None of the bottom-up terms were
retained in the best-fit model, but temperature
did positively affect all three trophic level’s rates
of increase (Table 3; Fig. 4D). Temperature was
also strongly correlated among pools (average of
the three between-pool cross-correlation coeffi-
cients was 0.97), and therefore likely contributed
to the temporal dynamics of all three trophic
levels being synchronized across the three pools
(Figs. 4, 5). Salinity, however, did not influence
any trophic level in the pools, likely because salt
concentrations remained low during the entire
survey (see Appendix B: Fig. B3 for all non-
temperature environmental data).

DISCUSSION

Here I have combined laboratory and field
experiments with field survey data in a freshwa-
ter ecosystem to highlight the role that ontoge-
netic changes in top predator consumption rates
play in structuring food webs. Similar to many
other predator taxa, Trichocorixa grew substan-
tially during its life history, with concomitant
increases in consumption rates (Peters 1983,
Kooijman 1993). The allometric increase in per
capita consumption by Trichocorixa manifested in
the rock-pool food web as an increase in top-
down control with predator ontogeny, as dem-
onstrated experimentally and observed in field
data. Similar to other field populations of
Trichocorixa (Tones 1977, Kelts 1979), the popula-
tions surveyed here showed a non-stable stage
structure with partially overlapping generations
and a fluctuating total population size (Appendix
B: Fig. B2), which led to a dynamic Trichocorixa
biomass (and predation rate) and caused the

Fig. 3. Influence of Trichocorixa presence and life-

history stage on the density of (A) cladocerans (Moina

and Daphnia combined) and (B) phytoplankton (mea-

sured as chlorophyll-a) after 12 days in the mesocosm

experiment. Data are back-transformed means 6 SD;

N ¼ 4 for each treatment level. The dashed horizontal

lines represent the density of each trophic level just

prior to Trichocorixa addition (A: 223 cladocerans/L; B:

719 lg chlorophyll-a/L). Treatment levels are repre-

sented along the x-axis: Control (no Trichocorixa), Small

Juveniles (second and third instars), Large Juveniles

(fourth and fifth instars), and Adults.
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direct and indirect effects of Trichocorixa preda-
tion to vary through time. This type of demo-
graphically driven variation in predation
strength may be common given the prevalence
of both allometrically scaling consumption rates
and dynamically structured predator popula-
tions (Peters 1983, Ebenman and Persson 1988,
Werner 1988, Kooijman 1993), and indicates that
the inclusion of stage- or size-specific information
may be important for understanding the trophic

structure and dynamics of food webs (Alford
1989, Hairston and Hairston 1997, de Roos et al.
2003).

The degree to which top predator ontogeny
influences trophic dynamics is likely mediated by
other ecological factors, such as the complexity of
the particular food web (Hairston and Hairston
1997, Hildrew et al. 2007b). Changes in top
predator consumption rates are far more likely
to have straightforward cascading effects in a

Fig. 4. Time series of (A) Trichocorixa, (B) Moina, and (C) phytoplankton densities and temperature (D) in three

rock pools during the summer of 2009. Each set of point and line types represents a different pool and are

consistent across panels. Note the log10 scales of the y-axes in (A, B, C) and the difference in range for the y-axis in

(A) compared to (B and C). For additional physicochemical data, see Appendix B: Fig. B3.
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simple tri-trophic food chain like the (dominant)
chain in the Appledore rock pools than they are
in a more complex food web with many
constituents and linkages. Indeed, Trichocorixa is
capable of consuming a wider variety of resourc-
es than what is present and accessible in the rock
pools (e.g., filamentous algae, dipteran larvae;
Kelts 1979). The higher food-web complexity
found in other ecosystems Trichocorixa inhabits
could alter the trophic influence of this species,
and its ontogeny, on food-web structure and
dynamics (Polis and Strong 1996, Hairston and
Hairston 1997). For example, the presence of
alternative resource types that supplement the
diet of young Trichocorixa instars could help meet
the high energetic demands of these stages,

thereby reducing mortality rates, but may also
induce an ontogenetic niche shift.

In addition to food-web complexity, popula-
tion structure within other trophic levels may
also modulate the trophic effect of ontogenetic
changes in the top predator. For example, many
species at lower trophic levels also grow consid-
erably over their lifetimes, which likely has
consequences for their trophic interactions as
both resources and consumers. This is the case in
the Appledore pools, as both Moina and Daphnia
grow considerably during their own ontogeny
(Anderson et al. 1937, Martı́nez-Jerónimo and
Gutierrez-Valdivia 1991), which likely influences
both their vulnerability to predators and their
grazing rates (Murdoch and Scott 1984, Knoechel

Fig. 5. Phase planes depicting the relationship between Trichocorixa biomass and Moina density (A, C, E) and

the relationship between Moina density and phytoplankton chlorophyll-a (B, D, F) in each of the three pools

shown in Fig. 4 (point and line types match those in Fig. 4). The circled point is the beginning of the time series

and the boxed point is the end of the time series.
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and Holtby 1986). Although it is currently
unknown how selective or efficient Trichocorixa
is when preying upon cladocerans of different
sizes within the same species, many other
predatory aquatic insects show strong selection
for, and higher predation rates on, smaller prey
size classes (e.g., Thompson 1975, Pastorok 1981,
Murdoch and Scott 1984, Ranta and Espo 1989).
Indeed, Trichocorixa is negatively size-selective
when preying upon Artemia brine shrimp
(Wurtsbaugh 1992), which corresponds to the
preference for the smaller cladoceran species
(Moina over Daphnia) shown in the present study
(Fig. 2) and suggests a general preference for
smaller prey items. Considering that the rates at
which cladocerans graze on phytoplankton is
also strongly size-dependent (Knoechel and
Holtby 1986, Kooijman 1993, DeMott et al.
2010), selection by Trichocorixa for specific size-
classes of cladocerans may have cascading effects
on phytoplankton densities and dynamics. Such
size-specific interactions have the potential to
alter the dynamics of tri-trophic food webs
qualitatively by introducing Allee effects or
stabilizing population cycles (de Roos et al.
2003). It is therefore likely that the complete
picture of the food-web consequences caused by
ontogenetically variable predators such as Tricho-
corixa results from a combination of predator and
prey population size structures.

Despite potential confounding factors such as
prey size distributions, increases in Trichocorixa
biomass (and predation rate) did cause signifi-
cant reductions in Moina population growth rates
in situ (Figs. 4, 5). The observed trophic
dynamics were similar across pools and were
consistent with expectation based on the exper-
imental results (Fig. 3). In particular, Moina
densities decreased with the increase in Tricho-

corixa biomass resulting from the first generation
maturing through the last juvenile stages and
into adulthood, then remained low until after
Trichocorixa biomass decreased when the second
generation crashed. That is, the relevant changes
in Trichocorixa biomass and predation rate were
the result of a combination of ontogenetic
growth, reproduction, and mortality. The strong
reduction in prey densities that resulted from the
period of high Trichocorixa biomass had impor-
tant consequences for both the Trichocorixa
populations and the rest of the rock-pool food
web. After reducing Moina to near-extinction, the
adult Trichocorixa densities decreased (Fig. B2),
perhaps driven by flighted emigration in re-
sponse to low resource densities, an expectation
for motile predators based on optimal foraging
theory (Charnov 1976) which occurs in this
system (adult Trichocorixa emigration rates are
negatively related to Moina densities; Simonis
2012). The reduced predation that resulted from
the decrease in adults may have contributed to
the persistence of the Moina populations in the
pools, despite their reaching very low densities,
and would therefore point to the role of predator
dispersal in stabilizing locally unstable food
webs at larger spatial scales (Murdoch and
Stewart-Oaten 1989, Simonis 2012).

The period of low Moina densities may have
also contributed to the mass mortality seen in the
early instars of the second Trichocorixa generation
(ca. Julian Day 200; Figs. 4, 5), as these young
stages have high energetic demands (see daily
specific consumption in Table 2) that may not
have been met by the low densities of prey
present when they hatched. Cannibalism by
adults, which is widespread among the Corix-
idae (Pajunen and Pajunen 1991), may also have
contributed to the high mortality experienced by

Table 3. Parameter estimates and approximate 95% CIs for the best-fitting MARSS model fit to the field survey

data.

Parameter Phytoplankton Moina Trichocorixa Temperature

Phytoplankton 0.88 [0.83 to 0.93] �0.06 [�0.09 to �0.04] 0.05 [0.02 to 0.07]
Moina 0.92 [0.87 to 0.96] �0.16 [�0.30 to �0.02] 0.05 [0.01 to 0.09]
Trichocorixa 0.62 [0.41 to 0.84] 0.05 [�0.01 to 0.10]

Notes: The MARSS model was fit using maximum likelihood estimation and the best model was chosen based on AICc
scores. Parameters are shown as the effect of the column at time t� 1 on the row at time t. Empty entries correspond to (non-
significant) parameters that were removed from the model. No salinity effects were in the final model, so it is absent from the
table. Confidence intervals are shown in the brackets and were approximated from the Hessian matrix using the
MARSSparamCIs function in the MARSS R package (Holmes et al. 2012). Units are: phytoplankton in log(lg chl-a/L), Moina
in log(no./L), Trichocorixa in log(mg dry mass/L), and temperature in 8C.
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juvenile Trichocorixa in the field. However, there
is no published information regarding cannibal-
ism in Trichocorixa and I have not observed it in
any of my studies on this species, which included
experiments designed to test specifically for
cannibalism (J. L. Simonis, unpublished data).
Further, the density of adults (the most likely
cannibalistic stage; Pajunen and Pajunen 1991) in
the pools was very low during the time when the
second generation crashed (Appendix B: Fig. B2).
Whatever its cause, the high juvenile mortality
resulted in generally low recruitment of the
second Trichocorixa generation in these popula-
tions (Fig. 4A; Appendix B: Fig. B2), which could
promote longer term persistence of local Moina
populations. Indeed, the Moina populations did
eventually recover in all three pools, but not until
later in the season, after the Trichocorixa biomass
decreased due to the high mortality of the second
generation (Figs. 4, 5; Appendix B: Fig. B2).

Ontogenetic shifts in feeding ecology, such as
those shown here for Trichocorixa, are widespread
among animal taxa and can strongly influence
the structure and dynamics of food webs (Peters
1983, Werner and Gilliam 1984, Werner 1988,
Polis and Strong 1996, Persson et al. 1998, Rudolf
and Lafferty 2011). Although most research has
focused on the food-web effects of qualitative
feeding shifts, many predators exhibit less
extreme, but still important, quantitative changes
in feeding rates with ontogeny (Peters 1983,
Kooijman 1993). Here I have shown that an
ontogenetic allometric increase in the per capita
rate of predation by Trichocorixa verticalis on
cladoceran zooplankton strengthened the trophic
cascade to primary producers in freshwater rock
pools. As a result, predation by adult Trichocorixa
led to much stronger top-down control than did
predation by juvenile Trichocorixa. Just as among-
taxa differences in predation rates and efficien-
cies may dictate the presence or strength of
trophic cascades across ecosystems (Hairston
and Hairston 1993, Polis 1999, Borer et al.
2005), ontogenetic variation in predation rates
within top predator taxa may influence trophic
dynamics within ecosystems. As a result, the
size-structure of predator populations may play
an important role in dictating when or how
strongly trophic cascades will appear within a
particular ecosystem. These results indicate that
quantitative ontogenetic changes in predator

feeding may also have significant food-web
consequences, and suggest that merging popula-
tion and food web ecology may be necessary to
understand and predict field ecosystem dynam-
ics more accurately (Alford 1989, Hairston and
Hairston 1993, de Roos et al. 2003, Cohen et al.
2003, Hildrew et al. 2007a).
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SUPPLEMENTAL MATERIAL

APPENDIX A

In the main text, the MARSS model was shown in compact matrix notation (Eq. 2). In this
appendix, I give the model in its full form. I also explain the interpolation-extrapolation procedure
used for the covariate data.

MARSS model articulation
In the main text (as Eq. 2), the MARSS model was shown in compact form

xt ¼ Bxt�1 þ uþ Cct þ wt where wt ; MVNð0;QÞ ðA1aÞ

yt ¼ xt þ vt where vt ; MVNð0;RÞ ðA1bÞ

where, for example, xt is actually a 93 1 matrix, with a row for each trophic level in each of the three
pools. Within each pool, the model is structured as
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for the observation-process model. Here, p,M, T, te, and sa refer to phytoplankton,Moina, Trichocorixa,
temperature, and salinity (respectively) and the arrows in subscripts reflect the directionality of the
effect (e.g., p!M refers to the effect of phytoplankton on Moina). As explained in the main text, the
variances describing the observation errors (vt) were estimated independently and fixed. That the off-
diagonal entries in Q and R are all 0 reflects the assumption that there is no covariance in either the
process or observation errors among trophic levels.

When all three pools are included, the model expands to its full form:
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for the observation-process model, where the subscripted numerals denote the three pools (1, 2, and
3). Note that one set of parameters was used for all three pools to describe the between-species (and
autoregressive) interactions and the effects of the covariates, hence why the terms in B and C do not
include subscripted numerals. The final set of parameters, p, were fixed but unknown and described
the state variables at time t ¼ 0, such that x0 [ p:
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Interpolation-extrapolation procedure used with the covariate data
As explained in the main text, modeling temperature and salinity as true covariates (rather than as

additional state variables) requires having data on them for every date in the process model. To
accomplish this, I simply linearly interpolated the data between observations. For example, if
temperature on day t (the first sample date) was observed to be 208C and on day t þ 3 (the second
sample date) was observed to be 24.58C, then I assumed that temperatures on days t þ 1 and t þ 2
were 21.58C and 238C. The interpolated rate of change (in this example, 1.58C/d) was calculated for
each interval between sample dates.

Further, to relate populations at time t þ 1 to covariate levels at time t (to match the time lag on
which the populations affect each other), the covariate data must be shifted forward one day and the
values at time t¼ 0 (the day before the first sample was taken) must be included to avoid dropping
data. Here, I simply assumed that the rate of the first interpolation interval (between the first and
second sample dates) applied to the window from t¼ 0 to t¼ 1, and used this rate to extrapolate the
temperature at t¼ 0. Continuing with this example, I assumed that the temperature at time t� 1 (the
day before the first observation, t ¼ 0) was 18.58C.
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Appendix B

Fig. B1. Length-weight relationship for Trichocorixa (N¼ 132; 22 individuals from each of six instars). The grey

open circles are individual data and the black filled circles are instar means with 95% CIs (the first-instar

individuals are the smallest, and each subsequent instar is larger). The solid line is the length-weight regression

fit to the individual data: dry weight¼ 0.0059 3 length3.078. The open triangle and square are the mean length-

weight for Moina and Daphnia (respectively) used in the laboratory experiments.
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Fig. B2. Average numerical densities (A) and combined age distributions (B) of the three Trichocorixa field

populations. Error bars in (A) are among-pool standard errors. In (B), successive instars are stacked on top of

each other with darkness increasing with stage from white for first instar to black for adult.
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Fig. B3. Additional physicochemical data on the three pools shown in Fig. 4 in the main text (point and line

types matching those in Fig. 4).
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