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ABSTRACT
Nutrient enrichment of freshwater ecosystems is occurring on a global scale with
significant effects on their structure and function. However, our current understanding of these
effects is limited because of the paucity of long-term experimental manipulations in detritus-
based food webs. This study assessed the effects of enrichment in a detritus-based headwater
stream. Using a paired watershed design, macroinvertebrate abundance, biomass, and
production were compared in a treatment and reference stream during a five-year continuous
enrichment. | examined whether the effects of nutrient enrichment varied between primary
consumers and predators and whether consumer body size mediated consumer responses. To
determine how changes in community structure affected nutrient fluxes, I also quantified the
nutrient assimilation and excretion rate of a dominant primary consumer, Pycnopsyche spp.
(Trichoptera). | also tested whether enrichment altered subsidies to riparian consumers via

increased aquatic insect emergence from the nutrient-enriched stream.



During the fourth and fifth year of enrichment, nutrient enrichment stimulated primary
consumer, but not predator, production and biomass. The increased dominance of large-bodied
primary consumers that were predator-resistant likely attenuated the positive nutrient effect on
higher trophic levels. Consumer response to nutrient enrichment also varied with body size, but
this body size effect varied with trophic level. Specifically, enrichment increased the abundance
and biomass of large-bodied primary consumers, but not large-bodied predators. Nutrient
enrichment also accelerated the rate that Pycnopsyche assimilated and excreted nitrogen and
phosphorus. Because Pycnopsyche disproportionately increased their rate of phosphorus
assimilation relative to nitrogen, Pycnopsyche facilitated phosphorus sequestration at the stream-
level. Despite nutrient enrichment doubling aquatic emergence biomass, it did not increase the
biomass or abundance of riparian spiders, likely because of the increased dominance of predator-
resistant prey. Enrichment increased the relative abundance of Trichoptera and the individual
body size of emerging adults; two groups of prey that are not readily eaten by spiders. Thus,
shifts in the primary consumer composition reduced the positive effects of nutrient enrichment
on instream and riparian predators. Because consumer body size was an important factor
determining how nutrient enrichment affected this stream food web, such species-specific traits

may be key determinants in predicting ecosystem-level responses to nutrient enrichment.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

General context— Increased nutrient mobilization associated with human activities
represents one of the greatest threats to global freshwater ecosystems (Smith et al. 1999). In fact,
because of increased urban development, fertilizer production and run-off, and exhaust from
fossil fuel consumption, humans now represent the dominant source of nitrogen (N) and
phosphorus (P) loading to freshwater ecosystems (Smith et al. 1999, Bennett et al. 2001, Smith
and Schindler 2009). As primary productivity in global freshwater ecosystems is largely limited
by nutrient availability (N and P) (Schindler 1977, Gruner et al. 2008, Schindler et al. 2008);
increased nutrient loading can significantly alter the functioning, stability, and overall
productivity of impacted ecosystems (Rosenzweig 1971, Smith et al. 1999). However, these
effects are difficult to predict because few large-scale experimental manipulations have been
conducted (but see Slavik et al. 2004, Cross et al. 2006) and ecosystem-level responses are
difficult to predict from small-scale experimental approaches (Carpenter 1996).

Our predictive ability is further limited because the overall effects of increased nutrient
availability on ecosystem processes can depend on food web structure and ecological context
(e.g., Abrams 1993, Chase 1999). Initially, because early food web models (e.g., Oksanen et al.
1981) assumed that resources were efficiently transferred between trophic levels, the positive
effects of nutrient enrichment were similarly predicted to flow efficiently to higher trophic levels

(Abrams 1993). Accordingly, these efficient trophic transfers were predicted to result in the



addition of higher trophic levels and increased food chain length (Oksanen et al. 1981).
Previous evidence from large-scale experimental enrichments have largely supported these
earlier predictions as nutrient enrichment stimulated both primary consumer and predator
production (Slaney et al. 2003, Slavik et al. 2004, Cross et al. 2006).

However, mounting evidence from other theoretical and empirical studies show that food
web structure can reduce trophic transfer efficiency because of the increased dominance of
defended taxa, suggesting that nutrient enrichment may not always stimulate productivity of
higher order consumers (Abrams 1993, Chase 1999, Diaz and Rosenberg 2008). For instance,
increased nutrient loads to marine coastal zones can reduce trophic transfer efficiencies between
algae and primary consumers, generating excess algal production that is not consumed by
primary consumers and is ultimately decomposed by heterotrophic microbes (Diaz and
Rosenberg 2008). Because this increased algal production does not stimulate primary consumer
or predator production, the positive effects of enrichment may not always be efficiently
transferred through food webs. Small-scale mesocosm experiments have also shown similar
reductions in trophic efficiency as enrichment decreased predator production, even with
sustained increases in primary consumer productivity (e.g., Bohannan and Lenski 1999, Stevens
and Steiner 2006). In contrast to earlier food web models that predicted a positive relationship
between food chain length and ecosystem productivity (Oksanen et al. 1981), a large-scale
regional comparison of lake ecosystems indicated that food chain length was related to
ecosystem size, not ecosystem productivity (Post et al. 2000). Because trophic distance can
attenuate the positive effects of enrichment on higher trophic levels, nutrient enrichment may not
always stimulate predators because they are more top-down controlled (Brett and Goldman

1997). These contrasting responses of consumers to nutrient enrichment show our current



inability to adequately predict how increased nutrient availability may alter the structure,
function, and overall stability of freshwater ecosystems.

Even in ecosystems where enrichment has largely increased overall food web
productivity, responses of component populations may be difficult to predict, due to species-
specific variation in response (e.g., Slavik et al. 2004, Cross et al. 2006). For instance, nutrient
enrichment of a detritus-based headwater stream mostly stimulated those consumers that fed
primarily on leaf detritus (i.e., shredders) compared to other functional feeding groups (Cross et
al. 2006). However, even taxa within the same functional feeding groups can exhibit variation in
response to an environmental driver such as nutrient enrichment. A 16-year seasonal enrichment
of an arctic stream increased the abundance of a common filtering trichopteran (Brachycentrus
spp.), but not black fly larvae (Diptera: Simulidae), another common filterer in this ecosystem
(Peterson et al. 1993, Slavik et al. 2004). As the enrichment responses of consumers have also
been related to larval development time (Cross et al. 2006), body phosphorus content (Singer and
Battin 2007), and consumer body size (Bourassa and Morin 1995), this suggests that ecosystem-
level effects of enrichment can vary depending on life history, physiological, or functional
diversity of organisms within recipient ecosystems.

The prevalence of intentional artificial nutrient enrichments of freshwater ecosystems
aimed at stimulating predator production (i.e., fish) (Slaney et al. 2003, Compton et al. 2006)
suggests that the potential drawbacks of excess nutrients may not be fully appreciated. The vast
uncertainties in how ecosystems and consumers respond to nutrient enrichment also reveal our
current inability to adequately predict how specific ecosystems may respond to nutrient
enrichment. Thus, despite the 30+ years since the initial recognition of the negative impacts of

excess nutrients on freshwater ecosystems (Schindler 1974, 1977), we still lack sufficient long-



term experimental evidence to fully understand and predict the effects of nutrient enrichment on
the structure and function of a diversity of freshwater ecosystems (Schindler et al. 2008, Smith
and Schindler 2009). Accordingly, the main objective of this study was to increase our
understanding of how detritus-based headwater streams, an often overlooked ecosystem,
responded to long-term enrichment. Given the broad distribution of streams similar to my study
streams, it also sought to improve our general understanding of how functional diversity and
food web structure can alter the effects of nutrient enrichment on aquatic food webs.

Importance of detrital-food web pathways— The series of studies comprising this
dissertation were conducted under the aegis of a larger-scale collaboration that assessed the
effects of nutrient enrichment on the production of stream-dwelling organisms and consequent
effects on nutrient and carbon dynamics in a detritus-based ecosystem. This larger study focused
on a detritus-based food web because most primary production enters food webs via detrital
pathways (Moore et al. 2004), but the effects of nutrient enrichment on these detrital pathways
are not well-known (but see Rosemond et al. 2001, Rosemond et al. 2002, Benstead et al. 2005).
With respect to aquatic ecosystems, understanding these nutrient enrichment effects will increase
our overall predictive ability because of the wide geographic distribution of these detritus-based
food webs. For instance, many stream and river food webs are net heterotrophic, such that inputs
of allochthonous organic matter exceeds in situ primary production (Mulholland et al. 2001).
Even within lake ecosystems that exhibit high levels of autotrophic production, consumer
production can still be largely reliant upon terrestrially derived organic matter (Pace et al. 2004,
Cole et al. 2006). Despite this overall importance of detrital food web pathways in aquatic
ecosystems, previous large-scale experimental enrichments have largely focused on algal-based

food webs (Peterson et al. 1985, Peterson et al. 1993, Slavik et al. 2004). Therefore, our



ecosystem-level nutrient enrichment of a detritus-based headwater stream sought to increase our
understanding of how nutrients alter the structure and function of this important food web type.
Importance of headwater streams— While these studies were aimed at improving our
ability to predict the ecosystem-level responses of detritus-based ecosystems to enrichment, their
findings also have practical implications for the eastern United States because of the high
freshwater diversity in this region (Abell et al. 2000, Meyer et al. 2007). Partly because the
freshwater ecosystems in this region were not glaciated during the previous glacial maximum
(Isphording and Fitzpatrick 1992), they serve as global diversity hotspots for some freshwater
taxa (e.g., mollusks, fishes, and amphibians) (Dodd 1997, Morse et al. 1997, Warren et al. 1997,
Abell et al. 2000). Furthermore, even within these highly diverse river networks, headwater
streams can represent important biotic diversity refugia because these small streams dominate
overall stream miles in river networks and possess a diversity of habitat types (Huryn and
Wallace 1988, Morse et al. 1997, Meyer and Wallace 2001, Meyer et al. 2007). Headwater
streams can also represent important biogeochemical hotspots because of their small surface area
to volume ratios that can accelerate carbon and nutrient transformations (Meyer and Wallace
2001, Peterson et al. 2001). As headwater streams are directly linked to downstream food webs
through material, energy, and macroinvertebrate transport (Vannote et al. 1980, Wipfli and
Gregovich 2002, Romaniszyn et al. 2007), changes in the functioning of these upstream
ecosystems have the potential to substantially alter downstream food web dynamics. Despite
their relatively small size, headwater streams can represent important biological and
biogeochemical hotspots for maintaining the overall function and biotic integrity of stream

networks. Thus, understanding the enrichment response of these biologically important



ecosystems will help improve our ability to predict the response of overall river networks to
nutrient enrichment.

Project overview— These studies were focused on long-term responses (years four and
five) of a headwater stream to nutrient enrichment and followed-up on results from the first two
years of enrichment (see Cross 2004, Greenwood 2004). Evidence from the first two years of
enrichment indicated that nutrient enrichment stimulated the production of heterotrophic
microbes on detritus, which improved detritus quality (lower carbon to nutrient ratios) and
stimulated the production of macroinvertebrate consumers (Gulis and Suberkropp 2003, Cross et
al. 2006). Associated with these increases in consumer production, enrichment also accelerated
organic matter processing rates and reduced overall leaf litter standing crops, which subsequently
lengthened periods of low resource availability (Gulis and Suberkropp 2003, Cross et al. 2006,
Greenwood et al. 2007, Benstead et al. 2009). Thus, despite the increased resource quality
associated with enrichment, reductions in resource quantity (quantity of detrital carbon) were
hypothesized to reduce positive bottom-up effects on macroinvertebrate consumers over a
longer-term period of enrichment. We predicted that declines in organic matter standing crop
would eventually lead to carbon limitation and suppress the positive nutrient effects on
macroinvertebrate production. As we also saw concurrent increases in the production of
heterotrophic microorganisms and changes in organic matter dynamics (Gulis and Suberkropp
2003, Benstead et al. 2009), we also examined whether these microorganisms were dominant
drivers of ecosystem-level processes within the nutrient-enriched stream. Thus, the overall focus
of this five-year nutrient enrichment was to assess the effects of chronic enrichment on
microorganisms and higher-order consumers, and to determine the subsequent effects on

ecosystem-level processes such as carbon and nutrient flux.



Experimental design— In the context of this larger-scale collaboration, the objective of
my dissertation was to assess the long-term effects of nutrient enrichment on macroinvertebrate
community structure and function within these stream food webs. Specifically, we applied a
paired-watershed approach in two forested headwater catchments (C53 and C54) with similar
physiochemical properties (i.e., catchment area, slope, elevation, discharge, temperature, and
pH). We conducted this study at the USDA Forest Service Coweeta Hydrologic Laboratory, a
Long-Term Ecological Research site in Macon County, North Carolina, USA. Coweeta is a
heavily-forested experimental watershed (2185 ha) located in the southern Appalachians
Mountains. Prior to the experimental enrichment, the reference (C53) and treatment (C54)
streams did not differ in nutrient concentrations; however, from July 2000 to August 2005 (ca.
1877 days), we experimentally enriched a 150-m reach of the treatment stream with N and P.
This enrichment successfully increased nutrient concentrations in the treatment stream to a
realistic, low-level enrichment, while the reference stream concentrations did not change.
Specific details of the nutrient enrichment methods are described elsewhere (Chapter 2, Gulis
and Suberkropp 2003, Rosemond et al. 2008).

On a monthly basis, macroinvertebrates were sampled in both streams during a two year
pretreatment period and a five year experimental enrichment to assess the macroinvertebrate
response to enrichment (Chapter 2). Results from the pretreatment period and the initial two
years of enrichment have been previously reported (Cross 2004, Greenwood 2004, Cross et al.
2006, Greenwood et al. 2007). Based on the results from Chapter 2, | also conducted a body
size-specific analysis to assess the relationship between consumer body size and consumer
response to nutrient enrichment (Chapter 3). Because consumers are important drivers of

ecosystem processes in these headwater streams (Wallace et al. 1991, Wallace and Hutchens



2000), 1 also conducted laboratory-based and field-based experiments to assess the role of a
dominant stream consumer in the stream-level elemental transformations associated with nutrient
enrichment (Chapter 4). Finally, because aquatic insect emergence can represent a significant
subsidy to terrestrial predators (Baxter et al. 2005), | sampled aquatic emergence and terrestrial
predators (i.e., riparian spiders) to determine the effect of stream nutrient enrichment on the

surrounding riparian community (Chapter 5).

Dissertation objectives
Chapter 2: Long-term nutrient enrichment decouples predator and prey production

The objective of Chapter 2 was to determine the long-term effects of nutrient enrichment
on the production and composition of the macroinvertebrate community within a detritus-based
headwater stream. Results from the first two years of enrichment showed that nutrient
enrichment stimulated the production of heterotrophic microbes, primary consumers, and
predators (Gulis and Suberkropp 2003, Cross et al. 2006). Although this and other studies
suggested an efficient flow of resources through this stream food web (Wallace et al. 1997, Cross
et al. 2006), results from the second year of enrichment indicated an attenuation of the positive
enrichment response of predators (Cross 2004, Cross et al. 2006). Therefore, my continued
sampling during the fourth and fifth year of enrichment assessed whether nutrient enrichment
would continue to stimulate multiple trophic levels, or whether potential shifts in the structure of
the macroinvertebrate community might alter these flows and reduce the positive effects on

higher trophic levels.



Chapter 3: Nutrient enrichment differentially affects body sizes of primary consumers and
predators in a detritus-based ecosystem

Results from Chapter 2 and the first two years of enrichment (Cross 2004, Cross et al.
2006) indicated that the response of consumers to nutrient enrichment was not homogenous
across taxonomic groups. This suggested that consumers may possess species-specific traits that
alter their nutrient enrichment response. Therefore, the objective of Chapter 3 was to assess
whether the nutrient response of consumers was related to consumer body size, an important
species response- and effect-trait within aquatic food webs (sensu Naeem and Wright 2003).
Specifically, predation risk is related to consumer body size (Crowl and Covich 1990, Emmerson
and Raffaelli 2004, Woodward and Warren 2007); thus, the response of prey to any changes in
predation pressure associated with nutrient enrichment may be mediated by consumer body size.
Because consumer body size scales allometrically with metabolic rate (Brown et al. 2004), shifts
in consumer body size distributions may also alter nutrient and energy flows via changes in
consumer respiration and excretion rates (Poff et al. 1993, Hall et al. 2007). Thus, this chapter
attempted to elucidate the relationship between species-specific traits and consumer response to

nutrient enrichment because it would allow us to better predict ecosystem-level effects.

Chapter 4: Nutrient enrichment affects stream nutrient transformations via increased consumer
assimilation and excretion rates

Results from concurrent studies showed that enrichment significantly increased organic
matter processing rates and carbon export during the first two years of enrichment (Greenwood
2004, Greenwood et al. 2007, Benstead et al. 2009). Within headwater stream ecosystems,

consumers can represent an important driver of these processes (Cuffney et al. 1990, Wallace et



al. 1991, Cross et al. 2005c). Therefore, my fourth chapter examined the importance of a
dominant stream consumer, Pycnopsyche spp., in driving these observed changes in ecosystem
processes. | used laboratory-based assimilation experiments and field-based excretion
experiments to assess the effects of enrichment on Pycnopsyche assimilation and excretion rates.
By applying the results from the laboratory- and field-based experiments to known Pycnopsyche
standing stocks and production (Chapter 2), | examined the effects of nutrient enrichment on
these nutrient transformations at the ecosystem-scale. Because the rate that consumers ingest
and assimilate nutrients is the first metabolic step in converting basal resources into consumer
biomass, shifts in these rates may have important implications for meeting overall consumer

nutrient demand and maintaining nutrient flows through aquatic food webs.

Chapter 5: The effects of stream nutrient enrichment on aquatic to terrestrial subsidies along a
forested headwater stream

Aquatic ecosystems are linked to their surrounding riparian zone via aquatic emergence
subsidies to terrestrial predators (Sanzone et al. 2003, Baxter et al. 2005). Furthermore,
secondary production of aquatic emergence can be ca. 25% of benthic secondary production and
the two likely covary over benthic productivity gradients (Jackson and Fisher 1986). This
suggests that if nutrient enrichment stimulated the secondary production of stream consumers
(Chapter 2), it may have similarly increased the export of aquatic insect emergence to terrestrial
predators. Therefore, my fifth chapter examined the effects of nutrient enrichment on aquatic
insect subsidies to the surrounding terrestrial predator community (i.e., riparian spiders). |
sampled riparian spiders along the reference and treatment streams to assess whether potential

increases in aquatic emergence stimulated the abundance and biomass of terrestrial spiders. By

10



isotopically enriching both streams with a *°N stable isotope tracer, I also quantified the flow of
N from these streams to the surrounding terrestrial community. This quantification allowed me
to test whether nutrient enrichment increased the reliance of terrestrial predators on aquatic
subsidies because of greater emergence availability. Understanding the effects of nutrient
enrichment on these linkages would determine whether the effects of nutrient enrichment

extended to adjacent food webs that were not directly enriched.
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CHAPTER 2
LONG-TERM NUTRIENT ENRICHMENT DECOUPLES PREDATOR AND PREY

PRODUCTION!

! Davis, J. M., A. D. Rosemond, S. L. Eggert, W. F. Cross, and J. B. Wallace. To be submitted to

Proceedings of the National Academy of Sciences, U.S.A.
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Abstract

Increased nutrient mobilization by human activities represents one of the greatest threats
to global ecosystems, but its effects on ecosystem productivity can differ depending on food web
structure. When this structure facilitates efficient energy transfers to higher trophic levels,
evidence from previous large-scale enrichments suggests that nutrients can stimulate the
production of multiple trophic levels. Here we report results from a five-year continuous
nutrient enrichment of a forested stream that increased primary consumer production, but not
predator production. Because of strong positive correlations between predator and prey
production (evidence of highly efficient trophic transfers) under reference conditions, we
originally predicted that nutrient enrichment would stimulate energy flow to higher trophic
levels. However, enrichment decoupled this strong positive correlation and produced a non-
linear relationship between predator and prey production. By increasing the dominance of large-
bodied predator-resistant prey, nutrient enrichment truncated energy flow to predators and
reduced food web efficiency. This unexpected decline in food web efficiency indicates that
nutrient enrichment, a ubiquitous threat to aquatic ecosystems, may have unforeseen and

unpredictable effects on ecosystem structure and productivity.
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Introduction

By shifting species dominance and energy pathways, nutrient enrichment from human
activities represents one of the greatest threats to global ecosystems with significant
consequences for ecosystem structure and function (Smith et al. 1999). However, these effects
are difficult to predict because of few large-scale experimental manipulations (e.g., Slavik et al.
2004, Cross et al. 2006) and the potential difficulties in predicting ecosystem-level responses
from small-scale experimental approaches (Carpenter 1996). Despite this uncertainty and
limited knowledge of how aquatic ecosystems respond to nutrient enrichment, a large number of
restoration projects artificially enrich streams and rivers to stimulate fish production (Slaney et
al. 2003, Compton et al. 2006). These practices are largely based on early food web models and
empirical studies showing that nutrient enrichment can have positive bottom-up effects that
extend to top predators (e.g., Oksanen et al. 1981, Slavik et al. 2004). Thus, when the entire
primary consumer assemblage is equally vulnerable to predators (Oksanen et al. 1981), increased
primary consumer production is predicted to be efficiently transferred to higher trophic levels
(i.e., high trophic efficiency) where it stimulates predator production (e.g., Slavik et al. 2004).

However, mounting evidence indicates that nutrient enrichment can frequently have
unintended consequences as resources are diverted into alternate food web pathways that are
relatively unavailable to higher trophic levels. For instance, high levels of nutrient enrichment in
marine coastal zones can reduce trophic transfer efficiencies between algae and primary
consumers, generating excess algal production that is not consumed by primary consumers and is
ultimately decomposed by heterotrophic microbes (Diaz and Rosenberg 2008). In extreme cases,
nearly 100% of primary productivity may be diverted to microbial respiration, resulting in

increasingly prevalent anoxic ‘dead-zones’ (Diaz and Rosenberg 2008). Food web models also
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predict that nutrient enrichment can decrease food web stability as it can amplify variability in
predator-prey cycles and even extirpate predator populations (i.e., ‘the paradox of enrichment”)
(Rosenzweig 1971).

More recent models predict that nutrient enrichment can further alter predator-prey
interactions by increasing the dominance of predator-resistant primary consumers, diverting
energy flow to predator-resistant pathways that are relatively inaccessible to top predators (e.g.,
Abrams 1993, Chase 1999). Small-scale mesocosm experiments have shown that such a
reduction in trophic efficiency can ultimately decrease predator production, even with sustained
increases in primary consumer productivity (i.e., resulting in a trophic decoupling) (e.g.,
Bohannan and Lenski 1999, Stevens and Steiner 2006). Thus, if nutrient enrichment
disproportionately stimulates predator-resistant prey, it may reduce positive nutrient effects on
predators and inhibit predator production.

Despite these results from small-scale manipulations, there is no ecosystem-level
evidence that enrichment can decouple predator production from primary consumers. While
nutrient enrichment of coastal zones can reduce the production of higher trophic levels, this
effect results not from a decoupling of primary consumer and predator production, but rather
from a diversion of energy flow between basal resources and primary consumers that result in
anoxic conditions (e.g., Diaz and Rosenberg 2008). In fact, other large-scale experimental
nutrient enrichments have largely stimulated both primary consumer and predator production
(e.g., Deegan and Peterson 1992, Slaney et al. 2003, Slavik et al. 2004). This suggests that such
trophic decouplings may be sampling artifacts of small-scale manipulations using species-
depauperate food webs and may be unlikely in diverse natural food webs. Because the

effectiveness of anti-predator defenses depend on the foraging strategies used by predators
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(Power et al. 1992), food webs with a diversity of predators and foraging strategies may increase
the predation risk of predator-resistant prey, maintain efficient energy flow to higher trophic
levels, and reduce the likelihood of an enrichment-induced trophic decoupling.

Here we report the results from an ecosystem-level manipulation of a detritus-based
headwater stream that is dominated by ca. 20 taxa of gape-limited invertebrate and salamander
predators (Stevens and Steiner 2006). Primary consumer production in these stream food webs
is based on seasonal inputs of terrestrial leaf detritus because stream algal production is light
limited by a dense forest understory (Wallace et al. 1997). As both the invertebrate and
salamander predators in these stream food webs predominantly eat small-bodied primary
consumers, these two predator groups occupy a similar trophic position (Davic 1991, Hall et al.
2000, Johnson and Wallace 2005).

For five years, we experimentally enriched a treatment stream with low levels of
dissolved nitrogen and phosphorus and compared the food web response in the treatment stream
to a reference stream. Previous work in these streams showed that nutrient enrichment increased
microbial production at the base of the food web, where it subsequently stimulated primary
consumer and predator production (Gulis and Suberkropp 2003, Cross et al. 2006). There was
also a strong linear relationship between predator and prey production under reference conditions
(Wallace et al. 1997), which suggested a relatively efficient flow of energy between
heterotrophic microbes, primary consumers, and predators. Therefore, based on our earlier
results from the first two years of enrichment (Cross et al. 2006) and from a similar long-term
enrichment that showed positive effects of nutrient enrichment on predators and primary

consumers (Deegan and Peterson 1992, Slavik et al. 2004), we hypothesized a priori that in
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subsequent years of nutrient enrichment (years four and five), primary consumer and invertebrate

predator production would continue to be positively correlated.

Methods

We conducted this study at the USDA Forest Service Coweeta Hydrologic Laboratory, a
Long-Term Ecological Research site in Macon County, NC, USA. Coweeta is a heavily-forested
experimental watershed (2185 ha) located in the southern Appalachians. The forest is dominated
by mixed hardwoods (oak, maple, and tulip poplar) with a dense understory dominated by
Rhododendron maximum that results in heavy stream shading. This light limitation decreases
autotrophic production and increases the food web’s reliance on heterotrophic microbes that
colonize inputs of terrestrial leaves (Wallace et al. 1997, Cross et al. 2007).

To test the long-term effects of nutrient enrichment on macroinvertebrate food webs, we
used a paired-watershed approach in two forested headwater catchments (C53 and C54) with
similar physiochemical properties (i.e., catchment area, slope, elevation, discharge, temperature,
and pH). Both streams were fishless and were dominated by over 20 taxa of gape-limited
invertebrate (e.g., Beloneuria [Plecoptera], Ceratopogonidae [Diptera], Cordulegaster [Odonata],
Hexatoma [Diptera], and Lanthus [Odonata]) or vertebrate (e.g., Eurycea wilderae
[Plethodontidae] and Desmognathus quadramaculatus [Plethodontidae]) predators. Further
descriptions of the study sites are reported elsewhere (Lugthart and Wallace 1992).

The reference (C53) and treatment (C54) streams did not differ in nutrient concentrations
prior to the experimental enrichment (mean + SE, C53: DIN: 23.2 + 8.5 ug L™, SRP: 6.8 + 3.0
pg L™ C54: DIN: 29.3+4.9 pg L™, SRP: 9.5 + 2.3 pug L™). From July 2000 to August 2005 (ca.

1877 days), we experimentally enriched a 150-m reach of the treatment stream with nitrogen
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(NH4NOs3) and phosphorus (K;HPO,4 and KH,PO,4). We dripped nutrients continuously along the
entire 150-m length of the treatment stream using an irrigation line running down the center of
the stream. Details of the nutrient-delivery system have been previously reported (2003). This
flow-proportional delivery system increased nutrient concentrations in the treatment stream to a
realistic, low-level enrichment (DIN: 506.2 + 36.3 pg L™, SRP: 80.0 + 5.6 pg L), while the
reference stream concentrations during this same time period were comparable to the
pretreatment period (DIN: 31.0 + 3.4 pg L™, SRP: 8.0 + 1.3ug L™). We monitored stream
nutrient concentrations every two 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 minutes in both streams with Optic StowAway temperature probes (Onset Computer,
Pocasset, Massachusetts, USA). We measured stream discharge at 5-minute intervals with an
ISCO data logger.

We sampled the benthic macroinvertebrate fauna in both streams during an initial
pretreatment period (September 1998 to June 2000) followed by a five-year experimental period
(July 2000 to August 2005). On a monthly basis, we collected four mixed-cobble substrate
samples per stream using a stovepipe corer (400 cm?) and processed them according to
established protocols (Cross et al. 2006). We identified most taxa to genus; however, we only
identified Chironomidae to either Tanypodinae (predators) or non-Tanypodinae (non-predators),
and non-insects (e.g., oligochaetes, nematodes, copepods, etc.) to the lowest possible taxonomic
level. We measured the length of each individual to the nearest millimeter and then applied
previously published length-mass regressions (Benke et al. 1999) to quantify ash-free dry mass
(AFDM). For most taxa, we calculated secondary production with the size-frequency method

corrected for cohort production intervals (Benke 1979, Wallace et al. 1999). However, we used
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the instantaneous growth rate method to calculate the secondary production of non-Tanypodinae
chironomids (Cross et al. 2005b). For a few taxa that lacked sufficient data to calculate
secondary production with these two methods, we estimated their annual production by
multiplying their annual standing stock biomass by their average production to biomass ratio
(e.g., oligochaetes, nematodes, copepods). We classified all taxa as either predators or primary
consumers based on literature values (Merritt and Cummins 1996) and on previous research
conducted in our study streams (Wallace et al. 1999).

We evaluated the trophic level response to nutrient enrichment with community biomass
and secondary production. However, because it integrates multiple metrics in assessing
taxonomic response to nutrient enrichment (i.e., abundance, biomass, growth rate, survivorship,
and development time) (Benke 1993), we believed that secondary production was the best metric
to quantify the overall response.

Because large-bodied primary consumers were relatively predator resistant (Davic 1991,
Hall et al. 2000, Johnson and Wallace 2005), we also conducted an additional size-specific
comparison of the primary consumer production response. This comparison allowed us to
separate the overall response of preferred prey (i.e., small-bodied individuals) from the response
of predator-resistant primary consumers (i.e., large-bodied individuals). First, we selected the
ten most dominant taxa in both streams, which represented 70-90% of total primary consumer
production in a given year (Pycnopsyche spp. [Trichoptera], Tipula sp. [Diptera], Fattigia sp.
[Trichoptera], Lepidostoma spp. [Trichoptera], Tallaperla spp. [Plecoptera], Molophilus sp.
[Diptera], Leuctra spp. [Plecoptera], Diplectrona sp. [Trichoptera], non-Tanypodinae
Chironomidae [Diptera], Copepoda). We then categorized each individual within these ten taxa

based on body size. We did not assign a single body size to each taxon (i.e., an average or
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maximum body size) because early instars of typically large-bodied prey are likely more
vulnerable to predation than later instars of the same taxon. Instead, we classified each
individual within a given taxon as either large-bodied (> 10 mm in total length) or small-bodied
primary consumers (< 10 mm in total length) because this delineation categorized the preferred
prey taxa (i.e., non-Tanypodinae chironomids and copepods) as small-bodied individuals. Based
on this body size grouping, we then summed the secondary production of all individuals within
both of these body size categories, regardless of taxonomic affiliation. We repeated this process
for each year and stream and compared the trends graphically.

To determine the short- versus long-term responses of macroinvertebrates, we divided the
study into three time periods: pretreatment (PRE 1 and PRE 2; July 1998-August 2000), short-
term response (ENR 1 and ENR 2; September 2000-August 2002), and long-term response (ENR
4 and ENR 5; September 2003-August 2005). Within this notation, the number following the
abbreviations (PRE: pretreatment year or ENR: enrichment year) corresponded with the
treatment year (e.g., ENR 1 represented the first year of nutrient enrichment). The third year of
enrichment (ENR 3; September 2002-August 2003) was not included in the analysis because
samples were lost due to inadequate preservation. Bias in our analysis due to the exclusion of
ENR 3 is extremely unlikely because any trends associated with ENR 3 would likely be captured
by the final two years of enrichment (ENR 4 and ENR 5). These time periods were selected
because 2+ years of enrichment allowed many of the taxa to reach new population levels, as 90%
of these taxa have life-cycles of one year or less, and only two taxa have larval periods longer
than two years (Anchytarsus [1095 days], Cordulegaster [1140 days]) (Wallace et al. 1999).

Thus, by the fourth and fifth year of enrichment, 90% of taxa would have produced > 4
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generations under nutrient-enriched conditions. Moreover, those taxa with a life-cycle of one
year or less represent ca. 90-95% of the total secondary production in any given year.

We used randomized intervention analysis (RIA) to analyze the effects of nutrient
enrichment on macroinvertebrate biomass (Table 1). By comparing the differences in the
treatment (C54) and reference stream (C53) during the pretreatment and nutrient enrichment
periods, RIA assessed the null hypothesis that macroinvertebrate biomass in the treatment stream
did not change relative to the reference stream during the nutrient enrichment (Carpenter et al.
1989). To isolate the long-term and short-term responses over time, we conducted three separate
RIA analyses on both primary consumer and predator biomass (Table 1). Short-term responses
of macroinvertebrate biomass to nutrient enrichment were assessed by comparing the short-term
response (ENR 1 and 2; n = 26 months) to the pretreatment period (PRE 1 and 2; n = 22 months)
(Cross et al. 2006). To evaluate the longer-term responses, we compared ENR 4 and 5 (n =24
months) to the pretreatment period (PRE 1 and 2). The third analysis compared the long-term
response (ENR 4 and 5) to the short-term response (ENR 1 and 2) and assessed whether long-
term nutrient enrichment continued to have a positive effect on biomass, or if its effect had
leveled off after an initial short-term response. Based on these contrasts, we calculated
probabilities of change for each pairwise comparison using 1000 random permutations of

interstream differences (Carpenter et al. 1989).

Results
Unexpectedly, during the fourth and fifth year of enrichment, nutrient enrichment
produced a trophic decoupling whereby enrichment continued to stimulate primary consumer

production with no concomitant increase in invertebrate predators (Figs. 2.1A-2.1D, Table 2.1).
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In addition, this primary consumer and predator response varied with time. Two years of
nutrient enrichment stimulated the production and biomass of both primary consumers and
predators (Cross et al. 2006), which agreed with other nutrient enrichment manipulations (e.g.,
Deegan and Peterson 1992, Slavik et al. 2004). However, this short-term response contrasted
sharply with our longer-term results showing that predator biomass and production did not
respond positively to nutrient enrichment, despite continued stimulation of primary consumer
biomass (P < 0.001) and production relative to the pretreatment period (Fig. 2.1A-2.1D, Table
2.1). Thus, predators initially increased with short-term enrichment, but then declined to
pretreatment levels with a longer-term enrichment, even as primary consumer production
continued to increase in the treatment stream (Fig. 2.1A-2.1D).

This trophic decoupling reduced overall food web efficiency during the long-term
enrichment (Fig. 2.2) and contrasted with previous studies showing evidence of highly efficient
energy transfer from primary consumers to predators in similar stream food webs (e.g., Wallace
etal. 1997, 1999). Because of this reduction, we observed dramatically different relationships
between primary consumer and predator production in the treatment and reference streams (Fig.
2.2). Predator production varied linearly and steeply with primary consumer production during
all years in the reference stream (Cross et al. 2006, this study) and in a similar Coweeta stream
(Wallace et al. 1999). In the treatment stream, primary consumer and predator production also
varied linearly throughout the pretreatment period (Fig. 2.2) (Lugthart and Wallace 1992, Cross
et al. 2006). These strong linear relationships suggested an efficient energy transfer between
primary consumers and predators under reference conditions (Fig. 2.2). Conversely, during the
enrichment period, primary consumer production continued to respond positively to long-term

enrichment, but predators declined to pretreatment levels in a non-linear trajectory over time
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(Fig. 2.2). In the fourth year of enrichment, the reference and treatment streams (represented by
E4 in Fig. 2.2) had comparable levels of predator production, despite ca. 2.2x greater primary
consumer production in the treatment stream relative to the reference stream (Fig. 2.2). These
contrasting responses of predators and primary consumers strongly reduced the contribution of
predators to overall macroinvertebrate biomass. Prior to enrichment, predators and primary
consumers each contributed approximately 50% of the total biomass (Fig. 2.1A and 2.1C).
However, during the final two years of enrichment, predator contribution declined to 18% in the
treatment stream, but remained at approximately 40% in the reference stream. Taken together,
our results provide evidence that long-term nutrient enrichment did not stimulate predator
production and reduced the efficiency of energy flow from primary consumers to predators.

The alteration of the predator-prey relationship during the long-term enrichment was
largely driven by changes in the relative dominance of large- versus small-bodied primary
consumers (Fig. 2.3). Because predators from our study streams primarily eat small-bodied
primary consumers and seldom eat large-bodied prey (Davic 1991, Hall et al. 2000, Johnson and
Wallace 2005), large-bodied primary consumers are likely more resistant to predation by these
gape-limited predators. Thus, as the predation risk of prey can decline with increased body size
(Crowl and Covich 1990, Chase 1999), the wide variation in primary consumer body sizes in our
streams (< 1 mm to 65 mm) likely increased the variation in the relative predation risk of
primary consumers. The reference and treatment streams initially did not differ in the production
of large- or small-bodied primary consumers during the pretreatment period (Fig. 2.3).
Enrichment increased the production of both large- and small-bodied primary consumers in the
first two years of enrichment, but only increased the production of large-bodied primary

consumers in the treatment stream during years four and five (Fig. 2.3). Since small-bodied prey
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declined to pretreatment levels by the fourth year of enrichment, long-term nutrient enrichment
primarily stimulated large-bodied primary consumers that were relatively resistant to predation
(Fig. 2.3). Thus, enrichment did not stimulate predator production because the increase in

predator-resistant (i.e., large-bodied) taxa likely did not benefit instream-predators.

Discussion

Our results provide strong evidence that low levels of nutrient enrichment reduced energy
flow to predators and decreased the trophic transfer efficiency between primary consumers and
predators. Thus, even within a diverse food web with 20 predator taxa, long-term nutrient
enrichment decoupled primary consumer and predator production, as most primary consumer
production was relatively unavailable to predators. Nutrient enrichment of natural food webs
may not always increase predator production, but instead can produce unintended “‘ecological
surprises’ as resources are diverted to alternate trophic pathways. Our results further
demonstrate our limited ability to predict how higher trophic levels in aquatic ecosystems will
respond to nutrient enrichment, and highlight the difficulties in predicting long-term food web
responses from few large-scale experimental manipulations.

The lack of a significant positive predator response to nutrient enrichment suggests that
the majority of the increased ecosystem productivity in our study was confined to the lower
trophic levels. This suggests that increased nutrient supplies do not always propagate up food
webs to increase the productivity or biomass of higher trophic levels. These findings largely
agree with an earlier regional comparison of food chain lengths showing that increased
ecosystem size, but not productivity, lengthened food chains (Post et al. 2000). However, as we

fully quantified changes in energy flow within these trophic levels, our results indicate a likely
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mechanism explaining why increased ecosystem productivity does not increase the trophic
position of predators or add additional trophic levels. Specifically, nutrient enrichment resulted
in inefficiencies at lower trophic levels that limited the transfer of energy to higher trophic levels
and attenuated the positive effects of nutrients on higher trophic levels. Therefore, if increased
ecosystem productivity is confined to lower trophic levels and does not stimulate predator
production, it likely diminishes the ability of enrichment to support additional trophic levels
regardless of any increase in the productivity of basal resources. Overall, these results add to the
mounting empirical evidence that the positive effects of nutrient enrichment can be attenuated by
trophic distance (e.g., Brett and Goldman 1997).

These results suggest that trophic decouplings due to nutrient enrichment, as well as other
types of natural or anthropogenic disturbance, may be more likely to occur in food webs
dominated by gape-limited predators. When predators are gape-limited, primary consumers may
be able to obtain predator size-refugia and divert prey production away from predators.
However, a long-term nutrient enrichment of the Kuparuk River in Alaska did not lead to a
trophic decoupling of the top fish predator in this ecosystem, arctic grayling (Thymallus
arcticus). Nutrient enrichment of this ecosystem continued to stimulate arctic grayling
production even after 16 years of seasonal enrichment (Slavik et al. 2004). Although they are
gape-limited predators, arctic graylings are substantially larger than predators found in our study
and could more easily consume larger prey (e.g., Golden and Deegan 1998). Thus, they could
maintain a positive response to nutrient enrichment (Slavik et al. 2004).

However, even in food webs dominated by fish predators, large-bodied primary
consumers can still reduce their relative predation risk through predator size-refugia or other

anti-predator defenses (e.g., Bremigan and Stein 1994, Power et al. 2008) and potentially lead to
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a similar diversion of resources under nutrient-enriched conditions. For instance, larval gizzard
shad (Dorosoma cepedianum) eat primarily small-bodied zooplankton; thus, the increased
dominance of large-bodied zooplankton may reduce prey availability and threaten the
recruitment of this common lake fish (Bremigan and Stein 1994). In addition, during drought
years on the South Fork Eel River, CA, the increased dominance of a large-bodied, case-building
caddisfly (Dicosmoecus gilvipes) reduced energy flow to steelhead (Oncorhynchus mykiss) as
algal production was diverted into a predator-resistant Dicosmoecus pathway (Wootton et al.
1996, Power et al. 2008). Because increased light availability can stimulate algal production and
likely accelerates Dicosmoecus dominance (Power et al. 1996), it indicates that greater
ecosystem productivity associated with nutrient enrichment may strengthen this diversion. Thus,
given the prevalence of gape-limited predators and predator-resistant prey in a variety of aquatic
ecosystems, our results suggest that trophic decouplings due to nutrient enrichment, as well as
other types of natural and anthropogenic disturbances, may potentially be of wide-scale
occurrence.

Although several large-bodied taxa responded positively to enrichment, the relative
dominance of a large-bodied caddisfly, Pycnopsyche spp., steadily increased throughout the
experimental enrichment (Fig. 2.4). This suggests that enrichment beyond our five-year
manipulation would have likely continued to decouple predator production because of several
factors that would have maintained conditions conducive to this common consumer’s
dominance. Pycnopsyche spp. are competitive dominants in these stream ecosystems (Creed et
al. 2009)and eat leaf detritus (Cross et al. 2007), which exhibited larger increases in resource
quality than other basal resources during our experimental enrichment (Cross et al. 2005a,

Greenwood et al. 2007). Pycnopsyche’s period of peak production is earlier than many other
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leaf-eating taxa and occurs before periods of low resource availability (e.g., Huryn and Wallace
1988, Suberkropp et al. In press). They also construct rigid stone cases and obtain a larger
maximum body size than other leaf-eating taxa (22 mm vs. 14 mm), which may reduce their
predation risk. The combination of these traits likely allowed this taxon to better exploit the
positive enrichment effects on resource quality. Because prolonged enrichment would likely
strengthen, not weaken, these benefits, the observed trophic decoupling is unlikely to be easily
reversed with continued enrichment.

This decoupling of the predator-prey relationship observed in our study may have
ecosystem-level effects that extend beyond our particular study streams. Headwater streams
similar to our study streams dominate overall stream miles and are a common landscape feature
within an ecosystem type that has a worldwide distribution (Meyer and Wallace 2001). Thus,
our results indicate an important nutrient enrichment response that is applicable to globally-
distributed aquatic food webs and helps increase our understanding of how such stream networks
may respond to enrichment. Streams similar to our study streams are also important sites for
carbon and nutrient transformations within river networks (Meyer and Wallace 2001, Peterson et
al. 2001) and are directly linked to downstream food webs through material, energy, and
macroinvertebrate transport (Vannote et al. 1980). As macroinvertebrate consumers are
important drivers of many of these processes (Cuffney et al. 1990), our observed decoupling of
the predator-prey relationship has the potential to alter the functioning of overall river networks
through changes in these downstream subsidies. In fact, a concurrent study showed that nutrient
enrichment increased organic matter processing and downstream carbon export because of
associated changes in consumer production (Greenwood et al. 2007, Benstead et al. 2009).

Because aquatic emergence can also represent an important subsidy to terrestrial predators
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(Baxter et al. 2005), nutrient enrichment may have also increased aquatic-terrestrial subsidies, as
the excess primary consumer production not consumed by instream predators is exported to the
surrounding terrestrial community as adult emergence. Therefore, the various linkages between
these biologically-active ecosystems and associated food webs suggest an important pathway by
which our observed changes in the structure and function of these nutrient-enriched ecosystems
may indirectly alter the function of a variety of food webs not directly experiencing enrichment.

In summary, low-level nutrient enrichment dramatically shifted the primary consumer
assemblage in this stream food web to larger-bodied, predator-resistant taxa. As this shift
decoupled predator and prey production, nutrient enrichment ultimately diverted energy flow
into predator-resistant pathways that reduced overall food web efficiency. Humans are
intentionally (e.g., salmon restoration) and unintentionally (e.g., land-use change and agricultural
run-off) increasing nutrient inputs to a variety of aquatic ecosystems (Smith et al. 1999, Slaney et
al. 2003); thus, nutrient enrichments similar to our experimental manipulation are a frequent
global occurrence. Given the prevalence of this environmental change in a diversity of
ecosystems that include predator-resistant prey and gape-limited predators, our results suggest
that nutrient-stimulated resource flows can be diverted into predator-resistant pathways and
thereby truncate predator responses. As we did not originally predict these trophic efficiency
declines, our results also show our current inability to fully assess a priori how ecosystems will
respond to enrichment. Therefore, even in ecosystems where energy flow is predicted to be
relatively efficient, low-level nutrient enrichment may still increase the production of non-target
taxa (e.g., predator / grazer resistant prey), decrease the production of higher trophic levels, or
lead to unintended consequences that may compromise the productivity of freshwater

ecosystems.
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Table 2.1: Probabilities of change for the randomized intervention analysis (RIA) that tested for differences in macroinvertebrate
biomass between the reference and treatment streams. Probabilities were based on 1000 random permutations of interstream
differences. To assess the changes over time, we divided the study into three sampling periods: pretreatment (PRE 1 and PRE 2; July
1998-August 2000; n = 22), short-term response (ENR 1 and ENR 2; September 2000-August 2002; n = 26), and long-term response

(ENR 4 and ENR 5; September 2003-August 2005; n = 24). The short-term vs. pretreatment response was previously reported (Cross

et al. 2006).
Short-term vs. Pretreatment* Long-term vs. Pretreatment Long-term vs. Short-term
Primary consumers <0.001 (+) <0.001 (+) NS
Predators <0.001 (+) NS <0.001 ()

* From Cross et al. 2006



Fig. 2.1: Average annual biomass (mean £ 1SE) and secondary production of primary
consumers (A and B) and predators (C and D) during the seven year experiment. The
arrow indicates the beginning of nutrient enrichment. Each year represents an average of
twelve monthly samples with four samples per stream. Note difference in scales between

primary consumers and predators. AFDM is ash-free dry mass.
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Fig. 2.2: Relationship between primary consumer and predator secondary production for the
reference stream (grey circles), the treatment stream (black circles), and previously
published data (open circles). The arrows represent the temporal trajectory of the
treatment stream starting with the two years of pretreatment (P1 and P2) and ending with
the fifth year of enrichment (E5). The data labels correspond to the sampling year for the
treatment stream. The previously published data include five years of production data
from the reference stream (C53) and a similar Coweeta stream (C55) that had
experimentally reduced terrestrial leaf inputs during four of those years (Wallace et al.
1999). It also includes previously published data from an unmanipulated year that
compared our current reference (C53) and treatment (C54) streams (Lugthart and

Wallace 1992). AFDM is ash-free dry mass.
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Fig. 2.3: Size-specific secondary production of the ten dominant primary consumers in the
reference and treatment streams. For any given year, the displayed secondary production
represented 70-90% of total primary consumer production. Each individual within these
ten taxa was classified as either small-bodied individuals (body length < 10mm; circles)
or large-bodied individuals (body length > 10mm); triangles), and their production was
subsequently summed. Large-bodied individuals were relatively predator-resistant
compared to small-bodied primary consumers. The arrow indicates the beginning of

nutrient enrichment. AFDM is ash-free dry mass.
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Fig. 2.4: Relative contributions of Pycnopsyche spp. and all other primary consumer taxa to
overall primary consumer production in the treatment (A) and reference (B) streams. The arrow

indicates the beginning of nutrient enrichment. AFDM is ash-free dry mass
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CHAPTER 3
NUTRIENT ENRICHMENT DIFFERENTIALLY AFFECTS BODY SIZES OF PRIMARY

CONSUMERS AND PREDATORS IN A DETRITUS-BASED ECOSYSTEM?

ZDavis, J. M., A. D. Rosemond, S. L. Eggert, W. F. Cross, and J. B. Wallace. To be submitted to

Limnology and Oceanography.
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Abstract

Nutrient enrichment of freshwater ecosystems can affect size distributions of organisms,
frequently via positive effects on large-bodied organisms. However, these models and empirical
findings are largely derived from autotrophic-based ecosystems, where enrichment can increase
the quantity and quality of basal resources. Enrichment of detritus-based aquatic food webs
increases resource quality, but can also decrease resource quantity because of increased detrital-
processing rates. These reductions in resource quantity may subsequently minimize any
potential positive effects of enrichment on consumer body size in detritus-based food webs.
Here we assessed how a five-year nutrient enrichment affected the responses of different size
classes of primary consumers and predators in a detritus-based headwater stream. Specifically,
we determined if enrichment had positive effects on large-bodied consumers and whether that
effect differed for primary consumers and predators. Two years of enrichment increased the
biomass and abundance of all consumers regardless of body size. However, 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.
Large-bodied predators did not respond to long-term enrichment during this same experimental
period, indicating that the positive effects of enrichment did not propagate up to higher trophic
levels. Thus, long-term enrichment increased the dominance of large-bodied primary consumers
in these detritus-based ecosystems. As consumer body size can be an important species-specific
trait determining population dynamics and ecosystem processes, the observed change in
consumer body size composition suggests an important pathway for nutrient enrichment to alter

stream food web structure and function.
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Introduction

Within aquatic ecosystems, nutrient enrichment not only alters the biomass and
production of consumers (Slavik et al. 2004, Cross et al. 2006), but it can also substantially alter
their community composition and body size distributions (Sprules and Munawar 1986, Bourassa
and Morin 1995). These enrichment-induced 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, increased ecosystem productivity associated
with nutrient enrichment can increase the abundance of smaller bodied prey (Brooks and Dodson
1965, Finlay et al. 2007). Conversely, when predators do not preferentially consume large-
bodied prey, nutrient enrichment can increase consumer body size in autotrophic-based food
webs because of increased resource quality (lower C:N and / or C:P) and quantity (Bourassa and
Morin 1995). This greater resource quality and quantity can increase consumer growth rates and
body sizes (e.g., Lurling and VVan Donk 1997, Boersma and Kreutzer 2002), which may shift the
community toward dominance by large-bodied consumers (e.g., Romanovsky and Feniova 1985,
Sprules and Munawar 1986, Bourassa and Morin 1995).

Although the effects of nutrient enrichment on primary consumer body size are mixed,
these earlier autotrophic-based studies have largely linked primary consumer body size and
enrichment response through associated increases in resource quantity and quality. Less is
known about the effects of enrichment on primary consumer body sizes in detritus-based
ecosystems, where enrichment can increase resource quality but decrease resource quantity.
Specifically, enrichment stimulates the production of heterotrophic microbes on detritus, which

can improve detritus quality (lower carbon to nutrient ratios) and stimulate the production of
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primary consumers and predators (Gulis and Suberkropp 2003, Cross et al. 2006). Stimulation
of heterotrophic microorganisms can also increase detrital processing rates and reduce overall
detrital-standing crop (Greenwood et al. 2007, Benstead et al. 2009), which may lengthen
periods of low resource quantity. Thus, despite the increased resource quality associated with
enrichment, reductions in resource quantity may minimize the potential positive bottom-up
effects on the dominance of large-bodied primary consumers and on individual body size.
Here we report results from a five-year experimental nutrient enrichment that assessed
the effects of enrichment on the body sizes of primary consumers and predators in a detritus-
based headwater stream. We tested whether consumer response to nutrient enrichment varied
with body size by grouping organisms into body size classes and assessing which size classes
responded to nutrient enrichment. Because enrichment can increase detrital processing rates and
reduce detrital-standing crops (Greenwood et al. 2007, Benstead et al. 2009), we expected that
this reduced resource quantity would likely offset any potential increases in resource quality.
Therefore, we predicted that these declines in resource quantity would minimize the positive
effects of enrichment on the abundance and biomass of large-bodied primary consumers.
Body size responses of higher trophic levels were more difficult to predict. Because
predators in these stream food webs prefer small-bodied prey (e.g., Davic 1991, Hall et al. 2000,
Johnson and Wallace 2005), they may not benefit from increases in large-bodied primary
consumers. Thus, the effects of nutrient enrichment on predator body size may be dependent
upon the potential shifts in primary consumer body size distributions that may alter prey
availability. If enrichment increases the relative dominance of smaller-bodied primary
consumers because of decreased resource quantity, this greater availability of smaller-bodied

prey may increase the predator’s prey base. These increases may subsequently stimulate
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predator growth rates and shift the community towards dominance by larger-bodied predators.
Conversely, if enrichment increases the relative dominance of large-bodied primary consumers
because of greater resource quality, prey resources may be sequestered in larger primary
consumers that are not readily eaten by predators. This reduced prey availability may limit
predator growth rates and shift the community towards dominance by small-bodied predators.
Because these predator responses are largely contingent upon the primary consumer response, it
reduces our ability to accurately predict a priori the effects of nutrient enrichment on large-
bodied predators and overall predator body size distributions.

To further assess the potential effects of resource limitation on primary consumer body
size, we also evaluated the effect of nutrient enrichment on the average individual body mass of
Pycnopsyche spp., a dominant consumer in many temperate forested headwater streams (Herbst
1980, 1982, Cross et al. 2006, Creed et al. 2009). A previous experimental manipulation that
reduced leaf litter inputs to an adjacent headwater stream decreased the individual body size of
Pycnopsyche and indicated that they were particularly sensitive to reductions in resource quantity
(Wallace et al. 1999, Eggert and Wallace 2003). Thus, we believed the individual body mass
response of this taxon would be an effective indicator of the overall changes in resource quality

and quantity in our study.

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 (2185 ha) that is comprised of mixed hardwoods (oak, maple, tulip poplar) with a
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dense understory dominated by Rhododendron maximum that limits light availability. This light
limitation reduces autotrophic production and increases 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).

To assess how consumer response to nutrient enrichment varied with body size, we used
a paired-watershed approach. 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 was comprised of ca. 40 taxa, while the predator community was dominated by over
20 taxa of size-selective invertebrate predators (e.g., Beloneuria [Plecoptera], Ceratopogonidae
[Diptera], Cordulegaster [Odonata], Hexatoma [Diptera], and Lanthus [Odonata]) or gape-
limited vertebrate predators (e.g., Eurycea wilderae [Plethodontidae] and Desmognathus
guadramaculatus [Plethodontidae]). Both predator groups in these stream food webs occupy a
similar trophic position because they predominantly eat small-bodied primary consumers (e.g.,
Davic 1991, Hall et al. 2000, Johnson and Wallace 2005)

The reference (C53) and treatment (C54) streams did not differ in nutrient concentrations
prior to the experimental enrichment (mean + SE, C53: DIN: 23.2 + 8.5 ug L™, SRP: 6.8 + 3.0
pg L™ C54: DIN: 29.3+4.9 pg L™, SRP: 9.5 + 2.3 pug L™). From July 2000 to August 2005 (ca.
1877 days), we experimentally enriched a 150-m reach of the treatment stream with nitrogen
(NH4NO3) and phosphorus (K;HPO,4 and KH,PO,4). We added nutrients continuously along the
entire 150-m length of the treatment stream using an irrigation line running down the center of
the stream. See Gulis and Suberkropp (2003) for further descriptions of the nutrient-delivery

system. This delivery system increased nutrient concentrations in the treatment stream to a
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realistic, low-level enrichment (DIN: 506.2 + 36.3 pg L™, SRP: 80.0 + 5.6 pg L), while the
reference stream concentrations during this same time period were comparable to the
pretreatment period (DIN: 31.0 + 3.4 pg L™, SRP: 8.0 + 1.3ug L™). We monitored stream
nutrient concentrations every two 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 minutes in both streams with Optic StowAway temperature probes (Onset Computer,
Pocasset, Massachusetts, USA). We measured stream discharge at 5-minute intervals with an
ISCO data logger.

Macroinvertebrate sampling— The macroinvertebrate communities in both streams were
sampled monthly during an initial two-year pretreatment period (September 1998 to June 2000)
followed by a five-year experimental period (July 2000 to August 2005). We sampled mixed-
cobble substrates according to Cross et al. (2006). Using a stovepipe corer (400 cm?), four
mixed-cobble substrate samples were randomly collected in each stream on each 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
hours of collection. Each sample was rinsed onto nested sieves (1-mm and 250-pum mesh size)
and elutriated to remove inorganic material. We divided the remaining organic matter into large
(> 1 mm) and small (250 um — 1 mm) size fractions, and preserved them using 6-8% formalin.
Because of the large number of macroinvertebrates in the small size fraction, we subsampled this
size fraction using a sample splitter (Waters 1969). All macroinvertebrates were removed from
both the large and small size fractions using a dissecting scope at 15x magnification. Each
organism was identified to genus; however, Chironomidae were identified to either Tanypodinae

(predators) or non-Tanypodinae (non-predators), and most non-insects were identified to the
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order level or higher (e.g., oligochaetes, nematodes, copepods, etc). All individuals were
enumerated and measured to the nearest millimeter under 12x magnification. We calculated
consumer biomass using length-mass regressions established for Coweeta streams (Benke et al.
1999, J. B. Wallace unpubl. data). We classified all taxa as either primary consumer or predator
according to Merritt and Cummins (1996) and based on 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 of the stream macroinvertebrate community, we first compared
the abundance and biomass response of the entire macroinvertebrate community (primary
consumers plus predators). Divergent results in these responses (total biomass and abundance)
would suggest potential changes in body sizes. Increased biomass without a concomitant
increase in 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 largely indeterminate and can change under varying environmental conditions (e.g.,
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 based on its log;o transformed individual body mass (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;o transformed the body mass (mg) of each individual
within each taxon for a given month. Based on this transformed body size, we then grouped

individuals into one of the 22 separate logip body size classes (see Web Appendix 1 for further
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descriptions of the specific upper and lower limits for body mass used for each body size class).
Then for all individuals classified in a specific logi body 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-independent monthly time-series that
followed changes in biomass or abundance within each of the 22 size classes over time. We
conducted this body size analysis separately for primary consumers and predators.

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. Randomized intervention analysis (RIA, Carpenter et al. 1989)
was applied to the monthly time-series of total macroinvertebrate 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 body size classes. Analyzing each of the body size classes
separately allowed us to evaluate how the effects of nutrient enrichment varied between body
size classes. Because the effects of nutrient enrichment have been previously shown to vary
during the first two years of enrichment (ENR 1 and 2) versus the fourth and fifth years of
enrichment (ENR 4 and 5) (Davis et al. In review-a), we analyzed the short- and long-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 - August 2000), short-term
response (ENR 1 and ENR 2; September 2000 - August 2002), and long-term response (ENR 4

and ENR 5; September 2003 - August 2005). For each of the above comparisons, RIA then
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compared the short-term response (26 months) to the pretreatment period (22 months), and the
long-term response (24 months) to the pretreatment period. Based on these contrasts, we
calculated probabilities of change for each pairwise comparison using 1000 random permutations
of interstream differences (Carpenter et al. 1989). These separate analyses allowed us to isolate
the short- and long-term effects of nutrient enrichment on the parameter of interest. The third
year of enrichment (ENR 3; September 2002 - August 2003) was not included in our analyses
because samples were lost due to inadequate preservation. Bias in our analysis due to the
exclusion of ENR 3 is extremely unlikely because any trends associated with ENR 3 would
likely be captured by the final two years of enrichment (ENR 4 and ENR 5).

By comparing the differences in the reference and treatment stream during the
pretreatment and post-treatment 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. However, because RIA only established if there was a significant change in
the treatment stream post-treatment versus pre-treatment, 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., reference;j; — treatment;;) 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 long-term (24 months), to obtain an average period difference for each size class j
(4j). Using these average period differences, we applied the following equation (Osenberg et al.

1994) to calculate the short-term and long-term effect sizes for each size class j.
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Effect Sizej= A

wre ~ Avos (1)

To calculate the short-term enrichment effect size for each size class j, we compared the short-
term difference to the pretreatment difference, while the long-term effect size compared the long-
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 nutrient enrichment response within each
size class.

Based on our RIA results, we observed that the effects of nutrient enrichment varied with
primary consumer body size (see Results). Because we detected a breakpoint in the long-term
primary consumer response at a body size threshold of 1.778 mg (Tables 3.1 and 3.4), we
categorized macroinvertebrates 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 response of small- and large-
bodied consumers to nutrient enrichment.

Finally, we evaluated the effects of nutrient enrichment on the individual body mass of
the dominant primary consumer in these stream food webs (Pycnopsyche spp.) because we
assumed changes in its individual body mass would be a good indicator of the net effect of shifts
in resource quality and quantity. We first calculated the maximum body mass that Pycnopsyche
obtained in a given year, which would indicate larval body mass at pupation. We also calculated
the average individual body mass of Pycnopsyche in each stream during a particular year. We

plotted these changes as maximum and average individual body size.
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Results

Total abundance vs. total biomass trends— Total macroinvertebrate (primary consumer
plus predators) biomass was significantly higher in the treatment versus reference stream through
both the short- (ENR 1 and 2) (Cross et al. 2006) and long-term enrichment (ENR 4 and 5) (RIA,
P <0.05) (Fig. 3.1A). 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 long-term enrichment (Fig. 3.1B). These sustained increases in total
macroinvertebrate biomass, but lack of a total abundance response to long-term nutrient
enrichment, indicated that nutrient enrichment increased the average individual body size of
stream consumers.

Size-specific analysis— The body size-specific analyses showed that the effect of nutrient
enrichment on consumers was related to body size. Due to insufficient sample sizes, we
excluded two size classes for primary consumers and four size classes for predators (represented
by ND in Tables 3.1 and 3.2). This analysis categorized biomass and abundance estimates into
22 separate body size classes that ranged in body mass from < 0.001 mg to 169.360 mg (Table
3.3).

Primary consumer size-specific response— During the short-term enrichment (ENR 1
and 2), the response of primary consumer biomass and abundance mostly did not vary with body
size (Tables 3.1 and 3.4). Specifically, short-term enrichment largely increased the biomass and
abundance of primary consumers across the range of body sizes tested (with the exception of two
size classes [1.778 to 3.162 and 17.783 to 31.623 mg] that did not respond to nutrient
enrichment) (Tables 3.1 and 3.4). However, during the long-term enrichment (ENR 4 and 5),

primary consumer response varied with body size (Tables 3.1 and 3.4). In this case, the biomass
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and abundance of large-bodied primary consumers (defined here as body size > 1.778 mg)
continued to increase with the long-term enrichment, but most small-bodied primary consumers
did not (defined here as body size < 1.778 mg) (Tables 3.1 and 3.4). There were two exceptions
to this general lack of response of small-bodied primary consumers, as the abundance and
biomass of two smaller body size classes (0.001 to 0.002 and 0.056 to 1.000 mg) continued to
positively respond to long-term nutrient enrichment (Tables 3.1 and 3.4).

Because nutrients disproportionately stimulated the abundance and biomass of large-
bodied primary consumers (body size > 1.778 mg) during the fourth and fifth years of
enrichment, the relative dominance of these primary consumers increased (Figs. 3.2A and 3.2B).
Prior to enrichment, large-bodied primary consumers contributed 56% of primary consumer
community biomass in the treatment stream, but this percentage increased to 82% during the
final two years of enrichment in the treatment stream. This substantially greater response of
large-bodied primary consumers skewed the community biomass composition towards these
larger-bodied primary consumers during the longer-term enrichment (Fig. 3.2A and 3.2B).

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 body size (Tables 3.2 and 3.5). In contrast, during the long-term enrichment,
predator response varied with body size. The biomass and abundance of small predators (body
size <0.018 mg) increased during the long-term enrichment, but larger predators did not (body
size > 0.018 mg) (Tables 3.2 and 3.5). The abundance and biomass of predators in two of the

larger-body size classes (0.316 to 0.562 and 3.162 to 5.623 mg, respectively) were the only body
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size classes (primary consumer or predator) that declined significantly below pretreatment levels
(Tables 3.2 and 3.5).

In comparison to primary consumers, where the enrichment responses diverged at a body
size of 1.778 mg (Table 3.1), predator response diverged at a smaller body size threshold of
0.018 mg (Table 3.2). 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
body size division for both trophic levels. However, even when the smaller threshold (0.018 mg)
was used, we observed similar graphical trends because of the relatively low contribution of
small-bodied predators to overall community biomass.

Using the above threshold, we found that similar to the primary consumers, the biomass
of small-bodied (body size < 1.778 mg) and large-bodied predators (body size > 1.778 mg)
increased during the short-term enrichment (Figs. 3.2C and 3.2D). Conversely, the biomass of
large-bodied predators did not increase during the long-term enrichment (Figs. 3.2C and 3.2D).
Thus, although primary consumers and predators of both body sizes exhibited similar positive
responses during the short-term enrichment, long-term enrichment did not increase the biomass
of large-bodied predators, despite continued increases in the biomass of large-bodied primary
consumers (Tables 3.1 and 3.2; Figs. 3.2A-D).

Effects on Pycnopsyche individual body mass—Nutrient enrichment also altered the
population size structure of Pycnopsyche spp. (Fig. 3.3), a dominant primary consumer that has
previously exhibited sensitivity to declines in resource quantity (Wallace et al. 1999, Eggert and
Wallace 2003). During the fifth year of enrichment, the maximum individual body mass of
Pycnopsyche was 61% greater in the treatment stream relative to the reference stream (37.4 vs.

23.2 mg, respectively) and was 42% larger than the maximum size observed during the
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pretreatment period (26.3 mg). Because of these increases in larger size classes that shifted
Pycnospsyche’s population size distribution to the right, nutrient enrichment also increased the
annual average body mass of individual Pycnopsyche during the five year enrichment relative to

the reference stream and pretreatment period (Fig. 3.3).

Discussion

Differences between primary consumer and predator response— The results from our
five-year ecosystem-level manipulation provided convincing evidence that consumer response to
chronic nutrient enrichment was related to body size. This response also differed for primary
consumers and predators, and was only evident after two years of continuous enrichment. One
possible mechanism to explain the contrasting body size response of primary consumers and
predators was the potential existence of predator size-refugia that reduced the predation risk of
large-bodied prey. The streams used for this study were dominated by over 20 taxa of
invertebrate and vertebrate predators that primarily eat small-bodied primary consumers (e.g.,
Davic 1991, Hall et al. 2000, Johnson and Wallace 2005). Thus, rather than top-down effects of
predation diminishing the positive response of larger prey (if predators preferentially eat them)
and increasing the abundance of small prey (e.g., Brooks and Dodson 1965), predation likely
facilitated the increased dominance of large-bodied 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 smaller-bodied prey, these prey may be more limited by
top-down predator control. Conversely, the production of large-bodied primary consumers may
be more coupled to changes in resource quality because they may obtain predator size-refugia

that reduce their predation risk. These trends largely agree with an earlier enrichment of an
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autotrophic-based stream (e.g., Bourassa and Morin 1995), suggesting that body size may help
mediate consumer response to nutrient enrichment in a variety of food web types.

Size-selective predation can also help explain why large-bodied predators did not respond
to enrichment because predators frequently eat prey smaller than themselves (Emmerson and
Raffaelli 2004, Woodward and Warren 2007). The increased dominance of large-bodied primary
consumers may reduce the vulnerability of the prey community, subsequently reducing prey
availability and minimizing the positive effects of enrichment on these larger-bodied predators.

It is less clear why the abundance and biomass of small-bodied predators increased with
enrichment in both the short- and long-term experimental periods because the lack of a
significant response of small-bodied prey during the longer-term period should have minimized
any positive effects on small predators. However, as these small-bodied predators were
dominated by predatory mites (Acari), Ceratopogonidae (Diptera), and Tanypodinae
chironomids (Diptera), these taxa may have been eating substantially smaller meiofauna that
were not adequately sampled by our 250 pum sieves.

Short- vs. long-term responses— The abundance and biomass of primary consumers and
predators within most body size classes initially increased due to nutrient enrichment, but longer-
term enrichment positively affected only the abundance and biomass of large-bodied primary
consumers and small-bodied predators. This suggests that the importance of consumer body size
in affecting primary consumer and predator responses may have been delayed and driven in part
by shifts in stream habitat dynamics. Specifically, declines in leaf litter standing crop during the
experimental enrichment (e.g., Suberkropp et al. In press) may have reduced stream consumer
habitat and increased predation risk. Within stream ecosystems, leaf litter can provide important

food resources and habitat complexity to consumers, such that reductions in debris dams can
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reduce macroinvertebrate production (Smock et al. 1989, Wallace et al. 1999). Accordingly,
increased leaf litter standing crop may also reduce predation risk, as increased habitat complexity
can provide spatial refugia (Power et al. 2004, Beaty et al. 2006). Since predators primarily eat
small-bodied prey, these prey may benefit more from leaf litter refugia because larger prey may
reduce their predation risk independent of leaf litter availability (i.e., body size refugia).
Although the short-term enrichment reduced leaf litter standing crop (e.g., Benstead et al. 2009,
Suberkropp et al. In press), there may still have been adequate spatial refugia that reduced
predation risk and allowed small-bodied prey to positively respond to enrichment. Leaf litter
standing crop declined even more precipitously during the long-term enrichment (Suberkropp et
al. In press), which may have decreased habitat complexity beyond a threshold that could no
longer provide adequate spatial refugia for small-bodied prey. Thus, this decline in spatial
refugia may have disproportionately increased the predation risk of small-bodied prey,
counteracted their positive nutrient response, and resulted in our body size-mediated consumer
response during the long-term enrichment.

Because these declines in leaf-litter standing crop occurred during the winter and spring
months (Suberkropp et al. In press) when many stream consumers increase their body mass in
preparation for emergence (e.g., Huryn and Wallace 1988), the positive nutrient response of
large-bodied primary consumers was unexpected. We initially predicted that these seasonal
declines in resource quantity would reduce the positive effects of nutrient enrichment on
consumer body size. However, consumers likely obtained this larger body size during the short
time that resources were abundant (fall and early-winter), which may 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
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positively related to the body size, starvation resistance, and survival of Daphnia (Tessier et al.
1983). This suggests that the larger body size of consumers in our treatment stream may 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.).
Overall, these results contribute to the growing empirical evidence indicating the relatively
greater importance of resource quality versus quantity in stimulating consumer production within
aquatic ecosystems (e.g., Boersma and Kreutzer 2002).

Contrast with previous growth rate experiment — The increased dominance of large-
bodied consumers contrasted with previous evidence that predicted an increased dominance of
small-bodied consumers with enrichment (Cross et al. 2005b). Specifically, two years of
enrichment increased the growth rate of a small-bodied primary consumer (non-Tanypodinae
chironomid [Diptera]), but not a large-bodied primary consumer (Tallaperla spp. [Plecoptera])
(Cross et al. 2005b). Thus, based on these earlier results, we expected that nutrient enrichment
would have stimulated small-bodied primary consumers and increased their relative dominance.
Despite this previous evidence, our results and those from other studies have shown that
enrichment can disproportionately stimulate large-bodied consumers (e.g., Sprules and Munawar
1986, Vanni 1986, Bourassa and Morin 1995). These contrasting results are likely due to
differences in experimental scale. This linkage between consumer growth rate and nutrient
enrichment response, which predicted the increased dominance of small-bodied consumers, was
measured at the individual level without predation. Thus, it likely represents the consumer’s

‘potential’ nutrient enrichment response. However, our increased dominance of large-bodied
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primary consumers were due to changes in population / community-level responses that are
related to both top-down and bottom-up forces (Brooks and Dodson 1965, e.g., Brett and
Goldman 1997). Despite their potential for faster individual growth rates under nutrient-
enriched conditions, the greater predation risk of small-bodied prey may minimize their
population-level responses because of decreased survival. In addition, predation risk may have
directly reduced individual growth rates of small-bodied prey at the stream-level, as it can reduce
the foraging activity of predator-vulnerable prey (Peacor and Werner 2000). When predation
risk is greater for small-bodied prey, it may reduce their foraging activity, allowing large-bodied
prey to more fully exploit the improved resource quality and to increase their community
dominance.

Effects on ecosystem processes— These shifts toward greater dominance of large-bodied
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-bodied organisms may 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 may alter energy and nutrient flows within nutrient-enriched food webs
through shifts in body size distributions. Given the overall importance of consumer body size in
determining consumer functional roles, these changes in body size distributions facilitated by

nutrient enrichment may further alter aquatic ecosystem function.
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In summary, consumer response to nutrient enrichment depended on body size. Contrary
to our original prediction that long-term nutrient enrichment would not stimulate large-bodied
consumers because of potentially greater resource limitation, enrichment increased the biomass
and abundance of large-bodied primary consumers throughout our five-year manipulation.
Enrichment also increased the individual body mass of a dominant stream consumer that had
previously exhibited sensitivity to resource limitation. However, the consumer body size
response was not homogeneous across trophic levels, because large-bodied predators did not
respond to the long-term enrichment. Thus, despite reduced detrital resource availability, long-
term enrichment continued to stimulate large-bodied primary consumers likely because of

associated increases in resource quality and reductions in predation pressure.
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Table 3.1: Primary consumer biomass effect sizes (mg AFDM m™) that indicate the direction
and magnitude of the nutrient enrichment response (mean = SE) within a given size class.
Effect sizes are differences in grouped biomass, such that an effect size of 10 means that
there was a difference of 10 mg in biomass between the reference and treatment streams
for that size class. Negative values indicate higher biomass in the reference vs. treatment
stream. Randomized intervention analysis (R1A) was applied to the monthly time-series
within each size class. Asterisks represent a significant difference between the post-
treatment period (either short-term [ENR 1 and 2] or long-term response [ENR 4 and 5])
and the two year pretreatment period (RIA, P <0.05). Due to insufficient sample sizes,

we excluded several body size classes from the analyses (represented by ND).

Body Size Range (mg)

(> Min < Max) Short vs Pre Long vs Pre
0.000 - 0.001 71.0 (13.1)* -9.0 (10.7)
0.001 - 0.002 76 (1.7)* 45 (1.1)*
0.002 - 0.003 8.0 (2.9)* -1.3 (1.9
0.003 - 0.006 26.4 (8.8)* -5.8  (5.5)
0.006 - 0.010 59 (2.3)* -1.3  (1.7)
0.010 - 0.018 34.1 (10.0)* 1.7 (9.0)
0.018 - 0.032 61.9 (14.9)* 245 (15.4)
0.032 - 0.056 455 (13.3)* 222 (12.6)
0.056 - 0.100 85.5 (25.2)* 341 (12.1)*
0.100 - 0.178 63.3 (31.4)* -15.2 (15.7)
0.178 - 0.316 58.2 (17.1)* 115 (19.8)
0.316 - 0.562 68.6 (26.2)* -10.2 (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 -100.000 ND ND
100.000 -177.828 ND ND
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Table 3.2: Predator biomass effect sizes (mg AFDM m) that indicate the direction and

magnitude of the nutrient enrichment response (mean + SE) within a given size class.

Randomized intervention analysis (RI1A) was applied to the monthly time-series of

biomass data within each size class. Asterisks represent a significant difference between

the post-treatment period (either short-term or long-term response) and the pretreatment

period (RIA, P <0.05). Due to insufficient sample sizes, we excluded several body size

classes from the RIA analysis (represented by ND). Other designations as in Table 3.1.

Body Size Range (mg)

(> Min < Max) Short vs Pre Long vs Pre
0.000 - 0.001 24 (0.6)* 19 (0.6)*
0.001 - 0.002 ND ND
0.002 - 0.003 10.3 (3.0)* 7.8 (25)*
0.003 - 0.006 6.0 (1.6)* 40 (1.3)*
0.006 - 0.010 36 (1L.1)* 26 (1.2)*
0.010 - 0.018 36.0 (9.0)* 228 (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) -20.6 (15.1)
0.178 - 0.316 75.1 (25.3)* 12.0 (21.2)
0.316 - 0.562 68.7 (20.5)* -31.8 (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 -19.6 (24.2) -90.0 (21.6)*
5.623 - 10.000 27.5 (23.5) -42.8 (22.4)
10.000 - 17.783 94.6 (40.5)* -14.9 (38.0)
17.783 - 31.623 27.0 (64.5) -3.3 (49.5)
31.623 - 56.234 ND ND
56.234 -100.000 ND ND
100.000 -177.828 ND ND
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Table 3.3: Breakdown of the 22 log;o body size classes used for categorizing primary consumers
and predators by body size (mg). We based the log;o 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.

Log,o Body Lower Limit  Upper Limit

Size Class (> mg) (smg)
-3.00 0.000 0.001
-2.75 0.001 0.002
-2.50 0.002 0.003
-2.25 0.003 0.006
-2.00 0.006 0.010
-1.75 0.010 0.018
-1.50 0.018 0.032
-1.25 0.032 0.056
-1.00 0.056 0.100
-0.75 0.100 0.178
-0.50 0.178 0.316
-0.25 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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Table 3.4: Primary consumer abundance effect sizes (no. m™) that indicate the direction and
magnitude of the nutrient enrichment response (mean + SE) within a given size class.
Randomized intervention analysis (RIA) was applied to the monthly time-series of
abundance data within each size class. Asterisks represent a significant difference
between the post-treatment period (either short-term [ENR 1 and 2] or long-term
response [ENR 4 and 5]) and the two year pretreatment period (RIA, P <0.05). Due to
insufficient sample sizes, we excluded several body size classes from the RIA analysis

(represented by ND).

Body Size Range (mg)

(> Min < Max) Short vs Pre Long vs Pre
0.000 - 0.001 89,366.9 (15,912.2)* -9,692.0 (13,445.5)
0.001 - 0.002 5,058.0 (1,101.3)* 2,9840 (761.9)*
0.002 - 0.003 2,681.1 (1,128.5)* -333.5 (673.9)
0.003 - 0.006 6,476.4 (2,099.4)* -1,305.3 (1,327.8)
0.006 - 0.010 758.3  (297.0)* -192.8  (220.6)
0.010 - 0.018 25514 (766.8)* 198.4 (694.3)
0.018 - 0.032 2,656.2 (625.4)* 9445 (644.0)
0.032 - 0.056 947.7  (283.2)* 4134  (277.6)
0.056 - 0.100 1,220.3  (427.3)* 3925 (159.2)*
0.100 - 0.178 490.3 (234.1)* -124.8  (119.1)
0.178 - 0.316 267.2 (77.10)* 79.2 (95.4)
0.316 - 0.562 156.5 (62.7)* -15.0 (62.0)
0.562 - 1.000 107.2 (28.0)* 8.6 (32.1)
1.000 - 1.778 86.4 (28.0)* 124.9 (73.1)
1.778 - 3.162 28.5 (15.8) 78.4 (39.4)*
3.162 - 5.623 30.2 (13.2)* 48.3 (26.0)*
5.623 - 10.000 14.9 (6.4)* 68.0 (25.8)*
10.000 - 17.783 185 (6.8)* 56.5 (25.3)*
17.783 - 31.623 5.1 (3.0) 23.9 (12.3)*
31.623 - 56.234 2.3 (1.0)* 5.8 (2.1)*
56.234 -100.000 ND ND
100.000 -177.828 ND ND
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Table 3.5: Predator abundance effect sizes (no. m™) that indicate the direction and magnitude of

the nutrient enrichment response (mean + SE) within a given size class. Randomized

intervention analysis (R1A) was applied to the monthly time-series of abundance data

within each size class. Asterisks represent a significant difference between the post-

treatment period (either short-term [ENR 1 and 2] or long-term response [ENR 4 and 5])

and the two year pretreatment period (RIA, P <0.05).

Due to insufficient sample sizes,

we excluded several body size classes from the RIA analysis (represented by ND).

Body Size Range (mg)

(> Min < Max) Short vs Pre Long vs Pre
0.000 - 0.001 3,986.2 (1,073.4)* 3,122.6 (1,052.6)*
0.001 - 0.002 ND ND
0.002 - 0.003 3,839.2 (1,092.7)* 2,891.1 (927.9)*
0.003 - 0.006 1,372.8 (359.9)* 906.4 (287.3)*
0.006 - 0.010 4126 (125.7)* 339.9 (142.4)*
0.010 - 0.018 2,480.9 (620.9)* 15716 (512.3)*
0.018 - 0.032 338.3 (143.5)* 44.2 (109.0)
0.032 - 0.056 1,0739 (371.7)* 715.2 (384.7)
0.056 - 0.100 598.6 (273.4)* 221.4 (192.3)
0.100 - 0.178 171.0 (133.2) -152.8 (116.5)
0.178 - 0.316 331.6 (116.9)* 478  (98.8)
0.316 - 0.562 165.1 (47.7)* -70.4  (33.7)*
0.562 - 1.000 1015 (28.1)* 46 (14.8)
1.000 - 1.778 489 (12.8)* 23.0 (13.2)
1.778 - 3.162 23.1 (6.4)* 14.1 9.7)
3.162 - 5.623 -3.3 (5.3) -18.4 (5.0)*
5.623 - 10.000 3.8 (3.0) -5.2 (2.9
10.000 - 17.783 6.7 (3.1)* -1.4 (2.8)
17.783 - 31.623 0.2 (2.6) -0.8 (2.0)
31.623 - 56.234 ND ND
56.234 -100.000 ND ND
100.000 -177.828 ND ND
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Fig. 3.1: Average annual biomass (A) and abundance (B) of all macroinvertebrates (primary
consumers plus predators) (mean £ 1SE). The arrow indicates the beginning of nutrient
enrichment. The short-term sampling period encompasses Enr 1 and 2, while the long-
term sampling period encompasses Enr 4 and 5. Asterisks above each sampling period
represent a significant difference between the post-treatment period (either short-term or
long-term response) and the pretreatment period (Pre 1 and 2) (RIA, P <0.05). AFDM is

ash-free dry mass.
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Fig. 3.2: Average annual biomass (mean £+ 1SE) of small- and large-bodied primary consumers
(A and B) and predators (C and D). Small-and large-bodied individuals were classified
based on the results of the randomized intervention analyses (RIA). Our RIA results
indicated that primary consumer response to long-term nutrient enrichment diverged at a
body size threshold of 1.778 mg (Tables 3.1 and 3.4). Thus, we defined small-bodied
consumers as those individuals with a body size < 1.778 mg, and large-bodied individuals
as those individuals with a body > 1.778 mg. The arrow represents the beginning of

nutrient enrichment. AFDM is ash-free dry mass.
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Fig. 3.3: Mean body mass of individual Pycnopsyche spp. (mean £ SE) calculated on a yearly
basis. AFDM is ash-free dry mass. The arrow represents the beginning of nutrient

enrichment.
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CHAPTER 4
NUTRIENT ENRICHMENT AFFECTS STREAM NUTRIENT TRANSFORMATIONS VIA

INCREASED CONSUMER ASSIMILATION AND EXCRETION RATES®

®Davis, J. M., A. D. Rosemond, and V. Patel. To be submitted to Ecosystems.
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Abstract

Within aquatic food webs, consumers can alter nutrient transformations through their
rates of assimilation, excretion, and secondary production. Although the effects of nutrient
enrichment on the stimulation of consumer biomass and production are well-studied, few studies
have quantified the effects of enrichment on assimilation and excretion rates. Here we assessed
whether nutrient enrichment would increase nutrient assimilation (determined in a laboratory
study) and excretion rates (determined in the field) of Pycnopsyche spp., a leaf-shredding
caddisfly common in eastern U.S. forested streams. Because enrichment can have significantly
greater positive effects on the nutrient content of poor quality resources, we also tested whether
enrichment effects on assimilation varied between detrital resources that differed in quality
(initial C:N). By coupling our experimental results with known Pycnopsyche biomass, we scaled
these results to the stream population level. Nutrient enrichment significantly increased
Pycnopsyche nitrogen (N) and phosphorus (P) assimilation rates in the laboratory study and
increased these rates the most for the poorest quality resource. However, carbon (C) assimilation
showed less predictable responses to enrichment. Nutrient enrichment also stimulated N and P
excretion rates. Assimilation N:P declined with enrichment, suggesting preferential
sequestration of P relative to N. At the population-scale, enrichment increased all stocks and
fluxes of N, P, and C, which occurred via both changes in rates of excretion and assimilation as
well as consumer biomass. As consumers are important drivers of aquatic food web processes,
these results illustrate that enrichment-induced shifts in consumer metabolic processes can alter

elemental fluxes and storage at the stream level.
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Introduction

Within aquatic ecosystems, consumers can alter the storage and flows of nutrients and
energy through elemental consumption, assimilation, and excretion (Wallace and Hutchens 2000,
Vanni 2002, Hall et al. 2003). However, their effects on elemental storage can be relatively
weak because consumer standing stocks are small compared to basal resource standing crops
(Cross et al. 2005c). Conversely, consumers can have a much larger effect on elemental
transformations and flows when biomass turnover and secondary production are rapid compared
to other fluxes (Vanni 2002, Cross et al. 2005¢). During the ingestion of basal resources,
primary consumers convert these stores of relatively inaccessible resources into consumer
biomass as carbon and nutrients (Hall et al. 2000, Gonzalez and Graca 2003, Cross et al. 2007).
Because this consumer biomass is available to predators, primary consumers can represent an
important link between basal resources and predators, helping to stimulate energy and nutrient
flows vertically through food webs (Hall et al. 2000, Cross et al. 2007).

Primary consumers not only increase resource and energy flows to higher trophic levels,
but changes in their metabolic processes can also alter these flows laterally to other primary
consumers or down to basal resources. Resources assimilated into consumer biomass are mostly
re-released as excretion, which can provide a large proportion of primary producer nutrient
demand (Vanni et al. 2006). Even unassimilated material (egested feces) can be a source of
carbon (C), nitrogen (N), and phosphorus (P) for other consumers. Because of their inefficient
assimilation during leaf processing, detritivorous consumers can be an important biotic pathway
for converting leaf litter into fine particulate organic matter (FPOM) (Cuffney et al. 1990,

Wallace et al. 1991). Thus, detritivores can increase FPOM egestion and export (Wallace et al.
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1991), which can subsequently stimulate resource availability and the nutrient assimilation of
downstream consumers (Short and Maslin 1977, Wallace and Webster 1996).

Primary consumers can substantially alter nutrient and energy flows through aquatic food
webs; however, these overall effects can shift under varying environmental conditions. For
instance, nutrient enrichment of detritus-based food webs can accelerate the rates at which
consumers eat detritus (Cross et al. 2007), helping to increase detrital breakdown rates and
reduce organic matter standing crops (Greenwood et al. 2007, Benstead et al. 2009). Enrichment
can also increase consumer-driven nutrient recycling. By stimulating the biomass and excretion
rates of gizzard shad (Dorosoma cepedianum), enrichment of a lake ecosystem increased the
relative importance of consumer-driven nutrient recycling for primary production (Vanni et al.
2006). Because it can stimulate primary consumer production, enrichment can also increase the
flow of nutrients up through the food web by increasing the availability of prey and stimulating
the production of higher trophic levels (Peterson et al. 1993, Cross et al. 2007).

Despite these numerous studies addressing the effects of nutrient enrichment on
consumer-driven nutrient recycling and secondary production, less is known about the relative
importance and potential shifts in elemental assimilation rates associated with enrichment.
However, increased resource quality can increase C assimilation efficiencies and turnover rates
(Pandian and Marian 1986, Cebrian 1999, Hessen et al. 2004), which suggests that enrichment
may similarly increase consumer nutrient assimilation rates. Because the rate that consumers
ingest and assimilate nutrients is the first metabolic step in converting basal resources into
consumer biomass, shifts in these rates may have important implications for meeting overall

consumer nutrient demand and maintaining nutrient flows through aquatic food webs.
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Here we assessed the effects of enrichment on the N, P, and C transformations of
Pycnopsyche spp., a dominant primary consumer in eastern U.S. forested headwater streams
(Wallace et al. 1999, Creed et al. 2009). Because of a dense forest understory that reduces light
availability and autotrophic production, these detritus-based food webs are largely reliant upon
heterotrophic microbes that colonize terrestrial leaf inputs (Wallace et al. 1997, Hall et al. 2000,
Cross et al. 2007). Because nutrient enrichment of these stream food webs can stimulate the
production of leaf-associated microbes (Gulis and Suberkropp 2003, Suberkropp et al. In press),
it can increase detrital resource quality (carbon to nutrient ratios) and stimulate consumer
production (Cross et al. 2007). As greater resource quality can increase C assimilation efficiency
(Pandian and Marian 1986), the greater resource quality associated with enrichment may also
stimulate nutrient flows via similar changes in consumer nutrient assimilation and excretion
rates. Thus, we tested whether enrichment would significantly increase Pycnopsyche N, P, and C
assimilation rates (measured in a laboratory study) and N and P excretion rates (measured in the
field). Because enrichment can have greater effects on poorer quality substrates (high C:N)
(Stelzer et al. 2003), we also tested whether potential shifts in assimilation rates varied between
two leaf species that differed in initial C:N. Finally, applying these results from our assimilation
and excretion experiments in conjunction with known areal-specific Pycnopsyche biomass and
secondary production (Davis et al. In review-a), we constructed N, P, and C box models to
determine the effects of nutrient enrichment on these elemental transformations at the population
scale.

Methods
Study organism—To examine the effects of nutrient enrichment on stream elemental

transformations, we selected Pycnopsyche spp. (Trichoptera: Limnephilidae), a leaf-shredding,
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case-building caddisfly that is commonly found in eastern U.S. forested stream ecosystems
(Wallace et al. 1999, Creed et al. 2009). This genus was an ideal study organism to assess the
effects of enrichment on consumer-driven elemental transformations because it is a functional
and community dominant in these stream ecosystems (Herbst 1980, 1982, Creed et al. 2009).
Furthermore, nutrient enrichment disproportionately increased Pycnopsyche production and
concentrated a large proportion of nutrient and energy flows through this single genus (Cross et
al. 2007, Davis et al. In review-a).

Laboratory assimilation rate experiments—To quantify Pycnopsyche’s role in elemental
transformations within these detritus-based ecosystems, we conducted a laboratory assimilation
experiment during the spring of 2007. Leaf ingestion and elemental assimilation rates were
measured for larvae fed leaf material of varying quality. Shortly after leaf fall, we collected
recently abscised red maple (Acer rubrum L.) and rhododendron (Rhododendron maximum L.)
leaves from the USDA Forest Service Coweeta Hydrologic Laboratory, a heavily-forested
experimental watershed (2185 ha) located in the southern Appalachian Mountains (Macon
County, North Carolina). Leaves were air dried and assembled into single species leaf packs
using bags of 1 mm mesh size. Throughout the late winter and early spring, leaf packs were
deployed in either a reference (C53) or nutrient-enriched (C54) headwater stream at the Coweeta
LTER. Prior to the experimental enrichment, the reference and treatment streams did not differ
in nutrient concentrations (mean + SE, C53: DIN: 23.2 + 8.5 ug L™, SRP: 6.8 + 3.0 ug L™; C54:
DIN: 29.3 +4.9 ug L, SRP: 9.5 + 2.3 pug L™). However, we increased nutrient concentrations
in the enriched stream (DIN: 506.2 + 36.3 pg L™, SRP: 80.0 + 5.6 pg L™, 5 year average, n =
116), while the reference stream concentrations were comparable to the pretreatment period

(DIN: 31.0 £ 3.4 pg L™, SRP: 8.0 + 1.3ug L™, 5 year average, n = 106). These assimilation
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experiments were conducted under the aegis of a broader-scale study that was assessing the
effects of nutrient enrichment on the structure and function of the macroinvertebrate food web
(see Davis et al. In review-a). The section of stream used for these incubations was in its sixth
year of enrichment when the leaf packs were deployed.

Leaf pack deployments were staggered, such that rhododendron leaf packs were deployed
in both streams for 90 and 60 d, while red maple leaf packs were deployed for 14 and 28 d.
However, because of accelerated leaf breakdown rates in the nutrient-enriched stream
(Greenwood et al. 2007, C. Tant unpubl. data), there was insufficient leaf material remaining in
the rhododendron 90 d treatment for testing. These incubation intervals maximized microbial
colonization and leaf conditioning, resulting in a broad range of detrital resource qualities (i.e.,
carbon to nutrient ratios). We had six leaf treatment types (M14+, M14-, M28+, M28-, R60+,
R60-) where ‘M’ or ‘R’ indicates leaf species (red maple or rhododendron), the number
represents the incubation period in d, and “+’ or -’ indicates incubation in either the nutrient-
enriched or reference stream.

Two weeks prior to the initiation of the feeding experiments (Feb. 2007), we collected ca.
100 Pycnopsyche from our reference stream at the Coweeta Hydrologic Laboratory. We
collected similar-sized individuals that had already started constructing stone cases. Individuals
were maintained for two weeks in a well-aerated aquarium with conditioned leaves from the
reference stream. Aquaria and assimilation mesocosms were maintained in a walk-in incubator
at 12.5 °C on a 12 hr light cycle. Average water temperature during the assimilation experiment
was 9.20 £ 0.01 °C. After this two-week acclimation period, we placed individual Pycnopsyche
in 100 ml plastic beakers (5.1 cm diameter x 7.2 cm) containing 80 ml of filtered stream water

that was continuously aerated. Individuals were then starved for 48 hours prior to the initiation
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of the feeding trials because a previous study showed that this was a sufficient amount of time
for gut clearance (Eggert and Wallace 2007). After this initial starvation period, we changed the
stream water, rinsed out any accumulated feces, and returned each Pycnopsyche to its
appropriate beaker. To initiate the feeding portion of the assimilation experiments we randomly
assigned ten individuals to each of the six leaf treatment types.

At the start of the feeding trials, leaf packs were collected from both streams at Coweeta
and transported back to the lab in aerated stream water. We then cut leaf disks from each leaf
type using a 1.1 cm diameter cork borer. To maintain intact biofilm communities, leaves were
not rinsed prior to cutting. We randomly selected nine leaf disks from one of the treatment
groups, gently blotted them dry, and weighed them to obtain the initial wet mass of leaf material.
These nine leaf disks were then added to the plastic beaker containing 80 ml of filtered stream
water and a single Pycnopsyche. To control for any microbial breakdown of leaf material that
might occur during the trials, we also conducted five additional replicates for each leaf treatment
type that were similarly processed, but did not contain macroinvertebrate larvae.

We calculated leaf disk wet weight to ash-free dry mass (AFDM) conversions by
collecting five replicate samples of nine leaf disks from each leaf treatment type. Disks were
blotted dry and weighed for initial wet mass, dried at 60°C, and then reweighed for dry mass.
Disks were then ashed at 500°C for 6 hours and initial AFDM was calculated. From this pre-
trial material, we also collected five composite samples per treatment type for later N, P, and C
analyses (see below).

Assimilation trials were run for 72 hours. To minimize any microbial colonization of
egested material, we collected egested material twice during the experiment; after 48 hours and

at the end of the experiment. For the 48 hour collection, we temporarily removed the larvae and
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any unconsumed leaf material from the mesocosms. The mesocosm was filtered through pre-
weighed, ashed Gelman GFF glass-fiber filters (0.70 um). For this 48 hour collection, the
filtered stream water, larvae, and unconsumed leaf material were returned to the appropriate
mesocosm. Assimilation trials were then run for an additional 24 hours after which all remaining
unconsumed leaf material was removed. This unconsumed material was dried at 60°C, weighed,
and ashed at 500°C to determine its AFDM. Pycnopsyche were starved for an additional 48
hours to allow for adequate gut clearance. Pycnopsyche were then sacrificed, dried at 60°C, and
weighed to get Pycnopsyche dry mass. To calculate Pycnopsyche dry mass to AFDM conversion
factors, we also sacrificed an additional twenty individuals that were not used in the feeding
trials. After this starvation period, we filtered the mesocosm to collect the remaining egested
material and combined it with the 48-hr egested material. This composite sample was dried and
weighed. We then applied egestion dry mass to AFDM conversions that were previously
determined from preliminary feeding trials. The filtrate from the final filtration was used for
later dissolved organic carbon (DOC) analysis.

Elemental analysis—To determine the N, P, and C content of leaf material, the five
composite samples of pre-trial material were dried at 60°C, ball-milled, and analyzed for N and
C content with a Carlo-Erba NA 1500 CHN analyzer (Carlo Erba, Milan, Italy). For total P
analysis, samples were dried, weighed into ceramic crucibles, ashed at 500°C, acid digested, and
analyzed colometrically (APHA 1998). We applied the same analytical methods to egestion N,
P, and C content. Filtrate DOC content was analyzed on a Shimadzu TOC-5000A total organic
carbon analyzer (Shimadzu Scientific Instruments, Maryland, USA). Because we analyzed five
replicate pre-trial DOC samples of filtered stream water, we could calculate the mass of DOC

generated during the assimilation trials. We considered any DOC generated during the trials to
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be C that was ingested, but not assimilated (i.e., it was egested C). However, some generated
DOC was likely not consumed or egested by Pycnopsyche and was released directly from
mechanical fragmentation of leaf material (Meyer and O'Hop 1983). Despite this potential
underestimation of DOC released from mechanical fragmentation, this error likely did not affect
our results because the mass of DOC generated during the assimilation trials represented a small
proportion of the total egested C (average across all trials: 0.1%).

Assimilation rate calculations— Elemental assimilation efficiency (AEx) was the

proportion of N, P, or C that was ingested, but not egested as feces. It was calculated as follows:

AE, (%) =[(Ing *%X ) — (Ege * %X . )]/(Ing * %X, ) (1)
where Ing = AFDM of ingested material, Ege = AFDM of egested material, and X = either C, N,
or P content for leaf (subscript L) or egested material (subscript E). The C assimilation
efficiency formula had an additional value subtracted from the numerator (mass of DOC

generated). Mass-specific leaf ingestion rate (IR.) was calculated:

IR, =Ing/M /T )
where M = Pycnopsyche AFDM and T = time in days. Elemental ingestion rate (IRx) was
calculated by multiplying this leaf ingestion rate from equation (2) by the leaf elemental
composition (i.e., %N, %P, or %C as a decimal). Elemental assimilation rates (ARx) were then

calculated (Golladay et al. 1983):

AR, = IR, * AE, 3)
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This calculated the rate at which Pycnopsyche assimilated N, P, or C. We also calculated molar
N:P assimilation ratios.

Threshold elemental ratio calculations— Applying our known assimilation efficiencies,
we calculated threshold elemental ratios (TERc.p) for Pycnopsyche in each treatment type. These
ratios represent the C:P ratio of a food resource where consumer growth switches from C- to P-
limitation (Frost et al. 2006). We calculated TERs for each Pycnopsyche in our assimilation

trials according to Frost et al. (2006) using the following equation:

A L Qc
IcAc _Rc a

I

TER.., = (4)

where Ap and Ac are the assimilation efficiencies of P and C, I¢ is the mass-specific C ingestion
rate, R is the mass-specific respiration rate, Qc is Pycnopsyche body C content, and Qp is

Pycnopsyche body P content. Because we did not directly measure Pycnopsyche respiration in

our experiment, we assumed that 40% of assimilated C was lost as respiration (i.e., R¢ = 0.40 x

Ac) (Benke and Wallace 1997).

The TERc.p indicates whether a food resource will lead to C or P limitation for that
consumer. It also predicts that consumers with higher TERc.p have relatively lower
susceptibility to P-limitation because of a more efficient P assimilation capacity relative to their
body C:P content. By comparing TERc.p between the reference and nutrient-enriched
treatments, we could assess whether nutrient enrichment altered Pycnopsyche’s TERc.p and

susceptibility to P-limitation. Accordingly, if nutrient enrichment disproportionately increased
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the rate that Pyncopsyche were assimilating P compared to C, then it would have increased their
TERc.p and decreased their susceptibility to P-limitation.

Field excretion experiments— To determine Pycnopsyche’s role in nutrient recycling, we
also conducted a field-based excretion experiment during spring 2005 at the Coweeta LTER.
These trials used the same reference and nutrient-enriched streams described above. We
collected five Pycnopsyche from each stream, gently rinsed them with deionized water to remove
any sediment, and then placed them into 50 ml beakers (3.9 cm diameter x 5.7 cm) containing 30
ml of water. Each beaker also had a 2.5 cm diameter piece of nitex mesh to allow the larvae to
move around in the beaker. Because macroinvertebrates may reduce their excretion rates when
they are not eating (J. B. Wallace pers. comm.), we provisioned each mesocosm with two leaf
disks. This maintained the mesocosm at a state similar to the natural condition where
Pycnopsyche would have food available. To correct for any microbial activity that might change
water nutrient concentrations, we also conducted five additional microbial control trials per
stream that contained leaf and nitex disks, but no Pycnopsyche larvae. These microbial controls
were processed identically to the Pycnopsyche excretion trials.

Excretion mesocosms were incubated in the stream for 4 hours and were not aerated. At
the conclusion of the excretion trials, the larvae, leaf material, and nitex mesh were removed
from the mesocosm. The water was filtered through a 0.45 pm nitrocellulose membrane filter
attached to a 60-cc syringe. Water samples and larvae were transported back to the lab on ice
where they were frozen until analyzed for NH4-N, NOs-N, and soluble reactive phosphorus
(SRP). NH4-N and NOs-N content were analyzed using an Alpkem Rapid Flow Analyzer and
SRP was analyzed spectrophotometrically (ascorbic acid method, APHA 1998). Although

Pycnopsyche would not excrete NO3-N, we still analyzed for it because of potential nitrification
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that might affect the measurement of low-level NH4-N excretion. Therefore, we included NO3-N
in our calculations because in combination with NH,4-N it would indicate the mass of total
dissolved inorganic nitrogen generated during the excretion trials. Larvae were sacrificed, dried
at 60°C, and weighed to get larval dry mass. We then applied dry mass to AFDM conversions to
calculate mass-specific excretion rates. We also calculated molar N:P excretion ratios.
Population level responses— Using values from the laboratory-based assimilation
experiment and the field-based excretion trials, we calculated N, P, and C stocks and flows at the
population-level by multiplying these excretion and assimilation rates by average daily areal-
specific Pycnopsyche biomass and production (Davis et al. In review-a). These calculations
represented the average daily elemental stocks and fluxes calculated on a per area basis for the
fifth year of enrichment, the final year of the study for which comprehensive macroinvertebrate
data were collected (Sept 2004 to Aug 2005). By incorporating Pycnopsyche biomass estimates,
we assessed the mass of N, P, and C contained within Pycnopsyche standing stock on a daily
basis. Furthermore, Pycnopsyche production estimates would indicate the proportion of the mass
assimilated that was not lost as excretion and was incorporated into Pycnopsyche biomass. This
would indirectly assess the mass of N, P, and C flowing to higher trophic levels via predation or
emergence. Because we only used metabolic rates (assimilation and excretion rates) from the
reference and enriched M treatments (M14- and M14+) for these calculations, these interstream
differences were conservative relative to changes expected for R. Pycnopsyche biomass and
production estimates were obtained for Sept 2004 to Aug 2005 from a concurrent study that
sampled macroinvertebrates on a monthly basis in the reference and nutrient-enriched streams

(see Davis et al. In review-a).
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Because changes in areal-specific stocks and fluxes are a function of Pycnopsyche
biomass, production, and metabolic rates, the relative importance of these pathways would be
confounded if enrichment stimulated multiple factors. Therefore, to isolate the effects of
increased metabolic rates, we calculated additional values for the nutrient-enriched stream that
kept Pycnopsyche biomass and production constant at levels measured in the reference stream,
but used metabolic processes measured under nutrient-enriched conditions. This allowed us to
isolate the independent effects of changes in excretion and assimilation rates on stream-level
transformations.

Statistical analysis— Pycnopsyche leaf ingestion rates, assimilation rates, assimilation
N:P, and leaf elemental content were analyzed using a two-way ANOVA with a post-hoc
Tukey’s test. For the two-way ANOVA, the main effects were nutrients (reference vs. nutrient-
enriched) and leaf type (leaf species grouped by incubation period: M14, M28, or R60).
Including an interaction between the main effects (nutrients x leaf type) allowed us to assess
whether the effects of nutrients varied by leaf type. We used the appropriate transformations
when necessary to meet statistical assumptions. For the field-based excretion trials, we analyzed
Pycnopsyche excretion rates (NH;-N and SRP) and N:P with a t-test (reference vs. nutrient-
enriched). However, NOs-N excretion rates were analyzed using a nonparametric Wilcoxon rank

sum test. All analyses were done using SAS (Version 9.1, SAS Institute Inc., Cary, NC).

Results
Laboratory assimilation experiment
Leaf nutrient content— Leaf N and P content from the assimilation experiment were

significantly different between treatments based on nutrients and leaf type and there was a
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significant nutrient x leaf type interaction (Table 4.1). This was due to the fact that positive
effects of nutrient enrichment on N and P content were greatest for the poorest quality resource
(R60). With nutrient enrichment, the N and P content of R leaves incubated for 60 d were
comparable to M leaves incubated for 14 d, but under reference conditions these leaf types were
dissimilar (Table 4.1). Enrichment also increased P content more than N content (mean increase
for P, 3.6x greater; mean increase for N, 1.8x greater), which suggested that enrichment
disproportionately stimulated detrital P sequestration. Because nutrient content varied with leaf
type and nutrient-condition, we effectively created a broad range of resource quality (N content:
0.40% to 1.16%; P-content: 0.01% to 0.10%). However, leaf C content was not significantly
different based on either main effect or their interaction (Table 4.1).

Leaf ingestion rates— Nutrients, but not leaf type, had a significant effect on ingestion
rates and there was a significant nutrient x leaf type interaction (Fig. 4.1). Differences in leaf
ingestion rates were primarily driven by differences between R60+ and R60- treatments, and
R60+ and M28- (Fig. 4.1). One larva was inactive and did not eat any leaf material during the
assimilation trials (M14-); therefore, we excluded this replicate from all analyses.

Elemental assimilation rates— Several replicates in the R60- treatment resulted in
negative assimilation rates (5 N, 2 P, and 3 C out of 10 for each element). We interpreted these
values as the assimilation rates being below the detection of our methods. Instead of excluding
them, we set these negative rates to zero and included them in all analyses except for
assimilation N:P calculations. All replicates for other treatments had measurable rates.

Nutrients and leaf type had significant effects on N assimilation rates and there was a
significant nutrient x leaf type interaction (Fig. 4.2). Enrichment stimulated the assimilation of

N (Fig. 4.2). Enrichment disproportionately increased N assimilation rates for rhododendron
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relative to either M treatment. Thus, under reference conditions, N assimilation varied between
leaf types and was the lowest for rhododendron (R60-), but they did not vary between leaf types
under enriched conditions (Fig. 4.2).

P assimilation rates were driven by the same factors as N assimilation, with significant
effects of nutrients, leaf type and their interaction (Fig. 4.2). Under reference conditions, P
assimilation rates varied between leaf types and were lowest for rhododendron (R60-).
Enrichment reduced these leaf type differences because P assimilation was comparable between
enriched R (R60+) and enriched M (M14+). Despite these increases, P assimilation rates were
still higher for the highest quality resource (M28+) (Fig. 4.2). Thus, N and P assimilation rates
varied between leaf types under reference conditions. However, because enrichment
disproportionately stimulated these rates for the poorest quality resources, N and P assimilation
rates largely did not vary between leaf types with enrichment.

Carbon assimilation rates were significantly different between treatments based on
nutrients, leaf type, and their interaction but the responses were less predictable (Fig. 4.2).
Unlike N and P assimilation rates where enrichment stimulated these rates for all leaf types,
enrichment only increased C assimilation for the poorest quality resource (R60-). The highest
(M28+) and poorest quality leaf detritus (R60-) had comparable C assimilation rates (Fig. 4.2C).

Nutrients, but not leaf type affected assimilation N:P ratios (Fig. 4.3). Assimilation N:P
ratios did not differ between leaf types experiencing similar nutrient regimes (for example, M14-
vs. R60-). Enrichment significantly reduced these ratios relative to the reference (Fig. 4.3),
suggesting that larvae were assimilating more P than N under nutrient-enriched conditions.

Threshold elemental ratios— Applying the values from our assimilation experiments to

equation 4, we were able to calculate TERc.p for each individual Pycnopsyche. Compared to the
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reference condition, Pycnopsyche’s TERc.p increased with nutrient enrichment (Table 4.2),
which indicated a lower susceptibility to P-limitation under nutrient-enriched conditions.
Similarly, Pycnopsyche consuming the highest quality resource (M28+) had the highest TERc.p
(lowest susceptibility to P-limitation), while the poorest quality resource (R60-) had the lowest
TERCc.p (greatest susceptibility to P-limitation) (Table 4.2).
Field-based excretion experiment

Nutrient excretion rates— Several trials in the reference stream resulted in negative mass-
specific excretion rates (3 NH4-N, 1 NOs-N, and 2 SRP out of 5 for each element). As these
negative values only occurred in the reference trials, we interpreted these negative values to
mean that the excretion levels were below our detection limit. Instead of excluding them from
our analysis, we set these negative values to zero and included them in our final analyses, but
excluded them from the excretion N:P ratio calculations.

Nutrient enrichment significantly increased Pycnopsyche mass-specific excretion rates
for NH4-N, NOs-N, and SRP (Fig. 4.4). Despite these higher excretion rates, excretion N:P did
not vary between the reference (17.2 = 11.4) and nutrient-enriched (18.8 £ 4.9) streams (t-test,
NS). Thus, Pycnopsyche assimilated relatively greater proportions of P than N under nutrient-
enriched conditions (Fig. 4.3), but continued to excrete a relatively similar proportion of P and
N.

Population-level N, P, and C standing stocks and fluxes

Population-level N, P, and C fluxes— By applying known Pycnopsyche areal-specific
biomass and production estimates (Davis et al. In review-a) to our laboratory-based assimilation
rates and field-based excretion rates, we were able to scale these small-scale experiments up to

the population-level (Fig 4.5, Table 4.3). Enrichment stimulated all Pycnopsyche stocks and
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fluxes because of associated increases in Pycnopsyche biomass (Davis et al. In review-a) and
metabolic processes (assimilation and excretion rates). However, N and P stocks and fluxes
exhibited relatively greater magnitude changes than C, which indicated that enrichment
disproportionately stimulated N and P compartments (Fig. 4.5). Despite the dramatically greater
magnitude changes in N and P stocks and fluxes, the total mass in C standing stocks and fluxes
was still substantially higher than those observed for N and P. Thus, based on total mass, C
dynamics dominated Pycnopsyche elemental flows, but N and P flows showed the greater
sensitivity to enrichment.

Because enrichment increased P assimilation, production, and standing stocks more than
N and C (i.e., greater magnitude changes), it suggested that enrichment facilitated P
sequestration relative to N and C (Fig. 4.5, Table 4.3). However, despite this increased P
sequestration, P egestion and excretion still increased with enrichment. Overall, enrichment
significantly stimulated N, P, and C transformations at the population-scale level, but the
relatively greater increase in P compartments meant that nutrient enrichment was likely
facilitating P retention.

The isolated effects of metabolic processes— Because enrichment simultaneously
increased Pycnopsyche biomass, production (Davis et al. In review-a), and metabolic activities
(this study), all three of these factors affected population-level nutrient fluxes. To identify the
contributions of changes in biomass and production vs. metabolic changes, we calculated
additional nutrient fluxes by holding Pycnopsyche biomass and production constant at reference
stream levels, but using metabolic processes measured under nutrient-enriched conditions. We
were thus able to indirectly assess the relative effects of increased metabolic processes vs.

increased Pycnopsyche biomass and production on nutrient transformations.
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When Pycnopsyche biomass and production were held constant, enrichment still largely
increased elemental fluxes because of faster metabolic processes under nutrient-enriched
conditions relative to reference conditions (Table 4.3). Relative to the reference stream, P fluxes
were at least 2x greater in the enriched stream, despite Pycnopsyche biomass and production
being held constant. When we isolated metabolic processes, enrichment also increased N fluxes
relative to the reference stream (Table 4.3). However, the magnitudes of these changes were
attenuated relative to N fluxes calculated when Pycnopsyche biomass, production, and metabolic
processes were allowed to increase (Table 4.3). Despite the positive effects of metabolic
processes on N and P fluxes, enrichment had little effect on C dynamics when we isolated
metabolic effects. These contrasting results suggest that enrichment likely stimulated N and P
fluxes through a combination of increased Pycnopsyche biomass, production, and metabolic
processes; but stimulated C fluxes primarily through increased Pycnopsyche biomass and
production.

When comparing results from our N, P, and C box models, the outflows (excretion and
secondary production) were greater than Pycnopsyche intake (assimilation) in some cases (Table
4.3). As direct measurement of excretion via mesocosms can sometimes miscalculate true
consumer excretion rates because of handling stress or prolonged excretion trials (Whiles et al.
2009), this suggests that our excretion measurements may have overestimated true excretion
rates and contributed to these potential errors. When excretion was calculated as the difference
between assimilation and secondary production, values from these additional calculations
exhibited similar interstream trends observed with our direct measurement of excretion (i.e.,
enrichment increased excretion relative to the reference condition). Therefore, given the

diversity of methods used to calculate these values, these overestimations in elemental fluxes
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were not surprising, but we don’t think these errors affected the overall interstream trends

indicating that enrichment stimulated metabolic processes.

Discussion

Nutrient enrichment stimulated Pycnopsyche assimilation and excretion rates in our
laboratory-based and field-based experiments. When these results were scaled to the population-
level, they showed an important consumer-driven pathway for enrichment to alter stream nutrient
transformations. Because these positive results were relatively sustained when Pycnopsyche
biomass and production were held constant, it suggests that these observed increases in
consumer-driven fluxes were largely maintained by a combination of increased Pycnopsyche
metabolic rates, biomass, and secondary production.

Ingestion rate response— Leaf ingestion rates were affected by nutrient enrichment
(which affected detritus quality) but only for the poorest quality resource (R60-). This trend
agrees with a previous feeding experiment that showed that Pycnopsyche reduced their ingestion
of poor quality detritus (Hutchens et al. 1997). Other studies have also conclusively found
reduced ingestion rates for low quality resources. For instance, Pteronarcys spp., a common
leaf-shredding stonefly in eastern U.S. forested streams, reduced their ingestion rates of poor
quality resources compared to high quality resources (Golladay et al. 1983). Presumably, these
rates declined to increase gut retention time and to maximize the efficiency of elemental
assimilation, which has been similarly shown for the caterpillar Manduca sexta (Reynolds 1990).
Our results suggest that resource quality altered Pycnopsyche ingestion rates, but this occurred

only for the food resource of lowest initial quality. We found that these leaves changed the most
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in quality due to nutrient enrichment, suggesting that ingestion rates may only change with
relatively large changes in resource quality.

Leaf litter composition effects on response to nutrients— Longer conditioning time can
increase the biomass of detritus-associated microbes and increase the nutrient content of poor
quality resources (Gulis and Suberkropp 2003, Greenwood et al. 2007). Thus, we originally
predicted that nutrient assimilation rates would not vary between leaf types under reference
conditions because the longer incubation of rhododendron detritus would increase its quality to a
level comparable to M. However, despite this longer conditioning under reference conditions, R
still had significantly lower nutrient content than M. Accordingly, larvae assimilated N and P
faster from M vs. R leaves, even though R leaves had been incubated in the reference stream for
a much longer period of time. This lower assimilation rate suggests that Pycnopsyche
consuming R detritus may exhibit greater nutrient limitation and reduced secondary production
than those consuming higher quality detritus. As consumer production in these stream food
webs is largely dependent on terrestrial leaf inputs (Wallace et al. 1997), our large differences in
the nutrient assimilative capacities between leaf species indicate an additional pathway for shifts
in forest composition to alter stream consumer production.

Nutrient enrichment altered leaf functional diversity— Nutrient assimilation rates
differed between leaf types under reference conditions, but they did not vary between leaf types
under enriched conditions. Because enrichment increased the production of detritus-associated
heterotrophic microbes (Gulis and Suberkropp 2003, Suberkropp et al. In press), it increased the
quality of R detritus to a level comparable to M. This homogenization likely reduced the
functional diversity of leaf litter in alleviating Pycnopsyche nutrient limitation. In fact, these

results largely agree with a concurrent study that showed that enrichment reduced leaf litter
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functional diversity because it reduced variation in breakdown rates due to species-specific litter
traits (Rosemond et al. In press). Here, we found a similar homogenization of nutrient
assimilation rates under nutrient-enriched conditions, indicating that enrichment may also alter
the functional quality of leaf litter as it mediates nutrient assimilation by consumers.

Fate of assimilated nutrients— Despite enrichment significantly increasing Pycnopsyche
elemental fluxes, enrichment may not necessarily stimulate the flow of nutrients to higher-order
predators. Because predators in these stream food webs primarily consume small-bodied
primary consumers (Davic 1991, Hall et al. 2000, Johnson and Wallace 2005), Pycnopsyche are
relatively predator-resistant. Thus, this greater predator resistance may constrain these
Pycnopsyche-assimilated nutrients to lower trophic levels and truncate nutrient flows to stream
predators. Despite these reductions in vertical food web flows, nutrient enrichment may
strengthen Pycnopsyche’s role in other transformation pathways (for example, egestion and
excretion). For instance, N, P, and C stocks in these stream food webs are largely tied up in leaf
litter standing crop, where it is relatively unavailable to most stream consumers (Cross et al.
2005c¢). Leaf litter processing by Pycnopsyche can transform these relatively unavailable
resource pools into forms that are more readily available to other stream consumers (for
example, FPOM). In fact, results from our ecosystem-level manipulation showed that nutrient
enrichment significantly reduced leaf litter standing crop and increased FPOM export (Benstead
et al. 2009, Suberkropp et al. In press). Although organic matter processing and fecal egestion
by macroinvertebrates can be a dominant driver of this particulate N, P, and C export in
headwater streams (Wallace et al. 1991, Cross et al. 2005c), other evidence suggests that
macroinvertebrate egestion may only contribute ca. 22% toward these enrichment-induced

increases in FPOM export (Benstead et al. 2009). This suggests that increased Pycnopsyche
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biomass, production, and metabolic activities are likely important drivers of this consumer-
driven FPOM export, but that there are still other undetected biotic interactions accounting for
the rest of the FPOM export. However, despite these unaccounted pathways, nutrient enrichment
likely increased the export of particulate N, P, and C via changes in Pycnopsyche egestion rates
and may have stimulated flows through FPOM-dominated food web pathways.

Increased Pycnopsyche excretion rates also likely increased the export of dissolved
nutrients to downstream habitats, but their effects on stream productivity were probably minor
within the enriched stream. For instance, within open, enriched ecosystems, the importance of
consumer-driven nutrient recycling can decline because it represents a small proportion of total
available nutrients (Evans-White and Lamberti 2006). As enrichment also directly increased
stream nutrient concentrations (Rosemond et al. 2008), it likely reduced the importance of
consumer-driven nutrient recycling in meeting the nutrient demand of primary producers.
Overall, these results suggest that despite increased nutrient excretion rates under nutrient-
enriched conditions, these consumer-driven processes may actually have a reduced role due to
increased availability of excess nutrients. However, increased N and P egestion under nutrient-
enriched conditions likely increased nutrient flows through FPFOM-dominated pathways,
potentially stimulating productivity of consumers via particulate nutrient pathways.

Implications for ecological stoichiometry theory— The increases in assimilation N:P
ratios, but not excretion N:P ratios, indicates that Pycnopsyche may have preferentially
sequestered P relative to N. This result corroborates an earlier stoichiometric analysis of
Pycnopsyche in which body P content, but not N content of field-collected individuals
significantly increased with enrichment (Cross and others 2003). In the current study,

enrichment significantly reduced Pycnopsyche assimilation N:P because they were assimilating
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relatively greater proportions of P than N. Thus, the previously observed increase in P
sequestration (Cross et al. 2003) was likely facilitated by Pycnopsyche maximizing their
assimilation of P relative to N, while minimizing their P loss through excretion. Evidence
suggests that heterotrophic microbes from these detritus-based ecosystems may also
preferentially sequester P relative to N (Rosemond et al. 2008). These results suggest that
heterotrophic microbes and production of at least this primary consumer was likely primarily P-
limited and secondarily limited by N.

Although stream consumers were likely still P-limited in these stream food webs, our
calculated threshold elemental ratios (TERc.p) suggests that nutrient enrichment reduced this
limitation. Consumers with higher TERc.p have relatively lower susceptibility to P-limitation
because they exhibit a more efficient P assimilation capacity relative to their body C:P content.
Accordingly, we found that Pycnopsyche eating the highest quality resources (M28+) had the
highest TERc.p and lowest susceptibility to P-limitation. Also, compared to the larvae eating
reference detritus, larvae eating nutrient-enriched detritus had a lower susceptibility to P
limitation. Overall, this suggests the utility of using TERs for comparing consumer P-limitation.
However, as our calculated TERc.p varied between treatment types, it indicates the risk of
applying a single value to an individual taxon. It suggests that TERc.p are not necessarily an
inherent attribute of an organism because Pycnopsyche appeared to adjust their C and P
assimilation independently. As consumers divert C and P to largely divergent metabolic
pathways (Elser et al. 1996), it is possible that C and P assimilation may similarly diverge to help
alleviate potential C and P limitations.

In conclusion, enrichment significantly increased N, P, and C stocks and fluxes at the

population-level through changes in Pycnopsyche assimilation and excretion rates. However,
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these observed changes in fluxes were not homogeneous across N, P, and C. Pycnopsyche
assimilated relatively greater proportions of P than N, reducing assimilation N:P ratios relative to
reference conditions. As we did not see similar declines in excretion N:P ratios, it suggested that
Pycnopsyche preferentially sequestered P within these nutrient-enriched food webs. Because
Pycnopsyche is relatively predator-resistant, much of these assimilated nutrients were likely
unavailable to higher trophic levels and subsequently reduced Pycnopsyche’s importance in
transferring nutrients up the food web. Thus, enrichment likely strengthened Pycnopsyche’s role
in consumer-driven nutrient transformations via storage and egestion. Overall, these effects of
enrichment on N, P, and C transformations suggest that enrichment may alter the functioning of

recipient ecosystems via changes in consumer metabolic processes and production.
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Table 4.1: Leaf N, P, and C content (mean = SE) for the six treatments (n =5). Leaf N and P

content was significantly different between treatments (two-way ANOVA, nutrient

effect: < 0.0001, leaf type effect: < 0.0001, nutrient x leaf type effect: <0.0001). Leaf C

content was not significantly different (two-way ANOVA, NS). Within an elemental

comparison, different letters indicate significant pairwise differences (post-hoc Tukey’s,

P < 0.05).
%N Content M14 M28 R60
Reference 0.578 (0.020)° 0.637 (0.012)° 0.397 (0.013)°
Enriched 0.843 (0.018)° 1.155 (0.026)° 0.825 (0.031)°
%P Content M14 M28 R60
Reference 0.028 (0.001)° 0.031 (0.001)° 0.012 (0.001)®
Enriched 0.062 (0.004)° 0.096 (0.005)° 0.063 (0.004)°
%C Content M14 M28 R60
Reference 49.074 (0.199) 47.386 (1.644) 45.517 (1.045)
Enriched 48.934 (0.317) 47.043 (0.997) 48.908 (0.527)
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Table 4.2: Calculated Pycnopsyche threshold elemental ratios (TERc.p) for C and P within each
treatment (mean £ SE). These ratios represent the C:P ratio of a food resource where a
consumer switches from C- to P-limitation. A higher TERc.p represents a lower

susceptibility to P-limitation.

Reference Enriched
M14 614 52 876 + 60

M28 1299 + 307 1561 + 160
R60 491 + 143 961 + 88

+

96



Table 4.3: Pycnopsyche daily mean elemental stocks (mg N, P, or C m™) and fluxes (mg N, P, or
C m?d™) in the reference and nutrient-enriched streams during the fifth year of
enrichment (Sept 2004 to Aug 2005). Values for the nutrient-enriched stream were
calculated two ways: (1) using actual Pycnopsyche biomass and production measured in
the enriched stream, and (2) by keeping Pycnopsyche biomass and production constant at
levels measured in the reference stream. Thus, values in the first enriched column
(Bio/Prod + Metabolic) calculated stocks and fluxes when Pycnopsyche biomass,
production, and metabolic activities increased with enrichment. Values from the second
enriched column (Metabolic Only) isolated the effects of Pycnopsyche metabolic
activities on population-level elemental dynamics. C excretion was not measured
(represented by NC). We included an additional C flux, respiration (mg C m? d*) that
was calculated by assuming a net growth efficiency of 40% (Benke and Wallace 1997).
Values in the parentheses represent the magnitude change between the reference stream

and that particular nutrient-enriched condition (i.e., nutrient-enriched / reference).
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Enriched Enriched

Nitrogen Reference (Bio/Prod + Metabolic) (Metabolic Only)
Assimilation 0.30 7.43 (24.77) 0.64 (2.13)
Egestion 0.54 7.99 (14.80) 0.69 (1.28)
Excretion 0.05 6.71 (134.20) 0.58 (11.60)
Standing Stock 25.78 312.66 (12.13) 27.09 (1.06)
Production 0.38 5.04 (13.26) 0.40 (1.06)
Enriched Enriched
Phosphorus Reference (Bio/Prod + Metabolic) (Metabolic Only)
Assimilation 0.03 0.85 (28.33) 0.07 (2.33)
Egestion 0.01 0.27 (27.00) 0.02 (2.00)
Excretion 0.01 0.83 (83.00) 0.07 (7.00)
Standing Stock 0.75 18.56 (24.75) 1.61 (2.15)
Production 0.01 0.30 (30.00) 0.02 (2.00)
Enriched Enriched
Carbon Reference (Bio/Prod + Metabolic) (Metabolic Only)
Assimilation 24.68 274.25 (11.11) 23.76 (0.97)
Egestion 46.09 630.09 (13.67) 54.59 (1.18)
Excretion NC NC NC
Standing Stock 142.39 1675.76 (11.77) 145.19 (1.02)
Production 2.10 27.01 (12.86) 2.14 (1.02)
Respiration 9.87 109.70 (11.11) 9.50 (0.96)
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Fig. 4.1: Mass-specific Pycnopsyche leaf ingestion rates (mean £ SE) for the six treatments
(n=10 or n=9 [M14-]). Red maple (M) was incubated under reference or nutrient-
enriched conditions for either 14 or 28 days, while rhododendron (R) was incubated for
60 days. Ingestion rates were compared with a two-way ANOVA. Treatments with
different letters indicate a significant pair-wise difference (Tukey’s, P < 0.05). AFDM is

ash-free dry mass.
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Fig. 4.2: Mass-specific Pycnopsyche N, P, and C assimilation rates (mean = SE) for the six
treatments (n=10 or n=9 [M14-]). Red maple (M) was incubated under reference or
nutrient-enriched conditions for either 14 or 28 days, while rhododendron (R) was
incubated for 60 days. Rates were compared with a two-way ANOVA. Treatments with
different letters indicate a significant pair-wise difference (Tukey’s, P < 0.05). AFDM is

ash-free dry mass. Note differences in scales between graphs.
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Fig. 4.3: Mass-specific Pycnopsyche assimilation rate N:P (mean £ SE) for the six treatments.
Each bar represents an average of 10 replicates except for R60- (n = 4) and M14- (n =9).
All ratios are molar. Red maple detritus (M) was incubated under reference or nutrient-
enriched conditions for either 14 or 28 days, while rhododendron detritus (R) was
incubated for 60 days. Ratios were compared with a two-way ANOVA. AFDM is ash-

free dry mass.
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Fig. 4.4: Mass-specific Pycnopsyche excretion rates (mean = SE) from the reference (n = 5) and
nutrient-enriched (n = 5) streams. NH4-N and SRP excretion rates were compared with a
t-test, but NO3-N excretion rates were compared with a Wilcoxon ranked sum test.
Asterisks indicate a significant pairwise difference in Pycnopsyche excretion rates

between the reference and nutrient-enriched stream for a given analyte (P < 0.05).
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Fig. 4.5: Pycnopsyche daily mean elemental stocks (mg N, P, or C m™) and fluxes (mg N, P, or
C m?d™) in the reference (left panels) and the nutrient-enriched streams (right panels)
during the fifth year of enrichment (Sept 2004 to Aug 2005). Nutrient-enriched values
were based on the ‘Bio/Prod + Metabolic’ column (Table 4.2). The boxes represent
Pycnopsyche standing stocks of N, P, or C. Arrows represent Pycnopsyche N, P, or C
fluxes. C excretion was not measured. We included an additional flux, respiration (mg C
m™ d™), for the C budget (labeled ‘r’). Values in the parentheses represent the magnitude
change between the reference and nutrient-enriched condition for that particular stock or

flow (i.e., nutrient-enriched / reference).
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CHAPTER 5
THE EFFECTS OF LONG-TERM NUTRIENT ENRICHMENT ON AQUATIC TO

TERRESTRIAL SUBSIDIES ALONG A FORESTED HEADWATER STREAM?

% Davis, J. M., A. D. Rosemond, and G. E. Small. To be submitted to Oecologia.
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Abstract

Aguatic emergence can represent an important resource for terrestrial predators found
along stream corridors, affecting predator abundance and biomass. Because nutrient enrichment
of stream food webs can stimulate instream secondary production, it may also increase aquatic
emergence production. Thus, nutrient enrichment may indirectly stimulate cross-boundary flows
and increase terrestrial predator populations. To assess the effects of nutrient enrichment on
aquatic to terrestrial subsidies along a headwater stream, we quantified the biomass and
abundance of aquatic emergence, arboreal spiders, and ground spiders along a reference and an
adjacent treatment stream that had been continuously enriched with nitrogen and phosphorus for
five years. We predicted that enrichment would increase aquatic emergence biomass and
abundance, subsequently increasing the biomass and abundance of spiders, but especially those
that specialize on aquatic emergence (e.g., Tetragnathidae). By adding a *°N stable isotope tracer
to both streams, we also quantified the flow of nitrogen from the stream into the riparian
community. Enrichment increased emergence biomass, but not abundance. However, this
stimulation of insect emergence largely did not increase the abundance or biomass of either
arboreal or ground spiders along the treatment stream. The isotopic enrichment indicated that
spiders along the treatment stream reduced their reliance on aquatic emergence, possibly due to
shifts in the body size distributions and community composition of aquatic emergence. Despite
enrichment significantly increasing consumer production in the treatment stream, these positive
effects of nutrient enrichment were not readily transferred to riparian spiders. Our results
indicate that the net effect of aquatic subsidies on terrestrial predators may not simply be a
function of the magnitude of the subsidy, but also depends on the community-level

characteristics of the subsidy that determine a predator’s ability to utilize it.
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Introduction

The flows of nutrients and energy across ecosystem boundaries can dramatically alter the
structure and function of recipient food webs (Polis et al. 1997, Baxter et al. 2005). For example,
inputs of terrestrial leaf detritus and insects into stream food webs can subsidize stream
consumers, alter their community composition, and stimulate overall stream productivity
(Wallace et al. 1997, Nakano et al. 1999, Kawaguchi et al. 2003, Johnson and Wallace 2005).
However, because these aquatic-terrestrial linkages can also be bidirectional (Baxter et al. 2005),
instream production, such as aquatic emergence, is frequently transferred to the surrounding
terrestrial ecosystem (Henschel et al. 2001, Nakano and Murakami 2001, Kato et al. 2003,
Sanzone et al. 2003). Because only about 3% of this insect emergence returns to stream food
webs during oviposition (Jackson and Fisher 1986, Werneke and Zwick 1992), a significant
proportion of aquatic insect production is available to the surrounding riparian zone where it can
stimulate predator abundance and biomass (Sabo 2002a, 2002b, Kato et al. 2003, Sanzone et al.
2003, Marczak and Richardson 2007). Thus, because stream and riparian food webs are often
inter-connected, aquatic emergence can be an important resource for terrestrial predators.

The importance of aquatic-terrestrial linkages along stream corridors has long been
recognized (Hynes 1975), but more recently attention has focused on identifying factors that
control the direction and magnitude of these flows (Marczak et al. 2007, Burdon and Harding
2008). It was initially predicted that the magnitude of cross-ecosystem subsidies were largely
controlled by two factors: the overall productivity gradient between the donor and recipient
ecosystems (Polis et al. 1997, Nakano and Murakami 2001, Ballinger and Lake 2006), and the
physical characteristics of their boundary (Polis et al. 1997, Witman et al. 2004). Resources

were predicted to flow from more productive to less productive ecosystems, and that their effect
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on subsidized consumers was related to the productivity of the recipient food web (e.g., Nakano
and Murakami 2001). However, a more recent meta-analysis suggests that the effects of
subsidies on recipient ecosystems may be better correlated, albeit still weakly, with the
magnitude of the actual subsidy rather than this productivity gradient (Marczak et al. 2007).
Empirical evidence from a temperate rainforest further supports these large-scale trends because
the reduction of aquatic insect emergence decreased spider abundance more than would be
predicted from the productivity gradient alone (Marczak and Richardson 2007). Thus, the
effects of resource subsidies, such as aquatic emergence, on recipient predators may be simply
related to the magnitude of that flow.

This positive relationship between aquatic emergence and terrestrial predator biomass
suggests that if environmental change alters aquatic emergence, it may also affect terrestrial
predator populations (e.g., Baxter et al. 2004, Power et al. 2004). For example, the introduction
of nonnative rainbow trout (Oncorhynchus mykiss) to a forested stream increased predation
pressure on benthic invertebrates, subsequently decreasing aquatic emergence and spider
abundance (Baxter et al. 2004). Along the South Fork Eel River, CA, algal mats can be hotspots
of aquatic emergence that can subsidize and increase spider abundance (Power et al. 2004).
However, damming can decrease the prevalence of these algal mats, potentially reducing aquatic
emergence and its positive effects on spider abundance (Power et al. 2004). Conversely when
environmental change increases stream productivity, it may increase aquatic emergence and
terrestrial predator abundance. For instance, nutrient enrichment of freshwater ecosystems
typically stimulates the production of stream consumers (Slavik et al. 2004, Cross et al. 2006,
Davis et al. In review-a). Because aquatic emergence production can represent ca. 25% of

benthic production (e.g., Jackson and Fisher 1986 and references cited therein), this increased
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productivity may increase aquatic emergence subsidies and stimulate terrestrial predator
populations.

To assess the effects of nutrient enrichment on aquatic emergence and associated
resource flows to terrestrial predators, we sampled aquatic emergence and terrestrial spiders
along a reference and nutrient-enriched headwater stream. Five years of nutrient enrichment
more than doubled the secondary production of consumers in the treatment stream relative to the
reference stream (Cross et al. 2006, Davis et al. In review-a). Thus, we predicted that
enrichment would stimulate aquatic emergence, increase aquatic subsidies to terrestrial spiders,
and increase spider biomass and abundance. We also predicted that positive nutrient effects on
spider populations would be greatest for spiders relying predominantly on aquatic emergence
(e.g., Tetragnathidae). By using a stable isotope tracer (>N), we also quantified the spiders’
reliance on aquatic emergence nitrogen (N). Because nutrient enrichment stimulated stream
consumer production and nutrient flows within the aquatic food web (Cross et al. 2006, Cross et
al. 2007, Davis et al. In review-a), we predicted that enrichment would increase the proportion of
spider N originating from aquatic emergence. Because primary consumers and predators can be
N limited due to their relatively greater body N content compared to their food resource (Sterner
and Elser 2002, Fagan and Denno 2004), we also tested whether enrichment would increase the

body N content of aquatic insect emergence and spiders.

Methods
We conducted this study at the USDA Forest Service Coweeta Hydrologic Laboratory, a
Long-Term Ecological Research site in the southern Appalachian Mountains (Macon County,

North Carolina). Coweeta is a heavily-forested experimental watershed (2185 ha) comprised of
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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 increases stream consumers’ reliance on heterotrophic microbes that colonize
terrestrial leaf inputs (Wallace et al. 1997, Hall et al. 2000, Cross et al. 2007).

To assess the effects of long-term nutrient enrichment on resource flows from aquatic to
terrestrial food webs, we sampled aquatic emergence and terrestrial spiders (April to June 2005)
along a reference (C53) and a treatment stream (C54). This study was conducted towards the
end of a five-year ecosystem-level manipulation that examined the effects of nutrient enrichment
on the production of stream-dwelling organisms and consequent effects on nutrient and carbon
dynamics in a detritus-based ecosystem (see Cross et al. 2006, Benstead et al. 2009, Suberkropp
et al. In press, Davis et al. In review-a). The reference and treatment streams did not differ in
nutrient concentrations prior to the experimental nutrient enrichment (mean £+ SE, C53: DIN:
23.2+85ugL? SRP: 6.8+3.0ug L™ C54: DIN: 29.3+4.9 ug L™, SRP: 9.5+ 2.3 pg L™).
From July 2000 to August 2005 (ca. 1877 days), we experimentally enriched a 150-m reach of
the treatment stream with nitrogen (NH4;NO3) and phosphorus (K;HPO,4 and KH,PO,4). We
added nutrients continuously along the entire 150-m length of the treatment stream using an
irrigation line running down the center of the stream. See Gulis and Suberkropp (2003) for
further descriptions of the nutrient-delivery system. This delivery system increased nutrient
concentrations in the treatment stream to a realistic, low-level enrichment (DIN: 506.2 £ 36.3 ug
L, SRP: 80.0 + 5.6 pug L™), while the reference stream concentrations during this same time
period were comparable to the pretreatment period (DIN: 31.0 + 3.4 ug L™, SRP: 8.0 + 1.3ug L’

1), Previous results from the instream sampling showed that nutrient enrichment significantly
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increased macroinvertebrate biomass and production in the treatment stream relative to the
reference stream (Cross et al. 2006, Davis et al. In review-a).

Isotopic enrichment— To quantify the effect of nutrient enrichment on resource subsidies
and N flow from the treatment stream, we applied an isotopic tracer to both streams. We
continuously added 99% ‘°N-labeled NH.ClI into the reference and treatment stream to achieve
2500%o enrichment without additionally affecting nutrient concentrations. The solution was
added for 44-days using a battery powered peristaltic pump. The amount of solute released was
adjusted daily according to stream discharge, leading to an isotopic release that was proportional
to flow and nutrient concentrations (C54: 5.53 g >N as *°NH,CI, C53: 0.39 g *°N as >NH,CI).

Emergence sampling— Aquatic emergence was sampled during the typical period of
peak emergence from these stream ecosystems (April to June 2005) (J. B. Wallace pers. comm.).
On a weekly basis, we affixed 0.25 m? emergence traps (0.5 mm mesh) to the stream substrate to
collect emerging adult insects that were analyzed for total biomass, abundance, and isotopic
composition. To quantify the background isotopic concentration, we also collected emergence
samples one week prior to the initiation of the isotopic drip. Traps were deployed at sunrise for
48h at ca. 10m intervals down stream of the isotopic enrichment (10, 20, 30, 40, and 48m).
Emergence was collected from the traps every 24 hours and immediately frozen. Most adults
were enumerated and identified to family level, but Diptera were only identified to order level.
Samples were dried at 60°C and weighed. Because of limited spatial and temporal sampling
resolution at the family level, we had to combine individuals from the same order for isotopic
analysis. For each sampling date and location, multiple individuals from the same order were
composited, ground, and analyzed for isotopic composition using a mass spectrophotometer

(Finnigan Delta Plus).
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Spider sampling— We used separate methods to quantify the abundance and biomass of
ground spiders and arboreal spiders. To collect ground spiders, five transects of pitfall traps
were deployed weekly for 48h at ca. 10m intervals down stream of the point of isotopic
enrichment. At each of these transects, a pitfall trap (diameter: 11 cm) was deployed at Om
(streamside), 10m, and 25m away from the stream’s edge. This grid pattern allowed us to
determine the lateral extent to which the positive effects of aquatic emergence were reaching into
the upland habitat. Traps were deployed for 48h shortly after sunrise. All individuals were
removed, rinsed, and frozen for later analyses. To calculate background isotopic signatures, we
also sampled ground spiders one week prior to the initiation of the isotopic drip.

We sampled arboreal spiders via timed-beat sampling at each of the pitfall sampling
locations. However, as arboreal spiders are less mobile than ground spiders and may experience
localized population depression from excessive sampling (F. Coyle pers. comm.), we only
sampled them every two weeks (week 2, 4, and 6 of the isotopic drip). To calculate background
isotopic signatures, we also sampled arboreal spiders one week prior to the initiation of the
isotopic drip. Shortly after sunrise on a given sampling date, we selected a random direction at
each sampling point and spread a 1 m® white canvas below the vegetation. We then beat the
vegetation for 5-min and collected all individuals that landed on the canvas. Individuals were
frozen for later analyses. To increase our sample size for isotopic analysis, we also
systematically collected any spider encountered at each sampling location on the final day of
isotopic enrichment (d44). The spiders collected during the pretreatment period and on d44 were
not used to estimate spider abundance or biomass, but were used for isotopic analyses.

All spiders were enumerated and identified to family level according to Ubick et al.

(2005). We then dried them at 60°C and weighed them. Isotopic analyses were limited to those
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taxa that possessed sufficient temporal sampling resolution to calculate isotopic enrichment
curves. For arboreal spiders, we analyzed the families Tetragnathidae, Araneidae,
Anyphaenidae, and Linyphiidae (ca. 70% of the total arboreal spider biomass). For ground
spiders, we analyzed the families Amaurobiidae, Gnaphosidae, and Lycosidae (ca. 70% of the
total ground spider biomass). Sample sizes of other taxa were not large enough to adequately
determine isotopic composition. For these seven families, we composited multiple individuals
from the same family that were collected at the same sample location and date (range: 1 - 14
individuals, ca. 40% of the samples had > 1 individual). Composite samples were ground and
analyzed using a mass spectrophotometer (Finnigan Delta Plus).

Estimation of Trophic Transfer of *°N— Isotopic equilibria were not achieved in either
stream, such that spider *°N signatures were continuing to increase after 44d of isotopic
enrichment. Thus, we could not use a two-source mixing model because it assumes that the
isotopic signature is at steady state (e.g., Phillips and Gregg 2003). We used the following
dynamic mixing model adapted from Hall et al. (1998) to quantify the mass of spider N derived

from aquatic emergence N.

(55P,i,j ” MSP) + (IngSP *5AQi *%AQ) + (IngSP *5TERR *(1-%Aq))
5t+1,i,j = (1)
(Mg +1Ingsp)

where
dt+1,i, j = the background corrected isotopic signature of spiders for time period t +1 (in days) at

sampling location i meters down stream of isotopic enrichment (10, 20, 30, 40, 48) and j meters

laterally from streamside (0, 10, 25)
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Jdsp, i, j = the background corrected isotopic signature of spiders for time period t (in days) at

sampling location i meters down stream of isotopic enrichment and j meters from streamside
Msp = the mass of spider N

Ingsp = the mass-specific N ingestion rate of spiders
ono, i = the background corrected isotopic signature of aquatic emergence at sampling location i

meters down stream of isotopic enrichment, which was a biomass-weighted average §*°N of
emerging adults

%Aq = the proportion of spider N originating from aquatic emergence, and

oterr = the background corrected isotopic signature of terrestrial prey.

The isotope values used in the model were background corrected; thus, the calculations
represent only changes in the *°N tracer. The mass-specific N ingestion rate of spiders was
calculated by multiplying the mass-specific prey ingestion rate by known spider and prey body N
content (this study) and spider assimilation efficiency. We used a previously published literature
value of 0.03 mg prey / mg spider / day for mass-specific spider ingestion rates (Moulder and
Reichle 1972, Tanaka 1991). Based on Moulder and Reichle (1972), spider assimilation
efficiency was set at 0.90.

Because we only sampled the isotopic signature of aquatic emergence weekly, but we fit
the model on a daily basis, we interpolated aquatic emergence isotopic signatures on a one-day
time step. We used these interpolated data in our dynamic mixing model based on equation (1).
We fit our dynamic mixing model to the actual isotopic signature of ground spiders and arboreal

spiders. To find the best model approximation (dt+1, i, j) of the actual isotopic signature, we

manually varied the proportion of spider N originating from aquatic emergence (%Aq). To

assess which %Aq value gave us the best approximation of the actual spider isotopic signature,
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we used sum of squares to compare the actual isotopic signature with our modeled isotopic
signature (d+1,i,j)- The %Aq from the model with the lowest sum of squares was considered the

best estimate of the spiders’ reliance on aquatic emergence. This process was repeated for each
spider family at each sampling location where we had sufficient data to adequately fit the model.

Statistical Analyses— To assess the effects of nutrient enrichment on the abundance and
biomass of aquatic emergence we used a one-way repeated measures ANOVA with nutrients as
the main effect. Spider biomass and abundance responses were analyzed with a two-way
repeated measures ANOVA with the main effects of nutrients (reference vs. treatment stream)
and lateral distance from streamside (Om, 10m, and 20m). Including an interaction between
nutrients and distance (nutrients x distance) assessed whether the positive effects of increased
emergence extended further into the upland habitats along the treatment stream relative to the
reference stream. Emergence body N content was analyzed with a one-way ANOVA. Spider
body N content was analyzed with a two-way ANOVA with the main effects set to nutrients and
lateral distance. We also included an interaction term (nutrients x distance). We used the
appropriate transformations when necessary. Because of limited samples sizes, we could not
statistically analyze the results from our dynamic mixing model. However, we fit separate
models for each downstream sampling location (10, 20, 30, 40, 48m) at a given lateral distance
(0, 10, 25m). Using this spatial replication, we could calculate the mean aquatic emergence
reliance for a specific lateral distance. We graphically compared these means to qualitatively
assess the effects of nutrient enrichment on spider diet.

Use of nutrients in our model violates assumptions of sample independence in ANOVA
as our nutrient treatment was pseudoreplicated (sensu Hurlbert 1984). However, it would not

have been possible to conduct the combined long-term nutrient enrichment and stable isotope
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study on a greater number of streams. Therefore, we suggest increased caution in interpreting

the nutrient treatment effect and we provide substantiating additional data where possible.

Results

Effects of nutrients on aquatic emergence— Nutrient enrichment had a significant
positive effect on aquatic emergence biomass, but not abundance (Fig. 5.1A and 5.1B). By
dividing total biomass by total abundance for each emergence trap on each sampling date, we
were able to calculate a rough indicator of a community-level average body size for the emerging
adults. In general, nutrient enrichment increased the average individual body size of adults
emerging during the entire sampling period (Fig. 5.2). Because we did not directly measure the
individual body size of each adult, we could not construct body size spectra for emerging adults
or statistically analyze the effects of nutrient enrichment on this community-level metric.

Although nutrient enrichment increased aquatic emergence biomass, this positive effect
was not homogenous across taxonomic groups (Table 5.1, Fig. 5.3A — 5.3D). Because of low
temporal sampling resolution at the family level, we combined aquatic invertebrate families at
the order level to assess whether the effects of enrichment varied between orders. Nutrient
enrichment only increased the biomass and abundance of Trichoptera relative to the reference
stream. The biomass and abundance of Diptera, Ephemeroptera, and Plecoptera did not increase
with nutrient enrichment (Table 5.1, Fig. 5.3A — 5.3D). Insufficient numbers of Odonata were
collected for statistical analyses.

Effects of nutrients on arboreal spider abundance and biomass— Combined arboreal

spider biomass did not differ between the two streams, but abundance was slightly lower along
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the treatment stream (Table 5.2, Fig. 5.4A — 5.4B). Neither their biomass nor abundance differed
with proximity to the stream margin (non-significant distance effect) (Table 5.2, Fig. 5.4B).

We found similar trends when arboreal spiders were analyzed at the family level. The
biomass and abundance of Tetragnathidae, a family of orb-weavers known to specialize on
aquatic emergence, was not significantly different between streams (Table 5.2). The abundance
and biomass of Araneidae (vertical orb-weavers) also did not vary between streams (Table 5.2).
However, Linyphiidae (sheet-web spiders) biomass and abundance was lower along the
treatment stream (Table 5.2). Anyphaenidae biomass and abundance did not differ between
streams (Table 5.2). While Araneidae abundance was significantly lower at the stream margin,
the biomass and abundance of the other three spider families did not differ between the stream
margin and upland habitat (Table 5.2). Thus, despite the lower Linyphiidae biomass along the
treatment stream, these results indicate that nutrient enrichment did not have a significant effect
on the abundance and biomass of most arboreal spider families.

Effects of nutrients on ground spider abundance and biomass— The biomass and
abundance of the combined ground spider community did not differ between the treatment and
reference streams (Table 5.3, Fig. 5.4C —5.4D). However, ground spider biomass and
abundance was dramatically lower at the stream margin relative to upland habitat (Table 5.3, Fig.
5.4C - 5.4D). Although the biomass and abundance of the combined ground spider community
did not vary between streams, the responses of individual ground spider families differed in
regard to nutrient enrichment (Table 5.3). Amaurobiidae biomass, but not abundance, was
higher along the treatment stream (Table 5.3). Lycosidae (wolf spiders) biomass and abundance
did not differ between the treatment and reference stream (Table 5.3). Gnaphosidae abundance

and biomass was lower along the treatment stream relative to the reference stream (Table 5.3).
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The biomass and abundance of these three ground spider families were also consistently lower at
the stream margin relative to the upland habitat (Table 5.3). Thus, although the biomass and
abundance of the combined ground spider community was similar along both streams (Fig. 5.4C
—5.4D), the responses of individual families did vary (Amaurobiidae: treatment > reference,
Lycosidae: no difference, Gnaphosidae: reference > treatment) (Table 5.3).

Effects of nutrients on arboreal spider aquatic diet— Based on our dynamic mixing
model (Equation 1), we found that three out of the four arboreal spider families along the
treatment stream obtained a lower proportion of their N from aquatic emergence relative to the
reference stream (Fig. 5.5A — 5.5D). Tetragnathidae along the margin of the reference stream
obtained ca. 100% of their N from aquatic emergence (range: all five models returned values of
100%) (Fig. 5.5A), but individuals along the treatment stream only obtained ca. 50% of their N
from emergence (range: 15 - 95%) (Fig. 5.5A). Similar patterns for Araneidae were observed
(Fig. 5.5B). Araneidae along the margin of the reference stream obtained ca. 75% of their N
from aquatic emergence (range: 50 — 100%), but individuals directly along the treatment stream
relied less on aquatic emergence (ca. 52%, range: 5 — 100%). Linyphiidae was the only family
that increased their utilization of aquatic emergence along the treatment stream (Fig. 5.5C).
Under reference conditions, streamside Linyphiidae obtained ca. 12% of their N from emergence
(range: 0 — 35%), but this reliance increased to 79% (range: 35 — 100%) along the treatment
stream. Anyphaenidae along the side of the reference stream relied heavily on aquatic
emergence (ca. 90%, range: 80 — 100%), but this reliance declined along the treatment stream
(50%, range: not determined [ND]) (Fig. 5.5D). Along the reference stream, the utilization of
aquatic emergence increased slightly for Araneidae in the upland habitat relative to the stream

margin (Fig. 5.5B). However, the aquatic emergence reliance of other arboreal spiders declined
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slightly in the upland habitats relative to the stream margin (Fig. 5.5A — 5.5D). In sixty percent
of the reference Tetragnathidae and Araneidae calculations and one calculation for a treatment
Araneidae, the mixing model returned values greater than 100% (i.e., they were more enriched
than could be explained by the measured isotopic values of emergence samples). We interpreted
these results as the spiders obtaining 100% of their N from aquatic sources (average of those
exceeding 100%: 180% max: 500%). Overall, our results indicate that arboreal spiders relied
heavily on aquatic emergence, but that this reliance decreased along the treatment stream.
Effects of nutrients on ground spider aquatic diet— Results from our dynamic mixing
model show that ground spiders along both the reference and treatment streams largely do not
rely on aquatic emergence (Fig. 5.6A —5.6C). Amaurobiidae at the reference stream margin
obtained ca. 10% of their N from emergence (range: ND), but along the treatment stream they
obtained no N from aquatic emergence (range: both replicates returned values of 0%). Because
of insufficient sample sizes at the stream margin, we could not assess the reliance of streamside
Lycosidae on aquatic emergence (Fig. 5.6B). However, individuals 10m from the reference
stream obtained 15% of their N from emergence (range: 0 — 45%). Lycosidae along the
treatment stream margin and 10m away relied less on aquatic emergence because spiders derived
only 0.1% (range: ND) and 0.05% (range: 0 — 0.1%) of their N from emergence, respectively
(Fig. 5.6B). Gnaphosidae at the margins of the reference and treatment streams showed no
reliance upon aquatic emergence (0%, range: ND) (Fig. 5.6C). The reliance of ground spiders on
aquatic emergence was less consistent based on lateral distance, but on average, did not reach
above 20% (e.g., Amaurobiidae, Fig. 5.6A). These results indicate that ground spiders along
either the reference and treatment streams obtained very little, if any, N from aquatic emergence

(Fig. 5.6A — 5.6C).
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Effects of nutrients on consumer body nitrogen content— Body N content of aquatic
emergence (ANOVA, F; = 0.55) and arboreal spiders (ANOVA, F; 6, = 3.60) did not differ
between the treatment and reference streams (Fig. 5.7A — 5.7B). However, we found a
significant distance effect on arboreal spider N content (ANOVA, F;, 262 = 4.10), such that
spiders farther from the stream had a slightly lower N content than those living streamside (Fig.
5.7B). This difference of less than 1% was probably not biologically significant. We found a
significant nutrient effect (ANOVA, F1 165 = 33.82), but not a distance effect (ANOVA, F;, 168 =
1.73), on ground spider body N content (Fig. 5.7C). Ground spider N content was only ca. 1%

lower along the treatment stream, suggesting that this difference was biologically irrelevant.

Discussion

Effects of increased emergence on spider biomass— Despite nutrient enrichment more
than doubling aquatic emergence biomass, our results indicate that this increased subsidy was
largely not utilized by riparian spiders. Nutrient enrichment stimulated aquatic emergence
biomass through increases in average size rather than abundance, and this increased emergence
did not lead to increases in the biomass of arboreal and ground spiders. The abundance of
arboreal spiders actually decreased slightly along the treatment stream, but this was primarily
due to associated declines 10m from the stream margin. Thus, five years of continuous nutrient
enrichment increased benthic secondary production (Davis et al. In review-a) and aquatic
emergence biomass (this study), but this stimulation of stream productivity did not transfer to
riparian spiders nor stimulate spider populations.

Our results contrast sharply with earlier studies that showed a positive relationship

between the magnitude of aquatic subsidies and their effects on subsidized consumers (Sanzone
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et al. 2003, Marczak et al. 2007). When predator biomass is largely based on a prey subsidy, an
increase in that subsidy should stimulate predator biomass (Polis et al. 1997, Sanzone et al. 2003)
and, similarly, decreased aquatic emergence can lead to declines in terrestrial spider populations
(Kato et al. 2003, Marczak and Richardson 2007). We initially predicted that if nutrient
enrichment stimulated aquatic emergence biomass, it would increase resource subsidies and
stimulate spider biomass and abundance. Although nutrient enrichment increased aquatic
emergence biomass, we found no evidence of positive effects on spider populations.

Importance of aquatic emergence— Despite the non-significant increase in total ground
or arboreal spider biomass, results from our isotopic enrichment suggested that several arboreal
spider families relied heavily on aquatic emergence for their N demand. For example,
Tetragnathidae is a spider family that has been previously shown to rely heavily on aquatic
emergence (Sanzone et al. 2003, Kato et al. 2004) and has exhibited reduced abundance when
aquatic emergence declines (Kato et al. 2003, Marczak and Richardson 2007). Our isotopic
results from the reference stream largely support this previous evidence suggesting that
Tetragnathidae are aquatic emergence specialists. Araneidae is another arboreal spider family
that has largely been thought to rely less on aquatic emergence (Kato et al. 2003, Kato et al.
2004), but there has been limited evidence indicating the importance of aquatic emergence in
maintaining their populations (Marczak and Richardson 2007). As Araneidae at the reference
stream margin showed substantial reliance on aquatic insect emergence (range: 50 — 100%), our
results suggest that aquatic emergence may be more important than previously thought for
maintaining this spider family’s production.

Results of our ground spiders’ estimated reliance on aquatic emergence contrast with

findings from Sycamore Creek, AZ, a desert stream whose emergence and aquatic-terrestrial
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linkages have been well-studied (e.g., Jackson and Fisher 1986, Sanzone et al. 2003). In our
study, isotopic data showed that ground spiders found directly adjacent to our stream margins
mostly did not rely on aquatic emergence, which is further supported by our low ground spider
abundance and biomass along the stream margin compared to the upland habitat. However,
along Sycamore Creek, ground spiders obtained up to ca. 25% of their N from aquatic
emergence. Although two families from our study did exhibit the capacity to rely on aquatic
emergence at a level similar to Sycamore Creek, the majority of ground spiders along our
forested streams obtained a nominal amount of N from aquatic emergence. The relatively
greater importance of aquatic emergence to desert ground spider diets indicates that these ground
spiders may be more reliant upon aquatic production because of comparatively low terrestrial
productivity that does not adequately meet their dietary requirements. It further suggests that the
resource demand of spiders in the forest communities surrounding our headwater streams are
readily met by terrestrial prey production. Our finding that Coweeta spiders were less reliant on
aquatic emergence compared to Sycamore Creek spiders adds to the growing evidence showing
that the productivity of the recipient food web can influence the importance of resource subsidies
to subsidized consumers (Polis et al. 1997, Nakano and Murakami 2001).

Why did increased emergence not result in increased utilization of emergence or
increased biomass of aquatic prey specialists?— Our most interesting and counterintuitive
finding was that increased nutrient enrichment did not result in increased dependence of spiders
on stream subsidies and in fact, dependence on aquatic subsidies was generally reduced along the
treatment stream. However, these contradictory results are likely explained by the increased
dominance of large-bodied adults and Trichoptera, which may have been less readily eaten by

spiders and reduced the reliance of spiders on emergence. Specifically, the positive effect of
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nutrient enrichment on aquatic emergence biomass, but not abundance, suggests that enrichment
may have increased the body size of emerging adults and the dominance of large-bodied
individuals. A concurrent study also found that nutrient enrichment increased the maximum
body size of a dominant stream consumer and increased the relative dominance of large-bodied
macroinvertebrate larvae (Davis et al. In review-b). These potential shifts in the size structure of
the emerging adults may have reduced prey availability for spiders. Although spiders can eat
larger-bodied prey (Kato et al. 2003, Kato et al. 2004), other studies have shown that spider diet
can be largely dominated by smaller-bodied prey such as Chironomidae and other small Diptera
(Nentwig and Wissel 1986, Tanaka 1991, Williams et al. 1995, Henschel et al. 2001). Despite
larger prey being captured in spider webs, the difficulties associated with handling larger prey
can sometimes increase the rate that spiders reject these prey (Nentwig and Wissel 1986) or
increase prey handling time (Olive 1980). Overall, spiders may more readily accept prey that
are ca. 50 — 80% of the spider’s size, although some larger spiders will consume prey much
larger than themselves (Nentwig and Wissel 1986). If spiders in our study also prefer these
smaller-bodied prey, then nutrient enrichment may have reduced spiders’ reliance on aquatic
emergence because of increases in emergence body size.

The increased dominance of Trichoptera may have further reduced this reliance.
Although there is limited evidence that spiders can eat Trichoptera (Kato et al. 2004), other
evidence suggests that Trichoptera may not comprise a significant proportion of spider diet.
Kato et al. (2004) estimated that ca. 40% of spider diet originated from aquatic predators, such as
Trichoptera, Plecoptera, Tanypodinae Chironomidae, and Megaloptera. However, because they
grouped these taxa together, it is unclear how many Trichoptera they actually consumed.

Circumstantial evidence suggests that Trichoptera may not be easily eaten. For instance, because
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of their wing scales and increased mobility, Lepidoptera, a close taxonomic relative of
Trichoptera, can have a high escape rate from spider webs (Olive 1980). Because Trichoptera
have wing hairs that may function the same way as Lepidoptera wing scales, it is possible that
spider webs may be less efficient at retaining these prey as well. In fact, spider webs of
Tetragnathidae along another stream corridor disproportionately captured Chironomidae and
Ephemeroptera adults, despite the high availability of Trichoptera and Plecoptera emergence
(Williams et al. 1995). Thus, the greater body size of emerging adults and the increased
dominance of Trichoptera may have reduced the reliance of spiders on aquatic emergence.
According to this conceptual framework, if spiders did not eat this increased emergence
biomass because of shifts in its composition, these shifts can subsequently explain why increased
aquatic emergence did not stimulate the biomass of spiders that typically rely on aquatic
emergence (e.g., Tetragnathidae). If spiders primarily consume smaller-bodied Diptera that did
not increase with enrichment, then this likely reduced the positive effects of enrichment on
spider biomass. Conversely, in Sycamore Creek, where there was a positive relationship
between emergence and spider biomass (Sanzone et al. 2003), aquatic emergence is dominated
by Chironomidae and Ephemeroptera (primarily Baetis spp.) (Jackson and Fisher 1986).
Because these taxa are substantially smaller than most of the Trichoptera dominating our
stream’s emergence, smaller-bodied adults from Sycamore Creek may have been more readily
eaten by spiders and helped maintain the positive relationship between spider and emergence
biomass. Thus, the net effect of aquatic subsidies on terrestrial predators may not simply be a
function of the magnitude of the subsidy, but may also be influenced by a subsidy’s community

structure because it alters a predator’s ability to benefit from it.
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Other factors that may affect the dynamic mixing model— Despite this indirect evidence
for the reduced importance of aquatic emergence to spiders along the treatment stream, we
cannot completely rule out that sampling error may have led to this decline. Because emerging
adults are thought to fly upstream during oviposition (MacNeale et al. 2005), the emergence and
isotopic signature actually available to a spider at a given sampling location may differ from
what actually emerges at that location. For this reason, we attempted to validate the isotopic
signature of the aquatic emergence available at a sampling location through additional sampling;
however, these methods (e.g., light traps, sticky traps, and sweep netting) proved ineffective for
adequately sampling aquatic emergence and their isotopic signatures. The mixing model
therefore had to make the assumption that a spider at a given location downstream of the isotopic
enrichment was consuming emergence originating from that same downstream distance. If this
assumption was violated because emergence was flying upstream, then spiders may be eating
aquatic emergence that originated down stream of the spider sampling location. This would have
overestimated the isotopic signature of the consumed aquatic emergence and underestimated the
spider’s reliance on aquatic emergence. Because these watersheds did not differ in their physical
or chemical attributes (e.g., discharge, slope, watershed area, elevation, or temperature) (see
Lugthart and Wallace 1992), we do not believe that upstream flight differed between the streams.
Therefore, any upstream correction would have been applied to both streams and led to similar
interstream differences in aquatic emergence reliance. Additional error may have also been
introduced into our mixing models because we did not directly measure spider ingestion rates or
assimilation efficiencies. Instead we had to use literature values that may have further reduced

the accuracy of our mixing model output. However, any change in our assumptions of prey
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ingestion rates or assimilation rates would have similarly been applied to both streams, which
would have led to similar interstream trends.

Because we applied the same model assumptions and used identical sampling methods in
both streams, our interstream differences (i.e., less reliance on aquatic emergence along the
treatment stream) are likely robust to these potential violations. Our results indicating that
spiders along the treatment stream rely less on aquatic emergence is also indirectly supported by
the lack of a significant increase in spider biomass along the treatment stream. If spiders were
relying equally on aquatic emergence from both streams, we would have expected increased
spider biomass along the treatment stream because of greater resource availability. Because we
found no evidence of an increase, it further supports our isotopic evidence that those spiders
specializing on aquatic insect emergence were likely not eating this nutrient-enhanced insect
emergence.

Effects of nutrient enrichment on spider N content— Despite their reliance upon animal
material relatively high in N content, predators can still be N limited because of their relatively
greater body N content compared to the N content of their prey (Fagan and Denno 2004, Mayntz
et al. 2005). Therefore, we initially predicted that nutrient enrichment would increase the body
N content of aquatic emergence, subsequently increasing the N content of spiders and
stimulating spider populations along the treatment stream. We did not find a biologically
relevant effect of nutrient enrichment on spider body N content or an increased biomass of
riparian spiders. This non-significant response of spider N content was likely due to the similar
lack of an aquatic emergence N content response. An earlier study from our study streams also
showed no effect of enrichment on the body N content of aquatic larvae in these stream food

webs (Cross et al. 2003). Thus, our study further indicates that nutrient enrichment may not alter
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the body N content of adult stream consumers or the riparian predators that eat them, possibly
due to these consumers being relatively homeostatic in terms of body N content (Sterner and
Elser 2002).

Fate of aquatic emergence— Nutrient enrichment increased aquatic emergence biomass
and decreased the reliance of spiders on aquatic emergence, which suggests that a substantial
proportion of this stimulated aquatic emergence was not consumed by riparian spiders and was
destined for other fates. Despite a reduction in the consumption of aquatic emergence by
riparian spiders along the treatment stream, this emergence may have still benefited other
components of the riparian predator community. For example, because aquatic emergence can
represent a significant subsidy for bats and avian insectivores (Kurta and Whitaker 1998, Nakano
and Murakami 2001, Fukui et al. 2006), the emergence not consumed by spiders may have
benefited other such predators. Unconsumed adult emergence also likely returned to the stream
ecosystem during oviposition (e.g., Werneke and Zwick 1992); thus, these returning adults may
have stimulated instream food web pathways as ovipositing adults died and were consumed by
instream detritivores and predators.

In summary, long-term nutrient enrichment more than doubled aquatic emergence
biomass, but did not stimulate the biomass or abundance of riparian spider taxa known to rely
heavily on aquatic emergence (e.g., Tetragnathidae). In fact, we found that the reliance of
spiders on aquatic emergence declined with nutrient enrichment, potentially due to the increased
dominance of large-bodied adults and Trichoptera that may not have been eaten by riparian
spiders. This suggests that the ability of a subsidy to stimulate predator production may not
simply be the gross increase in the magnitude of that subsidy (e.g., Marczak et al. 2007), but may

also be determined by its relative composition. As the positive effects of nutrient enrichment are
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attenuated by trophic distance (Brett and Goldman 1997), our results indicate that the positive
effects of nutrient enrichment on terrestrial spiders may have been similarly attenuated by a
trophic transfer extending across an ecosystem boundary. Thus, when environmental change
increases the magnitude of an aquatic subsidy, it may not always stimulate terrestrial predator
populations. Shifts in the subsidy’s structure (e.g., body size or community composition) may

reduce a predator’s ability to take advantage of subsidy increases.
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Table 5.1: P-value results from the repeated measures one-way ANOVA testing the main effects

of nutrient enrichment on the abundance and biomass of aquatic emergence orders.

Odonata were not analyzed because of insufficient sample sizes.

Combined Emergence Biomass Abundance
Nutrients Fis =16.55 0.0036 Fig =0.76 NS
Time Fe 4= 2.58 0.0300 Fs 45=3.34 0.0079
Nutrients*Time Fo 4= 2.03 NS Fs 45 =1.68 NS
Trichoptera Biomass Abundance
Nutrients Fig =8.95 0.0173 Fig =6.37 0.0356
Time Foag=271 0.0238 Foas=1.11 NS
Nutrients*Time Fe 45 =181 NS Fe 45 =3.01 0.0141
Diptera Biomass Abundance
Nutrients Fis =0.66 NS Fis =0.36 NS
Time Fo 4g=2.77 0.0216 Fs 45 = 4.40 0.0013
Nutrients*Time Fe 48 =0.62 NS Fe 48 =1.95 NS
Ephemeroptera Biomass Abundance
Nutrients Fig =0.50 NS Fig =2.63 NS
Time Foas=174 NS Fs 45 =1.30 NS
Nutrients*Time Fe 48 =0.62 NS Fe 48 =0.44 NS
Plecoptera Biomass Abundance
Nutrients Fig =0.01 NS Fig =0.32 NS
Time Fs 45 =2.04 NS Fe 45 =3.92 0.0029
Nutrients*Time Fo4g=211 NS Fe 48=2.75 0.0224
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Table 5.2: P-value results from the repeated measures two-way ANOVA testing the effects of

nutrients and distance from the stream margin on arboreal spider biomass and abundance.

Combined Arboreal Spiders Biomass Abundance
Nutrients Fi124=215 NS F1.4=28.06 0.0091
Distance F, 2,=0.62 NS F,2,=0.14 NS
Nutrients*Distance F,24=1.69 NS F, 04 =2.49 NS
Time Fo4=235 NS F, 48=0.25 NS
Time*Nutrients F,4=0.41 NS F, 4=2.33 NS
Time*Distance F44=0.73 NS Fa48=251 NS
Tetragnathidae Biomass Abundance
Nutrients Fi1.=031 NS Fi1.,=0.01 NS
Distance F,.4,=0.38 NS F, .4=0.09 NS
Nutrients*Distance F, 24=0.39 NS F, 2 =011 NS
Time F, 48 =4.96 0.0110 F, 4 =4.61 0.0147
Time*Nutrients F, 46 =0.55 NS Fo4=131 NS
Time*Distance Fg4=131 NS F4 45=1.08 NS
Araneidae Biomass Abundance
Nutrients F12,=0.03 NS F124=3.00 NS
Distance F,04=1.43 NS F, 04=4.53 0.0214
Nutrients*Distance Fo2=125 NS F, 0,=3.16 NS
Time F, 48=0.33 NS F, 48 =0.03 NS
Time*Nutrients F, 45=0.64 NS F, 4=155 NS
Time*Distance F4 48=0.56 NS F4 46=0.06 NS
Linyphiidae Biomass Abundance
Nutrients F10,=4.64 0.0415 F104=15.42 0.0006
Distance F, 24=0.20 NS F, 2= 0.50 NS
Nutrients*Distance F, 24=0.48 NS Foo2= 023 NS
Time F, 45 =0.98 NS Foa= 235 NS
Time*Nutrients F, =128 NS F, 4= 160 NS
Time*Distance F4 4= 0.67 NS F4 4= 0.40 NS
Anyphaenidae Biomass Abundance
Nutrients Fi104=3.23 NS Fi04=222 NS
Distance F224=2.39 NS F, 04 =258 NS
Nutrients*Distance F,. =021 NS F,24=0.25 NS
Time F, 48 =0.40 NS F, 48 =3.03 NS
Time*Nutrients F, 45 =0.00 NS F, 45 =0.08 NS
Time*Distance F4 48=6.65 0.0002 F4 48=8.20 <0.001
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Table 5.3: P-value results from the repeated measures two-way ANOVA testing the main effects

of nutrient enrichment and distance from the stream margin on ground spider biomass and

abundance.

Combined Ground Spiders Biomass Abundance
Nutrients Fi., =033 NS Fi2 = 227 NS
Distance F, .4 =45.21 <0.0001 F, .4 =60.00 <0.0001
Nutrients*Distance Foo2 =109 NS Foo = 3.39 NS
Time Fe6 144 =9.02 <0.0001 Fe 144 = 8.69 <0.0001
Time*Nutrients Fo 144 =1.34 NS Fe 144 = 0.77 NS
Time*Distance F12 144=3.18 0.0005 Fio144= 211 0.0197
Amaurobiidae Biomass Abundance
Nutrients Fi0 = 489 0.0368 Fi0 =391 NS
Distance Foo = 974 0.0008 Foo = 448 0.0220
Nutrients*Distance Foo2 = 3.90 0.0340 Foo2 = 070 NS
Time Fe 144 = 4.59 0.0003 Fo 144 = 2.26 0.0407
Time*Nutrients Fs 144 = 0.68 NS Fes 144 = 1.55 NS
Time*Distance F 12 144= 3.70 <0.001 F12 144= 1.96 0.0319
Lycosidae Biomass Abundance
Nutrients Fi12 =020 NS Fi12 = 250 NS
Distance F, 2 =9.08 0.0012 Foo =11.94 0.0003
Nutrients*Distance Fo o =137 NS Foo = 3.28 NS
Time Fo 144 =7.21 <0.001 Fe 144 = 8.14 <0.001
Time*Nutrients Fs 144 =2.00 NS Fo 144 = 3.31 0.0044
Time*Distance Fi2144=2.73 0.0024 Fi2144= 3.30 0.0003
Gnaphosidae Biomass Abundance
Nutrients Fi0 = 489 0.0242 Fi10 = 4.80 0.0384
Distance Foo = 974 0.0012 Foo = 894 0.0013
Nutrients*Distance Foo = 3.90 NS Foo. = 043 NS
Time Fe6 144 = 4.59 <0.001 Fe 144 =11.58 <0.001
Time*Nutrients Fs 144 = 0.68 NS Fe 144 = 1.93 NS
Time*Distance F 12 144= 3.70 0.0297 Fi144= 184 0.0468
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Fig. 5.1: Aquatic insect emergence biomass (A) and abundance (B) originating from the
reference and treatment streams during the one week pre-isotopic enrichment period and
44d isotopic enrichment (mean + SE). Emergence traps (0.25 m?) were deployed on a

weekly basis for 48h in both streams.

136



2501 A Nutrients: 0.0036
—0— Reference Time: 0.03
200 1 —e— Treatment Time*Nutrients: NS
2 g 150
£ 2
2 g 100
50 -
0
400 1 B Nutrients: NS
Time: 0.0079
R
300 | Time*Nutrients: NS
(]
2«
g i 200 1
3E&
<
100 -
O T T T T T T T

o
=
N
w
IN
o
o

137



Fig. 5.2: Average body size of adult insects emerging across all sampling dates (mean + SE).
Calculated for each sampling date by dividing total biomass per emergence trap divided

by total abundance per emergence trap.

138



(Bw)
9z1s Apoq abelany

Treatment

Reference

139



Fig. 5.3: Aquatic emergence biomass (mean = SE) categorized by insect order: Trichoptera (A),
Diptera (B), Ephemeroptera (C), and Plecoptera (D). Odonata are not shown because of
small sample sizes. Note the different scale used for Diptera compared to other three

orders.
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Fig. 5.4: The biomass and abundance of combined arboreal (A and B) and combined ground
spiders (C and D) sampled along both the reference and treatment streams (mean = SE).
Ground spiders were sampled weekly with pitfall traps placed along five transects spaced
at 10m intervals downstream of the isotopic enrichment. Each transect sampled at three
locations: Om, 10m, and 25m from the stream margin. Traps were deployed for 48h.
Arboreal spiders were sampled semi-weekly at the same locations using timed (5 min)
beat sampling of vegetation. NOTE: For simplicity, data are presented as averages over
the entire sampling period and do not explicitly incorporate temporal changes. However,

actual statistical analyses incorporated time (i.e., repeated measures two-way ANOVA).
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Fig. 5.5: Proportion of arboreal spider N derived from aquatic emergence (mean + SE) for
Tetragnathidae (A), Araneidae (B), Linyphiidae (C), and Anyphaenidae (D). Proportions
based on the best fitting results from our dynamic mixing model (Equation 1). Numbers
above each bar represent the number of composite samples analyzed during the isotopic
enrichment that were used to construct the dynamic mixing model. Due to insufficient
sample sizes, we did not calculate some proportions (represented by ND [not

determined]). Sampling locations as in Fig. 5.2.
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Fig. 5.6: Proportion of ground spider N originating from aquatic emergence (mean + SE) for
Amaurobiidae (A), Lycosidae (B), and Gnaphosidae (C). Proportions based on the best
fitting results from our dynamic mixing model (Equation 1). Numbers above each bar
represent the number of composite samples analyzed during the isotopic enrichment that
were used to construct the dynamic mixing model. Due to insufficient sample sizes, we
could not calculate some proportions (represented by ND). Sampling locations as in Fig.

5.2.
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Fig. 5.7: Body N content (mean + SE) for aquatic emergence (A), arboreal spiders (B), and
ground spiders (B). Bars represent the average of all individuals collected at a given
lateral distance from the stream margin through the entirety of the sampling period.
Emergence body N content was analyzed with a one-way ANOVA, but arboreal and

ground spider body N contents were analyzed with a two-way ANOVA.
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CHAPTER 6
GENERAL CONCLUSIONS

Effects of nutrient enrichment on detrital resource dynamics— Because of human
activities that have increased the mobilization of nitrogen (N) and phosphorus (P), nutrient
enrichment has become one of the greatest threats to the functioning and stability of aquatic
ecosystems (Vitousek et al. 1997, Smith et al. 1999, Bennett et al. 2001, Smith and Schindler
2009). However, despite nutrient enrichment threatening both algal-based and detritus-based
food webs, few studies have quantified these effects on detrital-pathways, a dominant food web
pathway in aquatic ecosystems (Mulholland et al. 2001, Moore et al. 2004). This
underrepresentation of a widely-distributed ecosystem type has subsequently hindered the
development of a comprehensive paradigm describing how aquatic ecosystems respond to excess
nutrients (Dodds 2007). Therefore, my dissertation was a component of a larger-scale study that
examined the nutrient response of stream consumers and associated shifts in carbon and nutrient
dynamics within a detritus-based headwater stream.

To more adequately predict how increases in nutrient loading may alter consumer
dynamics in detritus-based food webs, we first need to understand their net effects on detrital
resource quantity and quality. However, this understanding at the stream-scale is still limited
because of few large-scale nutrient enrichments (e.g., Cross et al. 2006, Benstead et al. 2009) and
the previous focus on algal-based food webs that has largely shaped our understanding of
nutrient effects (e.g., Peterson et al. 1993, Slavik et al. 2004). Within algal-based food webs,

nutrient enrichment can simultaneously increase the quality and quantity of basal resources
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because it can increase carbon fixation associated with greater in situ primary production
(Schindler 1974, Peterson et al. 1993, Schindler et al. 2008, Smith and Schindler 2009).
Accordingly, nutrient enrichment is largely believed to stimulate primary consumer and predator
production within aquatic food webs. However, within detritus-based food webs nutrient
enrichment can increase resource quality (Stelzer et al. 2003, Greenwood et al. 2007), but
decrease resource quantity because of increased microbial production that can accelerate detrital
processing rates (Greenwood et al. 2007, Benstead et al. 2009). Due to these divergent nutrient
responses of resource quantity in algal-based vs. detritus-based food webs, nutrient enrichment
may have dramatically different effects on consumers and ecosystem processes in these two
ecosystems types. Therefore, because of the potential decline in detrital resource quantity that
may increase carbon limitation for consumers, we initially predicted that the positive nutrient
response of macroinvertebrate production would be attenuated during the fourth and fifth year of
enrichment (this study) compared to shorter-term responses (years one and two: Cross 2004,
Cross et al. 2006).

Results from our longer-term nutrient enrichment did not support these predictions. In
agreement with results from our two-year enrichment, five years of enrichment continued to
stimulate microbial production and increase detrital-quality (C. Tant unpubl. data, Suberkropp et
al. In press). We also observed significant increases in carbon loss because of increased detrital-
processing rates and microbial respiration due to nutrient enrichment (Gulis et al. 2004, C. Tant
unpubl. data). This ultimately decreased organic matter standing crop (Gulis et al. 2004,
Suberkropp et al. In press) and increased carbon export to downstream habitats (Benstead et al.
2009, A. Rosemond unpubl. data). Thus, rather than nutrient enrichment increasing carbon

fixation and accrual as in algal-based food webs (Schindler 1974, Peterson et al. 1993), nutrient
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enrichment of this detritus-based headwater stream decreased carbon storage and increased
carbon loss via microbial respiration and downstream export of fine particulate organic matter
(Benstead et al. 2009, A. Rosemond unpubl. data). Because downstream habitats are linked to
upstream food webs via resource and macroinvertebrate transport (Vannote et al. 1980), this
greater downstream export suggests the potential for these shifts in upstream carbon dynamics to
alter the structure and function of downstream food webs.

Although nutrient enrichment dramatically increased carbon loss within the treatment
stream (Benstead et al. 2009, Suberkropp et al. In press), enrichment still continued to stimulate
the production of macroinvertebrate consumers in these detritus-based headwater streams
(Chapter 2). This suggests that despite the divergent responses of resource quantity within algal-
based (positive) and detritus-based (negative) food webs, nutrient enrichment had similar
positive effects on total macroinvertebrate production in these two ecosystem types (this study,
Slavik et al. 2004, Cross et al. 2006), at least over our experimental period. Thus, the potential
negative effects of reductions in resource quantity on macroinvertebrate production were largely
outweighed by the positive effects of resource quality.

It should also be noted that these divergent results likely did not result from differences in
the lengths of the experimental enrichments. For instance, the experimental period of our study
exceeded the only other long-term experimental enrichment of a stream ecosystem, the
autotrophic Kuparuk River (Slavik et al. 2004). While the Kuparuk enrichment ran for 16 years
(1983 - 1998), the total number of enrichment days was ca. 730 because this arctic stream was
only enriched during summer months (Slavik et al. 2004). Conversely, our forested headwater
stream was continuously enriched for ca. 1877 days (2.5x longer than the experimental

enrichment of the Kuparuk River). This five-year enrichment would have likely allowed many
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of the stream taxa to reach new population levels, because ca. 90% of the stream taxa in these
headwater streams have life-cycles of one year or less, and only two taxa have larval periods
longer than two years (Anchytarsus [1095 days], Cordulegaster [1140 days]) (Appendix A,
Wallace et al. 1999). Thus, by the fourth and fifth year of enrichment, 90% of taxa would have
produced > 4 generations under nutrient-enriched conditions. This suggests that the consumer
responses observed during the five-year enrichment were likely not temporary.

Summary of dissertation objectives— Within the context of the long-term nutrient
enrichment study, the main objective of my dissertation study was to improve our understanding
of how nutrient enrichment altered consumer dynamics in a detritus-based headwater stream.
Chapter 2 examined whether five years of continuous enrichment would continue to stimulate
both primary consumer and predator production. Because previous enrichment studies that
decoupled predator-prey relationships were conducted at limited spatial and temporal scales
(Bohannan and Lenski 1999, Stevens and Steiner 2006), these decouplings may have resulted
from simplified food webs using few taxa. Therefore, my second chapter (Chapter 2) attempted
to validate these small-scale results at larger scales. Because the effects of nutrient enrichment
on individual stream taxa can vary (e.g., Peterson et al. 1993, Cross 2004), my third chapter
(Chapter 3) attempted to improve our ability to predict these taxon-specific responses to
nutrients. Specifically, it examined the role of consumer body size in mediating consumer
response to nutrient enrichment. Macroinvertebrate consumers can also be important drivers of
many ecosystem processes in headwater streams (Wallace et al. 1991); thus, | quantified the role
of a dominant stream consumer in elemental transformations at the stream-level (Chapter 4).

Because aquatic emergence can represent an important subsidy of terrestrial predators (Jackson
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and Fisher 1986), my final chapter (Chapter 5) assessed whether enrichment increased aquatic
emergence biomass and subsequently increased the biomass and abundance of terrestrial spiders.

Chapter 2 Summary— The objective of Chapter 2 was to assess whether nutrient
enrichment of a detritus-based headwater stream would continue to stimulate primary consumer
and predator production, or whether shifts in food web structure might alter these positive
bottom-up effects on higher trophic levels. Results from the first two years of enrichment
increased the production and biomass of primary consumers and predators in the treatment
stream relative to a reference stream (Cross 2004, Cross et al. 2006). However, continued
nutrient enrichment (years 4 and 5) unexpectedly increased the dominance of predator-resistant
primary consumers that ultimately decoupled primary consumer and predator production. This
truncated resource flows to higher trophic levels and reduced food web efficiency. These results
contrasted sharply with the first two years of our enrichment (Cross 2004, Cross et al. 2006) and
another long-term experimental manipulation of an arctic stream that continued to stimulate
predators and primary consumers even after 16 years of seasonal enrichment (Deegan and
Peterson 1992, Slavik et al. 2004). As our study stream differed greatly in food web structure
from the arctic stream, this chapter indicated the importance of food web structure in regulating
the effects of nutrient enrichment on stream food webs. Specifically, it showed that the net effect
of nutrients may be largely determined by prey body size distributions and the prevalence of
predator-resistant prey, a relationship that has only been previously shown theoretically or at
small-spatial scales (Abrams 1993, Bohannan and Lenski 1999, Chase 1999, Stevens and Steiner
2006). As humans are intentionally and unintentionally enriching aquatic ecosystems to

stimulate predator production (Slaney et al. 2003, Compton et al. 2006), results from my second
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chapter suggest that these practices may not always have the intended effects on ecosystem
productivity.

Chapter 3 Summary— Although nutrient enrichment increased overall consumer
production, the effects of nutrient enrichment on individual taxa and functional feeding groups
varied (Chapter 2, Cross et al. 2005b, Cross et al. 2006). Thus, the goal of Chapter 3 was to
better understand the importance of species-specific traits in determining a consumer’s response
to nutrient enrichment. Specifically, by grouping stream primary consumers and predators into
body size classes and assessing their nutrient enrichment response, | tested whether consumers of
similar body size responded similarly to nutrient enrichment. During the first two years of
enrichment, all consumers regardless of body size increased with nutrient enrichment. However,
because larger prey obtained predator-size refugia that likely decreased their predation risk, their
biomass and abundance continued to increase during years four and five of enrichment.
Conversely, the abundance and biomass of small-bodied primary consumers returned to
pretreatment levels in years four and five. This consumer body size response varied with trophic
level because large-bodied predators did not increase during this same time period. Because
these observed increases in large-bodied primary consumers occurred despite substantial declines
in resource quantity (Suberkropp et al. In press), our results suggest that the positive effects of
resource quality outweighed the potential negative effects of resource quantity on consumer body
size (e.g., Boersma and Kreutzer 2002). A similar positive nutrient response of large-bodied
primary consumers was observed in an algal-based stream food web (Bourassa and Morin 1995),
indicating similar consumer body size responses can occur despite differences in resource base

(algal vs. detrital).
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Chapter 4 Summary— The objective of Chapter 4 was to assess the functional role of a
dominant stream consumer, Pycnopsyche spp., in driving some of the changes in ecosystem
processes observed within our larger-scale nutrient enrichment experiment. Previous results
from this experimental study indicated that nutrient enrichment increased leaf breakdown rates
and carbon export (C. Tant unpubl. data, Greenwood 2004, Greenwood et al. 2007, Benstead et
al. 2009). Because stream consumers can be important drivers of these processes (Cuffney et al.
1990, Wallace et al. 1991, Cross et al. 2005c), we used laboratory-based assimilation
experiments and field-based excretion experiments to assess the effect of nutrient enrichment on
Pycnopsyche’s N, P, and C assimilation and excretion. Enrichment significantly increased the
rate at which Pycnopsyche assimilated N and P, but not C. Nutrient enrichment also increased
Pycnopsyche’s rate of N and P excretion. Surprisingly, despite significant increases in stream N
and P concentrations due to nutrient enrichment, Pycnopsyche assimilated relatively greater
proportions of P compared to N, which suggested that they were differentially sequestering P.
We found similar trends when these results were coupled with our known Pycnopsyche standing
biomass and production values (Chapter 2); thus, Pycnopsyche affected elemental
transformations at the stream-level via simultaneous increases in standing stocks, secondary
production, and assimilation rates. These results were largely in agreement with previous results
from our ecosystem-level manipulation (Cross et al. 2003, Rosemond et al. 2008) and further
indicates that consumers in these headwater streams are principally limited by P availability and
secondarily by N availability.

Chapter 5 Summary— Stream food webs are linked to the surrounding riparian food web
via aquatic insect emergence that subsidize terrestrial predators (Jackson and Fisher 1986, Baxter

et al. 2005). Thus, my final chapter (Chapter 5) assessed whether the observed doubling of
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secondary production in the treatment stream (see Chapter 2) would similarly stimulate aquatic
emergence subsidies and increase spider biomass and abundance. Despite nutrient enrichment
more than doubling aquatic emergence biomass, this increased emergence mostly did not
stimulate the biomass or abundance of terrestrial spiders along the treatment stream. Under
reference conditions, arboreal spiders relied heavily on aquatic emergence for meeting their N
demand. However, nutrient enrichment decreased this reliance in three of the four arboreal
spider families, likely because of shifts in the composition of the emergence community.
Enrichment dramatically increased the average body size of emerging adults and the relative
dominance of Trichoptera, two groups of prey that may not be readily eaten by spiders (Nentwig
and Wissel 1986, Tanaka 1991, Williams et al. 1995, Henschel et al. 2001). Thus, when
environmental change stimulates the production of an aquatic subsidy, it may not always benefit
those predators that specialize on that subsidy. It also suggests that the net effect of resource
subsidies on consumers is not simply a function of the magnitude of the subsidy (e.g., Marczak
et al. 2007), but may also depend on the subsidy’s composition that can alter a consumer’s ability
to benefit from it.

General conclusions— The observed decoupling of predator and primary consumer
production associated with the longer-term enrichment contrasted sharply with results from the
first two years of the nutrient enrichment (Cross et al. 2006) and another long-term enrichment
(Deegan and Peterson 1992, Peterson et al. 1993, Slavik et al. 2004). Because these earlier
enrichments largely maintained a positive relationship between primary consumer and predator
responses, these dissimilar results accentuate the difficulties in predicting stream responses to
nutrient enrichment from this limited number of long-term experiments. Specifically, if the

experimental enrichment had ceased after only two years of enrichment, we would have come to
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similar conclusions as earlier experimental manipulations (i.e., nutrients stimulate primary
consumer and predator production). However, after 4+ years of continuous enrichment, we came
to a dramatically different conclusion; nutrient enrichment does not stimulate predator
production despite dramatic increases in primary consumer production. These divergent
empirical results clearly demonstrate the continued importance of multi-year studies in helping to
predict the long-term effects of nutrients on aquatic ecosystems. Moreover, it suggests the need
for a re-evaluation of the common assumption that nutrients simulate predator and ecosystem
productivity.

Our results also differed from empirical evidence indicating a positive relationship
between aquatic emergence and spider biomass (Sanzone et al. 2003, Marczak et al. 2007).
Despite nutrient enrichment substantially increasing aquatic insect emergence biomass, it did not
stimulate terrestrial spider biomass. Shifts in the size and community structure of the aquatic
emergence likely contributed to this non-significant spider response. Thus, my findings suggest
that shifts in the community structure associated with nutrient enrichment may not only attenuate
the positive effects of nutrients on instream predators, but may similarly attenuate the positive
cross-boundary effects of aquatic emergence on riparian predators.

Because a shift in consumer body size was a prominent mechanism likely driving the
results in three out of the four data chapters presented here, it emphasizes the importance of
species-specific traits, such as consumer body size, in mediating the response of aquatic food
webs to nutrient enrichment. Specifically, consumers are important drivers of many ecosystem-
level processes in stream food webs (Wallace and Webster 1996, Wallace and Hutchens 2000);
thus, it logically follows that the ecosystem-level effects of nutrients on streams should be

similarly propagated through changes in consumer structure and functional traits. This suggests
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that our observed effects of nutrient enrichment on stream function may have been dramatically
different in another aquatic food web that possessed a totally different suite of consumer taxa or
alternatively, nutrient enrichment may evoke the same changes in food web structure in other
ecosystems as we observed here. Therefore, to more generally predict the ecosystem-level
responses of aquatic ecosystem, we need to better understand how consumer body size and other
species-specific traits help determine a consumer’s response to nutrient enrichment. By testing
for nutrient enrichment effects in a diversity of ecosystems that differ in structure, we will be
able to better assess what factors determine how aquatic ecosystems respond to nutrient
enrichment. Only through these studies will we be able to ultimately develop a general paradigm

to predict how nutrients alter the structure and function of aquatic ecosystems.
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APPENDIX A

Mean annual abundance (A, no m®), biomass (B, mg AFDM m™), and production (P, mg AFDM m™ yr) of taxa in each functional
feeding group (as defined by Wallace et al. 1999). Data grouped by mixed substrate and bedrock outcrop habitats in the reference
stream (C53) and the treatment (C54) streams. Insect orders are as follows: E = Ephemeroptera, P = Plecoptera, T = Trichoptera, C =
Coleoptera, O = Odonata, D = Diptera, L = Lepidoptera, NI =non-insect. CPI = cohort production interval in days or, where
indicated, the assumed annual P/B that was used for production calculations. The symbol ‘1’ indicates that the instantaneous growth
rate method was used to calculate secondary production (see Cross et al. 2005 for growth rate methods).

We divided the study into three time periods: pretreatment (PRE 1 and PRE 2; July 1998 — August 2000; 22 months), short-term
response (ENR 1 and ENR 2; September 2000 — August 2002; 26 months), and long-term response (ENR 4 and ENR 5; September
2003 — August 2005; 24 months). The third year of enrichment (ENR 3; September 2002 — August 2003) was not included in the
analyses. Data from the pretreatment and short-term enrichment period have been previously reported (Cross 2004, Cross et al. 2006).

Mixed Substrate Bedrock Outcrops
Functional group or taxon CPl Order Site Year A B P A B P
Scrapers
Epeorus sp. 340 E C53 Prel 1 7 13 6 1 8
Pre 2 34 2 6 16 8 29
Enrl 0 0 0 14 5 41
Enr 2 0 0 0 4 1 8
Enr4 2 <1 2 28 26 94
Enr5 0 0 0 4 6 16
C54 Prel 0 0 0 2 <1 6
Pre 2 4 <1 1 11 11 23
Enrl 4 16 19 18 53 146
Enr 2 0 0 0 32 30 127
Enr4 0 0 0 26 27 87
Enr5 4 <1 <1 12 15 41
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Mixed Substrate Bedrock Outcrops
Functional group or taxon CPl Order Site Year A B P A B P
Baetis sp. 120 E C53 Prel 0 0 0 22 0 4
Pre 2 0 0 0 132 2 36
Enrl 0 0 0 66 1 16
Enr 2 17 <1 2 94 5 70
Enr4 0 0 0 246 5 104
Enr5 33 <1 6 141 5 48
C54 Prel 0 0 0 36 1 20
Pre 2 9 <1 1 41 1 18
Enrl 0 0 0 23 <1 6
Enr 2 0 0 0 77 2 25
Enr4 0 0 0 174 10 118
Enr5 0 0 0 117 3 49
Hydroptila sp. 365 T C53 Prel 0 0 0 26 4 9
Pre 2 33 6 6 48 8 16
Enrl 4 1 2 58 10 19
Enr 2 33 6 7 86 14 16
Enr4 0 0 0 3 <1 0
Enr5 0 0 0 9 2 3
C54 Prel 0 0 0 56 9 15
Pre 2 1 <1 <1 123 21 30
Enr 1 0 0 0 58 10 20
Enr 2 0 0 0 10 2 1
Enr4 0 0 0 0 0 0
Enr5 0 0 0 0 0 0



Appendix A continued:

Mixed Substrate Bedrock Outcrops
Functional group or taxon CPl Order Site Year A B P A B P
Neophylax sp. 213 T C53 Prel 0 0 0 13 0 2
Pre 2 1 0 0 9 0 1
Enrl 1 <1 1 11 <1 1
Enr 2 0 0 0 40 <1 4
Enr4 <1 <1 <1 11 <1 7
Enr5 0 0 0 14 <1 2
C54 Prel 0 0 0 23 <1 3
Pre 2 1 <1 2 12 2 10
Enrl 2 <1 2 43 1 12
Enr2 1 <1 <1 171 3 28
Enr4 4 2 11 596 62 459
Enr5 40 3 28 142 11 80
Ectopria sp. 365 C C53 Prel 7 2 12 26 5 25
Pre 2 10 1 7 90 22 94
Enrl 6 1 3 61 16 54
Enr 2 7 3 8 32 15 34
Enr4 3 2 3 23 13 40
Enr5 0 0 0 50 9 25
C54 Prel 2 <1 2 10 2 8
Pre 2 5 2 4 6 8 14
Enrl 11 <1 3 60 15 38
Enr 2 0 0 0 15 3 8
Enr4 8 6 27 18 8 28
Enr5 18 <1 4 30 5 17
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Mixed Substrate Bedrock Outcrops
Functional group or taxon CPl Order Site Year A B P A B P
Elmidae 365 C C53 Prel 0 0 0 20 1 3
Pre 2 33 0 1 0 0 0
Enrl 0 0 0 0 0 0
Enr 2 2 <1l <1 1 <1 <1l
Enr4 0 0 0 0 0 0
Enr5 2 <1 2 0 0 0
C54 Prel 0 0 0 6 <1 <1
Pre 2 9 <1l 1 7 1 1
Enrl 0 0 0 7 <1 1
Enr 2 11 <1 1 3 <1 <1
Enr4 0 0 0 4 1 2
Enr5 <1 <1 <1 10 2 5
Total Scrapers C53 Prel 8 9 25 112 10 50
Pre 2 112 9 19 294 39 175
Enrl 10 1 6 209 31 131
Enr 2 60 8 16 257 36 131
Enr4 5 2 6 312 45 244
Enr5 35 1 8 218 21 94
C54 Prel 2 0 2 133 13 52
Pre 2 29 2 9 200 44 96
Enrl 17 17 24 211 79 222
Enr 2 12 1 1 308 40 190
Enr 4 12 7 37 818 109 694
Enr5 63 3 31 312 34 191
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Mixed Substrate Bedrock Outcrops
Functional group or taxon CPl Order Site Year A B P A B P
Shredders
Leuctra spp. 340 P C53 Prel 918 49 180 30 1 3
Pre2 1539 73 392 49 2 9
Enrl1 1271 41 304 119 2 17
Enr2 1454 55 382 395 11 106
Enr4 2536 66 504 27 1 8
Enr5 2319 64 508 46 <1 6
C54 Prel 297 17 99 116 4 26
Pre2 750 31 120 78 5 28
Enrl 3847 145 1145 83 5 29
Enr2 1056 55 349 43 1 12
Enr4 386 13 88 89 1 15
Enr5 287 18 82 132 4 24
Tallaperla spp. 540 P C53 Prel 785 92 218 306 45 143
Pre2 1574 127 334 251 54 160
Enrl 573 161 442 465 96 275
Enr2 613 173 360 622 112 333
Enr4 621 161 651 357 110 397
Enr5 393 79 335 329 98 434
C54 Prel 239 51 81 292 37 90
Pre 2 511 107 222 295 50 135
Enrl 681 171 335 258 35 91
Enr2 385 113 227 191 32 80
Enr4 188 124 487 205 122 458
Enr5 202 76 344 177 78 252
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Functional group or taxon CPl Order Site Year A B P A B P
Lepidostoma spp. 246 T C53 Prel 196 19 144 19 <1 4
Pre2 592 46 387 6 <1 2
Enrl 607 39 381 13 1 7
Enr2 615 76 667 31 1 14
Enr4 1157 81 727 29 1 12
Enr5 439 42 301 1 <1 <1
C54 Prel 171 6 94 26 <1 4
Pre2 396 74 533 9 <1 2
Enrl 365 109 725 16 <1 3
Enr2 402 83 765 65 2 25
Enr4 26 8 53 7 <1 5
Enr5 25 9 43 0 0 0
Pycnopsyche spp. 275 T C53 Prel 323 63 895 47 6 94
Pre 2 92 34 367 4 1 15
Enrl 318 95 706 15 <1 88
Enr2 263 88 680 72 1 61
Enr4 592 295 2349 215 13 302
Enr5 107 271 1458 0 0 0
C54 Prel 520 137 1349 60 2 76
Pre2 213 192 1356 6 0 5
Enrl 775 557 3497 10 0.2 115
Enr2 567 1152 8482 44 4 111
Enr4 491 2053 14183 45 45 236
Enr5 431 3126 18390 19 10 52
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Functional group or taxon CPl Order Site Year A B P A B P
Fattigia pele 664 T Ch3 Prel 112 158 233 0 0 0
Pre 2 64 74 194 0 0 0

Enr1 95 133 306 0 0 0

Enr 2 143 135 323 0 0 0

Enr4 269 273 623 0 0 0

Enr5 303 209 510 0 0 0

C54 Prel 167 55 152 0 0 0

Pre 2 105 111 263 0 0 0

Enrl 264 149 435 0 0 0

Enr 2 136 116 336 0 0 0

Enr4 171 234 632 0 0 0

Enr5 106 253 645 1 <1 <1

Psilotreta sp. 335 T C53 Prel 35 10 33 0 0 0
Pre 2 15 7 26 0 0 0

Enr1l 3 9 19 0 0 0

Enr 2 5 5 20 0 0 0

Enr 4 18 10 51 0 0 0

Enr5 3 9 31 0 0 0

C54 Prel 2 1 3 1 <1 <1

Pre 2 10 11 55 0 0 0

Enr1 16 15 77 0 0 0

Enr 2 15 41 100 0 0 0

Enr4 4 27 107 0 0 0

Enr5 10 49 220 0 0 0
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Functional group or taxon CPl Order Site Year A B P A B P
Molophilus sp. 365 D C53 Prel 555 64 318 1 <1 1
Pre2 446 60 307 0 0 0
Enrl 189 33 179 1 1 4
Enr2 207 39 237 0 0 0
Enr4 192 34 153 1 <1 2
Enr5 255 59 324 0 0 0
C54 Prel 116 23 86 0 0 0
Pre2 199 55 223 10 <1 1
Enrl 327 97 455 0 0 0
Enr2 156 70 325 6 0 5
Enr4 324 179 690 0 0 0
Enr5 359 107 538 5 <1 <1
Tipula sp. 310 D C53 Prel 31 220 961 1 7 48
Pre 2 45 190 1018 5 10 81
Enrl 55 230 1406 15 47 323
Enr 2 67 261 1583 18 38 98
Enr4 48 404 1663 0 0 0
Enr5 42 344 1346 6 8 95
C54 Prel 44 134 721 3 14 109
Pre 2 39 98 512 5 11 83
Enrl 63 233 1382 1 4 16
Enr 2 75 328 1818 4 8 77
Enr 4 39 635 2820 6 2 18
Enr5 36 275 1134 2 10 14
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Functional group or taxon CPl Order Site Year A B P A B P
Lipsothrix sp. *5 D C53 Prel 1 2 8 0 0 0
Pre 2 4 6 28 0 0 0

Enr1 1 <1 1 0 0 0

Enr 2 0 0 0 0 0 0

Enr4 10 17 86 0 0 0

Enr5 10 32 161 0 0 0

C54 Prel 1 3 14 0 0 0

Pre 2 0 0 0 0 0 0

Enr1 4 15 74 0 0 0

Enr 2 0 0 0 0 0 0

Enr4 0 0 0 0 0 0

Enr5 <1 5 25 0 0 0

Limonia sp. 340 D C53 Prel 2 1 3 0 0 0
Pre 2 1 <1 1 0 0 0

Enr1l 12 6 25 0 0 0

Enr 2 9 6 24 0 0 0

Enr 4 55 10 51 0 0 0

Enr5 11 3 13 0 0 0

C54 Prel 9 <1 2 0 0 0

Pre 2 0 0 0 0 0 0

Enr1 7 3 10 0 0 0

Enr 2 6 6 19 10 <1 2

Enr 4 <1 <1 <1 0 0 0

Enr5 <1 <1 1 0 0 0
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Functional group or taxon CPl Order Site Year A B P A B P
Anchytarsus sp. 1095 C C53 Prel 7 3 5 2 1 2
Pre 2 23 7 13 0 0 0

Enr1 4 5 1 0 0 0

Enr 2 13 10 14 0 0 0

Enr4 13 15 17 0 0 0

Enr5 13 15 35 0 0 0

C54 Prel 6 1 4 0 0 0

Pre 2 5 8 10 0 0 0

Enr1 57 10 1 0 0 0

Enr 2 8 6 8 0 0 0

Enr4 1 <1 <1 0 0 0

Enr5 8 4 5 0 0 0

Cambarus bartoni *5 NI C53 Prel 4 349 203 0 0 0
Pre 2 8 715 415 0 0 0

Enr1l 6 118 68 0 0 0

Enr 2 3 119 69 0 0 0

Enr 4 9 1160 673 0 0 0

Enr5 3 627 364 0 0 0

C54 Prel 0 0 0 0 0 0

Pre 2 2 249 144 0 0 0

Enrl 0 0 0 0 0 0

Enr 2 0 0 0 0 0 0

Enr 4 4 868 497 0 0 0

Enr5 1 3 2 0 0 0
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Mixed Substrate Bedrock Outcrops
Functional group or taxon CPl Order Site Year A B P A B P
Total Shredders C53 Prel 2975 681 3198 406 59 407
Pre2 4393 623 3434 315 67 376
Enrl 3127 751 3327 628 147 438
Enr2 3387 849 4768 1139 164 1024
Enr4 5520 2527 7547 629 126 721
Enr5 3897 1756 5386 382 107 535
C54 Prel 1572 428 2636 499 59 395
Pre2 2229 686 3531 403 67 395
Enrl 6403 1504 7802 368 44 163
Enr2 2805 1970 12805 362 47 410
Enr4 1635 4120 19557 352 171 732
Enr5 1466 3924 21429 336 102 343
C-gatherers
Paraleptophlebia sp. 340 E C53 Prel 210 6 38 18 4 19
Pre 2 265 15 109 11 1 8
Enrl 59 1 7 9 <1l 1
Enr 2 76 7 27 0 0 0
Enr4 243 20 84 2 <1 <1
Enr5 71 3 25 0 0 0
C54 Prel 89 4 26 53 3 17
Pre2 140 12 65 86 3 27
Enrl 148 9 56 1 0 1
Enr 2 142 13 56 29 1 4
Enr4 94 27 145 0 0 0
Enr5 121 23 144 0 0 0
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Functional group or taxon CPl Order Site Year A B P A B P
Serratella sp. 330 E C53 Prel 0 0 0 165 30 174
Pre2 129 4 51 99 24 154
Enrl 33 <1 9 156 28 218
Enr 2 4 0 1 242 32 299
Enr4 35 <1 8 269 123 615
Enr5 0 0 0 264 42 240
C54 Prel 27 1 42 400 33 189
Pre 2 61 1 10 383 93 541
Enrl 31 4 19 623 221 1216
Enr 2 52 9 57 459 89 596
Enr4 18 2 9 211 169 751
Enr5 8 6 25 297 130 657
Stenonema sp. 340 E C53 Prel 86 14 71 26 0 8
Pre 2 129 21 120 1 <1 <1
Enrl 2 <1 3 44 11 43
Enr 2 41 18 67 0 0 0
Enr4 46 33 163 2 <1 2
Enr5 35 36 137 0 0 0
C54 Prel 17 4 25 1 <1 1
Pre 2 9 8 37 5 1 6
Enrl 18 23 84 0 0 0
Enr 2 82 53 234 6 1 4
Enr4 22 50 205 0 0 0
Enr5 25 68 273 0 0 0
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Functional group or taxon CPl Order Site Year A B P A B P
Amphinemura sp. 300 P C53 Prel 107 1 15 441 14 99
Pre2 211 10 66 297 25 136
Enrl 49 2 16 339 12 110
Enr2 188 5 79 479 25 283
Enr4 211 16 108 476 39 255
Enr5 53 2 12 739 24 206
C54 Prel 45 1 10 746 27 169
Pre2 131 8 22 959 33 254
Enrl 327 26 139 1298 52 474
Enr 2 918 97 975 1101 44 488
Enr4 42 17 73 336 22 228
Enr5 41 7 44 867 37 226
Soyedina sp. 300 P C53 Prel 4 0 0 0 0 0
Pre 2 0 0 0 0 0 0
Enrl 5 1 7 2 <1 3
Enr 2 48 8 51 2 1 5
Enr4 162 7 37 16 <1 4
Enr5 3 <1 3 0 0 0
C54 Prel 0 0 0 1 <1 0
Pre 2 0 0 0 0 0 0
Enrl 42 3 15 0 0 0
Enr 2 53 11 54 6 1 3
Enr4 23 <1 1 0 0 0
Enr5 3 2 7 0 0 0
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Functional group or taxon CPl Order Site Year A B P A B P
Lype diversa 332 T C53 Prel 64 4 19 0 0 0
Pre2 258 12 71 1 <1 0
Enrl 58 7 48 4 <1 <1
Enr 2 48 5 38 3 0 1
Enr4d 412 32 194 0 0 0
Enr5 297 27 165 0 0 0
C54 Prel 22 5 19 0 0 0
Pre 2 41 4 24 0 0 0
Enrl 34 15 66 1 <1 1
Enr2 113 31 163 1 <1 2
Enr4 120 136 755 0 0 0
Enr5 183 90 542 0 0 0
Chironomidae T D C53 Prel 42495 109 1005 9164 18 293
(non-Tanypodinae) Pre2 50931 134 1704 7997 18 322
Enrl 32079 83 1261 7422 19 333
Enr2 32143 98 1279 12751 35 582
Enr4 44882 163 1582 7845 30 377
Enr5 37028 120 1236 7047 15 229
C54 Prel 19252 80 803 12393 30 480
Pre2 30658 194 1457 18214 43 854
Enr1l 58493 204 3968 15240 44 1097
Enr2 41919 180 2817 11389 28 764
Enr4 13420 164 1065 6928 34 938
Enr5 19203 218 1818 16020 50 824
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Functional group or taxon CPl Order Site Year A B P A B P
Leptotarus sp. 365 D C53 Prel 13 107 536 0 0 0
Pre 2 8 104 545 0 0 0

Enrl 2 162 1095 0 0 0

Enr 2 0 0 0 0 0 0

Enr4 5 74 200 0 0 0

Enr5 9 21 76 0 0 0

C54 Prel 2 28 95 0 0 0

Pre 2 1 48 435 0 0 0

Enrl 6 40 205 0 0 0

Enr 2 11 71 260 0 0 0

Enr4 0 0 0 0 0 0

Enr5 2 71 202 0 0 0

Nymphomyiidae *5 D C53 Prel 0 0 0 7 0 0
Pre 2 0 0 0 4 <1 <1

Enrl 0 0 0 1 0 0

Enr 2 0 0 0 6 <1 <1

Enr4 5 <1l <1l 10 <1 <1l

Enr5 25 <1 <1 21 <1 <1

C54 Prel 3 <1 <1 102 1 3

Pre 2 8 <1 <1 91 1 3

Enrl 6 <1 <1 90 1 3

Enr 2 0 0 0 30 <1 1

Enr4 1 <1 <1 9 <1 <1

Enr5 <1 <1 <1 5 <1 <1
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Functional group or taxon CPl Order Site Year A B P A B P
Ormosia sp. *5 D C53 Prel 4 1 3 0 0 0
Pre 2 38 5 25 0 0 0

Enr1 3 3 14 0 0 0

Enr 2 2 2 11 0 0 0

Enr 4 2 <1 2 0 0 0

Enr5 3 <1 5 0 0 0

C54 Prel 4 0 0 0 0 0

Pre 2 1 0 1 0 0 0

Enr1 20 5 24 0 0 0

Enr 2 3 3 13 0 0 0

Enr4 3 9 44 0 0 0

Enr5 8 6 32 0 0 0

Sciaridae 365 D Ch3 Prel 547 11 56 3 <1 <1
Pre 2 410 9 64 0 0 0

Enrl1 259 8 43 0 0 0

Enr 2 129 7 25 0 0 0

Enr4 185 7 34 1 <1 <1

Enr5 115 6 23 0 0 0

C54 Prel 246 6 24 2 <1 <1

Pre 2 302 17 71 1 <1 <1

Enrl1 1355 33 187 1 <1 <1

Enr 2 75 4 15 0 0 0

Enr 4 38 3 8 0 0 0

Enr5 65 5 15 0 0 0
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Functional group or taxon CPl Order Site Year A B P A B P
Copepoda *18 NI C53 Prel 22990 23 414 659 1 13
Pre2 33732 34 607 390 <1 7

Enrl 16441 17 297 1652 2 31

Enr2 20665 21 372 2850 3 52

Enr4 35762 36 644 347 <1 6

Enr5 24609 25 444 385 <1 7

C54 Prel 12213 12 220 199 <1 4

Pre2 30563 31 551 287 <1 5

Enrl 59365 59 1069 1050 1 18

Enr2 43695 44 786 420 <1 7

Enr4 12332 12 221 2406 2 29

Enr5 14325 14 258 3397 3 61

Nematoda *5 NI C53 Prel 14752 12 58 162 0 1
Pre2 13589 12 62 260 <1 2

Enrl 11117 12 62 266 <1 2

Enr2 10612 11 54 385 <1 2

Enr4 12502 11 55 253 <1 1

Enr5 5521 4 22 105 <1 <1

C54 Prel 2053 2 9 36 <1 <1

Pre2 13744 15 73 169 <1 1

Enrl 26327 29 144 223 <1 2

Enr2 20510 21 106 529 1 4

Enr4 7851 11 56 699 1 3

Enr5 8976 13 66 648 <1 4
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Functional group or taxon CPl Order Site Year A B P A B P
Oligochaeta *5 NI C53 Prel 6519 80 398 350 1 5
Pre2 7020 102 509 119 <1 1
Enrl 4905 96 482 225 1 3
Enr2 4239 88 439 461 1 3
Enr4 5049 201 1006 82 <1 1
Enr5 5441 124 619 217 2 11
C54 Prel 1805 104 519 43 <1 1
Pre2 6201 153 767 192 1 7
Enrl 15636 201 1004 111 <1 2
Enr2 9849 235 1174 203 1 6
Enr4 940 297 1483 0 0 0
Enr5 1959 189 945 304 1 6
Total C-gatherers C53 Prel 87778 261 3572 10993 68 704
Pre2 106711 357 3389 9180 69 629
Enrl 65011 230 2248 10119 74 743
Enr2 68194 269 2442 17180 97 1227
Enr4 99503 600 4116 9303 193 1262
Enr5 73209 369 2767 8779 83 693
C54 Prel 35777 220 1695 13976 94 863
Pre2 81858 442 3077 20388 175 1698
Enrl 161802 611 6775 18638 319 2813
Enr2 117410 700 6451 14173 165 1879
Enr4 34902 728 4066 10590 228 1950
Enr5 44920 713 4368 21538 223 1778
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Functional group or taxon CPl Order Site Year A B P A B P
C-filterers

Diplectrona modesta 332 T C53 Prel 297 10 58 36 5 36

Pre2 430 21 187 7 3 23

Enrl1 183 12 82 25 2 24

Enr2 232 15 106 10 3 20

Enr4 157 54 329 2 1 7

Enr5 49 19 71 0 0 0

C54 Prel 128 18 108 62 10 48

Pre2 368 62 353 17 2 22

Enrl 517 59 320 1 1 2

Enr2 350 107 534 20 5 42

Enr4 471 331 2016 160 30 87

Enr5 212 139 704 68 18 93

Diplectrona metaqui 332 T C53 Prel 4 1 5 1 1 1

Pre 2 0 0 0 0 0 0

Enrl 1 3 8 0 0 0

Enr 2 2 3 8 10 5 28

Enr4 12 14 55 0 0 0

Enr5 2 2 5 0 0 0

C54 Prel 0 0 0 0 0 0

Pre 2 0 0 0 0 0 0

Enrl 1 1 5 0 0 0

Enr 2 0 0 0 0 0 0

Enr4 0 0 0 0 0 0

Enr5 0 0 0 0 0 0
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Functional group or taxon CPl Order Site Year A B P A B P
Parapsyche cardis 332 T C53 Prel 68 1 20 904 135 871
Pre 2 1 1 2 1217 157 1343
Enrl 1 <1 1 388 106 742
Enr 2 1 <1 1 414 88 694
Enr4 2 <1 3 740 219 1619
Enr5 3 1 7 693 135 776
C54 Prel 2 9 17 652 126 1000
Pre 2 0 0 0 467 131 909
Enrl 0 0 0 404 112 759
Enr 2 18 2 23 665 199 1422
Enr4 1 12 29 190 238 1497
Enr5 <1 <1 1 344 473 2239
Wormaldia sp. 130 T C53 Prel 1 <1l 3 6 1 12
(summer cohort) Pre2 104 2 28 15 2 22
Enrl 31 5 42 7 2 22
Enr2 17 3 58 25 2 48
Enr4 10 1 12 10 1 15
Enr5 11 3 27 32 5 64
C54 Prel 27 3 35 74 15 105
Pre 2 15 4 29 14 3 24
Enrl 28 10 106 88 9 113
Enr 2 16 3 41 23 1 28
Enr4 2 2 5 61 6 34
Enr5 10 5 52 31 <1 7
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Functional group or taxon CPl Order Site Year A B P A B P
Wormaldia sp. 236 T C53 Prel 3 0 1 7 1 3
(winter cohort) Pre 2 37 3 28 21 2 11
Enrl 19 1 13 13 2 11

Enr 2 80 3 47 55 5 61

Enr4 14 2 15 8 <1 6

Enr5 51 4 28 18 2 16

C54 Prel 5 <1 2 36 5 31

Pre 2 33 4 20 20 2 11

Enrl 106 14 94 92 5 46

Enr 2 90 12 30 93 6 77

Enr4 9 8 76 2 <1 51

Enr5 16 6 53 14 3 29

Dolophilodes distinctus 269 T C53 Prel 1 1 1 0 0 0
Pre 2 1 3 6 0 0 0

Enrl 0 0 0 0 0 0

Enr2 0 0 0 0 0 0

Enr4 0 0 0 0 0 0

Enr5 <1 1 2 0 0 0

C54 Prel 1 <1 2 1 <1l 1

Pre 2 0 0 0 0 0 0

Enrl 0 0 0 0 0 0

Enr 2 0 0 0 10 6 28

Enr 4 <1 <1 <1 0 0 0

Enr5 <1 <1 1 0 0 0
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Functional group or taxon CPl Order Site Year A B P A B P
Simuliidae 180 D C53 Prel 11 <1 3 250 2 35
Pre 2 34 <1 3 276 5 57
Enr1 8 <1 1 205 3 39
Enr 2 8 <1 1 62 1 13
Enr4 0 0 0 676 12 115
Enr5 34 <1 3 505 10 113
C54 Prel 0 0 0 125 2 19
Pre 2 1 <1 <1 19 1 5
Enr1 38 2 16 109 4 46
Enr 2 2 <1 2 53 3 26
Enr4 0 0 0 4 <1 1
Enr5 0 0 0 458 9 72
Dixa sp. 365 D C53 Prel 332 1 6 64 0 2
Pre 2 273 2 12 26 1 2
Enr1l 107 2 12 208 1 5
Enr2 205 3 23 81 1 7
Enr 4 81 <1 4 45 1 6
Enr5 178 2 9 30 <1 1
C54 Prel 42 <1 2 30 <1 1
Pre 2 50 1 4 17 <1 1
Enrl 152 2 13 60 <1 2
Enr 2 40 1 5 38 <1 3
Enr4 22 <1 1 19 <1 3
Enr5 57 1 3 19 <1 <1
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Functional group or taxon CPl Order Site Year A B P A B P
Sphaeridae 280 NI C53 Prel 63 4 18 0 0 0
Pre 2 30 5 23 0 0 0
Enr1 23 2 20 0 0 0
Enr 2 29 7 36 0 0 0
Enr4 139 11 54 0 0 0
Enr5 21 3 16 0 0 0
C54 Prel 8 1 4 0 0 0
Pre 2 18 2 14 0 0 0
Enr1 148 15 114 0 0 0
Enr 2 106 9 70 0 0 0
Enr4 58 7 42 4 <1 <1
Enr5 24 3 9 1 <1 <1
Total C-filterers C53 Prel 778 18 114 1268 145 960
Pre 2 909 37 289 1562 169 1459
Enrl1 373 26 177 845 115 842
Enr 2 573 33 279 657 104 871
Enr4 415 84 473 1482 235 1768
Enr5 348 35 167 1277 153 970
C54 Prel 212 32 170 979 158 1207
Pre 2 484 72 420 554 138 972
Enrl1 989 103 666 754 130 968
Enr2 621 134 706 902 220 1626
Enr4 562 361 2169 439 276 1674
Enr5 322 156 824 935 503 2439
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Functional group or taxon CPl Order Site Year A B P A B P
Invertebrate predators
Cordulegaster sp. 1140 O C53 Prel 63 99 161 0 0 0
Pre 2 32 191 339 0 0 0
Enrl 86 88 158 0 0 0
Enr 2 23 46 121 0 0 0
Enr4 15 51 164 0 0 0
Enr5 7 131 158 0 0 0
C54 Prel 44 153 185 0 0 0
Pre 2 79 151 370 0 0 0
Enrl 81 183 224 0 0 0
Enr 2 27 218 223 0 0 0
Enr4 9 297 267 0 0 0
Enr5 3 48 34 0 0 0
Lanthus sp. 660 O C53 Prel 42 115 277 1 0 3
Pre 2 89 256 670 1 9 14
Enrl 62 185 488 0 0 0
Enr2 61 164 567 4 47 138
Enr4 176 354 903 0 0 0
Enr5 46 308 864 2 36 118
C54 Prel 46 73 184 0 0 0
Pre 2 159 272 674 1 <1 1
Enrl 65 191 439 0 0 0
Enr 2 51 295 686 0 0 0
Enr4 57 332 805 0 0 0
Enr5 12 174 323 0 0 0
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Functional group or taxon CPl Order Site Year A B P A B P
Sweltsa sp. 630 P C53 Prel 18 1 2 1 <1 <1
Pre2 138 2 6 0 0 0
Enrl 8 1 4 0 0 0
Enr 2 4 2 4 0 0 0
Enr4 34 2 8 17 <1 1
Enr5 4 2 5 0 0 0
C54 Prel 16 1 1 0 0 0
Pre 2 9 2 3 0 0 0
Enrl 2 3 2 0 0 0
Enr2 1 1 1 0 0 0
Enr4 103 6 19 75 2 4
Enr5 89 10 24 5 <1 <1
Beloneuria sp. 660 P C53 Prel 32 33 80 6 10 43
Pre 2 95 77 114 5 <1 <1
Enrl 20 75 190 6 1 6
Enr 2 51 130 320 38 7 37
Enr4 69 213 533 5 10 36
Enr5 195 68 204 7 3 16
C54 Prel 20 38 95 51 16 82
Pre2 179 182 566 233 13 61
Enr 1 58 147 428 23 17 56
Enr 2 29 117 290 16 6 24
Enr4 45 37 76 36 67 105
Enr5 256 51 162 10 25 48
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Functional group or taxon CPl Order Site Year A B P A B P
Isoperla spp. 300 P C53 Prel 310 8 81 76 7 42
Pre 2 154 5 57 40 6 50
Enrl 147 8 79 36 1 15
Enr 2 38 3 36 22 4 35
Enr4 177 21 163 104 27 178
Enr5 39 11 50 55 8 53
C54 Prel 116 8 56 124 17 116
Pre 2 149 12 36 184 27 125
Enrl 489 33 257 149 24 156
Enr2 271 51 368 188 26 198
Enr4 50 37 172 141 52 246
Enr5 118 26 178 178 44 313
Malerikus hastatus 660 P C53 Prel 1 <1 <1 1 1 <1
Pre 2 0 0 0 0 0 0
Enrl 0 0 0 0 0 0
Enr2 0 0 0 0 0 0
Enr4 0 0 0 0 0 0
Enr5 0 0 0 0 0 0
C54 Prel 5 2 7 2 1 2
Pre 2 1 1 1 10 4 8
Enrl 0 0 0 0 0 0
Enr 2 0 0 0 1 1 <1
Enr4 0 0 0 0 0 0
Enr5 0 0 0 0 0 0
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Functional group or taxon CPl Order Site Year A B P A B P
Rhyacophila spp. 340 T C53 Prel 158 12 74 20 6 49
Pre2 305 17 130 41 4 36

Enrl 47 15 103 78 4 64

Enr 2 87 12 94 41 7 64
Enr4 163 36 183 71 30 209
Enr5 78 52 192 102 27 195

C54 Prel 82 19 122 127 7 83
Pre 2 71 36 177 122 29 178
Enrl 167 60 388 104 13 112
Enr 2 176 57 424 180 20 169
Enr4 78 100 529 162 53 228
Enr5 97 57 320 124 70 299

Pseudogoera singularis 365 T C53 Prel 3 1 3 131 3 29
Pre 2 2 <1 <1 62 4 20

Enrl 17 <1 2 56 1 9

Enr2 2 <1 2 67 4 16

Enr4 34 <1 1 67 5 27

Enr5 2 <1 2 92 2 12

C54 Prel 22 3 12 175 2 17

Pre 2 14 15 43 168 9 90
Enrl 19 14 16 236 28 163
Enr 2 44 23 132 274 19 101
Enr 4 19 2 12 197 20 132

Enr5 6 3 10 124 10 44
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Functional group or taxon CPl Order Site Year A B P A B P
Ceratopognidae 365 D C53 Prel 4410 132 865 108 7 32
Pre2 7052 233 1272 110 3 16

Enrl 4172 144 983 105 3 25

Enr2 3704 154 794 89 3 23

Enr4 3255 156 856 58 3 18

Enr5 2168 99 583 90 2 20

C54 Prel 1651 78 427 106 9 35

Pre2 3909 194 1001 73 4 21

Enrl 7001 290 1850 51 2 13

Enr2 3568 195 1055 46 4 21

Enr4 1650 120 608 35 1 9

Enr5 3471 150 806 108 9 31

Hexatoma spp. 365 D C53 Prel 865 82 472 0 0 0
Pre2 1048 106 522 10 <1 1

Enrl 597 108 703 18 2 16

Enr2 312 46 334 1 <1 2

Enr4 459 96 493 8 6 27

Enr5 585 92 487 1 <1 <1

C54 Prel 454 67 364 6 1 7

Pre2 823 134 799 9 <1 18

Enrl1 1087 183 1161 10 1 10

Enr2 348 108 666 6 <1 2

Enr4 247 179 814 7 2 3

Enr5 290 134 652 5 2 5
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Appendix A continued:

Mixed Substrate Bedrock Outcrops

Functional group or taxon CPl Order Site Year A B P A B P
nr. Pedicia sp. 340 D C53 Prel 78 15 84 0 0 0
Pre 2 78 14 92 0 0 0

Enrl 6 35 684 0 0 0

Enr 2 70 30 186 0 0 0

Enr4 81 37 214 0 0 0

Enr5 85 40 299 0 0 0

C54 Prel 0 0 0 0 0 0

Pre 2 5 21 62 0 0 0

Enrl 14 24 130 0 0 0

Enr 2 3 3 20 0 0 0

Enr4 4 27 57 0 0 0

Enr5 16 16 57 1 <1 <1

Pedicia sp. 365 D C53 Prel 8 28 88 0 0 0
Pre 2 8 38 14 3 <1 1

Enrl 10 26 84 0 0 0

Enr 2 4 30 78 5 1 10

Enr4 10 50 188 0 0 0

Enr5 2 38 31 0 0 0

C54 Prel 5 1 5 1 <1l <1l

Pre 2 5 52 172 0 0 0

Enrl 4 52 80 0 0 0

Enr 2 6 50 64 0 0 0

Enr 4 2 2 3 0 0 0

Enr5 6 4 9 0 0 0
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Mixed Substrate Bedrock Outcrops

Functional group or taxon CPl Order Site Year A B P A B P
Dicranota spp. 310 D C53 Prel 32 17 79 66 1 12
Pre2 277 10 86 42 1 11

Enrl 85 5 42 22 1 7

Enr 2 85 4 37 91 2 25

Enr4 291 18 140 75 4 26

Enr5 134 12 91 112 1 17

C54 Prel 20 3 27 27 1 8

Pre 2 77 7 36 97 1 21

Enrl 216 30 163 78 2 18

Enr2 142 37 235 132 4 44

Enr4 64 33 163 65 9 32

Enr5 86 26 120 96 5 27

Glutops sp. 365 D C53 Prel 5 13 39 0 0 0
Pre 2 2 11 28 0 0 0

Enrl 2 19 32 0 0 0

Enr2 4 15 51 0 0 0

Enr4 9 39 118 0 0 0

Enr5 6 32 83 0 0 0

C54 Prel 17 42 148 0 0 0

Pre 2 18 56 185 0 0 0

Enrl 11 53 155 0 0 0

Enr 2 20 33 147 0 0 0

Enr 4 4 70 261 0 0 0

Enr5 3 30 75 0 0 0
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Mixed Substrate Bedrock Outcrops

Functional group or taxon CPl Order Site Year A B P A B P
Tanypodinae 340 D C53 Prel 3765 4 58 186 1 7
Pre2 5435 12 111 160 <1 4

Enrl 1585 6 50 170 1 5

Enr2 1449 7 51 219 1 8

Enr4 1526 6 53 537 2 16

Enr5 1263 8 48 70 <1 1

C54 Prel 280 2 15 49 <1 3

Pre2 2038 15 97 233 1 6

Enrl 3057 18 125 177 1 7

Enr2 2477 22 143 45 <1 2

Enrd 1347 24 150 397 3 12

Enr5 1059 13 124 145 1 6

Empididae 340 D C53 Prel 370 2 23 104 2 12
Pre 2 93 1 5 108 3 21

Enrl 154 2 13 67 2 13

Enr 2 90 2 12 119 1 9

Enrd4 227 11 52 85 3 18

Enr5 177 4 18 190 3 19

C54 Prel 79 <1 5 108 3 17

Pre2 156 2 16 185 5 28

Enrl 361 9 51 139 2 13

Enr2 141 7 35 75 1 7

Enr4 190 31 95 43 4 11

Enr5 424 12 59 233 2 6
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Mixed Substrate Bedrock Outcrops

Functional group or taxon CPl Order Site Year A B P A B P
Pilaria sp. 365 D C53 Prel 3 0 1 0 0 0
Pre 2 0 0 0 0 0 0

Enrl 1 <1 <1 0 0 0

Enr 2 0 0 0 0 0 0

Enr4 40 3 10 0 0 0

Enr5 4 1 5 0 0 0

C54 Prel 0 0 0 0 0 0

Pre 2 0 0 0 0 0 0

Enrl 0 0 0 0 0 0

Enr2 1 <1 <1 0 0 0

Enr4 3 4 11 0 0 0

Enr5 8 7 19 0 0 0

Pseudolimnolphila sp. 365 D C53 Prel 6 4 11 1 1 3
Pre 2 48 5 37 0 0 0

Enrl 89 14 81 2 <1 5

Enr2 153 20 102 3 <1 1

Enr4 34 13 45 0 0 0

Enr5 22 7 24 0 0 0

C54 Prel 55 17 50 1 <1 <1

Pre 2 109 41 175 0 0 0

Enrl 341 82 434 0 0 0

Enr2 339 182 676 10 <1 3

Enr 4 20 29 93 2 <1 <1

Enr5 8 9 31 0 0 0
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Mixed Substrate Bedrock Outcrops

Functional group or taxon CPl Order Site Year A B P A B P
Rhabdomastix sp. *5 D C53 Prel 1 0 2 0 0 0
Pre 2 3 2 9 0 0 0

Enrl 1 <1 2 0 0 0

Enr 2 0 0 0 1 <1 1

Enr4 2 2 8 0 0 0

Enr5 <1 1 6 0 0 0

C54 Prel 1 <1 1 1 2 9

Pre 2 3 8 41 0 0 0

Enrl 0 0 0 0 0 0

Enr2 7 16 82 0 0 0

Enr4 0 0 0 0 0 0

Enr5 0 0 0 0 0 0

Dolichopodidae 300 D C53 Prel 10 9 33 0 0 0
Pre 2 46 13 66 0 0 0

Enrl 7 6 21 0 0 0

Enr2 11 6 21 1 <1 3

Enr4 5 2 4 0 0 0

Enr5 26 13 68 0 0 0

C54 Prel 28 2 14 0 0 0

Pre 2 78 25 126 0 0 0

Enr 1 63 23 83 0 0 0

Enr 2 12 6 25 0 0 0

Enr4 22 4 17 0 0 0

Enr5 61 5 24 0 0 0
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Mixed Substrate Bedrock Outcrops

Functional group or taxon CPl Order Site Year A B P A B P
Turbellaria *5 NI Ch3 Prel 38 0 2 34 0 2
Pre 2 364 3 15 98 1 6

Enrl 49 <1 2 40 1 4

Enr 2 46 1 4 93 1 7

Enr4 123 3 14 21 1 6

Enr5 77 1 7 29 <1 2

C54 Prel 61 1 4 16 <1 1

Pre 2 28 <1 1 20 <1 2

Enr1 26 <1 2 12 <1 1

Enr 2 60 1 5 21 <1 1

Enr4 <1 <1 <1 0 0 0

Enr5 4 <1 1 0 0 0

Acari *5 NI C53 Prel 2485 7 33 1726 5 23
Pre2 4820 13 64 1727 5 23

Enrl 1937 5 26 1130 3 15

Enr2 2118 6 28 750 2 10

Enr4 1870 5 25 828 2 11

Enr5 1578 4 21 601 2 8

C54 Prel 767 2 10 485 1 7

Pre2 1446 4 19 693 2 9

Enrl 3653 10 49 755 2 10

Enr2 1602 4 21 641 2 9

Enr4 1089 3 14 960 3 9

Enr5 1361 4 18 969 3 13
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Appendix A continued:

Mixed Substrate Bedrock Outcrops

Functional group or taxon CPl Order Site Year A B P A B P
Total invertebrate predators C53 Prel 12703 582 2468 2461 44 257
Pre2 20088 1009 3635 2406 37 203
Enrl 9080 741 3745 1730 20 184
Enr2 8312 678 2839 1544 80 386
Enr4 8598 1118 4174 1879 93 576
Enr5 6398 924 3245 1352 86 462
C54 Prel 3769 512 1732 1280 60 385
Pre2 9353 1232 4598 2026 96 567
Enrl 16712 1404 6036 1734 91 559
Enr2 9325 1426 5297 1636 83 581

Enr4 5004 1337 4163 2119 216 791
Enr5 7378 777 3045 1998 171 791
Vertebrate Predators
(Salamanders)

Eurycea sp. 365 NI C53 Prel 1 5 9 0 0 0
Pre 2 2 11 40 0 0 0

Enr1 1 2 3 0 0 0

Enr 2 1 2 8 0 0 0

Enr 4 1 6 15 0 0 0

Enr5 <1 3 12 0 0 0

C54 Prel 2 17 24 0 0 0
Pre 2 2 18 15 2 6 35

Enr1 0 0 0 0 0 0

Enr 2 1 4 5 0 0 0

Enr 4 0 0 0 0 0 0

Enr5 0 0 0 0 0 0
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Mixed Substrate Bedrock Outcrops
Functional group or taxon Site  Year A B P A B P
Desmognathus spp. C53 Prel 2 54 68 1 13 37
Pre 2 3 68 120 2 47 56
Enrl 4 75 84 0 0 0
Enr 2 2 55 119 0 0 0
Enr4 6 146 164 1 18 49
Enr5 3 56 110 0 0 0
C54 Prel 1 53 46 2 44 171
Pre 2 2 62 82 0 0 0
Enrl 2 30 38 0 0 0
Enr 2 2 37 89 1 85 140
Enr4 1 15 42 0 0 0
Enr5 2 25 13 0 0 0
Total vertebrate predators C53 Prel 3 59 77 1 13 37
(Salamanders) Pre 2 4 79 160 2 47 56
Enrl 4 77 88 0 0 0
Enr 2 2 57 128 0 0 0
Enr4 7 152 179 1 18 49
Enr5 3 59 122 0 0 0
C54 Prel 3 70 70 2 44 171
Pre 2 4 81 97 2 6 35
Enrl 2 30 38 0 0 0
Enr 2 3 41 94 1 85 140
Enr 4 1 15 42 0 0 0
Enr5 2 25 13 0 0 0



Appendix A continued

Mixed Substrate Bedrock Outcrops
Functional group or taxon CPl Order Site Year A B P A B P
Other rare taxa
(Not included in analyses)
Palaeagapetus sp. *5 T C54 Enr4 0 0 0 0 0 0
Enr5 <1 <2 3 0 0 0
Micrasema sp. *5 T C54 Enr4 0 0 0 13 4 20
Enr5 0 0 0 20 4 19
Thaumalea sp. *5 D C54 Enr4 5 <1l <1 0 0 0
Enr5 0 0 0 2 <1 <1
Pericoma sp. *5 D C54 Enr4 5 <1 <1 0 0 0
Enr5 19 <1 1 0 0 0
Pyralidae *5 L C54 Enr4 <1 <1 3 0 0 0
Enr5 <1 <1 3 2 18 90
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Probabilities of change from the randomized intervention analysis (R1A) for abundance and biomass of individual taxa and functional
feeding groups in mixed substrate habitat for the reference (C53) and treatment (C54) streams. RIA tests the null hypothesis of no
change in abundance or biomass time series between the reference and treatment stream (Carpenter et al. 1989). Probabilities of
change based on 1,000 random permutations of interstream differences. We divided the study into three time periods: pretreatment
(PRE 1 and PRE 2; July 1998 — August 2000; 22 months), short-term response (ENR 1 and ENR 2; September 2000 — August 2002;
26 months), and long-term response (ENR 4 and ENR 5; September 2003 — August 2005; 24 months). The third year of enrichment
(ENR 3; September 2002 — August 2003) was not included in the analyses. Short-term probabilities of change are reported elsewhere
(Cross 2004). Insect orders as designated in Appendix A. Bold values indicate significant RIA. Direction of change indicated by ‘+’
(positive) or ‘-’ (negative). Several taxa were not tested because of insufficient sample sizes (represented by *...”).

Long vs. Pre
P-value P-value

Long vs. Short
P-value P-value

Functional group or taxon

Order

A B

A B

Scrapers
Epeorus sp.
Baetis sp.
Hydroptila sp.
Neophylax sp.
Ectopria sp.
Elmidae
Total Scrapers

OO -d44dmm

(+) 0.050 0.210

0.250 (+) <0.0001

0.256 0.156

0.308 (+) 0.057
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Appendix B continued:

Long vs. Pre Long vs. Short
P-value P-value P-value P-value
Functional group or taxon Order A B A B
Shredders
Leuctra spp. P (-) 0.002 0.384 (-) <0.0001 (+) 0.001
Tallaperla spp. P (+) 0.0487 0.891 0.086 0.888
Lepidostoma spp. T (-) <0.0001 (-) <0.0001 (-) 0.005 (-) <0.0001
Pycnopsyche spp. T 0.811 (+) <0.0001 0.414 (+) 0.026
Fattigia pele T (-) 0.004 0.352 (-) 0.005 0.956
Psilotreta sp. T 0.514 0.094 0.0603 0.583
Molophilus sp. D (-) 0.002 (+) 0.002 0.396 0.160
Tipula sp. D 0.333 0.596 0.116 0.592
Lipsothrix sp. D (-) 0.025 (-) 0.054 (-) 0.002 (-) 0.004
Limonia sp. D (-) 0.002 (-) 0.019 (-) 0.014 0.147
Anchytarsus sp. C 0.115 (-) 0.002 0.383 (-) 0.036
Cambarus bartoni NI 0.519 0.930 0.568 0.471
Total Shredders w/ Cambarus 0.098 (+) 0.011 (-) <0.0001 0.252
Total Shredders w/o Cambarus 0.129 (+) 0.002 (-) <0.0001 0.083
C-gatherers
Paraleptophlebia sp. E 0.244 0.091 0.137 0.439
Serratella sp. E 0.774 (+) 0.052 0.626 0.605
Stenonema sp. E 0.063 0.077 0.544 0.947
Amphinemura sp. P 0.689 0.425 (-) 0.001 (-) 0.038
Soyedina sp. P 0.101 0.171 (-) 0.033 0.373
Lype diversa T 0.507 (+) 0.005 (-) 0.001 (+) 0.006
Chironomidae (non-Tanypodinae) D 0.562 (+) 0.014 (-) <0.0001 0.136
Leptotarus sp. D 0.319 0.395 (-) <0.0001 0.918
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Appendix B continued:

Long vs. Pre Long vs. Short
P-value P-value P-value P-value
Functional group or taxon Order A B A B
C-gatherers cont'd
Nymphomyiidae D (-) 0.017 (-) 0.015 (-) 0.011 (-)0.018
Ormosia sp. D 0.567 (+) 0.014 0.745 0.199
Sciaridae D 0.235 0.741 (-) 0.016 (-) 0.008
Copepoda NI 0.104 0.095 (-) <0.0001 (-) <0.0001
Nematoda NI (+) 0.015 (+) 0.001 (-) <0.0001 (-) 0.003
Oligochaeta NI 0.471 0.542 (-) <0.0001 0.587
Total C-gatherers 0.613 (+) 0.010 (-) <0.0001 0.251
C-filterers
Diplectrona modesta T (+) 0.007 (+) <0.0001 0.870 (+) 0.002
Diplectrona metaqui T
Parapsyche cardis T 0.510 0.725 0.361 0.429
Wormaldia sp. (summer cohort) T 0.501 0.775 0.676 0.743
Wormaldia sp. (winter cohort) T 0.507 0.175 (-) 0.039 0.153
Dolophilodes distinctus T
Simuliidae D 0.621 0.308 (+) 0.038
Dixa sp. D 0.227 0.963 0.674 0.880
Sphaeridae NI 0.901 0.769 (-) 0.002 (+) 0.060
Total C-filterers (+) 0.010 (+) <0.0001 0.226 (+) 0.019
Total primary consumers w/ crayfish 0.596 (+) 0.003 (-) <0.0001 0.299
Total primary consumers w/o crayfish 0.604 (+) <0.0001 (-) <0.0001 0.131
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Appendix B continued:

Long vs. Pre Long vs. Short
P-value P-value P-value P-value
Functional group or taxon Order A B A B
Invertebrate predators
Cordulegaster sp. @) 0.894 0.294 0.379 0.461
Lanthus sp. O 0.080 0.493 (-) 0.046 0.217
Sweltsa sp. P (+) 0.004 (+) 0.008 (+) 0.010 (+) 0.034
Beloneuria sp. P 0.998 (-) 0.006 0.954 (-)0.01
Isoperla spp. P 0.252 0.195 (-) 0.002 0.104
Malerikus hastatus P
Rhyacophila spp. T 0.244 0.334 (-) 0.002 0.738
Pseudogoera singularis T 0.441 0.140 0.386 (-) 0.059
Ceratopognidae D (+) 0.004 0.128 0.211 (-) 0.049
Hexatoma spp. D 0.700 (+) 0.057 (-) 0.022 0.872
nr. Pedicia sp. D 0.808 0.397 0.192 0.947
Pedicia sp. D 0.800 0.477 0.903 0.122
Dicranota spp. D 0.847 (+) 0.012 (-) 0.015 0.230
Glutops sp. D (-) <0.0001 0.505 (-) <0.0001 0.791
Tanypodinae D (+) 0.001 (+) 0.007 (-) 0.002 0.645
Empididae D 0.107 (+) 0.022 0.730 0.153
Pilaria sp. D 0.719 0.561 0.472 0.547
Pseudolimnolphila sp. D (-) 0.039 0.210 (-) <0.0001 (-) 0.004
Rhabdomastix sp. D 0.604 0.158 (-) 0.051 0.999
Dolichopodidae D 0.941 0.638 0.946 0.791
Turbellaria NI 0.872 0.310 0.536 0.071
Acari NI (+) 0.008 (+) 0.008 0.302 0.256
Total invertebrate predators (+) 0.001 0.963 (-) 0.006 (-) 0.001
Total invertebrate consumers w/ crayfish 0.947 (+) 0.008 (-) <0.0001 0.699

Total invertebrate consumers w/o crayfish 0.944 (+) 0.002 (-) <0.0001 0.457
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Probabilities of change from the randomized intervention analysis (R1A) for abundance and biomass of individual taxa and functional
feeding groups in bedrock outcrop habitat for the reference (C53) and treatment (C54) streams. RIA tests the null hypothesis of no
change in abundance or biomass time series between the reference and treatment stream (Carpenter et al. 1989). Probabilities of
change based on 1,000 random permutations of interstream differences. We divided the study into three time periods: pretreatment
(PRE 1 and PRE 2; July 1998 — August 2000; 22 months), short-term response (ENR 1 and ENR 2; September 2000 — August 2002;
26 months), and long-term response (ENR 4 and ENR 5; September 2003 — August 2005; 24 months). The third year of enrichment
(ENR 3; September 2002 — August 2003) was not included in the analyses. Short-term probabilities of change are reported elsewhere
(Cross 2004). Insect orders as designated in Appendix A. Bold values indicate significant RIA. Direction of change indicated by ‘+’
(positive) or ‘- (negative). Several taxa were not tested because of insufficient sample sizes (represented by *...”).

Long vs. Pre Long vs. Short
P-value P-value P-value P-value
Functional group or taxon Order A B A B
Scrapers
Epeorus sp. E (+) 0.003 0.167 0.626 0.099
Baetis sp. E 0.792 0.857 0.586 0.692
Hydroptila sp. T 0.132 0.126 0.340 0.371
Neophylax sp. T (+) <0.0001 (+) <0.0001 (+) 0.021 (+) <0.0001
Ectopria sp. C 0.124 0.233 0.998 0.432
Elmidae C
Total Scrapers 0.101 (+) 0.032 0.223 0.614
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Appendix C continued:

Long vs. Pre Long vs. Short
P-value P-value P-value P-value
Functional group or taxon Order A B A B
Shredders
Leuctra spp. P 0.917 0.453 (+) 0.010 0.085
Tallaperla spp. P 0.424 0.688 (+) 0.021 (+) 0.049
Lepidostoma spp. T 0.285 0.546 0.101 0.584
Pycnopsyche spp. T 0.224 (+) 0.002 (-) 0.045 (+) 0.004
Fattigia pele T
Psilotreta sp. T
Molophilus sp. D
Tipula sp. D 0.628 0.753 (+)0.014 (+) 0.009
Lipsothrix sp. D
Limonia sp. D
Anchytarsus sp. C
Cambarus bartoni NI
Total Shredders w/ Cambarus 0.617 0.406 (+) <0.0001 (+) 0.003
Total Shredders w/o Cambarus 0.617 0.406 (+) <0.0001 (+) 0.003
C-gatherers
Paraleptophlebia sp. E (-) 0.017 0.999 0.594 0.472
Serratella sp. E (-) 0.018 0.773 (-) 0.019 0.190
Stenonema sp. E
Amphinemura sp. P 0.148 0.869 (-) 0.009 0.072
Soyedina sp. P
Lype diversa T
Chironomidae (non-Tanypodinae) D 0.524 0.987 0.838 0.363
Leptotarus sp. D
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Appendix C continued:

Long vs. Pre Long vs. Short
P-value P-value P-value P-value
Functional group or taxon Order A B A B
C-gatherers cont'd
Nymphomyiidae D (-) <0.0001 (-) <0.0001 (-) 0.002 (-) 0.005
Ormosia sp. D
Sciaridae D
Copepoda NI (+) <0.0001 (+) <0.0001 (+) <0.0001 (+) <0.0001
Nematoda NI (+) <0.0001 (+) <0.0001 (+) 0.001 (+) 0.002
Oligochaeta NI 0.378 0.460 0.277 0.425
Total C-gatherers 0.979 0.845 0.344 0.195
C-filterers
Diplectrona modesta T 0.094 (+) 0.009 (+) <0.0001 (+) 0.001
Diplectrona metaqui T
Parapsyche cardis T 0.296 (+) 0.031 0.556 0.078
Wormaldia sp. (summer cohort) T 0.685 0.346 0.476 0.377
Wormaldia sp. (winter cohort) T 0.372 0.602 0.303 0.841
Dolophilodes distinctus T
Simuliidae D 0.459 0.430 0.137 0.078
Dixa sp. D 0.378 0.098 0.296 0.158
Sphaeridae NI
Total C-filterers 0.315 (+) 0.017 0.312 0.060

Total primary consumers 0.953 (+) 0.012 0.338 (+) 0.036
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Appendix C continued:

Long vs. Pre Long vs. Short
P-value P-value P-value P-value
Functional group or taxon Order A B A B
Invertebrate predators

Cordulegaster sp. O

Lanthus sp. @)

Sweltsa sp. P
Beloneuria sp. P 0.176 (+) 0.026 0.211 (+)0.018
Isoperla spp. P 0.928 0.346 0.333 0.449
Malerikus hastatus P
Rhyacophila spp. T 0.369 0.447 0.506 0.334
Pseudogoera singularis T 0.716 0.064 (-) 0.040 0.448
Ceratopognidae D 0.814 0.894 0.43 0.645
Hexatoma spp. D 0.338 0.879 0.494 0.948
nr. Pedicia sp. D

Pedicia sp. D
Dicranota spp. D 0.712 0.113 (-) 0.042 0.309
Glutops sp. D
Tanypodinae D 0.663 0.286 0.992 0.224
Empididae D 0.663 0.205 0.740 0.450
Pilaria sp. D

Pseudolimnolphila sp. D

Rhabdomastix sp. D

Dolichopodidae D
Turbellaria NI 0.873 0.480 0.262 0.355
Acari NI (+) <0.0001 (+) <0.0001 (+) 0.035 (+) 0.041
Total invertebrate predators (+) 0.024 0.235 0.473 0.141

Total invertebrate consumers 0.883 (+) 0.008 0.313 (+) 0.023
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Average biomass and abundance of arboreal spider families collected during 5-minute beat sampling. Values represent averages of 5
replicate samples collected along the reference (C53) and treatment (C54) streams on each sampling date. Distance represents the
lateral distance from the stream margin. Arboreal spiders were sampled semi-weekly. Spiders at 25m from the stream margin were
not sampled during the pretreatment isotopic enrichment period (PRE).

Biomass (mg beat sample'l)

Abundance (no. beat sample™)

Distance Week Week
WS Spider Family (m) PRE 2 4 6 PRE 2 4 6
53 Pisauridae 0 0 0.08 0 0 0 0.2 0 0
10 0 3.75 1.32 0 0 0.2 0.4 0
25 ND 0.06 0 0 ND 0.8 0 0
53 Thomisidae 0 0 0 0 0 0 0 0 0
10 0 1.17 0.17 3.25 0 0.2 0.2 0.6
25 ND 0 0.43 0 ND 0 0.2 0
53 Anyphaenidae 0 0.6 3.05 1.06 0.69 1.2 6 1.4 0.8
10 0.92 0.5 2.42 2.96 2 1.2 2.4 3
25 ND 1.06 0.97 1.53 ND 1.8 1 1.6
53 Uloboridae 0 0 0 0.27 0.02 0 0 0.2 0.2
10 0 0 0.02 0.04 0 0 0.2 0.4
25 ND 0 0 0.03 ND 0 0 0.4
53 Tetragnathidae 0 0.54 0.13 3.58 3.01 0.8 0.2 1 0.4
10 1.13 1.62 1.47 1.61 1 1.2 1.2 0.8
25 ND 1.07 1.7 3.12 ND 0.8 0.8 0.6
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Biomass (mg beat sample'l)

Abundance (no. beat sample'l)
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Distance Week
WS Spider Family (m) PRE 2 4 6 PRE 2 4 6
53 Hahniidae 0 0 0 0 0 0 0 0 0
10 0 0.01 0 0 0 0.2 0 0
25 ND 0 0 0 ND 0 0 0
53 Dicytinidae 0 0 0.15 0 0.18 0 0.2 0 0.2
10 0 0 0.32 0.18 0 0 04 0.2
25 ND 0 0 0.31 ND 0 0 0.4
53 Theridae 0 0 0.41 0 0.15 0 0.4 0 0.2
10 0 0 0.23 1.6 0 0 0.2 1
25 ND 0.32 0.52 1.47 ND 0.2 0.4 0.4
53 Salticidae 0 0 1.14 0 0 0 0.2 0 0
10 0.3 0 0.82 0.89 0.2 0 0.2 0.2
25 ND 0.11 0.27 0.77 ND 0.2 0.2 0.4
53 Corinnidae 0 0 0 0 0 0 0 0 0
10 2.07 0 0 0 0.2 0 0 0
25 ND 0 0 3.51 ND 0 0 0.2
53 Liocranidae 0 0 0 0.7 0 0 0 0.2 0
10 0 0 0 0 0 0 0 0
25 ND 0 0 0.65 ND 0 0 0.2
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Biomass (mg beat sample'l)

Abundance (no. beat sample'l)
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Distance Week Week
WS Spider Family (m) PRE 2 4 6 PRE 2 4 6
53 Unknown A 0 0 0.12 0.3 0 0 0.2 0.6 0
10 0 0 0.29 0.12 0 0 0.4 0.2
25 ND 0.12 0 0 ND 0.2 0 0
53 Araneidae 0 3.21 0.45 4.58 7.41 0.8 1.6 1 0.8
10 1.71 1.59 1.98 0.7 1 2.4 3.2 2.4
25 ND 0.54 1.63 0.98 ND 3 14 1.6
53 Linyphiidae 0 0 0.21 0.05 0.1 0 1.2 0.6 0.6
10 0.1 0.43 0.21 0.06 0.4 1.2 1.4 0.2
25 ND 0.17 0.35 0.12 ND 2 1.4 0.4
54 Pisauridae 0 0 0.59 1.04 0.87 0 0.2 0.8 0.6
10 0 0 0 0 0 0 0 0
25 ND 0 0 0.78 ND 0 0 0.2
54 Thomisidae 0 0.07 0 0 0 0.2 0 0 0
10 0 0 0.23 0 0 0 0.2 0
25 ND 0.2 0 0.92 ND 0.2 0 0.6
54 Anyphaenidae 0 1.39 2 0.29 0.55 3.2 4.6 0.6 0.6
10 0.9 0.65 2.11 1.56 2.2 1.2 2.8 1.8
25 ND 0.2 0.4 0.81 ND 0.4 0.6 0.8
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Abundance (no. beat sample'l)

Distance Week Week
WS Spider Family (m) PRE 2 4 6 PRE 2 4 6
54 Uloboridae 0 0 0 0 0 0 0 0 0
10 0 0 0 0.48 0 0 0 0.6
25 ND 0 0 0.03 ND 0 0 0.4
54 Tetragnathidae 0 1 0.96 7.56 4.97 0.8 0.4 2.6 0.8
10 0.61 0.9 2.86 2.59 1 0.2 1 0.6
25 ND 0.24 1.32 5.26 ND 0.4 0.8 0.6
54 Dicytinidae 0 0 0 0 0 0 0 0 0
10 0 0 0 0.5 0 0 0 0.4
25 ND 0 0 0.45 ND 0 0 0.8
54 Theridae 0 0 0 0.24 0 0 0 0.2 0
10 0 0 0.06 0.43 0 0 0.2 0.2
25 ND 0 0.46 1.1 ND 0 0.6 0.6
54 Salticidae 0 0.46 0.42 0.32 0 0.4 0.6 0.2 0
10 0.12 0.76 0 0 0.2 0.4 0 0
25 ND 1.02 0 0.4 ND 0.4 0 0.2
54 Mysmenidae 0 0 0 0.09 0 0 0 0.2 0
10 0 0 0 0 0 0 0 0
25 ND 0 0 0 ND 0 0 0
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Biomass (mg beat sample'l)

Abundance (no. beat sample'l)
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Distance Week Week
WS Spider Family (m) PRE 2 4 6 PRE 2 4 6
54 Unknown A 0 0.15 0 0 0 0.2 0 0 0
10 0.08 0 0 0.27 0.2 0 0 0.2
25 ND 0.06 0 0 ND 0.2 0 0
54 Unknown B 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0
25 ND 0 0 0.19 ND 0 0 0.2
54 Araneidae 0 4.06 1.47 0.31 7.54 1.6 0.6 1.4 1.2
10 0.04 0.34 1.19 0.05 0.2 1.2 0.8 0.4
25 ND 2.42 1.63 1.99 ND 1 2.8 3.6
54 Linyphiidae 0 0 0.01 0.18 0.06 0 0.2 0.4 0.2
10 0 0.01 0 0.09 0 0.2 0 0.4
25 ND 0.04 0.18 0 ND 0.4 0.4 0



APPENDIX E

230

Average biomass and abundance of ground spider families collected weekly with pitfall traps. Values represent average of five

replicates collected along the reference (C53) and treatment (C54) streams on each sampling date.
Biomass (mg pitfall'l)

Abundance (no. pitfall'l)

Distance Week Week
WS Spider Family ~ (m) PRE 1 2 3 4 5 6 PRE 1 2 3 4 5 6
53  Thomisidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 267 076 0 0 0 0 6.38 02 02 0 0 0 0 0.4
25 345 0 3.5 0 276 0 232 0.2 0 0.2 0 0.2 0 0.2
53 Anyphaenidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25 0 0 0 009 O 0 0 0 0 0 0.2 0 0 0
53  Gnaphosidae 0 0 0 0 194 078 0 0 0 0 0 04 02 0 0
10 0 124 3.09 327 7.24 0 0.66 0 0.2 0.6 0.8 1.2 0 0.2
25 0 0 65 391 419 062 16 0 0 1.2 0.6 1 02 02
53 Lycosidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 228 202 359 0 127 0 0 02 02 04 0 1
25 417 13 099 751 85 0 0 0.4 0.2 0.2 0.6 0.6 0 0
53 Tetragnathidae 0 0 0 0.25 0.56 0 0 0 0 0 02 02 0 0 0
10 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25 0 0 0 0 0 0 0 0 0 0 0 0 0 0
53 Amaurobiidae 0 208 003 0 181 © 0 217 02 02 0 0.2 0 0 0.2
10 512 6.12 0 0 0 011 0.31 06 0.6 0 0 0 02 04
25 204 021 169 0 012 0.12 0.07 02 02 02 0 04 02 02
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Biomass (mg pitfall'l)

Abundance (no. pitfall'l)
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Distance Week Week
WS Spider Family ~ (m) PRE 1 2 3 4 5 6 PRE 1 2 3 4 5 6
53 Hahniidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25 0.12 0 0 0 0.16 0 0 0.2 0 0 0 0.2 0 0
53 Dictynidae 0 0 0 0.14 0 0 0 0 0 0 0.2 0 0 0 0
10 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25 0 0 0.32 0 0 0 0 0 0 0.2 0 0 0 0
53  Theridiidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0.08 0 0 0 0 0 0 0.2 0 0 0 0 0 0
25 0.09 0 0 0 0 0 0 0.2 0 0 0 0 0 0
53 Salticidae 0 0.39 0 0 0 0 0 0 0.2 0 0 0 0 0 0
10 3.2 148 1.25 0 0 0 0 04 04 04 0 0 0 0
25 0.05 0 0 0 0 0 0 0.2 0 0 0 0 0 0
53 Atypidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25 0 0 0 0 4.45 0 0 0 0 0 0 0.2 0 0
53 Corinnidae 0 0 0 0 0 0.06 0 0 0 0 0 0 0.2 0 0
10 0 0 0 0 0.05 0 0 0 0 0 0 0.2 0 0
25 0 0 0 0 0 0.18 0 0 0 0 0 0 0.4 0
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Biomass (mg pitfall™)

Abundance (no. pitfall™)
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Distance Week Week
WS  Spider Family (m) PRE 1 2 3 4 5 6 PRE 1 2 3 4 5 6
53 Ctenidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25 0 0 0 0 1.46 0 0.96 0 0 0 0 0.2 0 0.2
53  Liocranidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25 0 0.05 0 0 0.15 0 0.06 0 0.2 0 0 0.2 0 0.2
53  Tengellidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25 2.76 0 0 0 0 0 0 0.2 0 0 0 0 0 0
53 Unknown 0 0 0 0.03 0 0 0 0 0 0 0.4 0 0 0 0
10 0 0 0.01 0 0 0 0 0 0 0.2 0 0 0 0
25 0 0 0 0 0.03 0 0 0.2 0 0 0 0.2 0 0
53  Linyphiidae 0 0.27 0.05 0.01 0 0 0 0 0.4 0.2 0.2 0 0 0 0
10 0.19 0 001 095 001 015 0.11 1.2 0 0.2 04 0.2 0.4 0.4
25 0.11 0.05 0.06 0.09 0.01 0 0 0.6 0.2 0.4 04 0.2 0 0
54 Pisauridae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0 1.91 0 0 0 0 0 0 0.2 0 0 0
25 0 17.78 3.73 0 0 0 0 0 0.2 0.4 0 0 0 0
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Distance Week Week
WS Spider Family (m) PRE 1 2 3 4 5 6 PRE 1 2 3 4 5 6
54  Thomisidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25 1.6 0 0.63 0 0.73 0 0 0.2 0 0.2 0 0.2 0 0
54  Anyphaenidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 451 0 0 0 0 0 0 0.2 0 0 0 0 0 0
25 0 0 0 0 0 0 0 0 0 0 0 0 0 0
54  Gnaphosidae 0 0 0 0 0 1.08 0 0 0 0 0 0 0.2 0 0
10 0 0 0.91 0 5.24 0 0.92 0 0 0.2 0 1.2 0 0.2
25 0 0 164 145 431 0 1.26 0 0 0.2 0.4 1 0 0.4
54 Lycosidae 0 0.22 0 0 0 0 0 0.52 0.2 0 0 0 0 0 0.2
10 0 1.28 0 0 3.16 0 5.19 0 0.2 0 0 0.4 0 0.6
25 0 0 2.12 0 17 258 10.53 0 0 0.2 0 3 0.6 2
54  Amaurobiidae 0 0.16 0 0.35 0.19 0 0 0.19 0.2 0 0.4 0.2 0 0 0.2
10 27.14 8.06 5.79 0 3.41 0 0.15 1.6 0.8 0.8 0 0.4 0 0.2
25 1.23 0 205 262 268 0 4.36 0.2 0 0.8 04 04 0 0.6
54 Hahniidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0.94 0 0.12 0.12 0 0 0 0.8 0 0.2 0.2 0 0 0
25 0.45 048 0.12 0.48 0 0.14 0.1 0.8 0.6 0.2 0.8 0 0.2 0.2
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Appendix E continued:
Biomass (mg pitfall™) Abundance (no. pitfall™)

Distance Week Week
WS  Spider Family (m) PRE 1 2 3 4 5 6 PRE 1 2 3 4 5 6

54 Dictynidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0 09 134 O 0 0 0 0 02 0.2 0 0 0 0
25 0 0 0 0 0 0 0 0 0 0 0 0 0 0
54 Salticidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

10 0.24 0 044 .
25 0.51 0 0.36 0 0 0
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54  Antrodiaetidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25 0 0 0 0 0 0.2 0 0 0 0 0 0 0.2 0
54  Corinnidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0.02 0 0 0 0 0 0 0.2 0
25 0 0 0 0 0 0 0 0 0 0 0 0 0 0
54 Ctenidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0 0 242 0 301 0 0 0 0 0.4 0 0.4
25 0 0 0 0 281 0 0 0 0 0 0 0.4 0 0
54 Cybaeiidae 0 0 0 032 0 0 0 0 0 0 0.4 0 0 0 0
10 0 0 0 0 0 0 0 0 0 0 0 0 0 0

25 0 0 0 0 021 0 0 0 0 0 0 0.2 0 0
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Distance Week Week
WS Spider Family (m) PRE 1 2 3 4 5 6 PRE 1 2 3 4 5 6
54 Liocranidae 0 0 0 0 0 0 0 0.05 0 0 0 0 0 0 0.2
10 0 0 0 0 0 0 0.07 0 0 0 0 0 0 0.2
25 0 0 0 0 0.01 0 0.15 0 0 0 0 0.2 0 0.6
54  Tengellidae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 1.6 0 0 0 0 0 0 0.2 0 0 0 0
25 0 0 0 0 0 0 0 0 0 0 0 0 0 0
54 Araneidae 0 0 0 0 0 0.06 0 0 0 0 0 0 0.2 0 0
10 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25 0 0 0.12 0 0 0 0 0 0 0.2 0 0 0 0
54  Linyphiidae 0 0.04 0.04 0.03 0.07 0.03 0 0 0.2 0.2 0.4 0.2 0.6 0 0
10 0.14 0.18 0.05 0.04 0.05 0 0.06 0.8 0.8 0.4 04 0.6 0 0.2
25 0.32 0.02 005 0.16 0.06 0 0 2 0.6 0.2 0.6 0.4 0 0



