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Abstract
Resilience of ecosystems to the sudden decline of large-bodied species is dependent on characteristics of surviving

guild members. However, that response may also be mediated by local habitat conditions. Here, we examine the
mechanisms behind the observed lack of functional compensation in the algal-grazing guild by insect grazers follow-
ing the decline of tadpole grazers in a forested Panamanian stream. We examined: (1) shifts to the individual size dis-
tribution of insect grazers between pre- and post-tadpole declines in pool and riffle habitats; (2) tadpole and insect
preferences for small-, medium-, and large-sized diatoms; and (3) a causal explanation for why insects did not func-
tionally compensate for tadpole declines. The size distribution of insect grazers following tadpole declines differed
between habitats, becoming uniform in pools and more right skewed toward a smaller size class in riffles. In both
habitats, tadpoles selectively consumed medium-sized diatoms but avoided the largest-sized diatoms. In contrast,
grazing insects selectively consumed small-sized diatoms, but switched to medium-sized diatoms after tadpole
declines. Tadpole declines led to the loss of the strongest interactions between consumers and diatoms. Smaller-
bodied grazing insects could not duplicate these interactions, even with a shift in resource use, providing an explana-
tion for the lack of functional compensation. Furthermore, tadpole declines led to different community structures in
each habitat indicating that local habitat conditions mediated the response of surviving guild members. This suggests
that the sudden decline of a large-bodied species does not lead to a singular outcome for the surviving community.

Current rates of species loss rival previous mass extinctions
(Barnosky et al. 2011) and can lead to the reduced functioning
of ecosystems (Balvanera et al. 2006; Cardinale et al. 2012).

The resilience of ecosystem functioning to species loss is
dependent on the capacity of the surviving species to main-
tain ecosystem functioning following a disturbance (Oliver
et al. 2015). This is dependent, in part, on functional traits
such as body size, feeding mode, and capacity to modify the
environment (Villnäs et al. 2018). Species that share a similar
combination of traits are considered to be functionally redun-
dant, which should promote resilience to species loss through
compensatory dynamics (Walker 1992). However, functional
redundancy does not implicitly account for the resistance and
recovery capacity of the community across spatial and tempo-
ral scales, which could be mediated by abiotic conditions
(Gladstone-Gallagher et al. 2019). Exploring the relationship
between functional traits and spatial variability in
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environmental conditions could help identify the mecha-
nisms that promote compensatory dynamics and resilience of
ecosystem functioning following species loss.

Species loss is rarely a random process, and larger-bodied
species are often more vulnerable to local extirpations than
smaller-bodied species (Carrizo et al. 2017). While the loss of a
large-bodied, abundant species could be functionally compen-
sated by increases in the abundance of smaller-bodied surviv-
ing species (Dulvy et al. 2000; Peres and Dolman 2000), there
is also evidence that compensatory dynamics are not common
in natural systems (Houlahan et al. 2007). Examining func-
tional traits, such as average body size, is common, but using
the average trait value of a species assumes that a species role
in the community is fixed even as community composition
shifts (Petchey and Gaston 2006; Hillebrand and Mat-
thiessen 2009). Ignoring functional trait variation among indi-
viduals within a species could constrain our ability to link
changes in populations to community structure and ecosys-
tem functioning (Luck et al. 2003; Bolnick et al. 2011). Body
size is an important functional trait that determines many
physiological rates, such as respiration, consumption, and
excretion, which can extend to ecosystem level processes
(Brown et al. 2004). Body size can also be related to trophic
level because larger-bodied individuals often occupy higher
trophic levels (Warren and Lawton 1987; Woodward 2009).
Variation in body size within a guild of consumers can conse-
quently affect the structure and composition of a prey
community (Rudolf and Rasmussen 2013). For example, a
meta-analysis showed that greater size diversity of a consumer
guild was linked to a decrease in size diversity of a shared prey
community in aquatic ecosystems (Quintana et al. 2015). By
examining changes in the individual size distribution (ISD) at
the community level (vs. average size distribution at the spe-
cies level), patterns may emerge in community response to
species loss (Balvanera et al. 2006; Fritschie and Olden 2016).

Disease driven amphibian declines in the highlands of Pan-
ama included the loss of stream-dwelling tadpole grazers,
which were the largest-bodied consumers in the algal-grazing
community. The loss of tadpoles led to changes in the insect
algal-grazing community and resulted in greater algal standing
stock in the months immediately following amphibian
declines (Connelly et al. 2008; Col�on-Gaud et al. 2010).
Algal-grazing insects, particularly mayflies (Ephemeroptera),
can structure diatom communities (Feminella and Haw-
kins 1995). Their abundance was predicted to increase in the
absence of tadpoles in response to increased algal standing
stock in the absence of tadpoles, and at least partially compen-
sate for the top-down effects of amphibians on the algal-
community (Col�on-Gaud et al. 2010). However, increased
abundance of the large-celled diatom Terpsinoë musica, also
occurred immediately following amphibian declines
(Connelly et al. 2008), potentially reducing the resources
available for small algal-grazing insects that may not have
large enough mouthparts to ingest this diatom taxon.

Furthermore, tadpoles may have facilitated the movement of
smaller-bodied insects through bioturbation, removing
organic sediment that accrued on stream substrates (Ranvestel
et al. 2004; Connelly et al. 2008). While we predicted that
insect grazers would functionally compensate for the loss of
grazing tadpoles, the abundance of most taxa of insect grazers
did not immediately increase (Col�on-Gaud et al. 2010) and by
5 yr post-decline, insect abundances were either unchanged or
had declined (Barnum et al. 2015). By examining changes in
the ISD of insect grazers, we aim to identify how changes in
resource structure and availability following the loss of tadpole
grazers affect the functional compensation of algal-grazing
insects.

The overall goal of this study was to seek a mechanistic
explanation for why insect grazers did not increase in abun-
dance and functionally compensate for the loss of amphib-
ians. First, we examined potential changes in the size
distributions of the diatom and algal-grazing insect communi-
ties. Second, we assessed tadpole diets and compared pre- and
post-decline diets of grazing insects with respect to three dif-
ferent size classes of diatoms. We hypothesized that small-
bodied grazing insects did not consume the largest-bodied dia-
toms, and that large-bodied grazing insects and tadpoles selec-
tively consumed the largest diatoms. Finally, we evaluated
pathways through which tadpoles and habitat affected the
size structure of the insect grazer and diatom communities
and assessed the role of habitat type in structuring the insect
grazer and diatom communities.

Methods
Study system

Our focal study stream, Rio Guabal, is located at � 750 m a.
s.l. in the Parque Nacional G.D. Omar Torrijos Herrera, El Copé,
Coclé, Panama (8�400N, 80�350W). Prior to the arrival of the
fungal pathogen Batrachochytrium dendrobatidis (Bd), the
stream-dwelling amphibian assemblage was characterized by
more than 23 species (Lips et al. 2003), with Hyloscirtus col-
ymba, Hyloscirtus palmeri, and Lithobates warszewitschii the most
common algal-grazing tadpoles. The snout-ventral length for
these three tadpole species can reach up to 25 mm. Amphibian
declines began in September 2004 and by March 2005, tadpole
densities of L. warszewitschii in the focal stream had declined
from 27 � 12 (mean � standard error [SE]) individuals m�2 in
pools and 14 � 10 (mean � SE) individuals m�2 in riffles to
0 individuals m�2 in both habitats (Connelly et al. 2008). Previ-
ous gut content analysis of these algal-grazing tadpoles revealed
diatoms and filamentous algae were < 10% of tadpole diets
(Frauendorf et al. 2013). Many of the other species present were
not algal-grazers, but lived in the detrital leaf packs in the bot-
tom of pools and likely consumed bacteria from detritus
(Connelly et al. 2011). Brachyraphus roswithae (invertivore fish),
Pseudothelphusa sp. (omnivorous crab), and Macrobrachium spp.
(predatory shrimp, uncommon at this site) were also present in
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the stream, but did not have a significant effect on the benthic
algal community (Connelly et al. 2008), and were therefore not
considered further in this study.

Sampling occurred along a 400 m reach characterized by
riffle/pool sequences with a boulder/cobble substrate and can-
opy coverage >80% (Connelly et al. 2008). Riffle and pool hab-
itats were examined separately. Previous findings showed
lower tadpole densities in riffles compared to pools (Ranvestel
et al. 2004), and different resource utilization in the two habi-
tats by macroinvertebrates (Frauendorf et al. 2013). Addition-
ally, a longitudinal investigation of the study stream showed
an initial 2.8-fold increase in algal biomass in pools and a
6.3-fold increase in algal biomass in riffles during the initial
5 months following amphibian declines which then 3 yr fol-
lowing amphibian declines had dampened to a twofold and
3.5-fold increase, respectively (Connelly et al. 2014).

Twelve genera of insects were identified as algal grazers based
on the natural abundance of stable isotopes from concurrent
studies in nearby streams (Verburg et al. 2007; Barnum
et al. 2013). The insect grazer community was characterized by
genera in both the scraper and collector-gatherer functional feeding
groups and included the mayflies Tricorythodes (Ephemeroptera:
Leptohyphidae), Leptohyphes (Ephemeroptera: Leptohyphidae),
Haplohyphes (Ephemeroptera: Leptohyphidae), Thraulodes
(Ephemeroptera: Leptophlebiidae), Farrodes (Ephemeroptera:
Leptophlebiidae), Hagenulopsis (Ephemeroptera: Leptophlebiidae),
Atopophlebia (Ephemeroptera: Leptophlebiidae), Baetodes
(Ephemeroptera: Baetidae), Baetis (Ephemeroptera: Baetidae), and
Stenonema (Ephemeroptera: Heptageniidae), the beetle Psephenus
(Coleoptera: Psephenidae) and the moth Petrophila (Lepidoptera:
Crambidae) (Col�on-Gaud et al. 2010). Petrophila were only found
in riffles where they spin silken tents that are attached to rocks,
leaving the tent to collect diatoms and benthic organic matter in
the immediate vicinity (Bergey 1995). The mayfly and beetle gen-
era were smaller-bodied compared to the larger-bodied tadpole
grazers, with late instar naiads reaching no more than 8 mm in
length. Previous gut content analyses for these taxa revealed fila-
mentous algae constituted less than 1% of the diets of these
insects and the non-algal component of the biofilm constituted a
significant portion of their diets (Barnum et al. 2013; Frauendorf
et al. 2013). Filamentous algae and non-algal biofilm were not
considered further in this study as our goal was to better under-
stand the potential role of algal-grazers in the top-down control
of the diatom community.

Diatom/insect/tadpole communities
Diatom, insect, and tadpole communities were sampled

monthly in the Rio Guabal over 3-month periods in the dry
season both pre-amphibian (January–March 2004) and post-
amphibian (February–April 2009) decline. Diatom and organic
sediment samples were collected each month using a Loeb
sampler (diameter 4.25 cm2), during base flow from rocks in
five pools and five riffles along a 400 m reach. A subsample
(100 mL) was used to measure organic sediment using the

methods in Connelly et al. (2008) and a second subsample
(20 mL) was preserved with 8% formalin for diatom identifica-
tion and enumeration.

Diatoms were prepared for identification by adding 2.5 mL
of the preserved sample to 2.5 mL of 30% H2O2 for 24 h, then
rinsing with deionized water five times to remove oxidation
byproducts. The processed samples were then evaporated onto
coverslips and mounted to microscope slides with Meltmount
mounting medium (Cargille-Sacher Laboratories, Inc.). Samples
were examined using a compound microscope with oil immer-
sion at �1000 along transects until 600 valves were enumerated
or until 10 transects were examined. Valves were identified to
genus based on the taxonomic literature (Bourrelly and Man-
guin 1952; Foged 1984; Silva-Benavides 1996). Cell biovolume
for each genus was calculated by measuring the dimensions of
10 cells and applying them to published geometric equations
(Hillebrand et al. 1999). Diatom abundances on substrata were
then estimated from the subsample’s volume, using the Loeb’s
sampler diameter as a standardized surface area. Diatom genera
were placed into one of three size classes: small-sized (1–
1000 μm3), medium-sized (1001–10,000 μm3), and large-sized
(< 10,000 μm3).

Macroinvertebrate abundances were estimated by sampling
a 200 m reach within the 400 m reach where diatoms were
collected. We used a core sampler (314 cm2 sampling area) for
sampling pools (n = 6) and a Surber sampler (930 cm2,
250-μm mesh) for riffles (n = 8). Macroinvertebrates were
identified to genus and total body length was measured to the
nearest millimeter. We also collected additional insect speci-
mens for gut content analysis in April 2009, to augment the
low number of individuals collected during the post-decline
sampling period.

Grazing tadpoles (Hyloscirtus and Lithobates) were sampled
using methods modified from Heyer et al. (1994). Each
month, six samples were haphazardly collected, three from
each habitat (pools and riffles) along the 400 m stream reach.
Riffles were sampled by manually disturbing substrata and
holding a 250-μm mesh D-net (22 � 46 cm) immediately
downstream of the disturbed area. Pools were sampled with a
stovepipe benthic corer (22 cm diameter). Numbers of tad-
poles collected were corrected by sample area to estimate
tadpole densities.

Diet assessment
Guts were removed from insect and tadpole individuals,

suspended in 5 mL of deionized H2O, and sonicated for
2 min. The sample was then filtered onto a 13 mm nitrocellu-
lose membrane (Millipore 0.45 μm HA), which was then
placed onto a microscope slide, dried at 40�C for 20 min,
cleared with a drop of type B immersion oil, and sealed with a
coverslip and nail polish. For tadpoles, only the first 5–10 mm
of the foregut was filtered and analyzed. Gut contents were
viewed at �1000 using a compound microscope with bright-
field optics on measured transects until 300 diatoms were
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identified to genus or 10 transects were completed. Diatom
valves are often broken when consumed; therefore, for each
diatom, the percentage of the valve relative to the whole valve
was estimated (i.e., 5%, 10%, 20%, 30%, etc.). These estimates
were extrapolated to whole-frustule units to estimate the num-
ber of whole diatom cells in each gut.

Statistical analyses
Objective 1

The first part of the objective compared the density of each
size class of diatoms and the weight of organic sediments (ash-
free dry mass) between pre- and post-decline (2004 and 2009,
respectively) with a randomization test. A randomization test
was used because the abundance data were not normally dis-
tributed and the purpose was to numerically compare the
changes between pre- and post-decline. For each size class,
the difference between the mean pre- and mean post-decline
value was compared to its null distribution. A null distribution
was generated from resampling, with replacement, the pooled
pre- and post-decline monthly abundance data 9999 times.
There were six draws for each resampling event, and a mean
was calculated for the first three values and the second three
values. The difference between these two means was used to
populate the null distribution. p values represent the percent-
age of permuted differences that lay outside the test statistic
(observed difference between pre- and post-decline sampling
dates) with p < 0.05 considered significant. This analysis was
done using the sample and mean functions in R.

The second part of objective 1 examined changes in the
taxonomic level and ISDs of the insect grazer communities by
comparing samples pre- and postamphibian decline. The
abundance of insect grazers was compared between habitat
(pools and riffles) and year (2004 and 2009) with a two-way
ANOVA. ISDs were compared with a permutation test. Permu-
tation tests can compare different moments of a distribution,
including the mean, skew, kurtosis, and coefficient of varia-
tion (CV), each of which informs different aspects of the
insect grazer community response to amphibian declines. Pre-
and post-decline distributions for each habitat were con-
structed by summing the number of individuals in each of
eight size classes (1–8 mm, separated in 1 mm increments).
The difference in the mean, skew, kurtosis, and CV for each
distribution was then calculated. The null distributions for
pre- and post-decline were constructed by pooling pre- and
post-decline size data together and then randomly reassigning
the sizes into pre- and post-decline distributions. The number
of individuals sampled for pre- and post-decline null distribu-
tions totaled the number of individuals observed pre- and
post-decline (1136 individuals in pools; 5159 individuals in
riffles). The difference in moments between each distribution
was calculated and the procedure was repeated 9999 times.
The probability that the difference in the moments between
observed pre- and post-decline distributions was not random
was calculated by comparing the observed difference to the

9999 randomly sampled differences. Statistical significance
(α = 0.05) was determined by summing the number of ran-
dom differences that were equal or greater than the observed
difference and dividing by 10,000.

Objective 2
A relativized electivity index (E*) was used to compare the

proportion of prey in consumer guts to the proportion of prey
in the environment (Vanderploeg and Scavia 1979a;
Lechowicz 1982). The E* is calculated in a two-step process.
The first step is to calculate a normalized forage ratio. The
ratio can be interpreted as a consumer’s preference for a partic-
ular food item relative to its availability in the environment
(Chesson 1978; Vanderploeg and Scavia 1979b).

Fig. 1. Mean proportional change and the SE preamphibian (2004) and
postamphibian (2009) declines for the abundance of diatoms and weight
for organic sediment in Rio Guabal’s (a) riffles and (b) pools (n = 3 sam-
ples for tadpoles, n = 6 samples for insects, and n = 5 samples for dia-
toms and sediment in each of 3 months in 2004) and (n = 3 samples for
tadpoles, n = 6 samples for insects, and n = 5 samples for diatoms and
sediment in each of 3 months in 2009). Lg Dia, large-sized diatoms; Lg
Insect, large-bodied insect; Med Dia, medium-sized diatoms; Sm
Dia, small-sized diatom; Sm Insect, small-bodied insect. p values are from
a permutation test that compares means between pre-decline (2004) and
post-decline (2009). *p < 0.05.
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Wi ¼ ri=piP
iri=pi

where i is the food in the diet (ri) and the environment (pi). The

second step is to calculate the relativized electivity index (E*)

(Vanderploeg and Scavia 1979a).

E�
i ¼

Wi� 1
n

� �� �

Wiþ 1
n

� �� �

Values for E* range from �1 to 1, where a positive number
indicates a prey item is selectively consumed while a negative
number indicates that the prey item is avoided. A value near
0 indicates the prey item is consumed in proportion to its
presence in the environment. The E* index is less reliable
when large numbers of prey taxa are available or when prey
taxa are rare in the consumer’s gut (Lechowicz 1982). There-
fore, prey taxa were only included in the analysis if they
accounted for ≥ 1% of either the consumer’s diet or the prey
population (Parker 1994). The value of E* was estimated for

Fig. 2. The abundance (a and b) and size distribution (c and d) of the algal-grazing insect community before (2004) and after (2009) amphibian
declines in riffles (a and c) and pools (b and d). Statistical differences (mean, skewness, and CV) between years are summarized in the “Results” section.
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each of the three diatom size classes consumed by grazing
insects and tadpoles to assess insect and tadpole selectivity for
diatom size classes pre-decline and potential shifts of selectiv-
ity for diatom size classes by insects post-decline. An E* was
calculated for each grazing insect taxon. For the ISD compari-
son, grazing insects were separated into the same 1 mm size
groups used to examine the ISD of the grazing insect commu-
nity. By separating grazing insects into size classes, we could
detect potential changes in the size of diatoms selectively con-
sumed by grazing insects to assess whether larger-bodied graz-
ing insects were resource competitors with tadpoles. The gut
contents from a total of 364 insect individuals and 12 individ-
uals from each of the three algal-grazing tadpole genera were
analyzed (number of samples for each taxon provided in
Appendix A in Supporting Information) and an E* for each indi-
vidual was calculated. Gut content samples were paired accord-
ingly with monthly substrata samples (e.g., macroinvertebrates
collected in March 2004 were compared to diatom samples col-
lected in March 2004). The mean � SE for each of the six size
classes in pools and riffles for pre- and post-decline sampling
periods was then reported. Electivity indices were calculated in
R using code written by the authors.

Objective 3
Piecewise structural equation modeling (PSEM) was used to

examine the pathways by which tadpoles and grazing insects
mediated diatom community structure and to explore why grazing
insects did not compensate for tadpole declines. PSEM is a form of
confirmatory path analysis that allows the use of non-normal dis-
tributions, random effects, and correlated data (Lefcheck 2016). In
PSEM, the path diagram is broken into several sets of linear equa-
tions, which are then evaluated individually (Lefcheck 2016). The
PSEMmodel explored the top-down effects of tadpoles and grazing
insects in mediating the strength of interactions among diatom
groups and organic sediments and those consequences on the
structure of the diatom community. Three models were built: (1) a
model that included habitat as an exogenous factor to differentiate
the role of tadpoles and abiotic factors in structuring the commu-
nity; (2) a model specific to pools; and (3) a model specific to riffles.
The habitat-specific models were qualitatively compared to the
aggregated model to examine how habitat modified the interac-
tions among tadpoles, insects, and diatoms.

The PSEM model was constructed using the abundance of
insects, diatoms, and weight of organic sediment. Since the distri-
bution of tadpoles in the stream was heterogeneous, with many
samples yielding zero individuals, tadpoles were treated as a fac-
tor, either present (pre-decline) or absent (post-decline). For
insects, the mean abundance for two size classes (small-bodied:
1–3 mm size classes and large-bodied: 4–8 mm size classes) from
each sample was used, with 36 samples (3 cores � 2 stream
reaches � 3 months � 2 yr [2004: pre-decline, 2009: post-
decline]) and 48 samples (4 Surbers � 2 stream
reaches � 3 months � 2 yr [2004: pre-decline, 2009: post-
decline]) for five pools and five riffles, respectively. For diatoms

and sediment, there were 30 samples (5 Loebs � 3months � 2 yr
[2004: pre-decline, 2009: post-decline]) for each riffle and pool.
Within each model, tadpoles were the exogenous variable
(i.e., an independent variable that influences other variables but
is itself not influenced by other variables) while large-bodied
insects, small-bodied insects, sediment, small-sized diatoms
(< 1000 μm3), medium-sized diatoms (1001–10,000 μm3), and
large-sized diatoms (> 10,000 μm3) were the six endogenous vari-
ables (i.e., variables influenced by the exogenous variables and
other endogenous variables). All PSEMs were fit using the R pack-
age piecewiseSEM (Lefcheck 2016) using an estimator that maxi-
mizes the Full Information Maximum Likelihood, which allows
for uneven sample sizes of the variables (e.g., there were 48 insect
and 30 diatom samples in riffles). In each model, sampling site
was treated as a random variable and any potential temporal cor-
relation was addressed by including Year in a continuous auto-
regressive 1 autocorrelation structure from the CAR1 function in
the NLME R package (Pinheiro et al. 2020). The models were also
fully saturated. All potential linkages were included in the model
because we could develop a plausible hypothesis for each linkage,
that is, consumptive linkage between consumers and diatoms
and competitive interactions among diatom groups. Therefore,

Fig. 3. The mean � SE of the electivity indices of three diatom size clas-
ses (Sm ≤ 1000 μm3, Med = 1000–10,000 μm3, Lg ≥ 10,000 μm3) for
tadpoles from pools and riffles. Electivity indices indicate a consumer’s
preference for a prey item based on the proportion of the prey in the gut
relative to the proportion of the prey in the environment. Values >>0 indi-
cates a highly preferred prey item while values <<0 indicates high aversion
to that prey item. Values near 0 indicate no selection by the consumer for
that prey item. Seven individuals were sampled from pools and five were
sampled from riffles. Lg, large; Med, medium; Sm, small.
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no global goodness-of-fit test was performed because no tests
of directed separation were possible. The relationship between
two variables was considered significant at the 5% level.
Results of the PSEM are presented as standardized path coeffi-
cients, which show the strength of the relationship (a causal
linkage) between variables (groups) in the model and positive
values indicating a positive relationship between two vari-
ables (Grace 2006).

Results
The structure of the diatom community changed between

the pre- and post-amphibian decline sampling periods. Abun-
dances of small-, medium-, and large-sized diatoms were pro-
portionally greater post-amphibian decline vs. pre-decline

(mean and SE for individual taxa reported in Appendix A and
Appendix B in Supporting Information). Patterns in abun-
dance differed between pools and riffles; densities of small-
sized diatoms increased the most in riffles (Fig. 1a), while
large-sized diatoms increased the most in pools (Fig. 1b). There
was also a complete extirpation of tadpole densities during
this time (Fig. 1a,b).

The abundance of insect grazers when compared at the tax-
onomic level did not change from pre-decline to post-decline
(F = 0.65, p = 0.4) but did vary by habitat (F = 26.8,
p < 0.001). Some individual taxa did increase following
amphibian declines such as Baetodes in riffles (F = 4.7,
p = 0.03), while the abundance of several taxa decreased post-
decline, including Petrophila (F = 6.6, p = 0.01) in riffles and
Tricorythodes (F = 4.1, p = 0.05) and Psephenus (F = 5.1,

Fig. 4. The mean � SE of the electivity indices of three diatom size classes (Sm ≤ 1000 μm3, Med = 1000–10,000 μm3, Lg ≥ 10,000 μm3) for six size
classes of insects from (a) riffles and pools (b) before (2004) and after (2009) amphibian declines. Grazing insects were pooled based on their body
length. The number of guts analyzed (sample size) for each group is reported in the legend by year.
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p = 0.03) in pools. The ISD of the insect grazer community
shifted differently in pools compared to riffles after tadpole
declines (Fig. 2; means for individual taxa by size class
reported in Appendix B in Supporting Information). In pools,
it became more left-skewed (skewness of 0.9 pre-decline com-
pared to a skewness of 0.2 post-decline; p < 0.001) because the
mean length of individuals increased from 1.8 � 0.03 SE mm
to 2.4 � 0.08 SE mm (p < 0.001). In riffles, the ISD became
more right-skewed (skewness of 0.7 pre-decline compared to a
skewness of 1.4 post-decline; p < 0.001) and average body length
decreased from 2.0 � SE 0.02 to 1.7 � SE 0.02 (p < 0.001) due to
the increased abundance of individuals in the 1 mm size class.
The CV significantly decreased (0.54 pre-decline to 0.50 post-
decline; p < 0.001) in pools and significantly increased in riffles
(0.55–0.65; p < 0.001). The kurtosis in pools also changed from
positive (leptokurtic) pre-amphibian decline to a negative (plat-
ykurtic) post-decline (2.5 to �0.4; p < 0.05). However, in riffles,
kurtosis increased from pre-decline to post-decline, becoming
more leptokurtic (3.4–4.0; p < 0.001).

Differences in the preferential ingestion of diatom size clas-
ses by grazing insects and tadpoles occurred (mean E* for indi-
vidual taxa by size class reported in Appendix C in Supporting
Information). Tadpoles preferentially consumed medium-sized
diatoms with a mean E* > 0.5 (1001–10,000 μm3) but do not
consume large-sized diatoms in proportion to their occurrence
in the environment (Fig. 3). Across all size classes, pre-decline
grazing insects selectively consumed small-sized diatoms

(< 1000 μm3) with an average E* of 0.5 in pools and riffles
(Fig. 4). However, post-decline, grazing insects of all size clas-
ses selectively consumed both small-sized diatoms with an E*
of 0.5 in pools and riffles and medium-sized diatoms (1001–
10,000 μm3) with an E* of 0.6 in pools and 0.5 riffles (Fig. 4).
Grazing insects selectively rejected the largest-sized diatoms
(> 10,000 μm3), exhibiting an E* of �0.6 across all size class in
pools and riffles pre-decline and an E* of �0.8 post-decline
across all size class in pools and riffles (Fig. 4). The pattern of
E* by taxa was more variable and appeared taxa specific
(Fig. 5). Mayflies in the Leptohyphidae family selectively con-
sumed the largest size diatoms pre-amphibian decline but not
post-amphibian decline while Psephenus did not preferentially
consume medium sized diatoms before or after amphibian
declines. As a group, algal-grazers did not appear to selectively
consume or avoid medium sized diatoms prior to amphibian
declines.

The PSEM with the aggregated data showed that habitat
had a significant role in structuring the grazing insect and dia-
tom communities (Fig. 6a). However, the habitat specific
models showed that tadpoles impacted diatoms and organic
sediment through different pathways in riffles and pools. Par-
ticularly, tadpoles negatively affected the largest and smallest
diatoms and organic sediment in pools, but only negatively
affected small- and medium-sized diatoms in riffles (Fig. 6b,c).
Tadpoles did positively affect the smallest insect size classes in
pools by reducing organic sediment (Fig. 6c). However, the

Fig. 5. The mean � SE of the electivity indices of three diatom size classes (Sm ≤ 1000 μm3, Med = 1000–10,000 μm3, Lg ≥ 10,000 μm3) for 12 genera
of insects from (a) riffles and pools (b) before (2004) and after (2009) amphibian declines. Grazing insects were pooled based on their body length. The
number of guts analyzed (sample size) for each group is reported in the legend by year.
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effects of tadpoles on diatoms did not cascade up to the insect
groups in riffles (Fig. 6b).

Discussion
Studies on the effects of biodiversity declines on ecosystem

functioning traditionally focus on species identity or average
trait values, and may miss subtle clues that show how the
community responds to species declines, such as changes in
the ISD of the community (Reiss et al. 2009; Séguin
et al. 2014). Examining changes in the ISD at the community
level rather than at the taxonomic level may provide mecha-
nistic insight into: (1) how different habitats may affect the
community response to species loss and (2) if the community
response to species loss leads to functional compensation. In
our study, the decline of the larger-bodied tadpole grazers
from the community led to changes in the ISD for small-

bodied insect grazers that differed between riffle and pool hab-
itats. Furthermore, insect grazers did not functionally compen-
sate for the catastrophic declines of tadpoles and the cause for
this lack of functional compensation occurred through differ-
ent pathways in each habitat.

The habitat-specific response of the ISD to tadpole declines
was a surprising result given that the taxonomic composition
of the insect grazer and diatom communities were initially
very similar between pools and riffles. In pools, the ISD
became platykurtic, indicating that the earliest instar stages
either experienced high mortality, moved out of pools, or that
adults avoided ovipositing in these habitats. The piecewise
SEM indicated that the shift in the ISD was likely caused by
increased organic sediments in pools, which can lead to
changes in macroinvertebrate behavior, such as drifting down-
stream, and reduce their densities (Connolly and Pear-
son 2007). In riffles, the ISD trended toward smaller (< 1 mm)

Fig. 6. Path diagrams investigating the effects of tadpoles on large-bodied insects (Lg Insects), small-bodied insects (Sm Insects), large-sized diatoms
(Lg Diatoms), medium-sized diatoms (Md Diatoms), small-sized diatoms (Sm Diatoms), and organic sediment with habitat as an exogenous factor (a)
and separately for pools (b) and riffles (c). The first model treats habitat as an exogenous variable (a) and tadpole standardized coefficients are in italics
while habitat standardized coefficients are not italicized. The bottom row presents the habitat specific models for the effect of tadpoles and grazing
insects on the biomass of diatoms and organic sediment in pools (b) and riffles (c). The habitat-specific models best fit the data (lowest Akaike informa-
tion criteria (AIC) scores). Lines connecting groups represent pathways included in the model, with standardized coefficients of a statistically significant
interaction (p < 0.05) between two groups reported with solid lines while dashed lines represent an interaction that was tested but was not statistically
significant. Blue lines are positive interactions and red lines are negative interactions.
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individuals following tadpole loss, which was associated with
50% declines in abundance of all larger size classes. The
decreasing abundance may have been driven by increased pre-
dation given that several the abundance of predators, including
the stonefly Anacroneuria and the dragonflies Heteragrion and
Philogenia, increased in riffles following tadpole declines
(Barnum et al. 2015). Increased predation pressure in riffles and
increased organic sediments in pools represent two different
pathways that may have driven the response of insect grazers to
tadpole declines, showing that community response to species
loss is a context dependence process. Importantly, neither of
these mechanisms directly involve resource consumption, the
presumed driver of compensation in many studies focused on a
single taxon under a competition paradigm.

The lack of functional redundancy by insects following
amphibian declines was the result of tadpoles playing a
unique role in the community. Several lines of evidence sug-
gest that tadpoles regulated the diatom community and the
accrual of organic sediments in pools not through direct con-
sumption, but rather influenced organic and inorganic sedi-
ment through bioturbation. Large- and small-sized diatoms
were not selectively consumed by tadpoles but tadpoles had
negative effects on both groups of diatoms. The negative effect
of tadpoles on large-sized diatoms is likely caused by their ras-
ping mouthparts dislodging diatoms while feeding, which also
occurs with other benthic herbivores with rasping mouthparts
(Rosemond et al. 2000). Tadpoles also had negative effects on
the accrual of organic sediments, which constituted a small
fraction of tadpole diets (Barnum et al. 2013; Frauendorf
et al. 2013), suggesting their negative effects were not the
result of direct consumption. In riffles, tadpoles and insect
grazers selectively consumed small- and medium-sized dia-
toms but only tadpoles negatively affected their abundance.
The lack of a negative effect on diatom abundance was surpris-
ing because insect grazers are known to reduce periphyton
abundance (Feminella and Hawkins 1995). Other insects in
this system, such as Tipula and Chironomidae, were also
unlikely to have a significant top-down effect on diatoms. The
12 taxa included in this study accounted for approximately
half of all taxa in this stream (Barnum et al. 2015). Larger dip-
tera such as Tipula were not abundant in this stream while
Chironomidae primarily consumed the smallest diatom taxa
(Barnum et al. 2015). Filter-feeders did consume large numbers
of diatoms (Frauendorf et al. 2013; Barnum et al. 2015), but
diatoms are consumed passively from the water column and
filter-feeders would not have the same top-down effects on
the diatom community as the algal-grazing insects included in
this study.

In riffles, tadpoles only had a negative effect on small- and
medium-sized diatoms. The lack of an effect on large diatoms
and sediment by tadpoles in riffles may have been driven by
two factors: lower densities of tadpoles and stream flow. Tad-
pole abundance was 75% lower in riffles compared to pools,
which may have contributed to the reduced effects of tadpoles

on the abundance of diatoms. Grazer density is linked to both
sediment removal and indirect, positive effects on primary
production (Power 1990). Faster water flow in riffle habitats
can reduce sediment accrual and scour away larger diatoms
that have higher profiles (Passy 2007). In pools, slower water
flow would allow sediments to accrue and the abundance of
larger diatoms to increase.

Although this study uses two points in time, previous stud-
ies from Río Guabal and another nearby stream suggest the
diatom and algal-grazing invertebrate communities we sam-
pled in 2009 were characteristic of post-amphibian decline
conditions. Algal biomass in Rio Guabal was more than dou-
ble from pre-tadpole decline 3 yr following tadpole declines
(Connelly et al. 2014). The biomass of most algal-grazing
insects also decreased during the first year following tadpole
declines, suggesting a lack of functional redundancy (Col�on-
Gaud et al. 2010). In a similar, nearby stream, algal biomass
more than doubled following amphibian declines while the
biomass of macroinvertebrates remained unchanged 2 and
8 yr following amphibian declines, suggesting functional com-
pensation also did not emerge in that stream over time
(Whiles et al. 2013; Rantala et al. 2015).

Factors other than the loss of tadpoles were unlikely to
cause the changes in the ISD of insect grazers. The reported
differences in ISDs are unlikely to be driven by the presence of
a single, large cohort because in tropical streams, insect grazers
are multivoltine and develop on short timescales (< 3 months)
(Jackson and Sweeney 1995), which means multiple cohorts
of different size classes overlap at any given time. Stream dis-
charge was also similar between pre- and post-tadpole decline
sampling periods (58 L s�1 in 2004, 60 L s�1 in 2009), and an
unlikely driver of changes in size distributions. Therefore, the
loss of tadpoles and their effects on the benthic community
appear to be the most likely cause of the observed changes in
ISD reported here.

The capacity for surviving species to compensate for the loss
of a guild member is dependent on their functional traits such
as body size, feeding mode, and ability to modify the environ-
ment (Villnäs et al. 2018). Large-bodied species can play an
important role in structuring habitat (Ellison et al. 2005; Norkko
et al. 2013) and the loss of large-bodied tadpoles resulted in
changes to habitat structure. The PSEM showed that, although
habitat was important in determining both diatom and insect
community composition, tadpoles were also important to
reducing both the abundance of large diatoms and the accrual
of organic sediment. Field studies have also shown tadpoles
reduced the accrual of both algae and sediments in streams
(Ranvestel et al. 2004; Connelly et al. 2008, 2014). Increased
algal standing stock and sediment accrual also occurred follow-
ing the extirpation of large-bodied consumers from other
streams, including the loss of shrimp in Puerto Rico (Pringle
and Blake 1994; Greathouse et al. 2006), and Prochilodus in Ven-
ezuela (Taylor et al. 2006; Hall et al. 2011), suggesting that these
large-bodied consumers served similar functional roles to
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tadpoles. Furthermore, after the loss of Prochilodus, the produc-
tion of smaller-bodied insects increased, but did not function-
ally compensate in terms of resource consumption for the loss
of the large-bodied fish (Hall et al. 2011). In all of these studies,
abundant larger-bodied taxa and smaller-bodied taxa shared
similar feeding modes, but the role of abundant larger-bodied
taxa included structuring the physical environment, exemplify-
ing the unique role of abundant large-bodied species in sustain-
ing multiple ecosystem functions in these systems.

The loss of large-bodied species poses a unique challenge to
understanding the effects of biodiversity declines (Estes
et al. 2011). Large-bodied species have multiple roles that
impact community structure and ecosystem functioning
through complex pathways, increasing the difficulty of fore-
casting the impacts of their loss (Duffy et al. 2007). By exam-
ining changes in the size distribution of surviving guild
members, we were able to exclude the variability in their
abundances at the taxonomic level, while also being able to
differentiate the impacts of large- and small-bodied consumers
on the community composition of their shared prey. Further-
more, we were able to show that the top-down effects of large-
bodied consumers can vary by habitat type, which means that
the loss of large-bodied species does not necessarily lead to a
singular outcome on the remaining community, an important
conclusion for managers and conservationists seeking to pro-
tect ecosystem functioning. In conclusion, despite similarities
in resource use among guild members, large-bodied tadpoles
had an additional functional role in structuring the local habi-
tat that could not be compensated by smaller-bodied insects,
underscoring the unique role of large-bodied consumers in
maintaining ecosystem functioning.
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