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Abstract: Despite their widespread presence in northern-latitude ecosystems, the ecological role of Ninespine
Stickleback Pungitius pungitius is not well understood. Ninespine Stickleback can occupy both top and interme-
diate trophic levels in freshwater ecosystems, so their role in food webs as a predator on invertebrates and as a
forage fish for upper level consumers probably is substantial. We introduced Ninespine Sticklebacks to fishless
ponds to elucidate their potential effects as a predator on invertebrate communities in Arctic lentic freshwaters.
We hypothesized that Ninespine Stickleback would affect freshwater invertebrate communities in a top-down
manner. We predicted that the addition of Ninespine Sticklebacks to fishless ponds would: 1) reduce invertebrate
taxonomic richness, 2) decrease overall invertebrate abundance, 3) reduce invertebrate biomass, and 4) decrease
average invertebrate body size. We tested our hypothesis at 2 locations by adding Ninespine Stickleback to isolated
ponds and compared invertebrate communities over time between fish-addition and fishless control ponds. Nine-
spine Sticklebacks exerted strong top-down pressure on invertebrate communities mainly by changing inverte-
brate taxonomic richness and biomass and, to a lesser extent, abundance and average invertebrate size. Our results
supported the hypothesis that Ninespine Stickleback may help shape lentic food webs in the Arctic.
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Fish can shape the structure and composition of aquatic
communities through top-down control on their inverte-
brate prey (Power 1990, Carpenter and Kitchell 1993). De-
spite the clear capacity for fishes to drive top-down effects,
isolating the role of individual fish species or trophic levels
is difficult given the complexity of aquatic food webs (e.g.,
Winkelmann et al. 2011, Helenius et al. 2015). Direct effects
of predation may be masked or modified by other members
of the food web, confusing specific trophic relationships
(Polis 1994, Batzer et al. 2000). Also, the relative position
of fish predators in a food webmay affect predator–prey in-
teractions at lower trophic levels or alter interspecific inter-
actions (Jonsson et al. 2007). The indirect effects of preda-
tors on invertebrate communities (e.g., shifts in invertebrate
behavior)maydilute the effect of direct consumption,mask-
ing important interactions (Batzer et al. 2000, Jonsson et al.
2007). Furthermore, predator effects are often reduced or al-
teredby the spatial complexity of habitat (e.g.,macrophytes),

which can provide refuge for invertebrate prey (Gilinsky
1984, Zimmer et al. 2000, Hornung and Foote 2006). We
are better able to describe specific interactions and the na-
ture and pattern of the effect of specific fish species within
their food webs via the use of experiments and studies com-
paring fishless to fish-inhabited systems (Power 1992, Polis
1994, Batzer et al. 2000, Lepori et al. 2012).

The presence of fish may change the composition, rich-
ness, abundance, biomass, or size of taxa in the invertebrate
community relative to fishless systems (e.g., Gilinsky 1984,
Knapp et al. 2001, Parker et al. 2001, Hornung and Foote
2006, Winkelmann et al. 2011). Consumption of a nonran-
dom subset of prey taxa by newly introduced fish can change
richness or composition of invertebrate taxa (Gilinsky 1984,
Winkelmann et al. 2011, Helenius et al. 2015). Often, within
gape limitations,fish predators preferentially consume large-
bodied individuals or taxa, leading to a decrease in the over-
all size of invertebrates or to a community composed of
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smaller-bodied species (Brooks and Dodson 1965, Carlisle
and Hawkins 1998, Knapp et al. 2001). This preference
may alter the abundance or standing crop of invertebrates
as fish predators consume invertebrate prey.

Small-bodied fish species are often a link in food webs
that allows energy to flow laterally across habitat boundaries
before it flows up the food chain (Schindler and Scheuerell
2002, Vander Zanden and Vadeboncoeur 2002, Solomon
et al. 2011). For example, Vander Zanden and Vadebon-
coeur (2002) found that benthic production indirectly sup-
ported >35% of the diet of 3 piscivorous fishes because their
small-bodied fish prey relied on benthic food sources. One
such group of small-bodied fishes are the sticklebacks, Fam-
ily Gasterosteidae, which, by virtue of their omnivorous di-
etary habits, often serve this intermediate role in aquatic
foodwebs (Morrow 1980, Delbeek andWilliams 1988, Hor-
nung and Foote 2006). McFarland (2015) found that Nine-
spine Stickleback Pungitius pungitius are a valuable food re-
source forArcticGraylingThymallus arcticus and accounted
for 88% of prey biomass consumed in a study on the Arctic
Coastal Plain of Alaska. However, to date, no investigators
have published studies on the influence of Ninespine Stick-
leback predation on invertebrate communities. The few re-
lated studies are limited to observation or comparisons with
other sticklebacks or Arctic Char Salvelinus alpinus (Del-
beek and Williams 1988, Gallagher and Dick 2011, McFar-
land 2015).

This paucity of information on the ecological role of
Ninespine Stickleback is surprising given their circumpolar
distribution and dominance in Arctic lakes (Morrow 1980,
Haynes et al. 2014, Laske et al. 2016). In terms of catch-per-
unit-effort, the average numerical ratio of Ninespine Stick-
leback to other sympatric fish species in lakes of the central
Arctic Coastal Plain of Alaska is ~800∶1 (SML, unpub-
lished data), indicating they make up a large proportion of
fish biomass and probably play a substantial role in food
webs. Considering the rapid metabolism and dietary flexi-
bility of Ninespine Stickleback (Cameron et al. 1973) and
the associated high demand for food resources, they are
likely to affect their invertebrate prey. In experiments on
related species, total invertebrate abundance increased in
the presence of Threespine Stickleback Gasterosteus acule-
atus because predation pressure on large crustaceans re-
leased small-bodied microzooplankton from predation or
competition and caused their numbers to rise (Helenius
et al. 2015). Brook SticklebackCulaea inconstans competed
with large-bodied predatory invertebrates for food, which
led to depletions of predatory and noninsectivorous inverte-
brate biomass and functional replacement of invertebrate
predators by Brook Stickleback (Hornung and Foote 2006).

Ninespine Stickleback have the potential to transfer en-
ergy along multiple trophic pathways (Gallagher and Dick
2011) because of their relative position in local food webs
as either the top fish predator (when found as the sole pred-

atory fish) or as an intermediate predator (when found with
additional predatory fishes). They can mediate the transfer
of energy from littoral habitats to predatory fish in the pe-
lagic zone or indicate changes in the primary source of en-
ergy production (phytoplankton vs periphyton; Gallagher
and Dick 2011). However, their precise role in Arctic food
webs may be difficult to describe in natural habitats where
ecosystem interactions are complex. The ponds and lakes
that routinely contain populations of Ninespine Stickleback
are structurally diverse, with openwater, shallowweedmar-
gins, submerged vegetation, and areas of flooded tundra
(Cameron et al. 1973), all of which may provide different
cover and habitats for invertebrate prey. Furthermore, lim-
nology differs between ponds and lakes (surface area [SA] >
0.1 km2). Lakes tend to be deeper, cooler, and less produc-
tive than ponds (Rautio et al. 2011) and the presence of
predatory fishes in lakes may confound or mute the direct
effects of Ninespine Stickleback on the invertebrate com-
munity. Zooplankton are larger and more abundant in fish-
less systems than in lakes or ponds with fish (Rautio and
Vincent 2006), but discerning the role of individuals in a
multiple-predator environment is complex (Sih et al. 1998).
Therefore, attributing influence solely to Ninespine Stickle-
back would be difficult. Thus, initial explorations of their
ecosystem role may be best examined in simple, isolated
pond systems.

The goal of our study was to investigate the role of
Ninespine Stickleback as a predator in lentic freshwater
food webs in Arctic Alaska via an addition–control exper-
iment to detect top-down effects on invertebrate com-
munity structure. This experimental approach provided
information on the direction and breadth of effects while
controlling for external factors (e.g., waterbody type, inver-
tebrate composition, and fish density). Essentially, we took
the first step in establishing foodweb patterns that could be
driven by the presence of Ninespine Stickleback in Arctic
ponds and lakes. We predicted that the addition of Nine-
spine Stickleback to previously fishless ponds would have
the following top-down effects: 1) reduce invertebrate tax-
onomic richness, 2) lower overall invertebrate abundance,
3) reduce invertebrate biomass, and 4) decrease average in-
vertebrate body size. We repeated our experiment in small,
isolated ponds over sequential years at 2 locations with dif-
fering climate, physiography, and geology (Jorgenson and
Grunblatt 2013) to investigate the potential effect of local
conditions on the role of Ninespine Stickleback in aquatic
food webs.

METHODS
We selected trough ponds from 2 locations (hereafter,

North and South) on the Arctic Coastal Plain, Alaska, in
which to conduct our experiment (Fig. 1A–C). The low-
relief tundra is underlain by thick, continuous permafrost,
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which inhibits subsurface drainage and leads to formation
of various thermokarst water bodies. Troughs form in the
cracks between polygonal ground formations and deepen
as the ice beneath melts. These ponds measured ~1–2 m
wide and 0.5 m deep, with an average pond surface area
of 25 m2 (Table 1). Trough ponds have limited submerged
vegetative cover for invertebrates or fish to use, and most
cover consists of overhanging grasses or flooded grass mar-
gins. Water in the ponds comes from snowmelt in June
and is maintained through subsurface flows and precipita-
tion events until refreezing by October (Koch et al. 2014).
North is underlain with peat and has more standing sur-
face water than South, which is underlain by sand. The lo-
cation of ponds in upland areas and lack of surface water
connections provided aquatic habitats naïve to fish prior
to our experiment.

At each location, we collected Ninespine Stickleback
from 1 lake adjacent to the ponds (<1 km from the pond
site). We set fyke nets with 6.4-mm mesh overnight to
capture fish for transport to ponds. We moved fish in 19-L
buckets, and supplied them with air with the aid of battery-
operated aquarium pumps (Penn Plax Silent-Air B10, Haup-
pauge, NewYork). Fish ranged in size from~30–60mm total
length. We did not keep any fish considered less than age-1
and assumed that no size-based diet differences would exist

based on published diet data for adults (Cameron et al.
1973, Delbeek and Williams 1988). We added Ninespine
Stickleback to ponds based on a previously reported mean
value of 11 g/m2 (Cameron et al. 1973), adjusting the num-
ber of fish added to attain the correct biomass given pond
area. We counted the fish once we attained the desired bio-
mass (Table 1). We added fish to 5 ponds at North (2013)
and 6 ponds at South (2012). We selected an equal number
of control ponds at each location.

One to 2 d prior to adding Ninespine Stickleback, we
used a 243-lm-mesh D-frame dip net with an opening of
604 cm2 to sample nektonic and benthic invertebrates in
all ponds. We moved the net in a J-shaped motion that be-
gan with the net grazing the bottom, then passed the net
horizontally along the bottomandup through thewater col-
umn. We collected 2 replicate dip-net samples from each
pond and noted the depth of the water at each sweep loca-
tion. Replicate net samples increased the opportunity to
capture rare taxa, and we did not compare within-pond var-
iation based on these 2 samples.We examined taxa rarefac-
tion curves before adding fish to assess whether collection
was adequate (Fig. S1; Gotelli and Colwell 2001). At North,
we sampled invertebrates in the same way 1, 3, and 6 wk
post-introduction. At South, we sampled invertebrates 1,
2, and 8 wk post-introduction. We stored invertebrate sam-

Figure 1. Aerial view of trough ponds (A), an on-site view of 1 experimental pond (B), and maps showing the 2 study locations
(North and South; indicated by stars) and the site location in Alaska (C).
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ples in95%ethanol for later processing.Onpost-introduction
sampling days, we recapturedNinespine Sticklebackwith un-
baited minnow traps (23-cm diameter � 44.5-cm length,
two 2.5-cm openings, 6-mm steel mesh) and sampled the
stomach contents by gastric lavage with a 22-gage intrave-
nous catheter attached to a syringe. We flushed stomachs
with 3 to 5 mL of filtered pond water and stored stomach
contents in 95% ethanol.We sampled 6 (North) or 5 (South)
individuals at each fish-addition pond (total5 30 fish/loca-
tion on each sampling date). We then released fish back to
the pond. At North, we also sampled stomach contents 1 d
post-introduction.

In the laboratory, we identified all invertebrates from
dip-net collections and stomach contents to the lowest prac-
tical taxonomic level and assigned a life stage (larva, pupa,
or adult). For example, macroinvertebrates were identified
to family, but Ostracoda were identified no lower than to
class. From the dip-net samples, for each pond and sam-
pling period, we captured images of up to 20 individuals
of each taxon with a Leica DFC425 (Leica Microsystems,
Buffalo Grove, Illinois) cameramounted on a dissectionmi-
croscope. We digitally measured invertebrate lengths with
ImageJ (version 1.48; imagej.nih.gov). We used length–mass
regression equations from the literature to estimate biomass

of invertebrates (Dumont et al. 1975, Pace and Orcutt 1981,
Culver et al. 1985, Benke et al. 1999, Sabo et al. 2002, Gruner
2003, Miyasaka et al. 2008, Rennie and Evans 2012).

Statistical analyses
Invertebrates Wecompared number of invertebrate taxa,
abundance, biomass, and size of invertebrates in control
and fish-addition ponds at each sampling time to assess
whether invertebrate assemblage characteristics changed
in the presence of Ninespine Stickleback. Number of in-
vertebrate taxa was the number of unique invertebrate taxa
found in each pond. Rarefaction was not possible because
drastic differences in invertebrate abundance among addi-
tion treatments (e.g., post-addition at South: average count
in control ponds5 4713 individuals, average count in fish-
addition ponds 5 118 individuals) rendered standardized
measures of richness incomparable. At each pond and sam-
pling time, we divided the number of invertebrates by the
sweep depth of the 2 samples to calculate abundance (num-
ber of invertebrates/cm depth swept). To obtain biomass,
we multiplied the number of invertebrates by the average
biomass on a taxon-specific basis from length–mass equa-
tions (referenced above), and divided by the depth of the

Table 1. Pond location, addition treatment, and surface area (SA). The biomass (g) and number (n) of fish stocked are
given for fish-addition ponds. ID 5 identifier.

Location
Addition
treatment

Pond
ID

SA
(m2)

Fish
added (g)

Fish
added (n)

North Control N2 19.0 – –

N4 45.0 – –

N5 36.0 – –

N6 70.0 – –

N9 20.8 – –

Fish-addition N1 10.5 116 103

N3 58.0 396 393

N7 35.0 385 344

N8 54.6 601 551

N10 38.0 418 353

South Control 3 26.0 – –

4 19.6 – –

7 7.2 – –

8 5.3 – –

9 18.9 – –

11 18.1 – –

Fish-addition 1 15.2 167 153

2 6.5 70 60

5 11.1 122 101

6 8.7 96 93

10 4.3 47 34

12 22.3 245 303
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sweep to obtain biomass/cm of depth swept.We usedmean
weighted length calculations (following methods by Helen-
ius et al. 2015) to estimate differences in overall inverte-
brate size between control and fish-addition ponds at each
sampling time. We tested for effects of addition treatment
and time while accounting for location (fixed effect) and
pond (random effect) based on linear mixed-effects models
in R package nlme (version 3.1-126; R Project for Statistical
Computing, Vienna, Austria) and accounted for temporal
autocorrelation with a 1st-order autoregressive structure
for all models except our model for number of invertebrate
taxa, which was based on compound symmetry (model se-
lection based on lowest Akaike Information Criterion for
small samples [AICc] score; R package AICcmodavg, ver-
sion 2.0-4). Log(x)-transforming abundance and biomass
values prior to analysis improved normality.

We usedmultivariate approaches to examine changes in
invertebrate community composition caused by the addi-
tion treatment, time, and addition-treatment � time inter-
action. We standardized abundances of individual taxa to
species maxima and omitted taxa captured only once dur-
ing the course of the study. We visually examined a non-
metric multidimensional scaling (NMDS) plot (R package
vegan, version 2.3-4) at 2 and 3 dimensions to assess which
yielded the lowest stress. We then used repeated-measures
multivariate analysis of variance (PERMANOVA) based on
dissimilarities using Bray–Curtis distances (function ado-
nis; R package vegan, version 2.3-4) to estimate the propor-
tion of variation explained by location (North vs South), ad-
dition treatment, time, and the addition-treatment � time
interaction in permutation tests (1000 iterations). We re-
peated these analyses on the mass of invertebrates to assess
predation effects on invertebrate biomass.

Stomach contents For each invertebrate taxon at all post-
addition sampling times, we calculated frequency of oc-
currence as the number of fish in which the taxon occurred
divided by the total number of fish with food in their stom-
achs. To calculate the mean proportion of diet items by
number, we summed the invertebrates in the stomach con-
tents of the 5 or 6 sampled fish (fish were pseudo-replicates
within ponds) at each sampling time and calculated the nu-
merical proportions for all taxa standardized to the total.
We assessed the influence of time since introduction on
the mean proportion of diet items by number in Ninespine
Stickleback stomach contentswith PERMANOVAoncom-
monly consumed items (frequency of occurrence > 20%).
This function allowed us to partition sources of variation
and account for the pond effect in the permutation tests
(1000 iterations). We then calculated similarity percentage
(SIMPER; vegan) between diets, by numeric proportion, at
the beginning and end of the experiment using dissimilarity
matrices. At South, we compared diets at week 1 to week 8,
and at North, we compared diets at day 1 to week 6 and di-

ets at week 1 to week 6. Furthermore, we estimated the con-
tributions of potentially influential taxa (mean contribu-
tion to dissimilarity > 10%) to dietary differences.

RESULTS
Invertebrates

Our prediction that introducing Ninespine Stickleback
to ponds would decrease invertebrate richness was sup-
ported. Addition ofNinespine Stickleback reduced the num-
ber of invertebrate taxa in fish-addition ponds at both loca-
tions by an average of 21.7% compared to control ponds
(North: t 5 –2.60, df 5 45, p 5 0.01; South: t 5 –3.11,
df 5 45, p 5 0.003; Fig. 2A, B). Richness attenuated over
the season at all ponds, but the reduction was greatest in
fish-addition ponds. Compared to control ponds, richness
in fish-addition ponds was reduced by an average of 4 taxa
(31.2%) at North and 1 taxon (10.5%) at South. After the
initial decrease, number of taxa did not differ detectably
over time (post-addition; North: t 5 0.20, df 5 45, p 5
0.84; South: t 5 –0.77, df 5 45, p 5 0.44) or by location
(t 5 –1.95, df 5 45, p 5 0.06).

Support for our prediction that introducing Ninespine
Stickleback would decrease invertebrate abundance was
limited (Fig. 2C, D). Abundance initially decreased but
then increased at North (addition treatment � time inter-
action: t 5 3.61, df 5 40, p < 0.001) but remained lower at
South (addition treatment: t 5 –8.88, df 5 18, p < 0.001).
After an immediate decrease (week 1), abundance stayed
low throughout all sampling periods at South (time: t 5
1.05, df5 40, p5 0.30). Fish-addition ponds at South con-
tained 98% fewer invertebrates/cm depth swept than their
control-pond counterparts, but at North, fish addition in-
teracted with time to confound the influence of fish intro-
duction on invertebrate abundance. Abundance rebounded
after an initial 84% decrease (compared to control ponds).
By the 6th wk post-addition, abundance of invertebrates in
fish-addition ponds exceeded control-pond values by 23%.
This increase in abundance was not accompanied by an in-
crease in biomass (Fig. 2C, E).

At both locations, fish addition decreased invertebrate
biomass (North: t 5 –3.06, df 5 18, p 5 0.007; South: t 5
–5.13, df 5 18, p < 0.001; Fig. 2E, F), providing support
for our hypothesis. As with abundance at South, after an ini-
tial decrease in biomass, invertebrate losses stabilized and
did not continue through time. At all post-addition sam-
pling times, invertebrate biomass was ~90% lower in fish-
addition than in control ponds.

Our prediction that introduction of Ninespine Stickle-
back would decrease the overall size of invertebrates in
the ponds was not supported. At both locations, fish addi-
tion did not affect mean weighted size of invertebrates
(North: t 5 –1.36, df 5 45, p 5 0.18; South: t 5 –1.13,
df 5 45, p 5 0.26; Fig. 2G, H). At North, length tended to
diverge over time between addition treatments (addition-
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treatment� time interaction: t5 –1.90, df5 45, p5 0.06),
but sampling time and the addition-treatment � sampling
time interaction were not significant at South, though the
pattern of mean weighted lengths over time was similar for
North and South ponds (Fig. 2G, H).

NMDS plots showed the relative similarity of samples
(centroids of all ponds in the addition-treatment-time
group) for location, addition treatment, and time (Fig. 3A–
F). Three dimensions reduced stress (0.16) and provided
better fit for the data than 2 dimensions. Plots based on
the first 2 dimensions (NMDS1 vs NMDS2; Fig. 3A, D)
showed strong separation of samples by addition treatment
and location and showed that pre-addition communities
were more similar to communities in control than in fish-
addition ponds. Proximity among samples suggested that
fish addition had a greater influence than time on commu-

nity structure. Plots based on the 1st and 3rd dimensions
(NMDS1 vs NMDS3; Fig. 3B, E) showed separation by ad-
dition treatment along the 1st axis. Evaluation of the 2nd

and 3rd dimensions (NMDS2 vsNMDS3; Fig. 3C, F) showed
separation by location.

PERMANOVA supported the trends visible in theNMDS
plot. Fish addition was an important factor in shaping in-
vertebrate communities at North and South regardless of
whether dissimilarities were based on abundance (R2 5
0.38, p < 0.001) or biomass (R2 5 0.35, p < 0.001). Time
accounted for little of the variation in biomass among com-
munities (R2 5 0.02, p 5 0.02). Time and the addition-
treatment � time interaction accounted for little of the
variation in abundances among communities (time: R2 5
0.02, p 5 0.02; addition-treatment � time interaction:
R2 5 0.01, p5 0.05). The amounts of variation in biomass

Figure 2. Box-and-whisker plots for the number of taxa (A, B), abundance (C, D), biomass (E, F), and size (G, H) of invertebrates
before and after Ninespine Stickleback addition to ponds in the North (A, C, E, and G) and South (B, D, F, and H) locations. Lines in
boxes are medians, box-ends are quartiles, whiskers are 1.5 � inter-quartile range, and dots show outliers. The vertical dashed line
separates pre-addition and post-addition sampling dates. No. 5 number, Wk 5 week, pre 5 pre-addition.
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or abundance among communities explained by sampling
time (the repeated-measure) were ≤2%. Location, which
appeared distinctly in our NMDS plots, was a secondary
source of variation in abundance (R2 5 0.20, p < 0.001)
and biomass (R2 5 0.22, p < 0.001) among communities.

Stomach contents
Based on frequency of occurrence, the diets of Nine-

spine Stickleback were more diverse at North than South
(Tables 2, 3). Three taxa occurred regularly in the diets of
Ninespine Stickleback at both North and South. At South,
Chironomidae (larva and pupa), Cyclopoida, and Harpac-
ticoida had a frequency of occurrence >30% at each sam-

pling time. At North, Chironomidae (larvae and pupae)
and Cyclopoida had a frequency of occurrence >30% at
all time periods and Harpacticoida had a frequency of oc-
currence ≥30% at wk 3 and wk 6. Harpacticoida, Chydo-
ridae, and Ostracoda increased in frequency of occurrence
(Tables 2, 3) and numeric proportion in fish stomach con-
tents (Fig. 4) after the abundance of large-bodied prey de-
clined. Chironomidae frequency of occurrence was con-
sistent throughout the experiment (Tables 2, 3), and the
numeric proportion of all Diptera (larvae and pupae), in-
cluding Chironomidae, in the diets was relatively consistent
(Fig. 4). We saw a shift from larger prey (e.g., Daphnii-
dae) to small-bodied prey (e.g., Harpacticoida) at both loca-
tions (Fig. 4). Consumption of Daphniidae and Baetidae

Figure 3. Nonmetric multidimensional scaling (NMDS) plots for invertebrate communities based on abundance (A–C) and
biomass (D–F). Individual points represent the centroids of invertebrate communities for North (N) and South (S) pre-addition,
control, and stickleback addition ponds at each sampling time. Proximity indicates similarity among communities.
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occurred only within the 1st wk after introduction, and dif-
ferences in abundance indicated that these taxa were re-
moved from the invertebrate communities of fish-addition
ponds (Fig. 5A, B).

Given the differences in invertebrate communities by
location, we analyzed the numeric proportion of diet con-
tents separately for North and South. At both locations, we
observed a change in stomach contents over time (PER-
MANOVA, North: R2 5 0.16, p 5 0.005; South: R2 5
0.24, p < 0.001). The dissimilarity matrix indicated changes
in both proportion of diet items and identity of prey. Diets
differed by 82% from week 1 to week 8 at South (SIMPER),
primarily because of changes inHarpacticoida, Daphniidae,
and Cyclopoida, with mean contributions to diet dissimi-
larity of 23 ± 16 (SD), 17 ± 19, and 15 ±14%, respectively.
At North, diets differed by 81% from day 1 to week 6 and
by 68% from week 1 to week 6. From day 1, Daphniidae
and Harpacticoida drove these differences, with mean con-
tributions to diet dissimilarity of 26 ± 15 and 13 ± 11%,
respectively. From week 1, Ostracoda and Harpacticoida

supported these differences, with mean contributions to
diet dissimilarity of 17 ± 19 and 12 ± 12%, respectively.

DISCUSSION
We found support for our hypothesis that Ninespine

Stickleback exert top-down controls on invertebrate com-
munities of small Arctic ponds common across the Alaskan
Arctic landscape. The effects of fish on the invertebrate
community occurred rapidly and persisted throughout
the short growing season, and communities quickly shifted
from pre-addition and control values. Selective feeding by
Ninespine Stickleback (e.g., Ingram et al. 2011, Helenius
et al. 2015) targeted specific taxa. This preferential feeding
resulted in complete losses of large-bodied, nektonic taxa
like Daphniidae and Baetidae, providing evidence that top-
down effects can be strong enough to drive local extinc-
tions. By the end of the experiment, Ninespine Stickleback
consumption had shifted toward benthic prey like harp-
acticoid copepods. Behavioral differences between nektonic

Table 2. Frequency of occurrence (% of Ninespine Stickleback with a given taxon in stomach contents) at North
1 d (d1), 1 wk (wk1), 3 wk (wk3), and 6 wk (wk6) post-addition.

Taxon

Frequency of occurrence (%)

d1 wk1 wk3 wk6

Chironomidae 77 40 80 77

Daphniidae 63 7 0 0

Chaoboridae 43 0 0 0

Cyclopoida 43 67 47 77

Baetidae 37 0 0 0

Unknown Diptera 33 93 37 40

Dytiscidae 20 20 3 0

Harpacticoida 10 23 30 73

Ostracoda 10 23 23 20

Hydrachnidia 10 7 0 3

Calanoida 10 0 3 3

Terrestrial 7 23 60 13

Chydoridae 7 3 23 50

Ceratopogonidae 7 0 3 7

Dixidae 3 7 0 3

Unknown Trichoptera 3 7 0 0

Tipulidae 3 3 0 0

Copepod nauplii 3 0 0 17

Collembola 0 13 23 13

Physidae 0 13 3 0

Nematoda 0 7 0 7

Unknown Cladocera 0 3 0 0

Unknown Ephemeroptera 0 3 0 0

Unknown Copepoda 0 0 3 0
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and benthic taxa probably contributed to the order in which
these prey were consumed. Active prey or those swimming
in the water column, like Baetidae and Daphniidae, may
have a higher risk of encounter with fish predators (Well-
born et al. 1996) and might have been more likely to be
consumed than taxa that use cover (e.g., tuft-weaving or
tube-building midges; Gilinsky 1984, Power et al. 1992). By
selecting specific taxa from the available pool (Delbeek and
Williams 1988), Ninespine Stickleback effectively altered the
community of invertebrates. Our experimental approach
was useful for discerning the potential effects of fish on
lower trophic levels because it controlled for confounding
factors, including differences arising from location, shifts
in diet composition over time, and changes in invertebrate
communities unrelated to fish predation (e.g., emergence).

Location of the experimental ponds was a secondary
source of variation for invertebrate abundance and biomass,
but experimental outcomes demonstrated the importance
of Ninespine Stickleback presence across spatial gradients
of climate or physiography. Initial invertebrate communi-
ties atNorth and South varied before introducingNinespine
Stickleback into ponds. We found a greater number of taxa
at North, which was reflected in the diets of fish, and 2 taxa
(Chydoridae and Baetidae) appeared consistently at North
but not at South. Fish consumed both of these taxa—
Baetidae early on and Chydoridae later. However, when
we excluded these items, diets of fish at North and South
appeared similar. Fish consumed 6 primary taxa: Daphnii-
dae, cyclopoid copepods, harpacticoid copepods, ostracods,
copepod nauplii, and assorted Diptera. In North ponds, re-
placementof larger invertebrates by smaller ones (e.g., Daph-

niidae for copepods) damped losses in overall abundance
but resulted in a loss of biomass. However, at South, the
presence of Ninespine Stickleback led to dramatic losses
of invertebrate abundance in fish-addition ponds, whereas
invertebrate abundance nearly doubled in control ponds.
Continued invertebrate population growth in control ponds
would lead to greater abundance, but in all ponds at South,
the water level fell by up to 0.25 m in the last week of July
(SML, unpublished data) because of dry conditions in 2012
(Koch et al. 2014). This loss of volume concentrated inver-
tebrates in open water, away from grassy pond margins, en-
hanced our ability to capture most taxa, and increased the
availability of invertebrates to fish in fish-addition ponds
(Gilinsky 1984, Hornung and Foote 2006), which could have
increased the difference between addition treatments at
South ponds.

Predation pressure on specific taxa led to shifts in inver-
tebrate community structure (similar to findings by Bendell
and McNicol 1987, Herbst et al. 2009, Winkelmann et al.
2011). Fish diet breadth is hypothesized to be narrower
and selection of larger prey to be stronger when prey exist
at high densities (Werner and Hall 1974, Maszczyk and
Gliwicz 2014). Ninespine Stickleback exhibited this type
of prey selectivity early in the experiment, when 50 to 70%
of their diet consisted of 1 or 2 relatively abundant taxa,
Daphniidae and Baetidae. Selective feeding exerted top-
down control on invertebrate communities (Herbst et al.
2009, Helenius et al. 2015), so Ninespine Stickleback preda-
tion shaped the community over time as they sequentially
consumed prey in accordance with availability (Delbeek and
Williams 1988).

Table 3. Frequency of occurrence (% of Ninespine Stickleback with a given taxon in stomach contents)
at South 1 wk (wk1), 2 wk (wk2), and 8 wk (wk8) post-addition.

Taxon

Frequency of occurrence (%)

wk1 wk2 wk8

Cyclopoida 59 85 70

Daphniidae 52 4 0

Harpacticoida 48 44 93

Chironomidae 33 67 57

Copepod nauplii 30 15 0

Empididae 11 15 0

Hydrachnidiae 11 4 7

Ostracoda 7 22 47

Dytiscidae 7 0 0

Collembola 0 11 7

Dixidae 0 7 0

Limnephilidae 0 4 0

Oligochaeta 0 4 0

Tardigrada 0 0 3

Terrestrial 0 4 3
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The shift to smaller taxa was more prominent in ponds
at North than South. At North, abundance of small-bodied
cyclopoid and harpacticoid copepods increased in fish-
addition ponds relative to control ponds, but we did not
see this pattern at South. At North, these 2 taxa became
so abundant relative to other taxa that they made up nearly
the total invertebrate composition in fish-addition ponds
in contrast to the declines in abundance of all taxa ob-
served at South. Increased abundance of small taxa is com-
mon in the presence of selective foragers like Ninespine
Stickleback (Helenius et al. 2015). Increase in small-bodied
taxa could result if Ninespine Stickleback reduced the
abundance of large-bodied insectivorous or planktivorous
taxa that feed upon smaller individuals without consuming
the small-bodied pond residents themselves (Batzer et al.
2000). Another explanation is that, under intense preda-
tion, size selection for Daphniidae by Ninespine Stickle-

back could ease competition betweenDaphniidae and small
copepods, thereby allowing small-bodied zooplankton to
dominate (Brooks and Dodson 1965). Furthermore, small
taxa, like Harpacticoida and Ostracoda, generally are asso-
ciated with the bottom, whereas cladocerans are in the wa-
ter column. The cover of benthic sedimentsmay allow these
taxa to avoid predators, especially when other large-bodied
prey are available (Bendell and McNicol 1987).

However, no significant reduction of invertebrate size
was evident over time. Size selection by Ninespine Stickle-
back might have been less apparent because overall varia-
tion in the sizes of invertebrates present in the ponds was
small. In other words, size selection might have been less
apparent than taxonomic selection (i.e., Daphniidae con-
sumed first). However, Ninespine Stickleback have gape
limitations (largest reported taxa from diets studied by
Cameron et al. 1973 was 10 mm). Some resident pond taxa

Figure 4. Diet proportions, by number, of common prey items found in Ninespine Stickleback stomach contents at each sampling
time. At North (A), we collected contents 1 day (d1), 1 wk (wk1), 3 wk (wk3), and 6 wk (wk6) post-addition, and at South (B) we
collected contents 1 wk (wk1), 2 wk (wk2), and 8 wk (wk8) post-addition. Diptera includes larvae and pupae of Chironomidae,
Chaoboridae, Ceratopogonidae, Dixidae, Empididae, Tipulidae, and digested (unknown) Diptera.
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(e.g., Gastropoda or Trichoptera) that were physically too
large to be consumed (SML, personal observation) per-
sisted over time and could havemaintained the average size
of invertebrates during the experiment. Our inability to cap-
ture all large-bodied taxa (e.g., Dytiscidae) efficiently pre-
vented us from including them in our analyses and reduced
our ability to discern size-based trends.

Data collected prior to introduction of Ninespine Stick-
leback provided important baseline information for under-
standing the shift in invertebrate community taxonomic
richness, abundance, biomass, and invertebrate size in the
presence of fish. For example, pre-addition communities
were more similar to those in control than in fish-addition
ponds at all sampling times. Some taxa, like Culicidae and

Chaoboridae, underwentmetamorphosis to their adult stages
early in the experiment (week 1). This emergence probably
led to a drop in abundance of these taxa in control and fish-
addition ponds. Sampling for emergent adults could provide
more detail for understanding predation effects in the
aquatic and terrestrial environment and would be an excel-
lent future step in assessing Ninespine Stickleback effects
on community structure. Howmany of these emergent taxa
were lost from fish-addition ponds because of ingestion by
Ninespine Stickleback vs natural phenology is unknown be-
cause losses occurred over the same time period. Examina-
tion of the diets of Ninespine Stickleback at North on day 1
suggested that they consumed some of these invertebrates
(Chaoboridae and Baetidae), but these itemswere not found

Figure 5. Mean (95% CI) difference in abundance between control and fish-addition ponds of invertebrate taxa common in the
stomach contents of Ninespine Stickleback at North (A) and South (B). Points represent the mean control-pond abundance minus
the mean fish-addition-pond abundance. Values > 0 indicate control ponds had greater abundance than fish-addition ponds. Values < 0
indicate fish-addition ponds had greater abundance than control ponds. The vertical dashed line separates pre-addition and post-
addition sampling dates. Diptera includes larvae and pupae of Chironomidae, Chaoboridae, Ceratopogonidae, Dixidae, Empididae,
Tipulidae, and digested (unknown) Diptera. No. 5 number, Wk 5 week, pre 5 pre-addition.
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in stomach contents 1 wk post-addition. Rapid consump-
tion of these taxa probably reduced their numbers, but Bae-
tidae abundance did not differ between fish-addition and
control ponds by week 3 despite combined losses from both
ingestion and emergence from fish-addition ponds and only
emergence from control ponds.

The potential of Ninespine Stickleback to influence the
structure of simple aquatic communities must be under-
stood before results can be scaled to larger, more complex
systems where effects could be obscured (Gilinsky 1984,
Zimmer et al. 2001). The trough ponds to which we intro-
duced Ninespine Stickleback would not have naturally oc-
curring populations of these fish because of their isolated
locations. However, other troughs that connect and form
a hydrologic network (similar to a stream) or that are in
proximity to larger thermokarst ponds may occasionally
support Ninespine Stickleback. By examining the effects
of Ninespine Stickleback introduction on invertebrate com-
munities at small, fish-naïve ponds with simple morphom-
etry, we tried to control for bottom-up factors thatmay con-
found top-down effects so that we could isolate potential
effects on the invertebrate community.

Changes in nutrient, light, and thermal regimes that oc-
cur as water bodies increase in size cause the emergence of
different physical habitats, which support different inverte-
brate communities (Hobbie 1984, Rautio et al. 2011, Koch
et al. 2014). Relatively complex ponds with diverse sub-
strates may contain a heterogeneous assemblage of inver-
tebrates (Power 1994, Zimmer et al. 2001) that respond
differently to fish predators. The effect of fish on inverte-
brate communities can vary with spatial complexity, habitat
heterogeneity, or connectivity (Gilinsky 1984, Power 1994,
Shurin 2001). For example, submerged vegetation in larger,
thermokarst ponds adds complexity to habitats and supplies
cover for invertebrate taxa (Zimmer et al. 2000, Hornung
and Foote 2006). In lakes and ponds with complex shore-
lines, terrestrial invertebrates may be more available as prey
items, thereby potentially releasing pressure on aquatic in-
vertebrates (Nakano et al. 1999, Mehner et al. 2005). Con-
nection to adjacent habitats or regional surface-water net-
works provides dispersal pathways for certain colonizing
invertebrates (Shurin 2001). Together these factors, along
with indirect effects, confound trophic relationships or mit-
igate the role of predators (Winkelmann et al. 2011), lead-
ing to premature conclusions on the effects of fish, espe-
cially in larger systems (Batzer et al. 2000).

The heterogeneous landscape of ponds, lakes, and streams
of the central Arctic Coastal Plain in Alaska presents a vari-
ety of potential habitats for occupancy of Ninespine Stickle-
back. Local- and regional-scale differences in water-body
characteristics, such as surface area, depth, watershed con-
nectivity, location, and habitat complexity, affect presence
and abundance of Ninespine Stickleback, but also influence
the presence and abundance of sympatric fishes and the in-

vertebrate prey base (Cameron et al. 1973, Shurin 2001,
Haynes et al. 2014, Laske et al. 2016). We were able to dem-
onstrateconsistent top-downeffects resulting fromthepres-
ence of Ninespine Stickleback on invertebrate community
structure because our study design accounted for potential
variation caused by physiographic locations and pond phe-
nology. By first studying these simplistic food webs, we gain
knowledge on trophic effects of ubiquitousNinespine Stick-
leback. This study provides needed baseline information on
a regionally common fish species, and is a first step in dis-
cerning foodweb patterns in the central Arctic Coastal Plain.

Ninespine Stickleback have awide-ranging, global distri-
bution that includes Asia, Siberia, Europe, Greenland, and
North America (Morrow 1980). Thus, they probably exert
top-down pressures in other biomes. The Arctic Coastal
Plain of Alaska is a unique ecosystem where this species is
an extremely successful opportunist (Haynes et al. 2014).
However, its adaptability and tolerance suit it well for any
number of habitats with a range of physical characteristics
and associated biota (e.g., high Arctic: Gallagher and Dick
2011, brackish waters: Arai and Goto 2005, deep temperate
lakes: Nelson 1968). In these settings, this relatively small
speciesmight play an important role in the transfer of energy
via an array of aquatic food webs.

ACKNOWLEDGEMENTS
Author contributions: SML, AER, MSW, and CEZ conceived

and designed the study. SML andWJK collected and analyzed data.
SML and AER drafted the article, and WJK, MSW, and CEZ pro-
vided critical comments and edits.

We thank C. Bishop, R. Dorendorf, and C. Johnson for their
assistance in the field and laboratory, and T. Fondell, K. Gurney,
J. Schmutz, T. Shoemaker, and B. Uher-Koch for providing logis-
tical support. We thank D. Verbyla for support during project
conception, and the staff of the Alaska Cooperative Fish andWild-
life Unit, the Institute of Arctic Biology, and the School of Fisher-
ies and Ocean Sciences Academics Office. We thank P. Westley
for providing comments on an early stage of this manuscript, and
2 anonymous referees for their thoughtful feedback. This study
was funded through the Changing Arctic Ecosystems Initiative of
the US Geological Survey Ecosystems Mission Area. Work was
performed under University of Alaska Fairbanks Institutional Ani-
mal Care and Use protocol 233290 and with Fish Transport Per-
mits, 12A-0109 and 13A-0039, issued by the Alaska Department
of Fish and Game. Any use of trade, firm, or product names is for
descriptive purposes only and does not imply endorsement by the
US Government.

LITERATURE CITED
Arai, T., and A. Goto. 2005. Flexible life history strategies of nine-

spine stickleback, genus Pungitius. Environmental Biology of
Fishes 74:43–50.

Batzer, D. P., C. R. Pusateri, and R. Vetter. 2000. Impacts of fish
predation on marsh invertebrates: direct and indirect effects.
Wetlands 20:307–312.

Volume 36 March 2017 | 135



Bendell, B. E., and D. K.McNicol. 1987. Fish predation, lake acidity
and the consumption of aquatic insect assemblages. Hydrobio-
logia 150:193–202.

Benke, A. C., A. D. Huryn, L. A. Smock, and J. B. Wallace. 1999.
Length–mass relationships for freshwater macroinvertebrates
in North America with particular reference to the southeast-
ern United States. Journal of the North American Bentholog-
ical Society 18:303–343.

Brooks, J. L., and S. I. Dodson. 1965. Predation, body size, and
composition of plankton. Science 150:28–35.

Cameron, J. N., J. Kostoris, and P. A. Penhale. 1973. Preliminary
energy budget of the ninespine stickleback (Pungitius pungi-
tius) in an Arctic Lake. Journal of the Fisheries Research Board
of Canada 30:1179–1189.

Carlisle, D. M., and C. P. Hawkins. 1998. Relationships between
invertebrate assemblage structure, 2 trout species, and habitat
structure in Utah mountain lakes. Journal of the North Amer-
ican Benthological Society 17:286–300.

Carpenter, S. R., and J. F. Kitchell. 1993. Cascading trophic interac-
tions. Pages 1–14 inS. R.Carpenter and J. F.Kitchell (editors). The
trophic cascade in lakes. Cambridge University Press, New York.

Culver, D. A., M. M. Boucherle, D. J. Bean, and J. W. Fletcher.
1985. Biomass of freshwater crustacean zooplankton from
length-weight regressions. Canadian Journal of Fisheries and
Aquatic Sciences 42:1380–1390.

Delbeek, J. C., and D. D. Williams. 1988. Feeding selectivity of
four species of sympatric stickleback in brackish-water habi-
tats in eastern Canada. Journal of Fish Biology 32:41–62.

Dumont, H. J., I. van deVelde, andS. Dumont. 1975. The dryweight
estimate of biomass in a selection of Cladocera, Copepoda and
Rotifera from the plankton, periphyton and benthos of conti-
nental waters. Oecologia 19:75–97.

Gallagher, C. P., and T. A. Dick. 2011. Ecological characteristics of
ninespine stickleback Pungitius pungitius from southern Baffin
Island, Canada. Ecology of Freshwater Fish 20:646–655.

Gilinsky, E. 1984. The role of fish predation and spatial heteroge-
neity in determining benthic community structure. Ecology 65:
455–468.

Gotelli, N. J., and R. K. Colwell. 2001. Quantifying biodiversity:
procedures and pitfalls in the measurement and comparison
of species richness. Ecology Letters 4:379–391.

Gruner, D. S. 2003. Regressions of length and width to predict ar-
thropod biomass in the Hawaiian Islands. Pacific Science 57:
325–335.

Haynes, T. B., A. E. Rosenberger, M. S. Lindberg, M. Whitman,
and J. A. Schmutz. 2014. Patterns of lake occupancy by fish in-
dicate different adaptations to life in a harsh Arctic environ-
ment. Freshwater Biology 59:1884–1896.

Helenius, L. K., A. Aymà Padrós, E. Leskinen, H. Lehtonen, and
L. Nurminen. 2015. Strategies of zooplanktivory shape the dy-
namics and diversity of littoral plankton communities: a meso-
cosm experiment. Ecology and Evolution 5:2021–2035.

Herbst, D. B., E. L. Silldorff, and S. D. Cooper. 2009. The influ-
ence of introduced trout on the benthic communities of
paired headwater streams in the Sierra Nevada of California.
Freshwater Biology 54:1324–1342.

Hobbie, J. E. 1984. The ecology of tundra ponds of the Arctic
Coastal Plain: a community profile. FWS/OBS-83/25. US Fish
and Wildlife Service, Washington, DC.

Hornung, J. P., and A. L. Foote. 2006. Aquatic invertebrate re-
sponses to fish presence and vegetation complexity in western
boreal wetlands, with implications for waterbird productivity.
Wetlands 26:1–12.

Ingram, T., W. E. Stutz, D. I. Bolnick. 2011. Does intraspecific size
variation in a predator affect its diet diversity and top-down
control of prey? PLoS ONE 6:e20782.

Jonsson, M., F. Johansson, C. Karlsson, and T. Brodin. 2007. In-
termediate predator impact on consumers weakens with in-
creasing predator diversity in the presence of a top-predator.
Acta Oecologica 31:79–85.

Jorgenson, M. T., and J. Grunblatt. 2013. Landscape-level ecolog-
ical mapping of northern Alaska and field site photography.
Report for the Arctic Landscape Conservation Cooperative,
Fairbanks, Alaska. (Available from: www.gina.alaska.edu/proj
ects/ecological-mapping-and-field-site-photography)

Knapp, R. A., K. R. Matthews, and O. Sarnelle. 2001. Resistance
and resilience of alpine lake fauna to fish introductions. Eco-
logical Monographs 71:401–421.

Koch, J. C., K. Gurney, and M. S. Wipfli. 2014. Morphology-
dependent water budgets and nutrient fluxes in Arctic Thaw
Ponds. Permafrost and Periglacial Processes 25:79–93.

Laske, S. M., T. B. Haynes, A. E. Rosenberger, J. C. Koch, M. S.
Wipfli, M.Whitman, and C. E. Zimmerman. 2016. Surface water
connectivity drives richness and composition of Arctic lake fish
assemblages. Freshwater Biology 61:1090–1104.

Lepori, F., J. R. Benjamin, K. D. Fausch, and C. V. Baxter. 2012. Are
invasive and native trout functionally equivalent predators?
Results and lessons from a field experiment. Aquatic Conser-
vation: Marine and Freshwater Ecosystems 22:787–798.

Maszczyk, P., and Z.M. Gliwicz. 2014. Selectivity by planktivorous
fish at different prey densities, heterogeneities, and spatial scales.
Limnology and Oceanography 59:68–78.

McFarland, J. J. 2015. Trophic pathways supporting Arctic Gray-
ling in a small stream on the Arctic Coastal Plain, Alaska. MS
Thesis, University of Alaska, Fairbanks.

Mehner, T., J. Ihlau, H. Dörner, and F. Hölker. 2005. Can feeding
of fish on terrestrial insects subsidize the nutrient pool of lakes?
Limnology and Oceanography 50:2022–2031.

Miyasaka, H., M. Genkai-Kato, Y. Miyake, D. Kishi, I. Katano,
H. Doi, S. Ohba, and N. Kuhara. 2008. Relationships between
length and weight of freshwater macroinvertebrates in Japan.
Limnology 9:75–80.

Morrow, J. E. 1980. The freshwater fishes of Alaska. Alaska North-
west Publishing Company, Anchorage, Alaska.

Nakano, S., H.Miyasaka, and N. Kuhara. 1999. Terrestrial-aquatic
linkages: riparian arthropod inputs alter trophic cascades in a
stream food web. Ecology 80:2435–2441.

Nelson, J. S. 1968. Deep-water ninespine sticklebacks, Pungitius
pungitius, in the Mississippi Drainage, Crooked Lake, Indiana.
Copeia 1968:326–334.

Pace, M. L., and J. D. Orcutt. 1981. The relative importance
of protozoans, rotifers, and crustaceans in a freshwater zoo-
plankton community. Limnology and Oceanography 26:822–
830.

Parker, B. R., D. W. Schindler, D. B. Donald, and R. S. Anderson.
2001. The effects of stocking and removal of a nonnative sal-
monid on the plankton of an alpine lake. Ecosystems 4:334–
345.

136 | Top-down control by Ninespine Stickleback S. M. Laske et al.



Polis, G. A. 1994. Food webs, trophic cascades and community
structure. Australian Journal of Ecology 19:121–136.

Power, M. E. 1990. Effects of fish in river food webs. Science 250:
811–813.

Power, M. E. 1992. Habitat heterogeneity and the functional
significance of fish in river food webs. Ecology 73:1675–
1688.

Power, M. E. 1994. Habitat heterogeneity and the functional sig-
nificance of fish in river food webs. Ecology 73:1675–1688.

Power, M. E., J. C. Marks, and M. S. Parker. 1992. Variation in the
vulnerability of prey to different predators: community-level
consequences. Ecology 73:2218–2223.

Rautio, M., F. Dufresne, I. Laurion, S. Bonilla, W. F. Vincent, and
K. S. Christoffersen. 2011. Shallow freshwater ecosystems of
the circumpolar Arctic. Ecoscience 18:204–222.

Rautio, M., and W. F. Vincent. 2006. Benthic and pelagic food re-
sources for zooplankton in shallow high-latitude lakes and
ponds. Freshwater Biology 51:1038–1052.

Rennie, M. D., and D. O. Evans. 2012. Decadal changes in benthic
invertebrate biomass and community structure in Lake Sim-
coe. Freshwater Science 31:733–749.

Sabo, J. L., J. L. Bastow, and M. E. Power. 2002. Length–mass re-
lationships for adult aquatic and terrestrial invertebrates in a
Californiawatershed. Journal of theNorthAmerican Bentholog-
ical Society 21:336–343.

Schindler, D. E., and M. D. Scheuerell. 2002. Habitat coupling in
lake ecosystems. Oikos 98:177–189.

Shurin, J. B. 2001. Interactive effects of predation and dispersal on
zooplankton communities. Ecology 82:3404–3416.

Sih, A., G. Englund, and D. Wooster. 1998. Emergent impacts of
multiple predators on prey. Trends in Ecology and Evolution
13:350–355.

Solomon, C. T., S. R. Carpenter, M. K. Clayton, J. J. Cole, J. J.
Coloso, M. L. Pace, M. J. Vander Zanden, and B. C. Weidel.
2011. Terrestrial, benthic, and pelagic resource use in lakes: re-
sults from a three-isotope Bayesian mixing model. Ecology 92:
1115–1125.

Vander Zanden, M. J., and Y. Vadeboncoeur. 2002. Fishes as in-
tegrators of benthic and pelagic food webs in lakes. Ecology
83:2152–2161.

Wellborn, G. A., D. K. Skelly, and E. E. Werner. 1996. Mecha-
nisms creating community structure across a freshwater hab-
itat gradient. Annual Review of Ecology, Evolution, and Sys-
tematics 27:337–363.

Werner, E. E., and D. J. Hall. 1974. Optimal foraging and the size
selection of prey by the bluegill sunfish (Lepomis macrochirus).
Ecology 55:1042–1052.

Winkelmann, C., C. Hellmann, S. Worischka, T. Petzoldt, and
J. Benndorf. 2011. Fish predation affects the structure of a
benthic community. Freshwater Biology 56:1030–1046.

Zimmer, K. D., M. A. Hanson, and M. G. Butler. 2000. Factors in-
fluencing invertebrate communities in prairie wetlands: amul-
tivariate approach. Canadian Journal of Fisheries and Aquatic
Sciences 57:76–85.

Zimmer, K. D., M. A. Hanson, and M. G. Butler. 2001. Size dis-
tribution of aquatic invertebrates in two prairie wetlands, with
and without fish, with implications for community produc-
tion. Freshwater Biology 46:1373–1386.

Volume 36 March 2017 | 137


