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Abstract

We assessed how a 5-yr nutrient enrichment affected the responses of different size classes of primary
consumers and predators in a detritus-based headwater stream. We hypothesized that alterations in detritus
availability because of enrichment would decrease the abundance and biomass of large-bodied consumers. In
contrast, we found that 2 yr of enrichment increased the biomass and abundance of all consumers regardless of
body size. Furthermore, during the fourth and fifth year of enrichment, the abundance and biomass of large-
bodied primary consumers continued to increase, while small-bodied primary consumers returned to pretreatment
levels. The size structure of a dominant primary consumer (Pycnopsyche spp.) also shifted during the 5-yr
enrichment: its average and maximum individual body size increased in the treatment stream compared with the
reference stream. Positive enrichment effects also occurred on small-bodied predators, but not on large-bodied
predators. Thus, enrichment increased prey body size, but these positive effects on large prey did not propagate up
to higher trophic levels to affect large predators. Because consumer body size can be an important species-specific
trait determining population dynamics and ecosystem processes, these observed shifts in consumer size
distributions suggest a potentially important pathway for global increases in nutrient enrichment to alter stream
structure and function.

In aquatic ecosystems, nutrient enrichment can alter
total consumer biomass and production (Sarda et al. 1996;
Slavik et al. 2004; Cross et al. 2006) as well as shift
community composition and body size distributions
(Sprules and Munawar 1986; Bourassa and Morin 1995;
Cyr et al. 1997). In autotrophic ecosystems, reported shifts
in body size distributions have largely been attributed to
top-down and bottom-up effects via size-selective predation
and exploitative competition for resources (Brooks and
Dodson 1965; Finlay et al. 2007). Specifically, when
predators preferentially consume large-bodied prey, en-
richment can increase the relative dominance of smaller
bodied prey (Brooks and Dodson 1965; Finlay et al. 2007).
Conversely, when predators do not focus on large-bodied
prey, enrichment of autotrophic food webs can increase the
relative dominance of large primary consumers because of
associated increases in the quality (lower C : N, C : P, or
both) and quantity of basal resources (Sprules and
Munawar 1986; Bourassa and Morin 1995). In addition
to such community-level responses, population-level size
structure can be altered by enrichment because of increased
individual growth rates and maximum body sizes, partic-
ularly among those taxa that exhibit indeterminate growth
(Lurling and Van Donk 1997; Boersma and Kreutzer 2002;
Slavik et al. 2004). Thus, previous studies in autotrophic

ecosystems have largely shown that the effects of nutrient
enrichment on body size distributions result from a
combination of top-down and bottom-up effects, which
simultaneously increase the quantity and quality of algal
resources.

Although detrital pathways can dominate energy flow in
many ecosystems (Moore et al. 2004), less is known about
the effects of enrichment on consumer size distributions in
detritus-based ecosystems, in which enrichment might
increase resource quality but decrease resource quantity.
These ecosystems might respond to enrichment in a
fundamentally different manner than living plant-based
ecosystems. For instance, enrichment of detritus-based
food webs stimulates the production and biomass of
heterotrophic microbes on detritus (Pace and Cole 1996;
Stelzer et al. 2003; Sundareshwar et al. 2003). Because
microbes have a higher nutrient content than their detrital
substrate, this greater microbial biomass can improve
overall detritus quality (lower carbon to nutrient ratios;
Stelzer et al. 2003; Ferreira et al. 2006). This stimulation of
heterotrophic microbes also increases detrital processing
rates, which can subsequently alter the quantity or the
temporal availability of detrital resources, or both (Mack et
al. 2004; Turner et al. 2009; Suberkropp et al. 2010). Faster
detrital processing rates that accelerate the depletion of
these detrital resources could lead to periods of low
resource availability, potentially reducing the temporal
stability of resources (Suberkropp et al. 2010). In cases in
which detrital resource availability limits consumer pro-
duction or consumers are dependent on predictable
temporal availability of detritus, these periods of low
resource availability could reduce individual growth rates,
decrease maximum body sizes, and depress populations of
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large-bodied primary consumers, despite increased resource
quality.

Because body size is related to population dynamics and
ecosystem function (Peters 1983; Hall et al. 2007), such
changes in consumer size distributions can alter ecosystem
processes. Specifically, predator–prey body size ratios can
be related to predation pressure, trophic interaction
strength, and the overall stability of aquatic food webs
(Emmerson and Raffaelli 2004; Brose et al. 2006b). Thus,
shifts in size distributions because of enrichment have the
potential to alter the overall stability of enriched ecosys-
tems. Because body size scales allometrically with consumer
metabolic and excretion rates (Brown et al. 2004; Hall et al.
2007), these shifts could also influence nutrient and energy
fluxes within these ecosystems. Understanding how enrich-
ment might alter body size distributions of organisms in
detritus-based ecosystems will help enhance our ability to
predict its effects on the structure and function of aquatic
ecosystems.

Here, we report results from a 5-yr experimental nutrient
enrichment in which we tested effects on the body sizes of
primary consumers and predators in a detritus-based
headwater stream. We examined whether consumer re-
sponse to enrichment varied with body size by grouping
organisms into body size classes and assessing which of
these classes responded to enrichment. Because enrichment
can increase detrital processing rates and affect temporal
availability of detrital resources in headwater streams
(Greenwood et al. 2007; Suberkropp et al. 2010), we
predicted that this protracted period of low resource
quantity would decrease the abundance and biomass of
large-bodied primary consumers.

Because reduced resource availability can also decrease
individual growth rates of consumers (Boersma and
Kreutzer 2002), these extended periods of low resource
availability could alter population size structure and reduce
the maximum individual body size a consumer can obtain
in a given year. Therefore, we assessed the effect of nutrient
enrichment on the average and maximum individual body
size of Pycnopsyche spp. (Trichoptera), a dominant
consumer in many temperate forested headwater streams
(Creed et al. 2009). A previous experimental manipulation
that reduced leaf litter inputs to an adjacent headwater
stream decreased the production and individual body size
of Pycnopsyche, which indicated that they were particularly
sensitive to reductions in resource quantity (Wallace et al.
1999; Eggert and Wallace 2003). Thus, we believed the size
response of this taxon would be an effective integrator of
resource quantity effects and help elucidate taxon-level
body size responses.

Body size responses of higher trophic levels are more
difficult to predict. Specifically, the effects of nutrient
enrichment on predator body size likely depend on whether
small- or large-bodied primary consumers increased with
enrichment because this would affect prey availability.
Predators in many ecosystems primarily consume small
prey (e.g., prey much smaller than predators; Brose et al.
2006a; Woodward and Warren 2007). In these cases,
predators might benefit from the increased biomass and
abundance of small prey but might not benefit from similar

increases in large prey. Thus, if reductions in detritus
availability increased small primary consumers, this greater
prey availability might stimulate predator growth rates,
subsequently increasing the abundance and biomass of
large predators. Conversely, if enrichment increases large-
bodied primary consumers that are not readily eaten by
predators, this could decrease the predator’s prey base (i.e.,
small primary consumers). This reduced prey availability
might limit predator growth rates and reduce the abun-
dance and biomass of large predators. Accordingly, our
study tested the effects of nutrient enrichment on size
classes of predators and prey in a detritus-based ecosystem
in which predators primarily consume small prey.

Methods

Study site—We conducted this study at the USDA
Forest Service Coweeta Hydrologic Laboratory, a Long-
Term Ecological Research site located in the southern
Appalachian Mountains (Macon County, North Carolina).
Coweeta is a heavily forested experimental watershed
(21.85 km2) comprising mixed hardwoods (oak, maple,
tulip poplar) with a dense understory dominated by
Rhododendron maximum that limits light availability. This
light limitation reduces autotrophic production and in-
creases the food web’s reliance on heterotrophic microbes
that colonize terrestrial leaf inputs (Wallace et al. 1997;
Hall et al. 2000; Cross et al. 2007). Because of the mixed-
species forest composition, leaf litter inputs to these stream
ecosystems range from low-quality Rhododendron detritus
to higher quality maple detritus (Greenwood et al. 2007).

We selected two forested first-order catchments (C53
and C54) that did not differ in their physiochemical
properties (see Lugthart and Wallace [1992] for further
description of study streams). Both study streams were
fishless. The primary consumer community comprised , 40
taxa, whereas the predator community was dominated by
. 20 taxa of invertebrate (e.g., Beloneuria [Plecoptera],
Ceratopogonidae [Diptera], Cordulegaster [Odonata], Hex-
atoma [Diptera], and Lanthus [Odonata]) and vertebrate
predators (e.g., Eurycea wilderae [Plethodontidae] and
Desmognathus quadramaculatus [Plethodontidae]). Both
predator groups, which are representative of predator taxa
frequently found in southern Appalachian headwater
streams, occupy a similar trophic position because they
predominantly eat small-bodied primary consumers (Davic
1991; Hall et al. 2000; Johnson and Wallace 2005).

Dissolved inorganic nitrogen (DIN) and soluble reactive
phosphorus (SRP) concentrations did not differ between
the reference (C53) and treatment (C54) streams before the
experimental enrichment (mean 6 SE; C53: DIN, 23.2 6
8.5 mg L21; SRP, 6.8 6 3.0 mg L21; C54: DIN, 29.3 6
4.9 mg L21; SRP, 9.5 6 2.3 mg L21). From July 2000 to
August 2005 (, 1877 d), we experimentally enriched a 150-
m reach of the treatment stream with nitrogen (NH4NO3)
and phosphorus (K2HPO4 and KH2PO4). We added
nutrients continuously along the entire 150-m length of
the treatment stream with the use of an irrigation line
running down the center of the channel. This delivery
system increased nutrient concentrations in the treatment
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stream to a realistic, moderate-level enrichment (DIN,
506.2 6 36.3 mg L21; SRP, 80.0 6 5.6 mg L21), whereas the
reference stream concentrations during this same time
period were comparable to the pretreatment period (DIN,
31.0 6 3.4 mg L21; SRP, 8.0 6 1.3 mg L21). We monitored
nutrient concentrations every 2 weeks at three points along
the 150-m reach of the treatment stream and at the weir of
the reference stream (APHA 1998). Water temperature was
measured every 30 min in both streams with Optic
StowAway temperature probes (Onset Computer). We
measured stream discharge at 5-min intervals with an Isco
data logger (Teledyne Isco).

Macroinvertebrate sampling—The macroinvertebrate
communities in both streams were sampled every month
(approximately midmonth) during an initial 2-yr pretreat-
ment period (September 1998 to June 2000) followed by a
5-yr experimental period (July 2000 to August 2005). On
each monthly sampling date, we sampled mixed-cobble
substrates according to Cross et al. (2006). With the use of
a stovepipe corer (400 cm2, Merritt and Cummins 1996),
four mixed-cobble substrate samples were randomly
collected in each stream on each sampling date. The corer
was firmly placed on the stream substrate and all material
was removed by hand to a depth of 15 cm. We transported
the samples back to the laboratory and processed them
within 48 h of collection. Each sample was rinsed onto
nested sieves (1-mm and 250-mm mesh size) and elutriated
to remove inorganic material. We divided the remaining
organic matter into large (. 1 mm) and small (250 mm to
1 mm) size fractions and preserved them with 6–8%
formalin. Because of the large number of macroinverte-
brates in the small size fraction, we subsampled this
fraction with a sample splitter (Waters 1969). All macro-
invertebrates were removed from both the large and small
size fractions with a dissecting scope at 153 magnification.
Each organism was identified to genus; however, Chirono-
midae were identified to either Tanypodinae (predators) or
non-Tanypodinae (nonpredators), and most noninsects
were identified to the order level or higher (e.g., oligo-
chaetes, nematodes, copepods, etc.). All individuals were
enumerated and measured to the nearest millimeter under
123 magnification. We calculated consumer biomass using
length–mass regressions established for Coweeta streams
(Benke et al. 1999; J. B. Wallace unpubl.). We classified all
taxa as either primary consumer or predator according to
Merritt and Cummins (1996) and on the basis of our
previous knowledge from working in this ecosystem
(Wallace et al. 1999).

Body size analysis—To first determine potential effects
of nutrient enrichment on coarse-scale changes in the body
size distribution of the stream macroinvertebrate commu-
nity, we first compared the total abundance and biomass
response of the entire macroinvertebrate community
(primary consumers plus predators). Divergent results in
these responses (total biomass vs. abundance) would
suggest potential changes in mean body size. Increased
total biomass without a concomitant increase in total
abundance would imply that nutrient enrichment increased

the average individual body size of at least some groups of
consumers.

We then assessed whether the effects of nutrient
enrichment varied with consumer body size by conducting
a body size–specific analysis of consumer response.
Macroinvertebrate body size is relatively indeterminate
and can change under varying environmental conditions
(Peckarsky et al. 2001); thus, we did not assign a single
body size to a taxon (i.e., an average or maximum body
size). Instead, we assigned each individual within a
particular taxon to an appropriate size class on the basis
of its log-transformed individual body size (mg). Early
instars of large-bodied taxa were assigned to the same size
class as similar-sized individuals of small-bodied taxa.
Accordingly, we first log-transformed the body size (mg) of
each individual within each taxon for a given month. On
the basis of this transformed body size, we then grouped
individuals into one of the 22 separate log size classes (see
Table 1 for further descriptions of the specific upper and
lower limits for body size used for each class). Then, for all
individuals in a specific log size class, we summed either
their biomass or abundance, regardless of taxonomic
classification. Because we repeated this grouping and
summation for each month, we created a taxon-indepen-
dent monthly time series that followed changes in biomass
or abundance within each of the 22 size classes that
spanned a 7-yr time period. We conducted this body size
analysis separately for primary consumers and predators.

Table 1. Breakdown of the 22 log(body size classes) used for
categorizing primary consumers and predators by body size (mg).
We based the log transformations on the upper limit of the body
size class. Individual body masses of macroinvertebrates in our
study streams ranged in body size from , 0.001 to 169.360 mg.
Because of insufficient sample sizes that precluded individual
statistical analysis of the largest size classes, these larger size
classes were further grouped into a single body size class, which
allowed for statistical analysis (see Results).

Log(body size class) Lower limit (.mg) Upper limit (#mg)

23.00 0.000 0.001
22.75 0.001 0.002
22.50 0.002 0.003
22.25 0.003 0.006
22.00 0.006 0.010
21.75 0.010 0.018
21.50 0.018 0.032
21.25 0.032 0.056
21.00 0.056 0.100
20.75 0.100 0.178
20.50 0.178 0.316
20.25 0.316 0.562

0.00 0.562 1.000
0.25 1.000 1.778
0.50 1.778 3.162
0.75 3.162 5.623
1.00 5.623 10.000
1.25 10.000 17.783
1.50 17.783 31.623
1.75 31.623 56.234
2.00 56.234 100.000
2.25 100.000 177.828
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Statistical analysis—We first evaluated whether nutrient
enrichment differentially affected total macroinvertebrate
biomass and abundance (predators and primary consumers
combined) because this would indirectly suggest a shift in
body size distributions for the entire macroinvertebrate
community. Although our study consisted only of one
treatment and one control stream, we felt that the realism
gained in a whole-stream manipulation outweighed the
statistical benefits of smaller scale, replicated treatments.
Randomized intervention analysis (RIA, Carpenter et al.
1989) is a statistical test appropriate for such a design and
was applied to the monthly time series of total macroinver-
tebrate biomass and abundance. To assess the size-specific
effects of nutrient enrichment on primary consumers and
predators, we also applied RIA to the monthly time series of
biomass and abundance data that were grouped by body size
into the 22 separate classes. Analyzing each of the body size
classes separately allowed us to evaluate how the effects of
nutrient enrichment varied between body sizes. Because the
effects of nutrient enrichment have been previously shown to
vary during the first 2 yr of enrichment (ENR 1 and 2)
compared with the fourth and fifth years of enrichment
(ENR 4 and 5; Davis et al. 2010), we analyzed the short- and
longer term responses separately for each of the RIA
comparisons listed above (i.e., total abundance, total
biomass, size-specific biomass, size-specific abundance).
Specifically, we divided the study into three time periods:
pretreatment (PRE 1 and PRE 2; July 1998 to August 2000),
short-term response (ENR 1 and ENR 2; September 2000 to
August 2002), and longer term response (ENR 4 and ENR 5;
September 2003 to August 2005). For each of the above
comparisons, RIA then compared the short-term response
(26 months) to the pretreatment period (22 months), and the
longer term response (24 months) to the pretreatment
period. On the basis of these contrasts, RIA calculated
probabilities of change for each pairwise comparison with
the use of 1000 random permutations of interstream
differences (Carpenter et al. 1989). These separate analyses
allowed us to isolate the short- and longer term effects of
nutrient enrichment on the parameter of interest. The third
year of enrichment (ENR 3; September 2002 to August 2003)
was not included in our analyses because samples were lost
through inadequate preservation. Bias in our analysis
because of the exclusion of ENR 3 is unlikely because any
trends associated with ENR 3 would likely be captured by
the final 2 yr of enrichment (ENR 4 and ENR 5).

By comparing the differences in the reference and
treatment stream during the pretreatment and posttreatment
periods, RIA tested the null hypothesis that biomass or
abundance in the treatment stream did not change relative to
the reference stream during the nutrient enrichment. How-
ever, because RIA only established whether there was a
significant change in the treatment stream during the
posttreatment period compared to the pretreatment period,
we examined the monthly time series data to determine the
direction of the change (positive or negative) for the biomass
and abundance responses within each size class. Briefly, for
the biomass or abundance within each individual size class j,
we first calculated the difference between the reference and
treatment streams (e.g., referenceij – treatmentij) for each

month i. We then averaged these monthly differences for each
of the three sampling periods—pretreatment (22 months),
short-term (26 months), and longer term (24 months)—to
obtain an average period difference for each size class j (Dj).
Using these average period differences, we applied the
following equation (Osenberg et al. 1994) to calculate the
short-term and longer term effect sizes for each size class j.

Effect Sizej~DPREj{DPOSTj ð1Þ

To calculate the short-term enrichment effect size for each size
class j, we compared the short-term difference to the
pretreatment difference, whereas the longer term effect size
compared the longer term difference to the pretreatment
difference. We repeated this calculation for both the
abundance and biomass estimates within each of the 22 size
classes. These calculated effect sizes helped assess the direction
and magnitude of the enrichment response within each class.

On the basis of the RIA results, we observed that the
effects of enrichment varied with primary consumer body
size (see Results). Because we detected a divergence in the
longer term primary consumer response at a size class of
1.778 mg (Tables 2, 3), we categorized macroinvertebrates

Table 2. Primary consumer biomass effect sizes that indicate
the direction and magnitude of the enrichment response (mean 6
SE) in a given size class. For each size class, negative values
indicate a decrease in grouped biomass for the treatment stream
relative to the pretreatment period, whereas positive values signify
an increase in grouped biomass (see Eq. 1). RIA was applied to
the monthly time series in each size class. Asterisks represent a
significant difference between the posttreatment period (either
short-term [ENR 1 and 2] or longer term response [ENR 4 and 5])
and the pretreatment years (RIA, p , 0.05). Because of
insufficient sample sizes that precluded individual analysis of the
two largest size classes, these classes were further grouped into a
single size category (56.234–177.828 mg), which provided a
sufficient sample size for analysis. AF, ash-free dry weight.

Body size range (mg)
(.min#max)

Primary consumer biomass effect
sizes (mg AF dry wt m22)

Short vs. PRE Long vs. PRE

0.000–0.001 71.0(13.1)* 29.0(10.7)
0.001–0.002 7.6(1.7)* 4.5(1.1)*
0.002–0.003 8.0(2.9)* 21.3(1.9)
0.003–0.006 26.4(8.8)* 25.8(5.5)
0.006–0.010 5.9(2.3)* 21.3(1.7)
0.010–0.018 34.1(10.0)* 1.7(9.0)
0.018–0.032 61.9(14.9)* 24.5(15.4)
0.032–0.056 45.5(13.3)* 22.2(12.6)
0.056–0.100 85.5(25.2)* 34.1(12.1)*
0.100–0.178 63.3(31.4)* 215.2(15.7)
0.178–0.316 58.2(17.1)* 11.5(19.8)
0.316–0.562 68.6(26.2)* 210.2(25.9)
0.562–1.000 76.7(20.1)* 7.1(22.8)
1.000–1.778 113.8(35.7)* 171.2(105.8)
1.778–3.162 74.1(40.1) 191.4(98.3)*
3.162–5.623 137.3(56.0)* 222.1(115.2)*
5.623–10.000 119.2(48.7)* 514.9(188.3)*

10.000–17.783 259.1(91.8)* 871.7(318.0)*
17.783–31.623 114.4(68.4) 540.0(275.4)*
31.623–56.234 81.1(37.3)* 223.8(79.9)*
56.234–177.828 28.5(84.1) 182.5(100.8)*
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into two representative groups: small-bodied individuals
(individual body size # 1.778 mg) and large-bodied
individuals (body size . 1.778 mg). We graphed these
overall trends to better illustrate the generalized responses
of small and large consumers to enrichment.

Finally, we evaluated the effects of nutrient enrichment
on the individual body size of a dominant primary
consumer (Pycnopsyche spp.) that has previously shown
sensitivity to reductions in leaf litter inputs to a similar
stream food web (Wallace et al. 1999; Eggert and Wallace
2003). We assumed changes in its individual body size
would be a good indicator of the net effect of shifts in
resource quality and quantity. We first calculated the
maximum body size that Pycnopsyche obtained in a given
year, which would indicate larval body size at pupation. We
also calculated the average individual body size of
Pycnopsyche in each stream during a particular year. We
plotted these changes as maximum and average individual
body size.

Results

Total abundance vs. total biomass trends—Total macro-
invertebrate (primary consumer plus predators) biomass

was significantly higher in the treatment compared with the
reference stream during both the short-term (ENR 1 and 2;
Cross et al. 2006) and longer term enrichments (ENR 4 and
5; RIA, p , 0.05; Fig. 1A). However, total abundance
increased during the short-term enrichment (RIA, p , 0.05;
Cross et al. 2006) but was not significantly different from
the pretreatment years during the longer term enrichment
(Fig. 1B). These sustained increases in total biomass, but
lack of a total abundance response to the longer term
nutrient enrichment, indicated that nutrient enrichment
increased the average individual body size of stream
consumers.

Size-specific analysis—The body size analyses showed
that the effect of nutrient enrichment on consumers was
related to body size. This analysis categorized biomass and
abundance estimates into 22 separate size classes that
ranged in size from , 0.001 mg to 169.360 mg. Because of
insufficient sample sizes that precluded individual analysis

Table 3. Primary consumer abundance effect sizes that
indicate the direction and magnitude of the nutrient enrichment
response (mean 6 SE) within a given size class. RIA was applied
to the monthly time series of abundance data within each size
class. Asterisks represent a significant difference between the
posttreatment period (either short-term [ENR 1 and 2] or the
longer term response [ENR 4 and 5]) and the 2-yr pretreatment
period (RIA, p , 0.05). Because of insufficient sample sizes that
precluded individual statistical analysis of the two largest size
classes, these two classes were further grouped into a single size
class (56.234–177.828 mg), which provided a sufficient sample size
for statistical analysis. Other designations as in Table 2.

Body size range (mg)
(.min#max)

Primary consumer abundance
effect sizes (No. m22)

Short vs. PRE Long vs. PRE

0.000–0.001 89366.90(15912.2)* 29692.00(13445.5)
0.001–0.002 5058.00(1101.3)* 2984.00(761.9)*
0.002–0.003 2681.10(1128.5)* 2333.50(673.9)
0.003–0.006 6476.40(2099.4)* 21305.30(1327.8)
0.006–0.010 758.30(297.0)* 2192.80(220.6)
0.010–0.018 2551.40(766.8)* 198.40(694.3)
0.018–0.032 2656.20(625.4)* 944.50(644.0)
0.032–0.056 947.70(283.2)* 413.40(277.6)
0.056–0.100 1220.30(427.3)* 392.50(159.2)*
0.100–0.178 490.30(234.1)* 2124.80(119.1)
0.178–0.316 267.20(77.1)* 79.20(95.4)
0.316–0.562 156.50(62.7)* 215.00(62.0)
0.562–1.000 107.20(28.0)* 8.60(32.1)
1.000–1.778 86.40(28.0)* 124.90(73.1)
1.778–3.162 28.50(15.8) 78.40(39.4)*
3.162–5.623 30.20(13.2)* 48.30(26.0)*
5.623–10.000 14.90(6.4)* 68.00(25.8)*

10.000–17.783 18.50(6.8)* 56.50(25.3)*
17.783–31.623 5.10(3.0) 23.90(12.3)*
31.623–56.234 2.30(1.0)* 5.80(2.2)*
56.234–177.828 0.10(0.6) 1.40(1.1)*

Fig. 1. Average annual (A) biomass and (B) abundance of all
macroinvertebrates (primary consumers plus predators; mean 6 1
SE). The arrow indicates the beginning of nutrient enrichment.
The short-term sampling period encompasses ENR 1 and 2,
whereas the longer term sampling period encompasses ENR 4 and
5. Asterisks above each sampling period represent a significant
difference between the posttreatment period (either short-term or
longer term response) and the pretreatment period (Pre 1 and 2;
RIA, p , 0.05). ns, nonsignificant difference between the
sampling periods.
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of the largest primary consumers and predators, these size
classes were further grouped into a single size class
(primary consumers, 56.234–177.828 mg; predators,
31.623–177.828 mg). This regrouping provided a sufficient
sample size for statistical analysis. We still excluded one
small size class of predators (0.001–0.002 mg) from the
analysis because combining these data with an adjoining
class would have masked the low occurrence of predators in
this size category (represented by not determined [nd] in
Tables 4 and 5). Because the biomass and abundance in
this size class was low compared with the adjacent classes,
their exclusion did not alter the analysis.

Primary consumer size-specific response—During the
short-term enrichment (ENR 1 and 2), the response of
primary consumer biomass and abundance did not vary
with body size (Tables 2, 3). Specifically, short-term
enrichment increased the biomass and abundance of
primary consumers in most of the body sizes tested (with
the exception of two size classes [1.778–3.162 and 17.783–
31.623 mg] that did not respond to nutrient enrichment).
However, during the longer term enrichment (ENR 4 and
5), primary consumer response varied with body size. In

this case, the biomass and abundance of large-bodied
primary consumers (defined here as body size . 1.778 mg)
continued to increase with the longer term enrichment, but
most small-bodied primary consumers did not (defined here
as body size # 1.778 mg). There were two exceptions to this
general lack of response of small primary consumers, in
that the abundance and biomass of two size classes (0.001–
0.002 and 0.056–1.000 mg) continued to respond positively
to longer term nutrient enrichment (Tables 2, 3).

Because the abundance and biomass of large primary
consumers (body size . 1.778 mg) disproportionately
increased during the fourth and fifth years of enrichment
(Tables 2, 3), the relative dominance of large compared
with small primary consumers increased in the treatment
stream (Fig. 2A,B). Before enrichment, large primary
consumers contributed 56% of primary consumer commu-
nity biomass in the treatment stream, but this percentage
increased to 82% during the final 2 yr of enrichment in the
treatment stream. This substantially greater response of
large primary consumers skewed the community biomass
composition toward these larger sized consumers during
the longer term enrichment (Fig. 2A,B).

Table 4. Predator biomass effect sizes that indicate the
direction and magnitude of the nutrient enrichment response
(mean 6 SE) within a given size class. RIA was applied to the
monthly time series of biomass data within each size class.
Asterisks represent a significant difference between the
posttreatment period (either short-term or longer term response)
and the pretreatment period (RIA, p , 0.05). Because of
insufficient sample sizes that precluded individual statistical
analysis of the three largest size classes, these three classes were
further grouped into a single size class (31.623–177.828 mg), which
provided a sufficient sample size for statistical analysis. We
excluded one body size class (0.001–0.002 mg) from the RIA
analysis (represented by nd) because of insufficient sample sizes
(see Results). Other designations as in Table 2.

Body size range (mg)
(.min#max)

Predator biomass effect sizes
(mg AF dry wt m22)

Short vs. PRE Long vs. PRE

0.000–0.001 2.4(0.6)* 1.9(0.6)*
0.001–0.002 0.2(0.1)nd 0.1(0.1)nd

0.002–0.003 10.3(3.0)* 7.8(2.5)*
0.003–0.006 6.0(1.6)* 4.0(1.3)*
0.006–0.010 3.6(1.1)* 2.6(1.2)*
0.010–0.018 36.0(9.0)* 22.8(7.5)*
0.018–0.032 9.1(4.1)* 1.2(3.0)
0.032–0.056 43.0(14.5)* 27.8(15.0)
0.056–0.100 43.9(20.9)* 19.5(14.6)
0.100–0.178 21.5(17.3) 220.6(15.1)
0.178–0.316 75.1(25.3)* 12.0(21.2)
0.316–0.562 68.7(20.5)* 231.8(12.5)*
0.562–1.000 78.6(22.0)* 2.8(11.3)
1.000–1.778 63.6(16.9)* 29.7(17.4)
1.778–3.162 57.4(15.2)* 31.1(22.1)
3.162–5.623 219.6(24.2) 290.0(21.6)*
5.623–10.000 27.5(23.5) 242.8(22.4)

10.000–17.783 94.6(40.5)* 214.9(38.0)
17.783–31.623 27.0(64.5) 23.3(49.5)
31.623–177.828 47.3(95.2) 69.9(110.2)

Table 5. Predator abundance effect sizes that indicate the
direction and magnitude of the nutrient enrichment response
(mean 6 SE) within a given size class. RIA was applied to the
monthly time series of abundance data within each size class.
Asterisks represent a significant difference between the
posttreatment period (either short-term [ENR 1 and 2] or a
longer term response [ENR 4 and 5]) and the 2-yr pretreatment
period (RIA, p , 0.05). Because of insufficient sample sizes that
precluded individual statistical analysis of the three largest size
classes, these three classes were further grouped into a single size
class (31.623–177.828 mg), which provided a sufficient sample size
for statistical analysis. We excluded one body size class (0.001–
0.002 mg) from the RIA analysis (represented by nd) because of
insufficient sample sizes (see Results). Other designations as in
Table 2.

Body size range (mg)
(.min#max)

Predator abundance effect sizes
(No. m22)

Short vs. PRE Long vs. PRE

0.000–0.001 3986.20(1073.4)* 3122.60(1052.6)*
0.001–0.002 123.70(58.8)nd 46.00(57.8)nd

0.002–0.003 3839.20(1092.7)* 2891.10(927.9)*
0.003–0.006 1372.80(359.9)* 906.40(287.3)*
0.006–0.010 412.60(125.7)* 339.90(142.4)*
0.010–0.018 2480.90(620.9)* 1571.60(512.3)*
0.018–0.032 338.30(143.5)* 44.20(109.0)
0.032–0.056 1073.90(371.7)* 715.20(384.7)
0.056–0.100 598.60(273.4)* 221.40(192.3)
0.100–0.178 171.00(133.2) 2152.80(116.5)
0.178–0.316 331.60(116.9)* 47.80(98.8)
0.316–0.562 165.10(47.7)* 270.40(33.7)*
0.562–1.000 101.50(28.1)* 4.60(14.8)
1.000–1.778 48.90(12.8)* 23.00(13.2)
1.778–3.162 23.10(6.4)* 14.10(9.7)
3.162–5.623 23.30(5.3) 218.40(5.0)*
5.623–10.000 3.80(3.0) 25.20(2.9)

10.000–17.783 6.70(3.1)* 21.40(2.8)
17.783–31.623 0.20(2.6) 20.80(2.0)
31.623–177.828 1.30(2.0) 0.40(1.9)
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Predator size-specific response—In accordance with the
short-term primary consumer response, the biomass and
abundance of predators in most body size groups increased
with short-term nutrient enrichment, which suggested that
the effects of nutrient enrichment did not vary with
predator size (Tables 4, 5). In contrast, during the longer
term enrichment, predator response varied with body size.
The biomass and abundance of small predators (body size
# 0.018 mg) increased during the longer term enrichment,
but large predators did not (body size . 0.018 mg;
Tables 4, 5). The abundance and biomass of predators in
two of the larger size classes (0.316–0.562 and 3.162–
5.623 mg, respectively) were the only classes (primary
consumer or predator) that declined significantly below
pretreatment levels.

Compared with primary consumers, in which the
enrichment responses diverged at a body size of 1.778 mg
(Table 2), predator response diverged at a smaller size
(0.018 mg; Table 4). Because we were primarily interested
in comparing the responses of predators and primary
consumers with similar body size, we elected to use the
same 1.778-mg division for both trophic levels. However,
even when the smaller division (0.018 mg) was used, we
observed a similar graphical trend as that observed with the
separation at 1.778 mg because of the relatively low

contribution of small predators to overall community
biomass.

Using the above body size partition, we found that,
similar to primary consumers, the biomass of small-bodied
(size # 1.778 mg) and large-bodied predators (size .
1.778 mg) increased during the short-term enrichment
(Fig. 2C,D). Conversely, the biomass of large predators did
not increase during the longer term enrichment
(Fig. 2C,D). Thus, although primary consumers and
predators of both body sizes exhibited similar positive
responses during the short-term enrichment, longer term
enrichment did not increase the biomass of large predators,
despite continued increases in large primary consumers
(Tables 2–5; Fig. 2A–D).

Effects on Pycnopsyche individual body size—Nutrient
enrichment also altered the size structure of Pycnopsyche
spp. (Fig. 3A,B). Because of the relative greater abundance
of large individuals, enrichment increased the annual
average individual body size of Pycnopsyche during the 5-
yr enrichment relative to the reference stream and
pretreatment period (Fig. 3A). The maximum size of
Pycnopsyche also increased with nutrient enrichment, but
this increase was most evident during the final 2 yr of
enrichment. Specifically, the maximum size of Pycnopsyche

Fig. 2. Average annual biomass (mean 6 1 SE) of small- and large-bodied (A, B) primary consumers and (C, D) predators. Small-
and large-bodied individuals were classified on the basis of the results of the RIA. Our RIA results indicated that primary consumer
response to longer term nutrient enrichment diverged at a body size class of 1.778 mg (see Tables 2, 3). Thus, we defined small-bodied
consumers as those individuals with body size # 1.778 mg, and large-bodied individuals as those individuals with body size . 1.778 mg.
The arrow represents the beginning of nutrient enrichment. AF dry wt, ash-free dry weight.
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in the fifth year of enrichment was 61% greater in the
treatment stream relative to the reference stream (37.4
compared with 23.2 mg, respectively) and was 42% larger
than the maximum size observed during the pretreatment
period (26.3 mg; Fig. 3B). In the reference stream,
Pycnopsyche size never exceeded 26.3 mg during the 7-yr
experiment.

Discussion

Differences between primary consumer and predator
response—Results from our 5-yr ecosystem-level manipu-
lation provided strong evidence that consumer response to
chronic nutrient enrichment was related to body size. This
response differed for primary consumers and predators and
was only evident after 2 yr of continuous enrichment. One
possible mechanism to explain the contrasting size respons-
es of primary consumers and predators was the potential
existence of predator size-refugia that reduced the preda-
tion risk of large prey. The streams used for this study were
dominated by . 20 taxa of invertebrate and vertebrate
predators (see Methods for taxon list) that primarily eat
small prey (Davic 1991; Hall et al. 2000; Johnson and
Wallace 2005). Thus, rather than top-down effects of
predation diminishing the positive nutrient response of

large prey (if predators preferentially ate them) and
increasing the abundance of small prey (Brooks and
Dodson 1965), predation likely facilitated the increased
dominance of large prey in our streams. Energy flow from
prey to predators in these stream food webs can also be
highly efficient (Wallace et al. 1997). This suggests that if
predators primarily eat small prey, these prey might be
more limited by top-down predator control. Conversely,
the production of large primary consumers might be
coupled more to changes in resource quality because they
could obtain predator size-refugia that reduce their
predation risk. Because these trends agree with an
enrichment of an autotrophic-based stream (Bourassa and
Morin 1995), it suggests that body size could determine
consumer response to enrichment in a variety of food web
types.

Size-selective predation can also help explain why large
predators did not respond to enrichment, because preda-
tors frequently eat prey smaller than themselves (Emmer-
son and Raffaelli 2004; Brose et al. 2006a; Woodward and
Warren 2007). The increased dominance of large primary
consumers might reduce the vulnerability of the prey
community, subsequently reducing prey availability and
minimizing the positive effects of enrichment on large
predators. It is less clear why the abundance and biomass
of small predators increased with enrichment in both the
short- and longer term experimental periods, because the
lack of a significant response of small prey during the
longer term period should have minimized any positive
effects on small predators. However, because these small
predators were dominated by predatory mites (Acari),
Ceratopogonidae (Diptera), and Tanypodinae chironomids
(Diptera), they might have been eating substantially smaller
meiofauna that were not adequately sampled by our 250-
mm sieves. Because early instars of certain small-bodied
predators (i.e., Tanypodinae chironomids) can also shift to
eating fine particulate organic matter when meiofauna
availability declines (Schmid-Araya et al. 2002; Woodward
and Hildrew 2002), this dietary switch might have helped to
maintain their positive nutrient response.

Omnivory (i.e., cannibalism) has been related to bimodal
body size distributions and the emergence of ‘‘giants’’ in
other ecosystems (Claessen et al. 2000); thus, such dietary
plasticity could potentially explain size-specific primary
consumer responses. For instance, some large-bodied
detritivores, which primarily consume detritus at early
instars, switch to cannibalism and intraguild predation
during later instars (Wissinger et al. 1996). Therefore, one
could interpret the positive responses of large primary
consumers (i.e., later instars) in the treatment stream to
ontogenetic omnivory and consumption of small-bodied
primary consumers. However, several factors suggest that
such a mechanism is highly unlikely in our study streams.
In a previous experiment that reduced leaf litter availability
in an adjacent stream ecosystem, primary consumers did
not switch to animal material, even when leaf availability
declined to levels below those measured in the current study
(Hall et al. 2000). Although later instars of one primary
consumer taxon, Parapsyche cardis (Trichoptera), can
cannibalize early instars (Hall et al. 2000), this taxon was

Fig. 3. (A) Mean (6 SE) and (B) maximum individual body
size of Pycnopsyche spp. calculated on a yearly basis. The arrow
represents the beginning of nutrient enrichment. AF dry wt, ash-
free dry weight.
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not readily found in mixed cobble habitat as sampled here
(, 1% of primary consumer biomass; Davis 2009).
Consumer diets also did not shift during the first 2 yr of
enrichment, despite significant temporal changes in leaf
litter availability (Cross et al. 2007; Suberkropp et al. 2010).
This lack of diet switching, even when detrital resources
declined, suggests that omnivory is an unlikely driver of the
size-specific responses of primary consumers that we
observed. However, increased intraguild predation could
be a proximate driver of predator responses. If reductions
in small primary consumers decreased the prey base of
large predators, this could increase the prevalence of
intraguild predation, subsequently increasing predation
pressure on predator taxa and reducing their response to
enrichment. Despite this potential role of intraguild
predation in the response of large predators, this mecha-
nism still assumes that large primary consumers are
predator resistant and reduce the predator’s prey base.
We therefore think that intraguild predation cannot explain
the overall patterns we observed.

Short-term vs. longer term responses—The abundance
and biomass of primary consumers and predators within
most size classes initially increased because of enrichment
(ENR 1 and 2), but longer term enrichment (ENR 4 and 5)
positively affected only the abundance and biomass of large
primary consumers and small predators. In fact, previous
results from the first 2 yr of enrichment, which showed
significant increases in the production and growth rates of
small prey (e.g., non-Tanypodinae chironomids [Diptera]),
led us to predict initially their increased dominance with a
longer term enrichment (Cross et al. 2005). These
contrasting results suggest that the importance of consumer
body size in affecting primary consumer and predator
responses might have been delayed and driven in part by
shifts in stream habitat dynamics. Specifically, temporal
declines in leaf litter standing crop during the experimental
enrichment (Suberkropp et al. 2010) might have reduced
stream consumer habitat and increased predation risk.
Within stream ecosystems, leaf litter can provide a
combination of food resources and habitat complexity to
consumers (Richardson 1992), such that reductions in
debris dams can reduce macroinvertebrate production
(Smock et al. 1989; Wallace et al. 1999). Because greater
habitat complexity can also provide spatial refugia (Beaty
et al. 2006), increased leaf litter standing crop might reduce
predation risk. Because predators in these streams primar-
ily eat small prey, these prey could benefit more from leaf
litter refugia than larger prey, which might be capable of
reducing their predation risk independent of leaf litter
availability (i.e., via body size refugia). Although the short-
term enrichment reduced leaf litter standing crop (Suber-
kropp et al. 2010), there could still have been adequate
spatial refugia that reduced predation risk and allowed
small prey to respond positively to increases in detrital
quality. However, leaf litter standing crop reached even
lower levels in the treatment stream as our experimental
enrichment progressed through time (Suberkropp et al.
2010), which might have decreased habitat complexity
beyond a threshold that could no longer provide adequate

spatial refugia for small prey. This decline in spatial refugia
might have disproportionately increased the predation risk
of small prey and counteracted their positive nutrient
response over the longer term enrichment.

Observed increases in the biomass and abundance of
large primary consumers, despite substantial shifts in the
quantity and timing of detrital resource availability,
suggests that consumer body size responses could be
primarily related to increased resource quality. For
instance, declines in leaf litter standing crop occurred
during the winter and spring months (Suberkropp et al.
2010) when many stream consumers increase their body
size in preparation for emergence (Huryn and Wallace
1988); therefore, we initially predicted that these seasonal
declines in resource quantity would reduce consumer size.
However, certain consumers still obtained a larger size
during the short time that resources were abundant (fall
and early winter), which might have allowed them to
survive through later periods of low resource availability.
For instance, invertebrate body size can be positively
related to their lipid and energy content (Otto 1974). Lipid
content is also positively related to body size, starvation
resistance, and survival of Daphnia (Tessier et al. 1983).
This suggests that the larger size of consumers in our
treatment stream might have subsequently increased their
lipid storage capacity and allowed them to maintain their
positive nutrient response despite the later seasonal
reductions in resource quantity. Indeed, we observed more
robust individuals from several taxa that appeared to have
greater fat stores in the treatment stream during the fourth
and fifth years of enrichment (J. Davis and S. Eggert pers.
obs.). These results contribute to the growing empirical
evidence indicating the relatively greater importance of
resource quality vs. quantity in stimulating consumer
production in aquatic ecosystems (Boersma and Kreutzer
2002). Moreover, the ability of consumers to maintain
greater productivity (Davis et al. 2010) and obtain larger
body sizes despite substantial reductions in the quantity
and temporal availability of resources are particularly
salient for detritus-based ecosystems, in which nutrient
enrichment has facilitated carbon loss in a variety of
biomes (Mack et al. 2004; Benstead et al. 2009; Turner et al.
2009).

Implications for other ecosystem types—Our findings
have general applicability to food web pathways across a
wide geographic area and in other aquatic ecosystems. Our
specific study ecosystem, a deciduous forested headwater
stream, generally dominates overall stream miles in a
variety of river networks (Meyer and Wallace 2001). Thus,
our specific results likely elucidate size-specific responses
across a broad geographic range. However, our study
streams are very different from many aquatic ecosystems in
other ways, including the fact that they are fishless. Despite
this, similar results could potentially be found in ecosys-
tems with fish predators. For example, the underlying
driver of size-specific predator responses was likely the
increased dominance of predator-resistant prey. Gape-
limited predators, predator-resistant prey, and size-selective
predation occur in a variety of aquatic ecosystems
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(Emmerson and Raffaelli 2004; Brose et al. 2006b), such
that the increased dominance of large prey can negatively
affect fish predators in many types of aquatic ecosystems
(Wootton et al. 1996; Persson et al. 2007). Thus, similar
size-specific predator responses might manifest when
enrichment disproportionately increases predator-resistant
prey in food webs exhibiting such size-selective predation.
Conversely, when enrichment does not increase the
dominance of predator-resistant prey (Slavik et al. 2004)
or when predators have diets that encompass larger prey
(Brooks and Dodson 1965), predators could capitalize on
this increased prey biomass and be less likely to exhibit
these size-specific responses. In fact, enrichment of the
Kuparuk River (Alaska) increased Arctic grayling (Thy-
mallus arcticus) growth rates and individual body size
(Slavik et al. 2004), likely because they could eat a broader
range of prey body sizes. Thus, these context-dependent
results suggest that the direction of predator body size
responses are not absolute but instead depend on a
combination of the prey size structure, their relative
enrichment responses, and the breadth of the predator’s
dietary niche.

Effects on ecosystem processes—These shifts toward
greater dominance of large primary consumers indicate a
little-recognized pathway for nutrient enrichment to alter
stream function because consumer size structure can alter
ecosystem processes (Poff et al. 1993; Hall et al. 2007).
Because body size is negatively related to mass-specific
metabolic rates (Brown et al. 2004), food webs dominated
by larger organisms might have lower community-level
respiration rates and slower biomass turnover rates (Poff et
al. 1993; Huryn and Benke 2007). Consumer assemblages
that possess similar levels of consumer biomass, but differ
in body size distributions, can also have substantially
different consumer nutrient excretion rates (Hall et al.
2007). Thus, enrichment might alter energy and nutrient
flows within nutrient-enriched food webs through shifts in
size distributions. Given the overall importance of body
size in many ecosystem-level processes, these changes in size
distributions facilitated by enrichment might further alter
aquatic ecosystem function.

We found that consumer response to nutrient enrichment
depended on body size. Enrichment also increased the
individual body size of a dominant stream consumer that
had previously exhibited sensitivity to resource limitation.
Thus, contrary to our original prediction that longer term
enrichment would not stimulate large consumers because of
extended periods of reduced resource availability, enrich-
ment increased the biomass and abundance of large primary
consumers throughout our 5-yr manipulation. Body size
responses were not homogeneous across trophic levels,
because large predators did not respond to the longer term
enrichment. Despite reduced detrital resource availability,
enrichment continued to stimulate large primary consumers,
likely because of associated increases in resource quality and
reductions in predation pressure. Because predator respons-
es also contrasted with the results from another experimental
enrichment (Slavik et al. 2004), enrichment might not always
increase the dominance of large predators. Instead, the

direction of predator size shifts are likely related to the size
distribution of prey, the relative nutrient response of prey,
and the breadth of the predator’s diet.
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