ABSTRACT
BALIK, JARED ANDREW. From Animals to Ecosystem Processes: Predicting Functional
Outcomes of Climatériven Changes in Animal Communities through Species T(alteder
the directiorof Dr. Bradey Taylor).

Animals can havéarge effects on ecosystem processes such as nutrient cycling or
detritus processing, but these can be difficult to study directly in natural sySiagis species
contributionsareoftenparticularly challenging to isolate and measure. Howevgr.e c i e s 6
functional traits provide mechanistic limketween animals and their effects on ecosystem
processes, and thus provide an indirect metho
contributions to overall ecosystem procesiethis dissertation, duantify key functional traits
(nutrient excretion and detritus processiatgg of larval caddisflies that are biomagsminant
detritivores in subalpine pondghendevelop a framework for makingpndlevel predictions of
animalcontributions to ecosgem processes and explore functional outcomes of differences in
community compositiomamong pond hydroperiod classificatiarsdinvasions by range
expandingcaddisflies

In chapter 1, found considerable interspecific variation in biomagecific excretion of
nitrogen (eightfold differences) and phosphorus (sevenfold differences) améargal0
caddisflyspecies. Through a megmalysis, | compared the variation within this guild to the
ovenall range in variation found among other farriyel assemblages and found that,
comparatively, the interspecific variatiamong caddisflgxcretion ratesvas high for N and

intermediate for P. This suggests that functional redundancy aspegess difficult to predid,

and consequently the functional outcomes of species gains or losses could be substantial.



In chapter 2] found similarly high interspecific variation in larval caddisfly biomass
specific detritus processing rafgsirteenfold differenes in coarse processing, eightftddfine
particulates Furthermore, on a masgecific basis, amphipods and chironomids processed a
similar amount of detritus as caddisflissggesting that the importance of rairedder
detritivores may be greatdran previously recognized. Finally, | show that processing by mixed
caddisfly assemblages in natural ponds is strikingly similar to additive predictions based on
individual species ratesuggesting that singlgpecies rates may be useful for understanding
functionaloutcomef shifting assemblages

In chapter 31 combinenutrient excretion rates and biomasses of pelagic and benthic
invertebrates and salamandeith nutrient uptake rates in a simulation model to estimate
animatdriven nutrient supply angondlevel demand along a hydroperiod gradieinpermanent
ponds that never dry, semipermanent ponds that dry in some years, and temporary ponds that dry
annually | found that animal biomass increased with hydroperiod duration, and biomass
predicted amhaldriven supply contributions among hydroperiod classifications. Consequently,
communitywide supply was greatest in permanent ponds. N supply exceeded demand in
permanent and sermpermanent ponds, whereas P supply equaled demand in both. Conversely,
temporary ponds had large deficitsboth nutrientslue to lower biomass and hydroperiod
induced constraints on dominant suppliers (oligochaetes and chironomids). Thus, as climate
warming causes hydroperiods to become increasingly temporary and indireatiytpbiomass
declines and compositional shifts, anirdalven nutrient supplwill decrease and strong nutrient
limitation may arise due to loss of aninthiven supply.

In Chapter 4, | adapted the simulation model framework to predict caddisfly nutrient

supply and detritus processing throughout three upstoe expansionsbserved over a 30



year longterm dataset. | found that the dominant resident regulated caddisfignt supply and

detritus processing until the thirbnresident arrivedhough total ecosystem process rates did

not change. This suggests that processes regulated by dominant species may be more sensitive to

i nvasion, and s p eychange befofewvemltecosystar processlrates. ma
Developmental phenology differences likely facilitated the thim n r e snurdegicaltsuWcsess

and alteration of residents6é functional rol es
range expangnscould still contribute to greater amahgbitat ecosystem procesariability.

Thus, the body of work presented in this dissertadiemonstrates that functional traits provide a

novel approach to studying functional outcomes of changes in commamifyositions.
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i
BIOGRAPHY

| was born and raised in Darlington, Pennsylvania, the youngest of three siblibgs by
years.Thelushrolling forestsand diverse wildlifesurrounding my homimstilled a love of
natureand outdoor recreation, particularly hiking, fishing, and campteanwhile, observing
my father repaiseemingly anything mechanical caused me to deekipongcuriosity of how
objects and systems workelhe transition away from diap internetallowed me to foster this
curiosity by building computers and networks, and for a time | envisioned a future career in
information technology. Howeverftar witnessing sudden dramatic changes in the woods and
streams behind my home afterogding operationmy interestin systems and love of nature
combined into a conservation ethic a@hss, | wonde
aftergraduating high schodldecided to major in biologgnd environmental scieneg¢
Allegheny Colleg, with the intention of learning holiving things andecosystem$unctioned

Admittedly, | began my college experience thinking #eat backup plamy majors
would also prepare me for a career in medidimvever,at the timd had little concept of wat
kinds ofcareerpossibilitieswere in theenvironmental fieldThat changed when | met Dr. Scott
Wissinger in my second semestgcott welcomed me into his lakhnd soon thereafter | found
myself conducting research with him in streaand wetlands imorthwestern Pennsylvania
During an independent study course with Scott the following semesteclaedhat | had a
knack for analytical chemistry, which was largely thanks to the dedicated efforts of my high
school advanceglacement chemistry telaer, Kim Baker. Scott then suggested that | might be a
great candidate for his summer research program at a field station called the Rocky Mountain
Biological Laboratory in Gothic, Colorad®MBL). He gave me a nugget of an idea for an

independent summeesearch project, which | developed into a research proposal for a



competitive but generous undergraduate research fellowship from the Arnold and Mabel
Beckman Scholars Program. My proposal was fundéd;h provided financial support for two
summers ofndependent research with Scott at RMBL.

Those first two summers at RMBL indeed changed my life. Allegheny was a small
school, and Scott was one of five ecology professungreasundreds of ecologists from across
the USA migrated to RMBL every summénteracting with these diverse scientists and their
graduate students helped me understand the breadth and flexibility of a career in science.
Meanwhile,l had tremendous fun helping Scott with his ldagmpondresearch program and
working on my indepenate research, which later became my undergraduate senior thesis.
These formative summers also introduced me to my future doctoral advisor, Dr. Brad Taylor
anddeepened my bond with my partner and labgratisan Washko

After completing my bachelors ofistice degreat Allegheny College in 2016,began
my PhD at North Carolina State UniversiBcott and Brad were éels on an NSF grant, so |
had the wonderful opportunity to continue collaborating on pond research with them as | began
new stream researcBadly, Scott passed away unexpectedly in October 20i&sbeen a
privilegeto carry orhislegacy withour science familyand to synthesize the foundations of the

research career that | began with his guidance in this dissertation.

In my free time | pursuediverse hobbiegzitness is dremost among these, with
emphaeson bodybuildingstyle weightliftingand swimming, as well dsarning about
nutritional biochemistryexercise and slegghysiology, and@onductingdatadrivenn=1 fitness
experimentso understand and improve mpgrformanceOtherwise, | greatly enjoy baking

breads, hiking, camping, kayaking, tinkering with electrgmieading,and strategy games.
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Figure 4.1 Larval caddisfly abundance andpredicted contributions to ecosystem
processes in permanent ponds over 30 years at Mexican Cut, Colorado
Natural logtransformed caddisfly densitieg\[(note Y axis is backtransformed
to original scale)] were averaged across all permanent ponds (rarigé = 3
ponds per year), and error bars repreSérito confidence intervals. Colored
boxes under-axes indicate range expansion periods defined by initial dates
of upslope range expsion (e.g., orange®expansion box indicates
L. picturatusarrived in 1998, green f@s. lorreatae or A. bimaculata 2006,
andred foN. hostilisi n 2016) . Speciesdo areal daily
and nitrogen supplies and detritus progeggas coarse particulate organic
matter, CPOM) were predicted as the products of gpewel density, average
final instar masses, and speesgecific nutrient excretion or detritus processing
rates. Although there were large intraspecific differencescretion and
detritus processing rates, within a species rates were temporally and spatially
consisten{12, 13, methods supplemgnallowing us to apply them across the
long-term survey dataset. Still, we incorporated variation in spagiesific
rates by repeating poidvel calculations 1000 times with randomly sampled
speciesspecific rates in each iteration. Nutrient supply and detritus processing
were averaged across all peegel iterations to estimate the mean £ 1 SE
speciesspecific contibutions to P supply K)], N supply [D)], and detritus
processing [)]. Black points and lines indicate total caddisfly abundance or
total contribution to ecosystem processe:
calculated to standardize fimterannual variation in the total. We grouped the
relative contributions to P supplydj], N supply [E)], and CPOM processing
[(G)] of subdominant residentag. deflataandAn. nigriculug and nonresident
taxa (. picturatus, G. lorretae or A. bimalata, N. hostili§ separately for
comparison with the dominant resideht éxternuy Colored arrows within plot
space indicate direction of statistically significant trends in corresponding
speciesd6 or groupso6 rel at ansien..c.o.n.tl@@i but i ol

Figure 4.2 Proportionsof pondy e ar observations where speci es:
and contribution to an ecosystem process equaled or exceeded those of
dominant residentL. externus Numeric labels in legend after species indicate
total number of ponds sampled sampled since the species was first observed at
Mexican Cut (pong/ears). pecies above the dotted 1:1 lines can functionally
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surpass the dominant resident without matching their relative abundance, and
species below can numerically surpass the dominant resident without matching
their relative contribution to ecosystem proces§gmparison of P supply
contributions in(A), N supply in(B), and detritus processing (€)................... 110

Figure 4.3 Relationships between caddisfly assemblage evenness and aggregate
variability in species contributions to ecosystem processési el ou 6 s
Evenness (J) was calculated using average caddisfly densities across all
permanent ponds at Mexican Cut (e.g., densities in Figure 1A; averages of
3-7 ponds per year). Aggregate variability iresjgs contributions to ecosystem
processes (e.g., variability among ponds and species) was calculated as the
sum of s p epondegasiaince aprocess contribution and 2x the sum
of contribution covariances among all species pairs. Aggregate Vigyialais
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returns aggregate var i aColorediboxgsunder t he or i
([A]) x-axis indicate range expansion periods defined by initial dates of
upslope ange expansions (e.g., orangadnge expansion box indicates
picturatusinvaded in 1998, green f@. lorreatae or A. bimaculata 2006,
and red foN. hostilisin 2016).Evenness declined over timeA|N;
F117=5.73, p = 0.029, &= 0.20) but did not differ among or change during
range expansions (expansionaf= 1.74, p = 0.20; expansion*Year:
Fs3i7= 0. 72, p = 0.55). All three ecosystem
had negative relationships witkkenness (P in B)]: F123=17.61, p < 0.001,
R2=0.42; N in [C)]: F1,23=5.74, p = 0.025, &= 0.17; detritus in )]: F123=
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Appendix 1 Figure SMap shows locations and hydrologic permanence of ponds used to
collect caddis for excretion measurements. Inset map magnifies
Mexi can Cut Preserve. El evati onal pr
vall eyo from the bottom of the map,
mapped ponds. Table gives elevational and habitat (hydrologic
permanence) distribution of the 10 larval caddisfly species. *
indicates documented distributional shift upslope or into a new
hydrologiC PErMAaNENCE.........cooii i 118

Appendix 1 Figure SRlean (+ 1 S.E.) instagpecific masspecific nutrient excretion rates
for A. nigriculus, L. externus, and L. picturatus. Units are nutrient
excreted (ug) per unit body mass (mg) per day (d). For all instars of
all three species, n=5 excretion measurements...............cc.cccveeee 120

Appendix 1 Figure SB) Relationship between caddisfly bodyesand nitrogen excretion
rates for all ten species. Excretion rates are expressed as a function of
ug Nindividual!day?! by multiplying excretion rates in ug Mgl by
each excretion measurementds respect
means of thesgyecies and instaspecific rates were paired and
pl otted with each speciBgs and instar
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Relationship between caddisfly body size and phosphorus excretion
rates for nine species (H. occidentals omitted because body P content
was unaveable). Mean instaspecific P excretion per bug (as TDP)
paired with mean instar specific P body conténtR? = 0.36, F{ s

=6.07, p = 0.04B: R?=-0.64,F1,7715.29, p<0.01).......c.cvrvrenenee. 121

Appendix 1 Figure SRercentd) Filamentous algae ar®) total algae in caddisfly diets
predict mean mass specific 5th instar P excretion r@)eBercent
detritus in caddisfly diets predict mean molar 5th instar N:P excretion
ratios. A deflatais not shown but is included in mod&lwvo species
(H. occidentalisN. hostilig are omitted from all panels and models
because dietary data was unavailgBleR?= 0.86, k6= 44.4,
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Apperdix 2 Figure S1 Meant(1 SE) permicrocosm daily CPOM (A) and FPOM (B)
processing rates. Asterisks indicate an invertebrate treatment is
significantly different from the control within each experiment.
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Appendix 2 Figure S2 FPOM increases with CPOM processing within the larval caddisfly
guild per unit body mass (Ax1fe= 81.82, p <0.001; FPOM =
0.319*CPOMi 0.0067) and pecapita (B: k29= 100.51, p <0.00I;
FPOM = 0.319*CPOM 0.127). Color indicates species. Regression
slopes are similar among species (CPOM*Speciess &=+1.16, p =
0.354; B: 20= 1.06, p = 0.407). However, intercepts differ among
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Appendix 2 Figure S3redicted and observedixed assemblage microcosm processing for
CPOM (A) and FPOM (B). Predicted values were calculated by
summi ng the products of microcosm es
massspecific processing rates and their biomass in the mixed
assemblge. Observed values (mearl SE) from mixed assemblage
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between observed and expected values at p < 0.054tled one
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Appendix 4 Figure SOnset of autumn freeze is occurring later at Schofield Pass
(USDA NRCS SNOTEL Site 737)A 3-day moving average daily
temperature was used to determine the first date of subfreezing
(O °@) autumn temperature at the Schofield Pass SNOTEL
Site 737 (data retrieved fro(h5); (F1,33= 3.56, p = 0.068,



XVviii

adj R = 0.07). Relative to the Mexican Cut, this weatherstation is
approximately 2 km southeast and 300 m lower in elevation. at
p < 0.05 (twetailed one sampletests; 2011 df = 4 , 2018 2015
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Abstract. Understanding the amount of variation in functional traits between closely related species
within guilds is critical for understanding links between community composition and ecosystem pro-
cesses. Nutrient excretion is an important link between animals and their environments, and aquatic
invertebrate communities can supply a considerable proportion of ecosystem nutrient demand via
excretion. We quantified nitrogen (N) and phosphorus (P) excretion rates of 10 species of larval caddis-
flies that inhabit high-elevation ponds and wetlands to determine the magnitude of variation in nutrient
excretion within this guild. We found considerable interspecific variation in biomass-specific excretion
of nitrogen (eightfold differences), phosphorus (sevenfold differences), and the stoichiometric N:P ratios
(fivefold differences). Through a meta-analysis, we compared the variation within this guild to the vari-
ation found in other family-level species assemblages to determine the overall range in the variation of
nutrient excretion that could be expected across guilds and to determine whether the variation in this
caddisfly guild is comparatively extreme, average, or low. The meta-analysis revealed a large range in
variation among guilds, and comparatively, the variation within this caddisfly guild is high for N excre-
tion and intermediate for P excretion. The considerable variation within guilds revealed by our meta-
analysis suggests that functional redundancy among guild members is difficult to predict. Thus, some
natural or human-caused species gains or losses within biological groupings such as guilds and trophic
levels could have little or no effect on ecosystem processes, whereas others could have very large
effects.
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INTRODUCTION evenness, and identity can all contribute to dif-
ferences in functional diversity within and
Combining taxonomically or functionally among groups that can in turn influence ecosys-

related species into groups, such as trophic
levels, functional groups, and guilds, is often
used to explore the relationships between biolog-
ical diversity and ecosystem function (Tilman
1997, Boyero et al. 2007, Slade et al. 2007, O’Con-
nor et al. 2017). Species richness, dominance,
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tem functions (e.g., Hooper et al. 2005, Cardinale
et al. 2006). Many studies have demonstrated
that particular species (e.g., dominant, keystone,
or foundational species, and ecosystem engi-
neers) within groups can strongly regulate
ecosystem processes (Symstad et al. 1998, Bruno
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et al. 2005, Hooper et al. 2012, Schmitz et al.
2014), but few studies have considered the
degree to which closely related species are func-
tional equivalents in terms of their effects on
basic ecosystem functions such as nutrient
cycling and energy flow. Understanding the
range of variation within taxonomic or functional
groupings is important because human activities
at local, regional, and global scales often lead to
shifts in species relative abundances within
guilds or cause species range shifts, introduc-
tions, or extinctions.

Numerous studies find that aquatic inverte-
brate communities can make significant contri-
butions to ecosystem nutrient demand via
excretion and closely related species are often
assumed to make similar contributions (e.g.,
Grimm 1988, Vanni 2002, Hall et al. 2003, Alves
et al. 2010, Ozersky et al. 2013). Vanni (2002)
argues that of all the direct (excretion, inges-
tion, egestion, production) and indirect (compe-
tition and physical modification of the
environment) effects that animals can have on
nutrient cycling, excretion is the most impor-
tant because dissolved inorganic forms of
excreted nutrients (e.g, NH} and PO;) are
readily assimilated by primary producers and
microbial decomposers that form the trophic
base of food webs. Perhaps because taxonomy
so frequently succeeds at explaining interspeci-
fic variation in nutrient excretion (e.g., Allgeier
et al. 2015), it is occasionally assumed that
there will be redundancy in nutrient cycling
among closely related species (Grimm 1995,
Vanni et al. 2002). However, other studies have
found that species are not functionally equiva-
lent, and there are many examples of how the
loss or addition of a single species can dramati-
cally affect carbon flow and nutrient cycling
(e.g., Hall et al. 2003, Taylor et al. 2006, McIn-
tyre et al. 2007, Small et al. 2011). This suggests
that within assemblages of closely related spe-
cies, which are commonly grouped into ecolog-
ical guilds and assumed to fulfill similar
functional roles in ecosystems, there could be
substantial variation in traits such as nutrient
excretion. This variation could arise from
underlying differences in body size, tissue stoi-
chiometry, strength of stoichiometric homeosta-
sis, elemental resource allocation, development
rate, activity, and environmental factors such as
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dietary resource quality and temperature, and/
or a plethora of other factors, all of which
could be magnified by differences in popula-
tion-level biomass. But, this also implies that
animal guilds that directly influence nutrient
cycling in different ecosystems are not equal,
and it is therefore reasonable to expect that the
variation in nutrient excretion might differ
among guilds and ecosystems. Thus, the pur-
pose of this study was to compare the variation
in nutrient excretion among species within
guilds of aquatic animals to explore the range
in variation in this particular functional trait.

Larval case-making caddisflies (Trichoptera:
Limnephilidae) are aquatic insects whose detri-
tivorous larvae are commonly found in shallow
standing water habitats at temperate and boreal
latitudes across the Northern Hemisphere. At
our study sites near the Rocky Mountain Biologi-
cal Laboratory (RMBL), Colorado, there are 10
species that occur in high-elevation ponds and
wetlands. As a consequence of trade-offs
between traits that facilitate coexistence with
predators and those that facilitate the completion
of larval development before ponds dry, the par-
ticular combinations of species vary among pond
permanence types (temporary vs. permanent;
Wissinger et al. 2003, 2006). These closely related
caddisfly larvae (Ruiter et al. 2013) are the bio-
mass-dominant processors of coarse detritus in
these habitats (Wissinger et al. 1999) and are
among the biomass-dominant prey resource for
top predators in small lakes, ponds, and wet-
lands (salamanders or fish; Wissinger et al.
1999). Experimental studies that relate detritus
processing to nutrient regeneration in this system
have demonstrated that nutrients released dur-
ing detritus processing by this caddisfly guild
can stimulate algal growth (Klemmer et al.
2012). Further, because long-term survey data
demonstrate climate change-related shifts in spe-
cies composition along both a hydrologic perma-
nence gradient and an elevational gradient
(Wissinger et al. 2003, 2016; Appendix SI:
Fig. S1), it is important to understand how
changes in species composition will affect the
rate at which nutrients are excreted by these
detritivorous animals.

Our first objective was to quantify species-
specific and mass-specific excretion rates for ten
species of larval caddisflies and determine how
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this key functional trait varied within this guild,
especially across habitats (pond permanence)
and along an elevational gradient. Over four
years (2014-2017), we measured ammonium-
nitrogen (NHj-N), soluble reactive phosphorus
(SRP), and total dissolved phosphorus (TDP)
excretion rates for larvae of each species in the
field. These data were used to test the following
predictions: (1) Different species of larval caddis-
flies excrete different amounts of N and P, (2)
species-specific excretion rates are consistent
throughout the day and among sites that vary in
hydrologic permanence and elevation, (3) spe-
cies’ mass-specific excretion rates scale pre-
dictably with larval instars, and (4) variation in
excretion rates can be predicted by species iden-
tity as well as specific intrinsic species traits such
as tissue stoichiometry, diet, and body size, as
well as extrinsic factors such as water tempera-
ture, pond permanence classification, and eleva-
tion. We found considerable variation among
species, but low variation within each species
both within and among habitats, and this varia-
tion provides the opportunity to explore how
intrinsic and extrinsic traits of these animals
affect nutrient excretion.

These results stimulated our second objective,
which was to compare the variation in nutrient
excretion rates within this caddisfly guild to the
variation in excretion rates found in other inver-
tebrate and vertebrate guilds. Using the aquatic
animal excretion database compiled by Vanni
et al. (2017), we conducted a meta-analysis of the
variation in ammonium and phosphorus excre-
tion found in other aquatic animals. This meta-
analysis allowed us to (1) predict the range in
variation of excretion rates that could be
expected across guilds and (2) determine
whether the variation in nutrient excretion by
this particular guild is typical or extreme. By
exploring the variation in nutrient excretion rates
found within and among guilds, we assess the
extent to which species can be considered func-
tionally redundant at the guild level. We found
that differences among guilds can explain much
of the variation in animal nutrient excretion, and
that within a guild of caddisflies, variation in
nutrient excretion was intermediate for P and
high for N compared to the variation in excretion
within guilds of other aquatic invertebrates and
vertebrates.
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METHODS

Site selection

Ponds and wetlands were selected across an
elevational gradient from montane (~2900 m)
to upper montane (~3200 m) to subalpine
(~3500 m) in the upper East River valley near the
RMBL in central Colorado (Appendix S1: Fig. 51;
38°6' N, 106°6" W) based on historical species
distribution data (Wissinger et al. 2003, 2016).
The subalpine sites were located in the Mexican
Cut Nature Preserve (39°1' N, 107°4' W). At
montane elevations, ponds have higher levels of
nutrients, in part because of cattle grazing on
public lands, whereas at subalpine elevations
ponds are oligotrophic (nutrient-poor) and co-
limited by phosphorus and nitrogen (Elser et al.
2009). At all elevations, pond permanence ranges
from ephemeral (temporary) to semi-permanent
to permanent (Wissinger et al. 1999, 2003). At all
elevations, the available development time for
temporary habitat species is very short, starting
after snowmelt (e.g., late April-June depending
on the elevation) and ending either when tempo-
rary ponds dry (e.g., June-July) or at the onset of
new snowpack (e.g., October-November; Wis-
singer et al. 2003).

Annual censuses of the invertebrate communi-
ties in these habitats since 1990 indicate that
cased caddisflies (nine species of Limnephilidae,
one of Phryganeidae) dominate the animal bio-
mass in these habitats, increasing from 30% to
70% of animal biomass along a gradient from
permanent to semi-permanent to temporary len-
tic habitats (Wissinger et al. 1999, unpublished
data). These caddisflies are the only taxa that are
explicitly described as shredders of wvascular
plants (e.g., Merritt et al. 2008). Other taxa that
are typically assumed to be biofilm grazers that
might act as cryptic detritivores by breaking
down CPOM as a result of scraping epidetrital
biofilm include the snail Stagnicola elodes and tad-
poles of montane chorus frogs (Pseudacris mon-
tanus; Brady and Turner 2010, Stoler et al. 2016).
The other biomass-dominant invertebrate taxa
are either predators (dragonflies, damselflies,
dytiscid beetles, water bugs) or consumers of fine
particular organic matter (chironomid and culi-
cid fly larvae; Wissinger et al. 1999).

All but two of the ten caddisfly species (Nermio-
taulius hostilis, Agrypnia deflata) overwinter in
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high-elevation ponds as diapausing eggs that
hatch in early spring when inundated with
snowmelt water. Larval development (five
instars) occurs from May to August with upslope
delays within a species and temporary-pond spe-
cies completing development before permanent
pond species (Wissinger et al. 2003, Wissinger,
unpublished data). Agrypnia deflata (family: Phry-
ganeidae) complete development in late summer
with adults immediately laying eggs in perma-
nent habitats, where larval development begins
in fall and finishes during the following summer.
Similarly, adults of the recent upslope migrant,
N. hostilis, emerge in early spring and exhibit a
short adult diapause during summer before lay-
ing eggs that do not diapause during winter;
rather larvae begin development in fall, overwin-
tering under the ice as 2nd—4th instars, and com-
pleting development in late spring of the
following year (Winterbourn 1971, Inkley et al.
2008). Because of these staggered life cycles, syn-
optic excretion measurements were not possible
and we focused on final instars at appropriate
times in the year based on interspecific differ-
ences in phenology.

Experimental design

We measured excretion rates of final (5th) instar
larvae of each of the 10 species of caddisflies (sum-
mer 2014, Asynarchus nigriculus, Grammotaulis lor-
ettae, Limnephilus externus, Limnephilus picturatus;
2015, Limnephilus secludens, Limnephilus sublunatus,
Limmnephilus  tarsalis, Hesperophylax  occidentalis,
Agrypnia deflata; and 2017, N. hostilis). For each
species, pond-side excretion incubations were con-
ducted for one hour in the shade to maintain
ambient temperature. This duration was selected
as a compromise between capturing ambient
excretion rate and minimizing stress or starvation
effects on metabolic or excretion rates. For each
incubation, five final instar caddisflies of a single
species were placed into a Ziploc bag pre-filled
with 315 mL of filtered pond water. To test for a
time-of-day effect, triplicate incubations were
repeated in the morning, midday, and early after-
noon, yielding nine excretion measurements for
each species. At the beginning of each time block,
water and air temperature were recorded. Because
four species have broad elevational ranges (A. ni-
griculus, G. lorettae, L. externus, and L. picturatus),
we were also able to test for a site-specific or
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elevational effect by repeating excretion measure-
ments at three elevations; montane, upper mon-
tane, and subalpine, yielding 27 excretion
measurements for each of these four species. The
remaining six species are more narrowly dis-
tributed, with three species restricted to the mon-
tane (L. secludens, L. sublunatus, and L. tarsalis)
and three to the subalpine (A. deflata, H. occiden-
talis, and N. hostilis). Thus, we collected nine excre-
tion measurements for each of these six species.

In summer 2016 and 2017, we measured instar-
specific excretion rates of several biomass-domi-
nant species with broad distributions in elevation
and pond hydroperiod (A. nigriculus, L. externus,
and L. picturatus) to test whether excretion rates
differed among instars within a species. Melt
water below the snow in early spring triggers egg
hatching in most of these species, and because 1st
instar larvae last only a few days, larvae have typ-
ically reached the 2nd instar by the time ponds
are ice free (Wissinger et al. 2003). Thus, instar-
specific measurements were obtained for instars
2nd-5th. For each species, five replicate excretion
measurements were conducted for one hour with
five individuals of a given instar per bag. Addi-
tionally, for several species with large cases (A. de-
flata, G. lorettae, L. externus, and L. picturatus), we
used five empty cases from 5th instar animals to
test for empty-case microbe uptake or excretion
during one-hour incubation periods.

To estimate species-specific excretion, we mea-
sured the differences in ammonium-nitrogen
(NH, -N), SRP, and TDP in filtered water col-
lected before and after one hour of incubation.
This technique has been used in previous studies
on macroinvertebrates (e.g., Grimm 1988, Hall
et al. 2003) as well as with fish (e.g., Brabrand
et al. 1990, Wheeler et al. 2015) and amphibians
(Whiles et al. 2009). All water samples were col-
lected and filtered using a syringe and inline fil-
ter holder containing a 25-mm Gelman AE glass
fiber filter. Following excretion measurements,
caddisflies were retained to measure body mass
and tissue stoichiometry (see Caddisfly Body Mass
and Body Stoichiometry Methods).

Excretion nutrient analyses

Ammonium was measured for each excretion
sample using quadruplicate 20 mL filtered water
samples collected in amber Nalgene bottles. Sam-
ples were chilled in the field and frozen upon
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returning to the laboratory. Samples were
thawed and measured following a fluorometric
method using a Turner Designs Trilogy Fluorom-
eter (Sunnyvale, California, USA; Taylor et al.
2007). The method uses standard additions to
determine a precise and matrix-corrected concen-
tration of NH; -N (Taylor et al. 2007).

Phosphorus was measured using 20 mL fil-
tered water samples collected in glass test tubes.
Samples were chilled in the field and stored in a
refrigerator upon returning to the laboratory. Sol-
uble reactive phosphorus samples were analyzed
as quickly as possible (immediately or the next
day) to prevent sample degradation. Total dis-
solved phosphorus samples were digested with
0.2 g K;5,05 in a pressure cooker for one hour to
oxidize all reactive P to PO; . Both SRP and TDP
were measured following a standard colorimetric
method (Ostrofsky and Rigler 1987) using a
Thermo Scientific GENESYS 10S UV-VIS Spec-
trophotometer (Waltham, Massachusetts, USA).
Because SRP was measured for only five species
(A. nigriculus, L. externus, L. picturatus, G. lorettae,
and N. hostilis) and was 80 £ 15% of TDP excre-
tion with paired differences not significantly
different from zero (Tzg = —1.58, P = 0.12), mass-
specific P excretion was reported and analyzed
as TDP.

Caddisfly body mass and body stoichiometry

In 2014 and 2015, caddisfly larvae were pre-
served in 95% EtOH and later oven dried for
48 h at 60°C to obtain dry mass. These samples
could not be used for body stoichiometry analy-
ses due to suspected lipid loss. In 2016 and 2017,
all caddisfly larvae were preserved by freezing at
—80°C. Because we did not conduct instar-speci-
fic or 5th instar case-only excretion measure-
ments for all species, we collected representative
5th instars of L. secludens, L. sublunatus, and
L. tarsalis for stoichiometric analysis. Body tissue
samples were sent to UC Davis Stable Isotope
Facility for C:N. Remaining tissue was com-
busted in a muffle furnace at 500°C for 2 h and
used to measure body tissue P following the
digestion and colorimetry protocols for TDP.

Calculation of mass and species-specific
excretion rates

Rates of N or P excretion, in units of
ug-mg Ld™!, were calculated as the difference
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between final and initial concentrations (pg/L) of
nutrient in the bags divided by total caddisfly
dry mass in bag (mg) and incubation time (h),
and multiplied by 24 h and 0.315 L.

Statistical analyses: variation within a family

Factorial analysis of variance (ANOVA) was
used to test for differences in excretion among
the final (5th) instar of the 10 species across time
of day and site/elevation. Simple linear regres-
sion was also used to test for an effect of water
or air temperature on excretion rate. These anal-
yses allowed us to generate mean final instar
excretion rates with n =9 or n = 27 replicates
per species by combining measurements across
temperature, time, and location (e.g., elevation).
ANOVA was also used to compare body mass-
specific excretion rates among species. Tukey’s
HSD was used to detect differences in mean
excretion rates among species.

T-tests were used to determine whether mean
nutrient excretion or uptake by empty caddisfly
cases differed from zero. General linear models
(GLM) were used to test for a relationship
between developmental instar and mass-specific
excretion for A. nigriculus, L. externus, and L. pic-
turatus. Separate models tested for differences in
the mass-specific excretion rates of N or P for
each species, with developmental instar treated
as an independent categorical variable in all
models. General linear models were also used to
test for an effect of temperature on excretion
rates for each species and across all species.

A series of GLMs with single continuous pre-
dictors, including body size, average tissue sto-
ichiometry, and previously collected dietary
data (Wissinger et al. 1999), was used to test
for relationships between species” intrinsic traits
and excretion rates. Dietary data were collected
using methods described in Wissinger et al.
(1996); briefly, these included extracting the
entire digestive tract, staining with Congo Red,
and using a Sedgewick-Rafter cell to visually
quantify the percent contribution of plant detri-
tus, amorphous material, algal cells, and chitin-
stained invertebrate exoskeletons. Predictors
that were significantly related to either N or P
excretion were subsequently used as fixed
effects in trait-based GLMs to compare species
traits and species identities as predictors of
per-individual nutrient excretion. Trait models
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also included species’” ranked activity levels
(most mobile to most sedentary), primary case
material, and extrinsic traits (pond permanence
and elevation) as fixed effect predictors
(Appendix S1: Table S1). A correlation matrix
was used to identify multicollinearity between
traits and refine model selection; when two
traits were highly correlated (r > 0.5), the trait
that individually better predicted excretion was
used. Variance inflation factors (VIFs) were also
used to inform final trait model selection, with
VIF < 3.5 considered acceptable. After minimiz-
ing model VIFs, the trait models with the low-
est Akaike Information Criteria (AIC) were
selected. Species-based models of N and P
excretion only included species identity as a
fixed effect predictor. We used AIC to compare
species-based and trait-based models. All statis-
tical analyses were performed using R Statisti-
cal Software (version 3.3.1; R Foundation for
Statistical Computing, Vienna, Austria).

Meta-analysis: variation among families

We used the aquatic animal excretion database
published by Vanni et al. (2017) to conduct a
meta-analysis of the variation in nutrient excre-
tion among families and feeding guilds. The
database includes invertebrate and vertebrate
species representing several feeding guilds (alga-
vore/detritivore, invertivore, carnivore, piscivore,
and omnivore) in freshwater and marine sys-
tems. Excretion measurements excluded from the
analysis were those with unknown family-level
taxonomic resolution and those that had fewer
than four species per family guild. Species-level
excretion measurements were grouped by their
original data source, taxonomic family, and feed-
ing guild before calculating the coefficient of
variation (CV) for mass-specific N and P excre-
tion rates and molar N:P excretion ratio. Original
data source was used to restrict family and feed-
ing guild groupings to specific systems. Coeffi-
cients of variation were calculated by family and
feeding guild to separate the variation attributed
to taxonomy among feeding guilds and to facili-
tate comparing the variation within the lim-
nephilid caddisfly feeding guild to wvariation
within guilds of other invertebrate and verte-
brate families.

Coefficients of variation were used to quan-
tify family-guild variation because SDs scaled
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with mean family-guild excretion rates (N,
R? =084, Fyp5 = 1418, P <0.001; P R* = 0.97,
Fio4=858.2, P <0.001; N:P, R*=0.79, Fy4 =
95.34, P <0.001), whereas CVs did not scale
with mean N excretion rates or N:P excretion
ratios (N, R® = 0.09, Fy .5 = 3.48, P = 0.073; N:P,
R? = 0.076, Fi,4 =198, P =0.173). Coefficients
of variation did not scale with mean P excretion
rates after removing four family guilds that
were outliers in P excretion (outliers defined
by 1.5 times interquartile range; R” = 0.05,
Fi0=1.09, P =0.308). SDs of log-transformed
excretion data were not used because they were
highly correlated with CVs of non-transformed
excretion data (McArdle and Gaston 1995; N,
R*=0.71, Fyp5 = 66.14, P < 0.001; P, R* = 0.54,
F1,24 = 303, P < 0001, NP, R2 = 055, F'[’24 =
29.16, P < 0.001).

REsuLTS

Final larval instar excretion

Excretion rates measured at three different
times during the day were not different for any
of the caddisfly species (Appendix S1: Table S2).
For species with broad distributional ranges
(Asynarchus nigriculus, Limnephilus externus, Lim-
nephilus picturatus, Grammotaulis lorettae), excre-
tion rates did not differ across elevations
(Appendix S1: Table S2). Thus, for each species
we combined excretion rates measured across
different times during the day and across differ-
ent elevations to calculate mean mass-specific
excretion rates (N or P ug-mg '-d ). Mass-spe-
cific final instar excretion rates of nitrogen (N)
and phosphorus (P) differed among species (N,
Fo177 = 2657, P < 0.01, Fig. 1A; and P, Fg 7 =
756.6, P < 0.01, Fig. 1B).

Patterns of excretion rates among species were
different for N vs. P (Fig. 1A, B). For example,
Agrypnia deflata had the 2nd highest N excretion
but the lowest P excretion. In contrast, Lim-
nephilus tarsalis and Nemotaulius hostilis had the
highest P excretion, but moderate N excretion.
Limnephilus picturatus had the highest N excre-
tion rates and the 3rd highest P excretion. Differ-
ences among the other species in their rankings
for N vs. P excretion rates were more moderate
than those described above (Fig. 1A, B). Molar
ratios of N:P excretion also differed among spe-
cies (N:P, Fy 176 = 323.5, P < 0.01, Fig. 1C).
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