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Abstract. Species interactions in food webs are usually recognized as dynamic, varying
across species, space, and time because of biotic and abiotic drivers. Yet food webs also show
emergent properties that appear consistent, such as a skewed frequency distribution of interac-
tion strengths (many weak, few strong). Reconciling these two properties requires an under-
standing of the variation in pairwise interaction strengths and its underlying mechanisms. We
estimated stream sculpin feeding rates in three seasons at nine sites in Oregon to examine vari-
ation in trophic interaction strengths both across and within predator–prey pairs. Predator and
prey densities, prey body mass, and abiotic factors were considered as putative drivers of
within-pair variation over space and time. We hypothesized that consistently skewed interac-
tion strength distributions could result if individual interaction strengths show relatively little
variation, or alternatively, if interaction strengths vary but shift in ways that conserve their
overall frequency distribution. Feeding rate distributions remained consistently and positively
skewed across all sites and seasons. The mean coefficient of variation in feeding rates within
each of 25 focal species pairs across surveys was less than half the mean coefficient of variation
seen across species pairs within a survey. The rank order of feeding rates also remained con-
served across streams, seasons and individual surveys. On average, feeding rates on each prey
taxon nonetheless varied by a hundredfold, with some feeding rates showing more variation in
space and others in time. In general, feeding rates increased with prey density and decreased
with high stream flows and low water temperatures, although for nearly half of all species
pairs, factors other than prey density explained the most variation. Our findings show that
although individual interaction strengths exhibit considerable variation in space and time, they
can nonetheless remain relatively consistent, and thus predictable, compared to the even larger
variation that occurs across species pairs. These results highlight how the ecological scale of
inference can strongly shape conclusions about interaction strength consistency and help rec-
oncile how the skewed nature of interaction strength distributions can persist in highly
dynamic food webs.
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INTRODUCTION

Most attributes of food webs—including species com-
position and abundances, network topology, and inter-
action strengths—vary in space and time (Menge et al.
1994, Polis et al. 1996). Deterministic drivers of food-
web variation include both biotic factors, such as species
introductions or extirpations, population cycles, and
organism life-history traits (Boutin et al. 1995, Vander
Zanden et al. 1999, de Roos et al. 2003); and abiotic fac-
tors such as temperature, nutrients, hydrology, light, and

substrate (Menge 2000, Power et al. 2008, Byers et al.
2017). For example, migrations of anadromous fish can
drive predictable seasonal changes in web topology and
energy flow (Naiman et al. 2002), tropical storms can
rapidly alter interaction strengths on islands (Spiller and
Schoener 2007), and climate change is leading to whole-
sale food-web alterations on global scales (Woodward
et al. 2010). Although increasingly recognized, spatial
and temporal food-web variations present challenges to
predicting and managing community dynamics, particu-
larly in species-rich communities, where the relevant
intrinsic and extrinsic drivers are poorly resolved
(Tylianakis et al. 2008).
Although a large body of research shows that food

webs are inherently variable, some empirical food-web
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patterns appear to be relatively consistent in space and
time (Mora et al. 2018). Among these is the skewed fre-
quency distribution of interaction strengths (few strong
and many weak) that has been documented in nearly all
studies with field-based quantitative interaction strength
measures (Paine 1992, Fagan and Hurd 1994, de Ruiter
et al. 1995, Raffaelli and Hall 1996, Wootton 1997,
Woodward et al. 2005, Schleuning et al. 2011, Cross
et al. 2013, Bellmore et al. 2015). This pattern appears
insensitive to ecosystem type, network complexity, the
measure of interaction strength used, and even the type
of interaction under study (Wootton and Emmerson
2005, V�azquez et al. 2012). The persistence of the
skewed distribution of interaction strengths suggests
that (1) despite being variable, the strength of each pair-
wise species interaction shows consistency relative to the
variation seen across co-occurring interactions, or (2)
the relative position of each pairwise interaction along
the distribution is dynamic, but with a distribution-con-
serving fraction of interactions shifting from strong to
weak and vice versa. The latter might occur, for example,
if predators are limited by a maximum total feeding rate
across all of their prey. These two scenarios are not nec-
essarily mutually exclusive, but may represent ends of a
continuum of mechanisms that could underlie observed
interaction strength distributions. Most quantitative
measures of species interaction strength lack the spatial
or temporal replication to test these ideas for multiple
co-occurring interactions in nature.
Estimates of predator feeding rates are useful for

addressing the extent to which species interaction
strengths and their frequency distributions are dynamic
or consistent over space and time. Moreover, there is a
rich literature that seeks to describe mechanistically the
factors driving variation in feeding rates (Jeschke et al.
2002). For example, functional response models gener-
ally predict that feeding rates should increase (often non-
linearly) with prey density (Holling 1959), such that
fluctuations in prey should be a primary factor deter-
mining variation. Predator density, predator and prey
traits (e.g., body size), and environmental conditions are
also linked to variation in feeding rates (Skalski and Gil-
liam 2001, Rall et al. 2012, Kalinoski and DeLong
2016), with changes in each having the potential to alter
interaction strengths and their frequency distribution in
space and time.
In the present study, we addressed two related ques-

tions using replicated in situ feeding-rate estimates of
a focal generalist predator, the reticulate sculpin (Cot-
tus perplexus). First, we ask how dynamic prey-speci-
fic sculpin feeding rates are in space and time. We
use the variation seen in sculpin feeding rates across
their diverse prey community as a relative measure to
compare against the variation seen within species
pairs over space and time. Variation within species
pairs across space and time that is consistently less
than variation across species pairs at a given point in
space and time would suggest that pairwise species

interaction strengths show consistency, which could
underlie the consistency of community-wide interac-
tion-strength frequency distributions. A conserved
rank order of prey-specific feeding rates would also
support this idea. Second, we ask what factors are
driving within–species-pair variation in feeding rates
over space and time? To address this question we
quantify variation in space and time for each interac-
tion individually and determine the extent to which
changes in prey density, conspecific predator density,
prey body mass, or abiotic factors can explain this
variation. We quantified variation in sculpin feeding
rates at spatial and temporal scales that are relevant
to the local dynamics of short-lived organisms (e.g.,
aquatic macroinvertebrates), while incorporating rela-
tively independent stream communities (separated by
a few hundred to a few thousand meters) and envi-
ronmental variation on seasonal time scales (surveys
spanning ~1 yr). In this way, we were interested in
the drivers of consistency (or inconsistency) of species
interactions in similar stream communities at local
scales, rather than broad-scale biogeographic patterns,
which are often assumed to be influenced more
strongly by abiotic variables than biotic interactions
(Wiens 2011).
Our findings show that despite considerable within-

pair variation in feeding rates, “strong” interactions tend
to remain “strong,” and “weak” interactions tend to
remain “weak.” As a result, interaction-strength distri-
butions show consistency in space and time. We also find
that although prey density is a primary factor driving
within-pair variation in feeding rates for many prey taxa,
factors including prey body mass, water temperature,
and stream discharge frequently exhibit even greater
effects for other taxa.

METHODS

Study sites

We estimated feeding rates of reticulate sculpin
(Cottus perplexus) on its macroinvertebrate prey at nine
stream sites within Oregon State University’s McDon-
ald-Dunn Research Forest northwest of Corvallis, Ore-
gon. The nine sites were each ~45 m in length and were
nested within three streams (Berry, Oak, and Soap
Creeks, see Preston et al. 2018). The three study streams
were >4 km apart from one another, and the sites within
each stream were on average 336 m apart (min = 87 m,
max = 950 m). The ecology of streams in the McDon-
ald-Dunn Research Forest has been well studied, includ-
ing extensive work on the diverse (>325 species)
macroinvertebrate community (Anderson and Lehm-
kuhl 1968, Kerst and Anderson 1975, Grafius and
Anderson 1979), community interactions (Davis and
Warren 1965, Hawkins and Furnish 1987), and ecosys-
tem functioning (Warren et al. 1964). In addition to
reticulate sculpin, other resident aquatic vertebrates at
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our sites include cutthroat trout (Oncorhynchus clarkii),
Pacific giant salamanders (Dicamptodon tenebrosus),
and brook lamprey (Lampetra richardsoni).

Estimating feeding rates

We estimated in situ feeding rates by combining gut-
contents data from field surveys with information on the
time period over which prey items remain identifiable in
a sculpin’s stomach (hereafter the “prey identification
time”). Prey-specific sculpin feeding rates were estimated
for each survey as

f̂i ¼ ni
p
1
di
; (1)

where f̂i is the average sculpin’s feeding rate (prey con-
sumed � predator�1 � time�1), ni is the number of prey
items of species i found in a sample of p predator stom-
achs, and di is prey i’s estimated identification time (see
also Novak and Wootton 2008, Novak et al. 2017, Wolf
et al. 2017, and Preston et al. 2018). By using prey-spe-
cific identification-time functions that are parameterized
with covariates from laboratory trials (see below), this
approach explicitly accounts for differences in the
amount of time that prey items persist in stomach con-
tents. When unaccounted for, differences in prey identifi-
cation times will bias inferences about trophic
interactions made from diet data (Hyslop 1980, Fair-
weather and Underwood 1983, Novak 2010, Preston
et al. 2017). Our approach allows the direct estimation
of feeding rates under natural conditions without relying
on experiments or allometric scaling relationships based
on body size or other variables (Novak and Wootton
2008, Novak et al. 2017).

Field surveys

To collect sculpin diet information (ni and p in Eq. 1),
we surveyed each of the nine stream sites in summer
(June/July 2015), fall (September 2015), and spring
(April 2016) (27 total site-by-season replicates). Sculpin
were surveyed systematically throughout the area of the
reach by a crew of four researchers using a backpack
electroshocker (Smith-Root LR20B), a block net
(1.0 9 1.0 m), and two dip nets (0.30 9 0.25 m). Block
nets at each end prevented movement of fish in and out
of the reach during surveys. We anesthetized, weighed,
measured, and nonlethally lavaged each sculpin with a
60-cc syringe and blunt 18-gauge needle to obtain gut
contents. Sculpin were then held in aerated stream water
and released after recovery from anesthesia. We pre-
served stomach contents in 70% ethanol and in the labo-
ratory identified and measured prey for total body
length. To estimate dry mass, we used a conversion
factor based on wet mass for sculpin (Lantry and
O’Gorman 2007) and length-to-mass regressions for

invertebrates (Appendix S1: Table S1). At each site, we
also estimated prey densities by collecting macroinverte-
brates with 10 Surber samples (0.093 m2 in area) evenly
spaced along each reach. Surber samples were preserved
in 70% ethanol and invertebrates were measured for
body length and identified using Merritt et al. (2008).
We quantified abiotic variables at each site, including
stream discharge, canopy openness, substrate size, water
temperature, and stream width (Appendix S1). Last, we
estimated sculpin densities by correcting our elec-
troshock sculpin counts using catch efficiency estimates
from habitat-specific (pool or riffle) mark–recapture sur-
veys conducted at each stream (Appendix S1: Materi-
als).

Prey identification times

Our estimates of prey identification times (di in Eq. 1)
were based on functions from laboratory trials during
which individual sculpin were fed invertebrate prey and
then lavaged over time to determine the rate at which
prey became unidentifiable as a function of covariates.
Our approach for estimating prey identification times is
provided in detail in Preston et al. (2017) and is summa-
rized in Preston et al. (2018). Here we provide an over-
view.
We estimated the prey-specific identification times for

common prey types observed in sculpin diets, including
mayflies (Ephemeroptera), stoneflies (Plecoptera), cad-
disflies (Trichoptera), flies (Diptera), beetles (Coleop-
tera), worms (Annelida), and snails (Juga plicifera;
Appendix S1: Table S2). Our approach therefore incor-
porated differences in prey traits across taxonomic
groups that affect rates of digestion by sculpin. In the
laboratory trials, we varied water temperature (10–
20°C), prey size for each taxon (Appendix S1: Table S2),
and sculpin size (32–86 mm) in a continuous and ran-
domized manner, and then fit Weibull survival curves to
the observed prey status (identifiable or not) as a func-
tion of the covariates (Klein and Moeschberger 2005).
The time periods over which sculpin were lavaged after
feeding ranged from 10 min to 100 h, depending on the
prey type. The estimated laboratory coefficients from the
Weibull survival functions were used with observed
covariate information from our field surveys (i.e., preda-
tor and prey sizes and water temperatures) to estimate
prey identification times for each prey item recovered
from a sculpin’s stomach. For each prey item, the identi-
fication time was estimated as the mean of the probabil-
ity density function that corresponded to the Weibull
survival function under the observed covariate values
(Preston et al. 2017). We then used the average prey-spe-
cific identification times within each survey to calculate
the prey-specific sculpin feeding rates using Eq. 1. For
prey types other than the aforementioned seven taxa, we
used survival function coefficients from morphologically
similar prey types (Appendix S1: Table S3).
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Analyses

We first assessed changes in the overall distribution of
all feeding rates in each survey by examining the distri-
bution parameters including the mean, standard devia-
tion, skewness, and kurtosis. We then quantified the
within-pair variation in feeding rates seen across space
and time and compared it to the variation in feeding
rates seen across species pairs at a given site and time.
Within-pair variation was quantified as the coefficient of
variation for each species pair using the mean and stan-
dard deviation of the prey-specific feeding rates across
surveys. Not all prey taxa were observed in sculpin diets
from all surveys; hence these calculations included up to
9 sites 9 3 seasons = 27 feeding rate estimates for each
species pair (Appendix S1: Table S3). Across-pair varia-
tion was quantified for each survey as the coefficient of
variation calculated using the mean and standard devia-
tion of the survey’s prey-specific feeding rates. To quan-
tify variation within and across species pairs we focused
on the 25 prey taxa (i.e., pairwise interactions with scul-
pin) for which we had at least 2 feeding-rate estimates
per season and at least 10 estimates total across all
site–season combinations (mean = 20.7 estimates;
Appendix S1: Table S3). Together, these taxa represented
88% of the individual prey items that we recovered (see
Results).
Next, we evaluated the consistency in the rank order

of prey-specific feeding rates using Spearman’s correla-
tion coefficients. We did this by ordering the 25 focal
feeding rates by their overall means across all surveys
and assessing deviations from this ordering in each of
the individual surveys (n = 27 surveys). We also assessed
deviations in the rank order across seasons (three sea-
sons) and streams (three streams) using their respective
mean values.
We examined the relative roles of space and time in

contributing to the variation seen within each species
pair (n = 25) using a generalized linear mixed model
(GLMM) with log-transformed feeding rates as the
response (Zuur et al. 2009). Our model included the
fixed effects of reach identity (i.e., “space”) and of season
(i.e., “time”), and random intercept terms for stream
(three reaches per stream) and prey taxonomic identity
(up to 27 feeding rates per prey taxon). Diagnostic plots
and comparisons to a model without random intercept
terms indicated that inclusion of the random effects was
justified (Appendix S1). To assess the contributions of
“space” and “time” fixed effects, we compared the full
model to (1) a model with season only, (2) a model with
reach identity only, and (3) an intercept-only null model.
We compared model performance using small sample
size adjusted Akaike information criterion scores (AICc;
Burnham and Anderson 2002) and evaluated model fit
using marginal and conditional R-squared values (Naka-
gawa and Schielzeth 2013); marginal R-squared repre-
sents variance explained by fixed effects and conditional
R-squared represents variance explained by fixed and

random effects. To examine feeding-rate variation in
space and time further, we also calculated coefficients of
variation for feeding rates on each of the 25 focal taxa
across the 9 sites (using mean feeding rates per site) and
across the three seasons (using mean feeding rates per
season).
Our next goal was to assess the capacity of prey den-

sity, predator density, prey body mass, and abiotic fac-
tors to explain the variation in prey-specific feeding
rates we observed over space and time. These analyses
focused on 20 of the 25 previously considered prey taxa,
as 5 taxa (Dixidae, Ceratopogonidae, Copepoda, Ostra-
coda, Polycentropodidae) were sometimes not detected
in Surber samples, precluding estimates of their density.
The analyses entailed using general linear models for
each focal taxon, including a full model (all four hypoth-
esized drivers included), models with each of the four
predictors alone, and an intercept-only null model (six
total models per prey taxon). Although many other bio-
logically reasonable models (i.e., variable combinations)
are plausible, our primary goal was to determine the uni-
variate explanatory power of the four variables rather
than develop a predictive mechanistic model. Explora-
tory models also included a random intercept term for
reach identity nested within stream, but these decreased
relative model performance (based on AICc scores) and
were thus not included in the final analysis
(Appendix S1). Abiotic factors were incorporated as the
first principal component from a principal-component
analysis (PCA) of stream discharge, canopy openness,
substrate size, water temperature, and stream width,
using mean values per survey. Prey masses were from the
Surber data and not the sculpin diet data. When a prey
taxon was not detected in the Surber samples of a given
survey, the corresponding feeding rate was omitted from
the analysis. Feeding rates and all predictor variables
other than the PC scores were log-transformed to
improve conformance to model assumptions. For each
prey taxon, we used AICc and R2 values to compare the
six models. Lastly, we examined the overall univariate
explanatory power of each of the four predictor vari-
ables across all taxa combined by summing the AICc

scores of each variable’s prey-specific models. Plots
showing covariate correlations and model residuals are
shown in Appendix S1: Fig. S1, S2.

RESULTS

Feeding-rate variation

The frequency distributions of feeding rates were posi-
tively skewed in all seasons and at all sites, exhibiting a
consistent pattern of a few strong and many weak inter-
actions (Fig. 1; Appendix S1: Fig. S3). Estimates of dis-
tribution skewness ranged from 1.4 to 5.4 (mean = 3.7)
across surveys. These and the other distribution
moments we measured did not differ consistently across
streams or reaches, but did show seasonal differences in
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that all were generally highest in the summer
(Appendix S1: Table S4).
In total, we collected 15,471 identifiable prey items

from 2,068 sampled sculpin. The 25 focal prey taxa
accounted for 13,564 prey items (88% of the total). The
majority of these focal prey items belonged to the orders
Ephemeroptera (45%), Diptera (37%), Trichoptera (9%),
and Plecoptera (5%). Mean prey-specific feeding rates
across the focal taxa varied by over three orders of mag-
nitude, with the highest mean feeding rates being on
Baetidae mayflies and Chironomidae midges, and the
lowest being on Juga snails (Fig. 2).
Overall, the variation in feeding rates across species

pairs within a survey was greater than the variation
across surveys within a species pair (Fig. 2, inset). The
mean coefficient of variation was 2.31 across species
pairs (min = 1.27, max = 3.53, median = 2.38; n = 27
surveys), versus 1.05 for variation within species pairs
(min = 0.71, max = 1.63, median = 1.01; n = 25 prey
taxa). The within-pair difference from the lowest to
highest feeding rates across all surveys in space and time
averaged a 102-fold increase, ranging from 14-fold
(Psychodidae flies) to 1,093-fold (Annelid worms).
The rank order of prey-specific feeding rates remained

relatively consistent across seasons, streams, and individ-
ual surveys (Fig. 2; Appendix S1: Fig. S4). The ordering
of mean feeding rates across the three seasons (q = 0.92
in summer; 0.84 in fall; 0.80 in spring) and the three
streams (q = 0.86 at Berry Creek; 0.91 at Oak Creek;
0.86 at Soap Creek) did not differ greatly from the order-
ing of the overall means (Appendix S1: Fig. S4). Across
surveys, the mean Spearman’s correlation coefficient
was 0.71 (range = 0.45–0.93), with deviations from the

order of the mean feeding rates driven primarily by vari-
ation in the lowest feeding rates.

Effects of space and time on within-pair variation

Many prey-specific feeding rates showed strong sea-
sonal variation. Summer corresponded to the highest
feeding rates for 17 of the 25 prey taxa, followed by
spring (7 taxa), and fall (1 taxon; Fig. 3). Among the lar-
gest seasonal changes in mean feeding rates were those
observed on mayflies, including Baetidae (a 4-fold
decrease in mean feeding rates from summer to fall;
Fig. 3h) and Heptageniidae (a 10-fold increase in mean
feeding rates from fall to spring; Fig. 3i). General linear
models fit to all 25 prey-specific feeding rates combined
supported the idea that feeding-rate variation was more
strongly associated with season than reach identity
(Appendix S1: Table S5). The top-performing model
included season alone. Nevertheless, even in the top-
performing model, the fixed effect of season explained
relatively little variation in feeding rates (marginal
R2 = 0.04) compared to the random effect of prey taxon
(conditional R2 = 0.63).
The coefficients of variation for feeding rates in space

versus time reflected the different effects of season on
each prey taxon. The CVs were higher across sites than
across seasons for seven of eight fly and worm taxa
(Appendix S1: Fig. S5). In contrast, for mayflies, stone-
flies, and caddisflies, the CVs were higher across seasons
than across sites for 8 of 11 taxa (Appendix S1: Fig. S5).
In general, the taxa with high variation across seasons
showed consistent differences in mean seasonal feeding
rates (Fig. 3), whereas taxa showing higher variation in

0

10

20

Fr
eq

ue
nc

y

0

10

20

Fr
eq

ue
nc

y
Berry Oak Soap

Summer Fall Spring

–7.5 –5.0 –2.5 0.0 –7.5 –5.0 –2.5 0.0 –7.5 –5.0 –2.5 0.0

Log feeding rate (prey consumed predator–1 hour–1)

FIG. 1. Log-transformed sculpin feeding-rate distributions across three streams (top) and three seasons (bottom). Each distri-
bution includes feeding rates from nine replicate surveys and all observed prey.
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space were not necessarily associated with consistent dif-
ferences in mean reach- or stream-level feeding rates.

Drivers of within-pair variation

The four hypothesized explanatory variables for
within-pair variation in feeding rates (i.e., prey density,
prey body mass, predator density, and abiotic factors)
varied more across seasons than across sites for most
prey taxa. The densities for nine of the taxa considered
in these prey-specific analyses (n = 20) were highest in
summer, while another nine were highest in fall and two
were highest in spring (Appendix S1: Fig. S6). Nine of
the taxa had the largest mean body size in spring
(Appendix S1: Fig. S7). Of the abiotic variables mea-
sured, water temperature and stream discharge showed
the largest variation, with low flows (mean = 0.01 m3/s)
and warm temperature (mean = 15°C) in summer, fol-
lowed by lower temperatures (mean = 10°C) and higher
flows (mean = 0.09 m3/s) in spring (Appendix S1:
Fig. S8). The first principal component from the PCA
analysis, which was associated with 41% of the variation
in the abiotic data, was positively associated with lower
water temperatures and higher discharge (Appendix S1:
Fig. S9). Sculpin densities were highest in summer
(mean = 2.8 m�2) and decreased slightly in fall and

spring (mean = 2.1 m�2 for both) (Appendix S1:
Fig. S10).
Variation in prey density and abiotic factors showed

relatively consistent directional associations with within-
pair variation in feeding rates. Feeding rates increased
with prey density for 18 of the 20 prey taxa
(Appendix S1: Fig. S11, Table S6); the two exceptions
being Empididae flies and Hydracharina mites, which
showed negative relationships. The first principal compo-
nent of our PCA analysis of abiotic variables was nega-
tively associated with feeding rates for 14 of the 20 taxa
(Appendix S1: Fig. S12, Table S6), indicating that feeding
rates decreased at lower temperatures and higher flows.
The directional nature of the relationships between

feeding rates and variation in prey mass and sculpin den-
sity differed widely across the 20 taxa. Prey body mass
was positively associated with feeding rates for 13 taxa
and negatively associated for 7 taxa, without a clear tax-
onomic divide in either the sign or magnitudes of corre-
lations (Appendix S1: Fig. S13, Table S6). Sculpin
densities were positively associated with feeding rates for
half of the taxa and negatively associated with feeding
rates for the other half (Appendix S1: Fig. S14,
Table S6).
The ability of prey density, prey body mass, predator

density, and abiotic factors to explain variation in
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feeding rates differed widely across the 20 prey taxa
(Appendix S1: Table S7). For three taxa, the top-per-
forming model was the full model with all four covari-
ates and for two taxa, the intercept-only model
outperformed all other models (Table 1). Of the other
15 taxa, the top model included only prey density for 7
taxa, abiotic factors for 5 taxa, and prey mass for 3 taxa
(Table 1). The variation explained by the top models
averaged 37% (R2 range: 0.14 to 0.81) after excluding the
two taxa for which the intercept-only model performed
best (Appendix S1: Table S7). Summing the AICc scores
across the 20 taxa resulted in the model including only
abiotic factors having the best relative performance, fol-
lowed by models including only prey density, prey mass,
the intercept-only model, the full model, and only preda-
tor density (Table 1).

DISCUSSION

Ecologists are increasingly grappling with the dynamic
nature of species interactions and the consequences of
food-web variation for the structure and functioning of
communities (Poisot et al. 2015, Lopez et al. 2017, Tylia-
nakis and Morris 2017). Alongside this growing apprecia-
tion for variation, there remains the longstanding

realization that many properties of communities are con-
served (McCann et al. 1998). This includes the skewed
distribution of interaction strengths (many weak, few
strong), which has often been linked to the stability of
species-rich communities (McCann et al. 1998, Borrvall
et al. 2000, Wootton and Emmerson 2005, Gellner and
McCann 2016). This leads to an interesting inconsistency:
if interactions in food webs are highly dynamic, why is
the skewed distribution of interaction strengths appar-
ently conserved? Our results help to reconcile the seem-
ingly contradictory nature of these two properties by
showing how the scale of inference shapes conclusions
about whether species interactions are dynamic or consis-
tent. From the perspective of community-wide variation,
the pairwise interactions in our study system were rela-
tively consistent in space and time; “strong” interactions
remained “strong” and “weak” interactions remained
“weak.” Although within-pair variation averaged a 100-
fold difference from the lowest to highest observed feed-
ing rate, it was much smaller than the variation seen
across pairs, leading to a consistent rank order and over-
all frequency distribution of interaction strengths. Our
results therefore emphasize how food webs with dynamic
interactions can yield properties that are nonetheless con-
served in space and time.

(u) Copepoda (v) Hydacrharina (w) Ostracoda (x) Elmidae (adult) (y) Elmidae (lavrae)

(p) Lepidostomatidae (q) Polycentropodidae (r) Rhyacophilidae (s) Semisulcospidaire (t) Annelida

(k) Chloroperlidae (l) Nemouridae (m) Perlidae (n) Glossosomatidae (o) Hydropsychidae

(f) Simuliidae (g) Tipulidae (h) Baetidae (i) Heptageniidae (j) Leptophlebiidae

(a) Ceratopogonidae (b) Chironomidae (c) Dixidae (d) Empididae (e) Psychodidae
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FIG. 3. Spatial and temporal variation in reticulate sculpin feeding rates on 25 invertebrate prey taxa. The black lines show the
seasonal mean feeding rates, and the gray lines connect the same sites over time. Note the differences in the y-axis scale across
panels.
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The consistency of the pairwise interactions relative to
community-wide variation has several implications. It
suggests the existence of fundamental characteristics
that drive interaction strengths within versus between
interacting species pairs. That is, although within-pair
variation was explained by distinct prey-specific factors
(especially abiotic variables and prey density), the varia-
tion seen across species pairs indicates a more funda-
mental role of prey identity (Preston et al. 2018). Species
identity is associated with a wide range of relevant traits
to foraging predators that are consistent across prey taxa
over the spatiotemporal scale of our surveys. The persis-
tence of common structural characteristics in food webs,
such as motif frequencies and “backbone” interactions
(Mora et al. 2018), may also be explained in part by the
relative consistency of species interaction strengths at
the community scale. Thus, although our findings
should be interpreted within the spatial, temporal, and
ecological (i.e., focal prey community) scale of our sur-
veys, they collectively show that from a community-wide
perspective, interaction strengths may be more pre-
dictable than commonly assumed.
The skewed distributions of interaction strengths

observed in our study and others have parallels to spe-
cies abundance distributions, which generally show a
skewed distribution with many rare species and a few
common species (MacArthur 1960, Whittaker 1965). As
with interaction strength distributions, the mechanisms
generating the skewed species abundance distribution
have been a topic of debate, and have included various
statistical and biological processes (McGill et al. 2007).
Similar to interaction strengths, there is evidence that
“rare” species tend to remain “rare” and “common” spe-
cies remain “common” (McGill et al. 2005). Given the
effects of prey density on the magnitude of prey-specific
predator feeding rates, the shape of species abundance
distributions is potentially a contributing factor in shap-
ing interaction strength distributions. Conversely, biotic
interactions are hypothesized drivers of species abun-
dance distributions, making it possible that both

distributions feed back to influence one another. The
presence of skewed (e.g., log-normal) distributions of
other biological properties, including community body
sizes (Blackburn and Gaston 1994, Limpert et al. 2001),
suggests the possibility of unifying mechanisms underly-
ing diverse community properties, which presents a
promising area for future work (McGill et al. 2007).
The relative consistency of the pairwise interactions

and resulting interaction strength distributions seen in
our study is striking, given that we focused on a general-
ist predator in species-rich streams that typically show
large variation in biotic and abiotic factors (Fisher et al.
1982, Power et al. 2008, Death 2010). Pairwise interac-
tion strengths in streams are expected to be dynamic
because interaction-strength- altering abiotic drivers
themselves vary greatly over time (Power et al. 1988,
Peckarsky et al. 1990, Wootton et al. 1996, Tonkin et al.
2017). Spatial heterogeneity in stream habitat can also
shape community structure over small spatial scales
(Palmer and Poff 1997), and the life histories of many
stream organisms result in fluctuating population abun-
dances and size structures across seasons (Huryn and
Wallace 2000). The observed variation in prey-specific
feeding rates in our study is usefully interpreted in the
context of these factors.
When considered in a univariate fashion, abiotic fac-

tors explained the most variation in feeding rates for five
prey taxa, indicating that knowledge traditionally seen
as vital to predator functional responses was of little
utility for these species. The importance of abiotic condi-
tions was further underscored by the prey-specific mod-
els, including only abiotic factors having the lowest
summed AICc scores. This role of abiotic factors in driv-
ing feeding-rate variation was less apparent in our previ-
ous single-season study (Preston et al. 2018), which
emphasizes the importance of spatiotemporal replica-
tion and scale dependence in considering interaction
strength variation and its drivers. Prey-specific sculpin
feeding rates correlated negatively with stream flow and
positively with water temperatures, consistent with

TABLE 1. Comparisons of the model performance of six sets of models that were used to predict prey-specific feeding rates for
each prey taxon individually.

Model Summed AICc D AICc Top model for prey taxa

Abiotic–PC1 1,185 0 Empididae, Annelida, Glossosomatidae, Hydropsychidae,
Rhyacophilidae

Prey density 1,191 6 Elmidae adults, Chironomidae, Tipulidae, Leptophlebidae, Nemouridae,
Perlidae, Lepidostomatidae

Prey mass 1,232 47 Hydracharina, Elmidae larvae, Simuliidae
Intercept only 1,252 67 Psychodidae, Chloroperlidae
Full model 1,275 90 Baetidae, Hetpageniidae, Semisculcospiridae
Predator density 1,284 99 None

Notes: The models include each predictor alone (prey density, prey mass, predator density, or abiotic variables summarized with
a principle-components analysis), a full model with all four predictors, or an intercept-only null model (six models per prey taxon).
The summed AICc scores are the totals from the prey-specific models (n = 20 taxa per model) and the change in AICc is relative to
the top-performing model. The prey taxa listed indicate the prey for which each model was the top performing (lowest AICc).
Model statistics and partial residual plots are provided in Appendix S1.
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expected effects of these variables on energetic demands,
activity levels, and possibly foraging conditions for fishes
(Elwood and Waters 1969, Kishi et al. 2005).
We found that univariate prey-density models had the

second-best performance behind models with abiotic
variables in explaining within-pair feeding-rate varia-
tion. For most prey (18 of 20 taxa), prey-specific feeding
rates increased as prey-specific density increased, sug-
gesting that sculpin are opportunistically consuming
prey that they encounter, especially at low prey densities.
The relative role of prey density across pairwise interac-
tions was associated with the life histories of the prey
taxa, such as voltinism and length of the nymphal per-
iod. These factors also contributed to differences in vari-
ation associated with space versus time. In general, the
seasonal patterns in feeding rates on mayflies, stoneflies,
and caddisflies were likely driven by their mostly uni-
voltine lifecycles, where densities and size distributions
change markedly over the season and often peak in
spring and summer (Anderson and Wold 1972, Kerst
and Anderson 1974). For instance, the large seasonal
changes in feeding rates on baetid mayflies (highest in
summer) and heptageniid mayflies (highest in spring)
correspond with peak emergence periods, after which
decreases in nymphal densities because of emergence
result in lower feeding rates (Lehmkuhl 1968, 1969).
Feeding rates on prey taxa that showed less seasonal
variation may in turn be related to longer larval periods
or multiple generations per year that result in less tem-
poral fluctuation in prey density and size (e.g., many
dipterans; Dudley and Anderson 1987).
The slopes of the within-pair relationships between

feeding rates and the densities of each prey taxon are
informative because they allow comparisons with predic-
tions from predator functional response models. These
slopes were less than one on the log–log scale for all but
one prey taxon (for which the slope was approximately
one; Appendix S1: Table S6) reflecting decelerating posi-
tive (i.e., saturating) relationships on the natural scale
(Menge et al. 2018). This finding is consistent with
nearly all parametric models of predator functional
responses (Jeschke et al. 2002). The mechanisms under-
lying the saturation of prey-specific feeding rates, how-
ever, are not necessarily clear in that an accelerating
(nonsaturating) slope between feeding rates and prey
densities was observed when considering the relationship
across all prey species combined (Preston et al. 2018 and
Appendix S1: Fig. S2). In other words, feeding rates
increased with within-species differences in prey density
in a decelerating (saturating) form but increased with
between-species differences in prey density in an acceler-
ating (nonsaturating) fashion. Further lines of evidence
indicate that the overall feeding rates of sculpin are not
limited by either handling or digestion times, which are
the typically invoked rate-limiting steps for saturating
functional responses. For instance, the mean number of
prey observed per sculpin was <30 times the maximum
observed, demonstrating that most sculpin are able to

consume far more prey than is observed in their stom-
achs (a widespread characteristic of fishes; Armstrong
and Schindler 2011). It is also noteworthy that for most
taxa (13 of 20) the top-performing model did not include
prey density, and that for 8 taxa prey body mass or abi-
otic factors explained more of the univariate variation in
within-pair feeding rates. Together, these findings show
that functional response models that focus only on varia-
tion in prey density within a single taxon may poorly
predict feeding rates in the field, and that current func-
tional response models (developed on the basis of varia-
tion in density within a prey species) may not be as
easily scaled up to predicting total or between-prey vari-
ation in feeding rates, as often assumed.
Prey mass was most closely associated with feeding-

rate variation for relatively few prey taxa (3 of 20), sug-
gesting that efforts to infer interaction strengths based
on pairwise predator–prey size relationships should be
applied to food webs containing generalist predators
with caution. Across the entire feeding-rates data set,
there appears to be an “optimal” prey mass associated
with the highest feeding rates (Preston et al. 2018 and
Appendix S1: Fig. S2). In general, predators are thought
to select for prey of intermediate predator–prey body-
size ratios, thereby increasing energetic gains from prey
while avoiding large prey that are less efficiently con-
sumed (Brose 2010, Kalinkat et al. 2013). This could
result in either monotonic positive or negative relation-
ships between feeding rates and prey size within a given
prey taxon, depending on where a prey type lies relative
to the optimum. We observed both positive and negative
correlations between prey mass and prey-specific feeding
rates in our analysis, but the direction of the relation-
ships was not consistent with a single optimal prey mass
across all prey taxa. Some prey likely showed negative
relationships between mass and feeding rates because
large prey individuals (e.g., Juga snails) present chal-
lenges for consuming and digesting prey. Recent research
also indicates that differences in the mean and the stan-
dard deviation of predator–prey size relationships across
food webs are linked to changes in overall prey availabil-
ity (Costa-Pereira et al. 2018).
Predator (i.e., sculpin) density was not a primary fac-

tor underlying variation in prey-specific feeding rates in
our data set. The presence and relative importance of
predator dependence has been a debated topic (Abrams
and Ginzburg 2000, Baraquand 2014), with relatively
few studies having assessed predator dependence in field
settings (Novak et al. 2017). The lack of a relationship
for most prey taxa is interesting given that (1) we
observed a negative correlation between sculpin density
and feeding rates across all combined prey taxa from
summer (Preston et al. 2018), and (2) sculpin in streams
are known to be territorial such that increases in density
are expected to increase intraspecific interactions and
decrease time spent feeding (Grossman et al. 2006). It is
possible that wider variation in predator densities,
beyond what was observed naturally at our sites would
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be more effective at revealing whether or not predator
interference occurs in this system. That said, our results
indicate that over the observed range of species densities,
predator dependence is unlikely to shape sculpin feeding
rates strongly relative to other factors.
Several aspects of our study are of relevance in evalu-

ating the generality of our results. We focused on a single
predator species and, for most analyses, only a subset of
its prey taxa. Although sculpins are generalists, as are
most predators, focusing on other predators in our sys-
tem could have altered some conclusions. For instance,
cutthroat trout in our streams show less consistency in
their prey-specific feeding rates across seasons because
of highly variable terrestrial prey availability (Falke et al.
2018). Similarly, incorporating the entire prey commu-
nity, including all rare prey, would likely increase both
within and across-pair variation in feeding rates. Lastly,
although streams in general are highly dynamic, our sites
typically do not dry completely in late summer, unlike
some Mediterranean climate streams, and they no longer
support anadromous fishes, both of which can drive
wholesale food-web alterations (Gasith and Resh 1999,
Naiman et al. 2002).
An important remaining question involves under-

standing how changes in spatial and temporal scale
influence variation in species interaction strengths.
Increases in temporal scale are more likely to capture
infrequent events (e.g., severe floods or droughts) and
long-term directional change (e.g., climate shifts) that
can expand the range of observed environmental varia-
tion, leading to nonstationarity in community structure
(Williams and Jackson 2007, Wolkovich et al. 2014).
Such processes are likely to increase interaction strength
variation, but whether they affect across- and within-
species variation to a similar magnitude is challenging to
predict (Parmesan 2006). As spatial scale increases, sur-
veys would increasingly capture larger variation in spe-
cies abundances and turnover in species composition
due to environmental filters and range limit boundaries.
This too, should increase variation in species interac-
tions. On the other hand, ecological communities are
increasingly becoming homogenized across large spatial
scales because of ongoing species introductions and
habitat alteration (Olden 2006). As rare species are lost
and common species are added, community composition
and relative abundances often become more consistent
across space and time (McKinney and Lockwood 1999),
potentially driving concurrent increases in the consis-
tency of species interaction strength distributions. There
is a need for more quantitative food-web studies that
explore the roles of ecological, temporal, and spatial
scale (McCann et al. 1998) and for further integration
of biotic interactions in explaining biogeographic and
macroecological patterns (Wisz et al. 2013, Poisot et al.
2015, Gravel et al. 2019).
Although the complexity and dynamics of food webs

can appear intractable (Polis 1991), our results indicate
that the dynamics of trophic interactions may be

predictable over space and time based on characteristics
of the interacting species and their environment. Species
interactions can thus be highly dynamic while generating
empirical patterns that prove ubiquitous across unique
food webs (Wootton and Emmerson 2005). Promising
next steps include developing and testing mechanistic
models that incorporate species densities, species traits
beyond body size, and environmental covariates in shap-
ing the strength and functional form of interactions in
species-rich communities. Achieving this aim will benefit
from future empirical work that bridges across scales of
interactions in space and time, ranging from species
pairs to multiple food webs.
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