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Diet shift of lentic dragonfly larvae in response to reduced 
terrestrial prey subsidies 

Johanna M. Kraus 1 

Department of Biology, University of Virginia, Charlottesville, Virginia 22904 USA 

Abstract. Inputs of terrestrial plant detritus and nutrients play an important role in aquatic food webs, 
but the importance of terrestrial prey inputs in determining aquatic predator distribution and abundance 
has been appreciated only recently. I examined the numerical, biomass, and diet responses of a common 
predator, dragonfly larvae, to experimental reduction of terrestrial arthropod input into ponds. I 
distributed paired enclosures (II = 7), one with a screen between the land ilnd water (reduced subsidy) and 
one without a screen (ambient subsidy), near the shoreline of 2 small fishless ponds and sampled each 
month during the growing season in the southern Appalachian Mountains, Virginia (USA). Screens 
between water and land reduced the number of terrestrial arthropods that fell into screened enclosures 
relative to the number that fell into unscreened enclosures and open reierence plots by 36%. TIle oUC 
isotopic signatures oi dragonfly larvae shifted towards those of aquatic prey in reduced-subsidy 
enclosures, il result suggestlllg that dragontlies consumed fewer terrestrial prey when fewer were available 
(ambient subsidy: 30%, reduced subsidy: 19% of diet). Overall abundance and biomass of dragontly larvae 
did not change in response to reduced terrestrial arthropod inputs, despite the fact that enclosures 
permi tted immigration/emigration. These results suggest that terrestrial arthropods can provide resources 
to aquatic predators in lentic systems, but that their effects on abundance and distribution might be subtle 
and confounded by in situ factors. 
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Ecologists have long understood that ecosystems 
are connected by the movement of energy and 
nutrients (Lindeman 1942, Minshall 1960). However, 
the implications of such movements for food webs 
have been studied only more recently (e.g., Polis et a!. 
1997, Power et a!. 2004, Baxter et a1. 2005). Most 
research examining the influence of allochthonous 
inputs on recipient food webs was conducted initially 
at boundaries with large resource gradients (i.e., 
between high-productivity and low-productivity hab
itats like the upwelling ocean and desert islands) 
(Heatwole 1970, Jackson and Fisher 1986, Polis et a!. 
2004). As research expanded to interfaces between 
habitats with more similar productivity, such as 
forests and temperate waterways (Cloe and Garman 
1996, Nakano and Murakami 2001, Power et a!. 2004, 
Paetzold and Tockner 2005), movements of resources 
across ecosystem boundaries were shown to be more 
ubiquitous determinants of foodweb dynamics than 
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originally thought (Baxter et a!. 2005, Knight et a!. 
2005, Marczak et a!. 2007). 

Movements of resources between ecosystems can 
alter foodweb dynamics in recipient systems in 
several ways. Inputs can directly subsidize the diet 
of certain consumers, thereby increasing consumer 
density and decoupling consumer densities from 
abundance of in situ resources (Polis and Hurd 
1996a, b, Nakano and Murakami 2001, Sabo and 
Power 2002a, b). For example, aquatic insects emerg
ing from a desert stream provided 37 to 100% of the 
diet of riparian spiders and increased local spider 
density up to lOX compared to density when no 
insects were emerging (Sanzone et a1. 2003). Resource 
subsidies can indirectly affect consumers by changing 
competitive interactions (Baxter et aJ. 2004) or by 
providing alternative prey for intraguild predators 
(Sabo and Power 2002a). For example, experimental 
reduction of aquatic insects next to a large river 
appeared to increase the consumption of insectivo
rous wolf spiders by insectivorous lizards (Sabo and 
Power 2002a). On the other hand, characteristics of 
recipient food webs also can influence the effect of 
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subsidies on consumers. Recipient productivity 
(Huxel and McCann 1998), the ratio of subsidies to 
in situ resources (Marczak et al. 2007), habitat 
availability (Greenwood and McIntosh 2008), and 
higher-order predators (Crooks and Soule 1999, Sabo 
and Power 2002a) can influence the response of 
consumers to allochthonous resource inputs. 

Because of their physical proximity to terrestrial 
ecosystems, freshwater food webs have high potential 
to be influenced strongly by allochthonous resource 
subsidies. For example, terrestrial plants provide 
structure and resources in the form of leaves and 
woody debris to aquatic organisms (especially detri
tivores) in forested streams (Minshall 1960, Kaplan 
and Newbold 1993, Meyer et al. 1998). Terrestrial 
arthropods that fall into the water can provide a direct 
source of prey for aquatic predators, and affect 
growth, distribution, and abundance of fish and 
macroinvertebrates in streams (Kawaguchi and Na
kano 2001, Nakano and Murakami 2001, Baxter et al. 
2005). Ponds typically receive inputs from the 
terrestrial environment, but much less is known about 
the role of allochthonous subsidies in lentic than in 
lotic systems (but see Schindler and Scheurell 2002, 
Knight et al. 2005, Regester et al. 2006). Lentic systems 
often have less edge for a given surface area (Gratton 
and Vander Zanden 2009) and lower flow rates than 
do lotic systems. These factors could reduce the 
quantity of terrestrial inputs to lotic systems but 
increase residence times. 

T used a manipulative field experiment to examine 
the role of terrestrial prey subsidies in determining 
the abundance and distribution of a top aquatic 
predator (dragonfly larvae) in fishless ponds. T used 
repeated sweeps of the pond and stable isotope 
signatures (Hall 1995, Hamilton et al. 2004, Pace et 
al. 2004) to monitor changes in consumer abundance, 
biomass, and diet in enclosures in relation to the 
availability of allochthonous resources. The abun
dances of 2 other common top consumers (newts and 
crayfish) in enclosures also were monitored to 
examine their potential effects on dragonfly response 
to terrestrial prey subsidies. 

Methods 

Tdid this study at Mountain Lake Biological Station 
in the Allegheny Mountains of southwestern Virginia, 
USA (elevation 1160 m) in 2 permanent fishless 
ponds. Ponds were constructed in 1965 and were 
-500 m apart (Sylvatica: 86.1 m perimeter, 353.5 m 2 

area, 0.95 m deep; Horton: 65.9 m perimeter, 223.3 m 2 

area, 1.3 m deep). Ponds were filled by rain and 
surface flow and were surrounded by an open 

vegetated area (-1-5 m wide) and large trees (mixed 
deciduous, dominated by northern red oak [Quercus 
rubra] and pitch pine [Pinus rigidl1]). Predominant 
bottom cover in the ponds was leaf litter from 
surrounding trees imd the pondweed Elodea sp. The 
most common dragonflies emerging from the ponds 
during the experiment were Libellula lydia Drury 1770, 
Libelluia pulchel/a Drury 1773, SOnlatochlora elongl1ta 
Scudder 1866, Cordulia shurtleffi Scudder 1866, Aeshna 
umbrosl1 Walker 1908, and Sympetruln rubicundulunl 
Say 1839. T deposited voucher specimens at the 
Smithsonian National Museum of Natural History, 
Washington, DC, USA. 

I used a I-way randomized block design (n = 7) to 
test the effects of 2 levels of terrestrial input (ambient 
subsidy or reduced subsidy; sensu Sabo and Power 
2002a, b) on Jarval dragonfly diet, biomass, and 
abundance in field enclosures. I also monitored 
unmanipulated open plots set ~ 3 m from enclosures 
(n = 4, i.e., 2 at each pond) for reference. Enclosures 
were paired by treatment in both study ponds (n = 5 
ambient/reduced-subsidy pairs at Sylvatica pond and 
n = 2 ambient/reduced-subsidy pairs at Horton 
pond). 

Enclosures (1.5 m long X 2 m high X 1.5 m wide) 
consisted of a polyvinyl chloride (PVC) pipe frame on 
a wood base with a plastic flange sunk into the 
substrate. The tops and ends of cages were covered 
with plastic hardware cloth (opening 1.27 cm X 

1.91 cm) to allow immigration and emigration of 
focal organisms from enclosures and the open pond 
while excluding larger predators, such as birds. Focal 
organisms could move between enclosures, but adult 
dragonflies could not enter them to oviposit. Thus, 
numerical responses to treatment resulted from 
differences in survivorship and migration. Reduced
subsidy enclosures included an additional fiberglass 
screen top and screen partition between land and 
water to block terrestrial prey inputs into the 
enclosure. 

I erected cages at the beginning of the growing 
season in May 2004 before the first sampling period so 
that pretreatment measurements could be taken in 
enclosures. Tsampled enclosures once a month during 
the growing season (June-August 20(4) and esti
mated relative abundance and biomass of dragonfly 
larvae in each sampling plot with a box sampler 
(Harris et al. 1988). After slowly approaching the 
sampling area, I quickly pushed the bottomless metal 
frame of the sampler (l.0 m X 0.5 m X 1.0 m, I X w X 

h) into the pond substrate. Tmeasured water volume 
in the sampler as a potential covariate of dragonfly 
abundance in the enclosures by taking water depth 
measurements on both sides of the frame. I collected 
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the contents of the sampler (water column and top 
layer of substrate) with 3 consecutive sweeps of a 
snug-fitting net, and picked, counted, and identified 
all dragonfly larvae from the samples in the field. I 
also counted and measured (snout-vent length for 
newts and total length for crayfish) potential intra
guild predators (i.e., Eastern red-spotted newts 
[Notophthalmus viridescens] and Tennessee River spiny 
crayfish [Orconectes spinosus], an invasive species in 
the ponds). These predators were impossible to 
exclude from enclosures because they were similar 
in size to dragonfly larvae, and thus, I monitored 
them for potential effects on dragonfly larval re
sponses to prey subsidies. I returned all animals, 
except dragonfly larvae, which were removed tem
porarily for weighing and identification to genus, to 
enclosures immediately. 

I estimated the abundance of terrestrial insects that 
fell into ponds with floating pan traps (43 cm x 
33.S cm x 11.4 cm grey plastic bins) filled with ~S L 
of filtered pond water and 30 mL of diluted dish soap 
as a surfactant (Nakano and Murakami 2001). I 
anchored 2 pan traps to the pond floor in each 
enclosure/control plot for 2 d each sample period. I 
sieved (SOO-~lm-mesh sieve) and froze pan contents. I 
identified arthropods to family or order and desig
nated them as aquatic or terrestrial in origin. 

Stable isotopes have been used frequently to 
estimate diet and trophic structure in natural com
munities (HaJJ 1995, Collier et al. 2002, Sanzone et al. 
2003, Akamatsu et al. 200S). I determined C isotopic 
signatures for 1 randomly selected dragonfly larva 
from each sample (n = 7 enclosures/ treatment x 2 
sampling dates) to estimate diet shifts in dragonfly 
larvae caused by decreased availability of terrestrial 
arthropod inputs. I removed abdomens from larvae 
before sample preparation to reduce incorporation of 
undigested stomach contents into the estimate of 
isotopic signature. Isotopic analysiS was done with a 
Carlo Erba elemental analyzer coupled to a Micro
mass Optima isotope ratio mass spectrometer (GV, 
Manchester, UK). I report the stable isotope ratio as 
oX (%0) = [Rsample/Rstond"rcl - 1] x 1000, where X = 
!:,C and R = 13C/12e. Peedee Belemnite (PDB) served 
as the standard for l3e. 

To illustrate the approximate size of any effect on 
dragonfly larval diet in more intuitive terms than raw 
81."-1C values, I estimated the proportion of the diet 
from each potential source with a 3-source mixing 
model (IsoSource; Phillips and Gregg 2003). IsoSource 
solves isotope mixing models iteratively where the 
number of sources is greater than the number of 
isotopes + 1. I estimated the mean proportion of 
dragonfly larval diet from terrestrial resources for 

each treatment from (5 
l3C values for predator and 3 

potential prey sources: aquatic detritivores (midges 
[Chironomidae]), aquatic herbivores (mayflies [Ephe
meroptera]), and terrestrial herbivores (leafhoppers 
[Cicadellidae:Homoptera]). These prey items were 
common potential prey in and around the ponds 
(Kraus 2006, this study). J selected 2 (±1) leafhoppers 
from sticky traps in reference plots adjacent to pond 
enclosures and combined them for analysis because 
of their low mass (n = 4 plots). I collected 1 or 2 
chironomid midges from floating emergence traps (n 
= 7 enclosures/treatment X 2 sampling dates). I also 
collected mayflies from emergence traps, but they 
were not abundant, and I collected them from only 2 
enclosures (n = 2). The prey 013C signatures used in 
the mixing model were averaged per enclosure (i.e., 
averaged over time). Dragonfly isotopic signatures 
used in the mixing model were calculated as mean 
signatures per treatment. Thus 

d3C d3C
U dragonfly h'eatment i =Xu lerrt'sh'ia1I'rey 

+yo-DC
,'quatic herbivorous prey 

)d3C+( 1 - X - Y U aquatic ddritivous prey 

where i is reduced or ambient treatment, x is the 
proportion of dragonfly diet from terrestrial herbi
vores, y is the proportion from aquatic herbivorous 
prey, and (1 - x - y) is the proportion from aquatic 
detritivorous prey. The same mean prey values were 
used for both ambient- and reduced-subsidy mixing 
models. I tested the assumption that prey 813C did not 
change with treatment where possible (i.e., where 
animals were sampled from multiple replicates of 
e,lch treatment). I assumed fractionation of l3C was 
negligible based on published estimates for preda
ceOllS macroinvertebrates (Jardine et al. 200S). 

I used SAS statistical software (SAS 9.1; SAS 
Institute Inc., Cary, North Carolina) for all data 
analysis. I used a repeated measures generalized 
linear mixed model (rmGLMM) to test the effect of 
subsidy reduction on consumer responses. GLMMs 
are particularly useful for analyzing data with 
nonnormal errors of known distribution (Wolfinger 
<11ld O'Connell 1993, Bolker et al. 2009). I specified link 
functions to the expected error distribution of each 
dependent variable (McCullagh and Nelder 1989). I 
fitted count data to Poisson or negative binomial 
distributions, and length, mass, and isotopic signa
tures to the normal distribution (Littell et al. 1996). I 
modeled error distribution for time as either com
pound symmetric or autoregressive by 1 time step. I 
created a set of candidate models for each dependent 
variable based on these error distributions (for time 
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and treatment) and inclusion of a random block effect. 
I chose best-fit model from this set using Akaike's 
Information Criterion for small sample sizes (AICc, 
smaller = better) (Burnham and Anderson 1998) and 
the overdispersion parameter C1J (closer to 1 = better). 
I evaluated effects of subsidy reduction (ambient- vs 
reduced-subsidy enclosures) and cages (ambient
subsidy enclosure vs open plots) with post hoc 
Fisher's Least Significant Difference (LSD) tests. I 
used data collected in May to examine initial 
differences among cages before the subsidy reduction 
screens were installed, and I did all other analyses 
with data collected after the subsidy reduction screens 
were erected (June, July, and August). I included 
pond identity as an effect in the models because 
differences were detected betvveen ponds after data 
were collected. All figures represent the least-square 
mean estimates calculated from the best-fit GLMM 
and back-transformed to the scale of the data. 

Results 

When averaged over the season, 36% fewer 
terrestrial arthropods fell into pan traps m the 
reduced-subsidy treatment than in the ambient-sub
sidy treatment, and the number collected did not 
differ between ambient-subsidy and open plots 
(Table 1, Fig. 1A). The largest proportion of these 
arthropods was small herbivorous insects (38% 
Homoptera, Hemiptera, and Thysanoptera), followed 
by nonaquatic Diptera (32%), Flymenoptera (9%), and 
Collembola (7%). Significantly fewer small herbivo
rous insects were collected in reduced-subsidy than in 
ambient-subsidy enclosures, and the number col
lected did not differ between ambient-subsidy and 
open plots (Table 1, Fig. 18). Significantly fewer 
flying aquatic insects (i.e., terrestrial adult stages; 
93% aquatic Diptera) fell into pan traps in the 
reduced-subsidy than in the open plots, but the 
number collected did not differ between reduced
subsidy and ambient-subsidy enclosures or betvveen 
ambient-subsidy enclosures and open plots (Table 1, 
hg. lC). 

013C signatures of dragonfly larvae were more 
enriched in ambient-subsidy than in reduced-subsidy 
enclosures, but did not differ between ambient-subsidy 
enclosures and open plots (Table 1, Fig. 1D). The most 
common terrestrial herbivorous prey (leafhoppers) 

I3Chad more enriched o signatures than aquatic 
herbivorous prey (mayflies) or aquatic detritivorous 
prey (chironomid midges) (Student's t-test, p < 0.001 
for both comparisons; mean ± SD ODe, leafhoppers: 
-27.1 ± 0.7, n = 4; mayflies, -38.4 ± 0.4, n = 2; midges 
- -33.4 ± 1.9, n - 13 [midges were absent from 1 
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trapD. Chironomid OC13 signatures did not differ 
between ambient-subsidy and reduced-subsidy enclo
sures (GLMM, treatment F2•14 = 0.43, P = 0.66). 

Larval dragonfly 013C signatures used in the mixing 
model were -32.8 :!: 1.7 (ambient subsidy) and -34.1 
:!: ].6 (reduced subsidy) (n = 6, excludes 1 block that 
did not contain larvae in both ambient-and reduced
subsidy treatments). Based on the mean signatures of 
the 3 prey items, the isotope mixing model suggested 
that on average 30% :!: 12('(0 (99% CJ = 9-49%) of 
dragonfly larval diet in the ambient-subsidy enclo
sures and 19% :!: 12% (99% CI = 0-38%) of dragonfly 
larval diet in the reduced-subsidy enclosures came 
from terrestrial arthropods. The overlapping confi

dence intervals surrounding these proportions sug
gest they were not significantly different. 

Neither subsidy reduction nor enclosures affected 
the counts or biomass of dragonfly lmvae as a whole 
(p > O.OS; Table 1, Fig. IE, F). However, pond identity 
influenced the effect of subsidy reduction on dragonfly 
abund ance wi thin enclosures. Dragonfly numbers were 
lower in the ambient-subsidy enclosures than in the 
reduced-subsidy enclosures at Horton Pond, whereas 
this pattern was reversed in Sylvatica Pond (Table 1, 
Fig. IE). The number of dragonfly larvae was signifi
cantly higher in open plots than in ambient-subsidy 
enclosures at Horton Pond (Fig. IE), a result that 
suggested a potential enclosure effect on the dragonfly 



607 2010] TERRESTRIAL PREY SUBSIDIES TO DRAGONFLY LARVAE 

numerical response at Horton Pond. Initial counts and 
biomass of dragonfly larvae did not differ among 
treatments in May before subsidy screens were erected 
(p > 0.05). Dragonfly larval response did not change 
seasonally after screens were erected in June (Table 1). 

Individual dragonfly genera responded similarly to 
the reduced subsidies (Fig. 2A-J), although Aeshna 
larvae showed a marginally significant increase in 
total biomass (194%, p = 0.06; Fig.2F) in reduced
subsidy enclosures (Table 2). Too few representatives 
of each dragonfly species were analyzed separately 
for isotopes to permit statistical examination of the 
effects of subsidy treatment on diet for each taxon. 
However, mean responses for Aeshna, Sornatoehlora, 
and Sy11lpetrunI (taxa for which isotopic signatures 
were obtained from ;::: 1 enclosure/treatment) all 
showed the general trend of becoming more aquatic 
in the reduced-subsidy treatments. 

Neither top predator (newts and crayfish) found in 
the enclosures showed a numerical or biomass 
response to reduced subsidies (Table 3, Fig. 3A-D). 
Horton Pond contained almost 4X more newts than 
Sylvatica Pond, whereas Sylvatica Pond contained 
lOx more crayfish than Horton Pond (Table 3, 
Fig. 4A-D). Water volume per sampler did not differ 
between ambient- and reduced-subsidy enclosures or 
between enclosures and open plots (GLMM, F2 ,12 = 
0.63, P = 0.55), but did differ between ponds (I-lorton: 
0.12 :!:: 0.026 m3

, Sylvatica: 0.095 :!:: 0.020 m 3
; GLMM, 

F1•12 = 6.8, P = 0.023) probably because of the steeper 
embankment at Horton Pond. 

Discussion 

r examined the effect of terrestrial prey inputs on 
odonates in fishless ponds. The results suggest that 
dragonfly diet can be subsidized by terrestrial 
arthropod prey. Data from this experiment and 
previous measurements at these ponds (Kraus 2006) 
showed that terrestrial herbivores were 1110re en
riched in 13C than aquatic insects. The C isotopic 
signatures of dragonfly larvae were significantly more 
enriched in enclosures receiving ambient rates of 
terrestrial arthropod inputs than in enclosures with a 
36% reduction in input. This pattern suggests that 
dragonfly larvae responded to a reduction in terres
trial input by shifting their diet toward aquatic 
resources. lterative solutions from the isotope mixing 
model showed that the use of terrestrial resources was 
reduced 37% on average (from 30% in ambient 
subsidy to 19% in reduced subsidy), but these diet 
percentages had overlapping 99% confidence inter
vals. Thus, although the C signatures changed 
significantly with terrestrial input, the proportion of 

diet coming from terrestrial resources in these 
treatments was still quite variable. Other models that 
include source and mixture error (Phillips and Gregg 
2001) allow more direct estimation of this variability, 
but require use of 2 isotopes (e.g., C 13 and N 15

) for a 3
source mixing model. ON 15 was measured initially in 
my study, but N fractionation in dragonfly tissue was 
not, and the output from these models is very 
sensitive to the estimate of N fractionation (Caut et 
a1. 2009). 

Consumption of terrestrial insects by dragonfly 
larvae has not been widely recorded, but dragonfly 
larvae (i.e., Aeshna) that Jive in the study ponds 
consumed floating moth adults in laboratory feeding 
trials (Kraus 2006). Aeshna, in particular are the most 
likely to consume terrestrial insects among the 5 
common odonates, because Aeshna use multiple 
foraging strategies (sit and wait vs active) depending 
on prey behavior and density (Johansson 1991). This 
plasticity in foraging behavior indicates the ability to 
use both dying terrestrial prey and living (perhaps 
more active) aquatic prey. Furthermore, terrestrial C 
can be an integral part of lentic food webs in lakes and 
might contribute to dragonfly diets in lakes. For 
example, Sol01110n et a1. (2008) found that ~25170 of 
dragonfly diet in shallow lakes came from terrestrial 
or dead autochthonous production, and Carpenter et 
al. (2005) found that the contribution of terrestrial C to 
a lake food web was substantial (>50% diet for 5 
species of fish). 

Despite an overall shift in C isotopic signature in 
response to reduced terrestrial inputs, dragonfly 
larvae did not respond numerically to terrestrial 
arthropod input. The lack of a numerical response 
suggests a limited role of terrestrial inputs in 
determining the within-pond distribution of near
shore dragonfly larvae. However, the abundance of 
dragonflies did appear to be slightly higher in 
ambient-subsidy enclosures than in reduced-subsidy 
enclosures at Sylvatica Pond. In view of the large 
decrease in dragonfly abundance in ambient-subsidy 
enclosures at Horton Pond, this result suggests that 
pond-specific factors might have had stronger or 
opposite effects on dragonfly distributions in the 2 
ponds. 

Newts and crayfish did not respond to allochtho
nous inputs, but the large difference in their abun
dances between ponds might have differentially 
influenced the response of dragonfly larvae to 
terrestrial inputs, at least within enclosures. For 
example, Aeslma larvae exhibited the same pond
dependent numerical response to subsidies as total 
dragonflies, but their biomass increased almost 200% 
in reduced-subsidy enclosures in both ponds. Thus, 
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= 7 for all treatment combinations. TREAT = treatment, • = marginally significant at p = 0.06, N.5. = P > 0.05. 
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TABLE 2. Gener,llized linear mixed model statistical output for best-fit models testing the effect of subsidy reduction on total 
number and biomass of individual species of dragonfly larvae found in enclosures over the duration of the experiment (June
August). Treatment (treat) effect includes only the enclosure treatments (ambient and reduced subsidy; n ",. 7). Pond effect tests 
differences between Horton (11 = 2) and Sylvatica Ponds (11 = 5). Distribution indicates error distribution used for each response 
and whether spatial block improved model fit (nb CO" negative binomial, norm ~. normal, po = Poisson). Best fit models were 
chosen based first on lowest Akaike Information Criterion for small sample size (AICc) value, and second on the over-dispersion 
parameter (lD) being closest to 1. Estimates of F statistics are analogous to type III Sums of Squares in analysis of variance. Bold 
indicates p < 0.05. 

Aeshna Cordlilia Libel/ula Somatochlora SYl1lpetrum 

Effects df F P df F P df F P df F P df F P 

Count 
Distribution 
Treatment 
Pond 
Treat x pond 

po, no block 
1,10 1.00 0.342 
1,10 1.88 0.200 
1,10 506 0.048 

nb, no block 
1,] a 0.86 0.374 
1,10 2.42 0.151 
1,10 0.78 0.397 

nb, no block 
] ,10 0.00 0.999 
1,10 C1.00 0.976 
1,10 0.00 0.999 

po, no block 
1,10 3.92 0076 
1,10 5.30 0.044 
1,10 2.05 0.183 

nb, no block 
1,10 0.02 0.901 
1,10 0.02 0.965 
1,10 0.02 0.901 

Biomass 
Distribution 
Treatment 
Pond 
Treat x pond 

norm, block 
1,5 5.95 0.059 
1,5 0.05 0.837 
1,5 0.44 0.538 

norm, no block 
1,10 0.09 0.770 
],10 5.86 0.036 
1,10 0.07 0.797 

norm, no block* 
1,10 0.00 0.999 
1,10 0.00 0.977 
1,10 0.00 0.999 

nb, no block* 
1,10 0.35 0.565 
1,10 0.12 0.739 
1,10 0.01 0.922 

norm, no block 
1,10 0.23 0.645 
1,10 0.01 0.937 
1,10 0.12 0.737 

" Model that included block had lower AlCc but was severely underdispersed «!l < 0.07); effect significances were not different 

Aeslzna were smaller and less abundant in ambient terrestrial resources. Thus, differences between ponds 
subsidy enclosures than in reduced-subsidy enclo in the abundance of a gape-limited intra guild pred
sures at Horton Pond. One explanation for this ator might have influenced the numerical response of 
pattern is that smaller Aeshna might have suffered dragonflies to terrestrial subsidies. 
high mortality in the pond with high abundance of Intraguild interactions influence responses to sub
gape-limited predators (i.e., newts; Wilbur et al. 1983). sidies in other systems (Sabo and Power 2002b, Baxter 
However, in Sylvatica Pond, where gape-limited et al. 2004). At the boundary between a 2nd-order 
predators were less abundant and more crayfish were stream and deciduous forest, introduced salmonids 
present, small Aeslmil might have been able to used terrestrial resources that fell into the stream and 
respond numerically to the increased abundance of caused native fish to shift to benthic macroinverte-

TABLE 3. Repeated measures generalized linear mixed model statistical output for best-fit models testing the effect of subsidy 
reduction on number of individual newts and crayfish p~'r enclosure> and the total body length of all ind ividuals per enclosure and 
sample date. Treatment effect in the model includes both enclosure treatments (ambient and reduced subsidy, n = 7) and open 
plots (n = 4). Month effect includes the 3 mo after the subsidy screens were installed in enclosures (June-August). Pond is the post 
hoc comparison between Horton (1/ = 2) and Sylvatica Ponds (n = 5). Distribution indicates error distributions used for each 
response and whether spatial block improved model fit (nb = negative binomial, norm = normal, po = Poisson). Estimates of F 
statistics are analogous to type III Sums of Squares in analysis of variance. 

Newts Crayfish 

No. individuals Body length No. individuals Body length 

Effects df F P df F P df F P df F P 

Distribu tion po, no block norm", no block nb, no block norm", block 
Treatment 2,12 1.39 0287 2,12 . 1.19 0.338 2,12 1.24 D.32S 2,35 D.SS D.436 
Month 2,30 132 0.282 2,24 2.81 0.080 2,30 355 0.041 2,35 3.81 0.032 
Treat x month 4,30 1.50 0.227 4,24 D.64 0.641 4,30 0.59 0.57D 4,35 0.35 0.840 
Pond 1,12 15.69 0.002 ],12 9.00 0.011 1,12 18.72 0.001 1,35 8.71 0.006 
Treat x pond 2,12 0.19 0.833 2,12 0.52 0.641 2,12 0.85 0.502 2,35 1.85 0.173 

a Analysis was done on \ (x)-transformed values to reduce over-dispersion 
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brates (Baxter et al. 2(04). On a riparian cobble bar, 
wolf spiders were able to persist in higher numbers in 
the presence of arthropod-eating lizards, in part 
because ilquatic insects were aVililable as an alternate 
prey source for both lizards and spiders (Sabo and 
Power 2002b, Power et al. 2(04). Uncovering the 
extent and variation of intraguild interactions on the 
impact of terrestrial subsidies is integral to our 
understanding community patterns and dynamics in 
freshwater systems, especially in forested ponds and 
headwater streams where both allochthonous inputs 
and predator-prey interactions can strongly influence 
community structure (Wilbur 1997, Nakano and 
Murakami 2001). 

The resul ts of my study suggest that terrestrial 
arthropods can subsidize the diet of aquatic secondary 
consumers in lentic systems, although numerical 
responses (immigration, mortality) to these resources 
might be limited or determined by in situ factors. I 
suggested one factor (intraguild predation) that could 
limit consumer responses to subsidies, but the relative 
availability of in situ resources, preference for sub
sidies, and physiological constraints also can influence 
consumer responses (Huxel and McCann 1998, Power 
et al. 2004, Marczak et al. 2007). Much of the original 
work on the effects of resource subsidies to food webs 
focused on input from very high productivity to very 
low productivity habitats (e.g., Polis and Hurd 1996a, 
b, Polis et al. 2004), where in situ control of foodweb 
dynamics was weak or nonexistent. More empirical 
work is needed to understand consumer responses to 
subsidies in systems where characteristics of the 
recipient food web also might strongly influence 
consumer abundances and distributions (Baxter et al. 
2005, Iwata 2007). 

Acknowledgements 

I thank H. M. Wilbur, S. A. Macko, J. R. Vonesh, and 
their lab groups for guidance and comments on the 
manuscript, and S. A. Macko for isotopic analyses. L. 
Galloway, J. Webster, M. McCoy, and K. McCoy made 
helpful editorial comments on an earlier version of the 
milnuscript. I also thank L. Ahrens, J. Gist, L. Green, J. 
Kraus, P. Ludwig, A. Pedersen, G. Ruthig, and B. 
Williams for help with field work. Comments from 2 
anonymous referees and Chris Robinson greatly 
improved the manuscript. This study was funded by 
a National Science Foundation Graduate Research 
Fellowship, Sigma Xi Grants-in-Aid of Research, 
Mountain Lake Biological Station, the Department of 
Biology at the University of Virginia, Society of 
Fellows at the University of Virginia, and the 
Association of Women in Science. 

Literature Cited 

AKAMATSU, F., H. TODA, AND T. OK1NO. 2005. Food source of 
riparian spiders analyzed by using stable isotope ratios. 
Ecological Research 3:655-b62. 

BAXTER, C V., K. D. FAUSCH, M. MURAK,\MI, AND r. L. 
CHAPMAN. 2004. Fish invasion restructures stream and 
forest food webs by interrupting reciprocal subsidies. 
Ecology 85:2656-2663. 

BAXTER, C V., K. D. FAUSCH, AND W. C SAUNDERS. 2005. 
Tangled webs: reciprocal flows of invertebrate prey link 
streams and riparian zones. Freshwater Biology 50: 
201-220. 

BOLKER, B. M., M. E. BROOKS, C J. Cl.ARK, S. W. GEANCE, J. P. 
POULSEN, M. H. H. STEVENS, AND J. S. WHITE. 2009. 
Generalized linear mixed models: a practical gUide for 
ecology and evolution. Trends in Ecology and Evolution 
24:127-135. 

BURNHAM, K. P., AND D. R. ANDERSON. 2002. Model selection 
and multimodel inference: a practical information 
theoretic approach. Springer, New York. 

CARrENTER, S. R., J. J. COLE, M. L. PACE, M. VAN DE BOCERT, D. 
L. BADE, D. BASTVTKEN, C M. GIllE, J. R. HODGSON, J. F. 
KITCHEll, AND E. S. KR1TZBERC. 2005. Ecosystem subsidies: 
terrestrial support of aquatic food webs from l3C 
addition to contrasting lakes. Ecology 86:2737-2750. 

CAUT, A., E. ANGULO, AND F. COU1KHAMP. 2009. Variation in 
discrimination factors (tl 15N and tl l3C): the effect of diet 
isotopic values and applications for diet reconstruction. 
Journal of Applied Ecology 46:443--453. 

Cl.OE, W. W., AND G. C GARMAN. 1996. The energetic 
importance of terrestrial arthropod inputs to three 
warm-water streams. Freshwater Biology 36:105-114. 

COLLIER, K. J., S. BURY, AND M. GiBBS. 2002. A stable isotope 
study of linkages between stream and terrestrial food 
webs through spider predation. Freshwater Biology 47: 
1651-1659. 

CROOKS, K. R., AND M. E. SOULE. 1999. Mesopredator release 
and faunal extinctions in il fragmented system. Nature 
400:563-565. 

GRAlTON, C, AND M. J. VANDER ZANDEN. 2009. Flux of aquatic 
insect productivity to land: comparison of len tic and 
lotic ecosystems. Ecology 90:2689-2699. 

GREFNWOOD, M. J., ,\NI) A. R. McINT()SH. 2008. Flooding 
impacts on responses of a riparian consumer to cross
ecosystem subsidies. Ecology 89:1489-1496. 

HALL, R. O. 1995. Use of iI stable carbon isotope addition to 
trace bacterial carbon through a stream food web. 
Journal of the North American Benthological Society 
14:269-277. 

HAMILTON, S. K., J. L. TANK, D. F. RAIKOW, E. R. S1I.. FR, N. J. 
DORN, AND N. E. LEONARD. 2004. The role of instream vs 
allochthonous N in stream food webs: modeling 
the results of an isotope addition experiment. Journal 
of the North American Benthologicill Society 23: 
429-448. 

HARRIS, R. N., R. A. ALFORD, AND H. M. WilBUR. 1988. Density 
and phenology of NolophlhalnlUs viridescclls dorsalis in a 
natural pond. Herpetologica 44:234-242. 



612	 J. M. KRAUS [Volume 29 

HEATWOLE, H. 1970. Marine-dependent terrestrial biotic 
communities on some cays in the coral sea. Ecology 
52:353-356. 

HUXEL, G. R, AND K. MCCANN. 1998. Food web stability: the 
influence of trophic flows across habitats. American 
Naturalist 152:460-469. 

IWATA,1'. 2007. Linking stream habitats and spider distribu
tion: spatial variations in trophic transfer across a 
forest-stream boundary. Ecological Research 22:619
628. 

JACKSON, J. K., AND S. G. FISHER. 1986. Secondary production, 
emergence and export of aquatic insects of a Sonoran 
Desert stream. Ecology 67:629-638. 

jAIWINE, T. D., R A. CLIRRY, K. S. HEARD, AND R. A. CUNJAK. 
2005. High fidelity: isotopic relationship between stream 
invertebrates and their gut contents. journal of the 
North American Benthological Society 24:290-299. 

JOHANSSON, F. 1991. Foraging modes in an assemblage of 
odonate larvae - effects of prey and interference. 
H ydrobiologia 209:79-87. 

KAPLAN, L. A., AND J. D. NEWBOLD. 1993. Biogeochemistry of 
dissolved organic carbon entering streams. 
Pages 139-165 in T. E. Ford (editor). Aquatic micro
biology: an ecological approach. Blackwell Scientific, 
Oxford, UK. 

KAWAGUCHI, Y., AND S. NAKA:\O. 20m. Contribution uf 
terrestrial inverlebr<ttes to the annual resource budget 
for salmonids in forest and grassland reaches of a 
headwater stream. Freshwater Biology 46:303-316. 

KNIGHT, T. M., M. W. McCoY, j. M. CHASE, K. A. McCoY, AND 
R. D. I·lc)JT. 2005. Trophic cascades across ecosystems. 
Nature 437:880-883. 

KRAUS, J. M. 2006. Resource subsidies to arthropod food 
webs at a pond-forest boundary. PhD ll1esis, Univer
sity of Virginia, Charlottesville, Virginia. 

LINDFMAN, R. L. 1942. The trophic-dynamic aspect of 
ecology. Ecology 23:399-417. 

LITTELL, R. C, G. A. MIU.IKI'N, W. W. STROUP, AND R. D. 
WOl.FlNGER. 1996. SAS System for Mixed Models. SAS 
Institute Inc., Cary, North C1rolina. 

MARG:'\K, L. B., R. M. THOMI'SON, AND J. S. RICHARDSON. 2007. 
Meta-analysis: trophic level, habitat, and productivity 
shape the food web effects of resource subsidies. 
Ecology 88:140-148. 

MCCULLAGH, P., AND J. A. NELDER. 1989. Generalized linear 
models. 2nd edition. Chapman and Hall, London, UK. 

MEYER, J. L., J. B. WALLACE, AND S. L. ECGEl<T. 1998. Leaf litter 
as a source of dissolved organic carbon in streams. 
Ecosystems 1:240-249. 

MINSHALL, N. E. 1960. Predicting storm runoff on small 
experimental watersheds. Journal of Ilydraulics 
Division American Society of Civil Engineers 
86(HY8):17--38. 

NAKANO, S., A0.'D M. MURAKAMI. 200!. Reciprocal subsidies: 
dynamic interdependence between terrestrial and aqua
tic food webs. Proceedings of the National Academy of 
Science of the United States of America 98:166-170. 

PACE, M. L., J. J. COLE, S. R. CARPENTER, J. F. KITOIELL, J. R. 
HODGSON, M. eVAN DE BOGERT, D. L. BADE, E. S. 

KRITZBERG, AND D. BASTVIKEN. 2004. Whole-lake carbon-13 
additions reveal terrestrial support of aquatic food 
webs. Nature 427:240-243. 

PAETZOLD, A., AND K. TOCKNER. 2005. Effects of riparian 
arthropod predation on the biomass and abundance of 
aquatic insect emergence. Journal of North American 
Benthological Society 24:395-402. 

PHILLIPS, D. L., AND J. W. GREGC. 2001. Uncertainty in source 
partitioning using stable isotopes. Oecologia (Berlin) 
127:171-179. 

PHILLIPS, D. L., ,\ND J. W. GREGG. 2003. Source partitioning 
using stable isotopes: coping with too many sources. 
Oecologia (Berlin) 136:261-269. 

POLIS, G. A., W. B. ANDERSON, AND R. D. HOl.L 1997. Toward 
an integration of landscape and food web ecology: the 
dynamics of spatially subsidized food webs. Annual 
Review of Ecology and Systematics 28:289-316. 

POLIS, G. A., AND S. D. HURD. 1996a. Allochthonous input 
across habitats, subsidized from consumers and appar
ent trophic cascades: examples from the ocean-land 
interface. Pages 275-285 ill G. A. Polis and K. A. 
Winemiller (editors). Food webs: integration of patterns 
and dynamics. Chapman and Hall, New York. 

POLIS, G. A., AND S. D. HURD. 1996b. Linking marine and 
terrestrial food webs: allochthonous input from the 
ocean supports high secondary productivity on small 
islands and coastal land communities. American Nat
uralist 147:396-423. 

POLIS, G. A., F. S.A.NCHEZ-PINERO, P. T. STAPP, W. B. ANDERSON, 
AND M. D. ROSE. 2004. Trophic flows from water to land: 
marine input affects food webs of islands and coastal 
ecosystems worldwide. Pages 200-216 in G. A. Polis, M. 
E. Power, and G. R. Huxel (editors). Food webs at the 
landscape level. University of Chicago Press, Chicago, 
lllinois. 

POWER, M. E., W. E. RAINEY, M. S. PARKEI<, J. L. SABa, A. SMYTH, 
A. KHANDWALA, J. C. FIN!.,\Y, F. C McNEELY, K. MARSEE, 
,IND C. ANDERSON. 2004. River-to-watershed subsidies in 
an old-growth conifer forest. Pages 217-240 in G. A. 
Polis, M. E. Power, and G. R. Huxel (editors). Food webs 
at the l<tndscape level. University of Chicago Press, 
Chicago, Illinois. 

REGESTER, K. J., K. R. LIPS, AND M. R. WHILES. 2006. Energy 
flow and subsidies associated with the complex life 
cycle of ambystomid salamanders in ponds and 
adjacent forests in southern Illinois. Oecologia (Berlin) 
147:303-314. 

SAHO, J. L., AND M. E. POW El<. 2002a. River-watershed 
exchange: effects of riverine subsidies on riparian 
lizards and their terrestrial prey Ecology 83:1860
1869. 

SAHO, J. 1.., ,IND M. E. POWFR. 2002b. Numerical response of 
lizards to aquatic insects and short-term consequences 
for terrestrial prey. Ecology 83:3023-3036. 

SANZONE,	 D. M., J. L. MEYEH, E. MARTi, E. P. GARDINER, J. L. 
TANK, AND N. B. GRIMM. 2003. Carbon and nitrogen 
transfer from a desert stream to riparian predators. 
Oecologia (Berlin) 134:238-250. 



613 
TERRESTRIAL PREY SUBSIDIES TO DRAGONFLY LARVAE 2010] 

SCHINDLER, O. E., AND M. O. SCHEUERELL. 2002. Habitat 
coupling in lake ecosystems. Oikos 98:177-189. 

SOLOMON, C. T., S. R. CARPENTER, J. J. COLE, AND M. L. PACE. 
2008. Support of benthic invertebrates by detrital 
resource and current autochthonous primnry produc
tion: results from n whole-lake DC nddition. Freshwater 

Biology 53:42-54. 
WIL:JUR, H. \,1. 1997. ExperjmentDI ecology of food webs: 

complex systems in temporary ponds. Ecology 78: 

2279-2302. 

WILBUR, H. M., P. J. MORIN, AND R. N. HARRIS. 1983. 
Salamander predation and the structure of experimental 
communities: anuran responses. Ecology 64:1423-1429. 

WOl.FINGEH, R., AND M. O'CONNELl. 1993. Generalized linear 
mixed models: a pseudo-likelihood approach. Journal of 
Statistical Computation and Simulation 48:233-243. 

Received: 17 MardI 2009 
Accepted: 10 Febrtlary 2010 


