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Abstract

Ecosystem engineers can generate hotspots of ecological structure and
function by facilitating the aggregation of both resources and consumers.
However, nearly all examples of such engineered hotspots come from
long-lived foundation species, such as marine and freshwater mussels, inter-
tidal cordgrasses, and alpine cushion plants, with less attention given to
small-bodied and short-lived animals. Insects often have rapid life cycles and
high population densities and are among the most diverse and ubiquitous ani-
mals on earth. Although these taxa have the potential to generate hotspots and
heterogeneity comparable to that of foundation species, few studies have
examined this possibility. We conducted a mesocosm experiment to examine
the degree to which a stream insect ecosystem engineer, the net-spinning
caddisfly (Tricoptera:Hydropsychidae), creates hotspots by facilitating inverte-
brate community assembly. Our experiment used two treatments: (1) stream
benthic habitat with patches of caddisfly engineers present and (2) a control
treatment with no caddisflies present. We show that compared to controls,
caddisflies increased local resource availability measured as particulate organic
matter (POM) by 43%, ecosystem respiration (ER) by 70%, and invertebrate
density, biomass, and richness by 96%, 244%, and 72%, respectively. These
changes resulted in increased spatial variation of POM by 25%, invertebrate
density by 76%, and ER by 29% compared to controls, indicating a strong effect
of caddisflies on ecological heterogeneity. We found a positive relationship
between invertebrate density and ammonium concentration in the caddisfly
treatment, but no such relationship in the control, indicating that either
caddisflies themselves or the invertebrate aggregations they create increased
nutrient availability. When accounting for the amount of POM, caddisfly treat-
ments increased invertebrate density by 48% and richness by 40% compared to
controls, suggesting that caddisflies may also enhance the nutritional quality
of resources for the invertebrate assemblage. The caddisfly treatment also
increased the rate of ecosystem respiration as a function of increasing POM
compared to the control. Our study demonstrates that insect ecosystem
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engineers can generate heterogeneity by concentrating local resources and
consumers, with consequences for carbon and nutrient cycling.
KEYWORDS
detritus, facilitation, heterogeneity, Hydropsychidae, insect, positive interaction
INTRODUCTION turnover (Dangerfield et al., 1998; Swanson et al., 2019).

Environmental heterogeneity governs spatio-temporal
patterns of community structure and ecosystem function
(Li & Reynolds, 1995; Stein et al., 2014). Thus, understand-
ing the causes and consequences of heterogeneity has long
been a fundamental pursuit for ecologists (Bernhardt
et al., 2017; Palmer et al., 1997, Winemiller et al., 2010).
Traditionally, heterogeneity in ecological processes has
been attributed to variation in physical conditions which
can give rise to hotspots or areas with disproportionately
high rates of material cycling and ecosystem processes
(Bernhardt et al., 2017; Li & Reynolds, 1995; McClain
et al., 2003; Palmer et al., 1997). More recently, various
taxa have been recognized as an important source of het-
erogeneity because organisms themselves can directly alter
habitats and resources with consequences for community
structure and ecosystem function (Altieri et al., 2007;
Jones et al., 1994; Lopez et al., 2020).

Ecosystem engineers—organisms that physically alter
habitat or the availability and quality of resources—have
been recognized as important sources of heterogeneity
because they facilitate the aggregation of consumers with
consequences for ecosystem functions (Altieri et al., 2007;
Jones et al., 1994; Romero et al., 2015). Despite important
progress in recognizing organisms as agents of heterogene-
ity, nearly all examples of such ecosystem engineered
hotspots are from longer-lived foundation species, such as
corals, trees, intertidal cordgrasses, and alpine cushion
plants (Altieri et al., 2007; Angelini et al., 2011), with less
attention given to the plethora of engineers with greater
mobility, smaller-body sizes, shorter lifespans, and higher
population densities. In particular, insects act as ecosystem
engineers and exemplify natural history traits (e.g., high
population densities, mobility, and rapid life cycles) that
could generate more transient and spatially variable
hotspots that constitute comparatively high levels of het-
erogeneity to those initiated by foundation species. A
growing body of literature shows that insect engineering
increases resource availability, which in turn can facilitate
aggregations of consumers, sometimes with ecosystem
level effects (Dangerfield et al., 1998; Holker et al., 2015;
Swanson et al., 2019). For example, termite and ant
mounds can host a diversity of microbial, invertebrate, and
vertebrate species that amplify carbon and nutrient

However, despite their global ubiquity and potential to
generate substantial heterogeneity across the landscape,
we still understand little about the causes and conse-
quences of insect-mediated hotspots compared to founda-
tion species.

Ecological hotspots can be generated by organism-
mediated habitat and resource modification that attracts
consumers and subsequently alters ecosystem functions
(Allen et al., 2012; Lopez et al., 2020; VanBlaricom,
1982). Within stream ecosystems in particular, ecosystem
engineering activities can strongly modify detrital
resources, such as those arising from mussels or fish,
with community and ecosystem level consequences
(Allen et al., 2012; Booth et al., 2020). The foraging of
sucker fish, for instance, creates mosaics in detrital
resource concentrations and macroinvertebrate consumer
density (Booth et al., 2020). Additionally, stream insects
control detrital resource quantity and quality by concen-
trating detrital material into retreat structures (Nakano
et al., 2005), modifying the hydraulic environment
(Hammock & Bogan, 2014; MacDonald et al., 2021), and
through nutrient recycling (Halvorson et al., 2015).
Therefore, examining how insect-mediated detrital modi-
fication generates hotspots in community assembly and
ecosystem functions may further our understanding of
how numerous, small-bodied, short-lived ecosystem engi-
neers generate potentially widespread ecological hetero-
geneity in nature.

To investigate if and how insects can generate hotspots
of community assembly and ecosystem function, we
studied whether net-spinning caddisflies affect detrital
resources, invertebrate consumers, ecosystem respiration,
and nutrient concentrations. Net-spinning caddisflies
are aquatic insect larvae that act as ecosystem engineers
within streams by building silk catch-nets with retreats of
organic material. Caddisfly silk and retreats alter habitat
structure by decreasing local hyporheic exchange and
within-bed velocity, which in turn can concentrate
detrital resources and increase local invertebrate density
and biomass (MacDonald et al., 2021; Nakano et al.,
2005; Tumolo et al., 2019; Wallace, 1975). Net-spinning
caddisflies have also been shown to negatively affect other
benthic filter-feeding insects via interspecific competition
(Diamond, 1986; Hemphill, 1988). Because ecosystem
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engineers are part of the community in which they live,
experimental manipulation of engineer presence, other spe-
cies, and food resource availability is required to understand
how community assembly and ecosystem function respond
to presence or absence of engineers across scales. To this
end, we designed an experiment to simulate stream reaches
with pre-colonized patches of caddisfly engineers or reaches
with all patches isolated from caddisflies (Figure 1). We
then simulated invertebrate consumer colonization in these
two distinct experimental steam reaches with standardized
and representative invertebrate colonist and detrital pools.
By stocking artificial streams with colonists following the
establishment of caddisflies, we could examine how inverte-
brate colonists, basal resources, and ecosystem processes
respond to the presence or absence of caddisflies in any
given patch and reach.

Compared to controls, we predicted that the presence
of caddisflies would: (1) increase patch levels of detrital

richness, and ecosystem respiration; (2) affect ecological
responses at larger aggregate reach-level spatial scales
measured as (i) increased standard deviation in the spatial
distribution of these ecological responses, or (ii) greater
overall values of these metrics, or (iii) a combination of
both outcomes; (3) increase local nutrient recycling due to
higher levels of colonist and engineer excretion, which is
expected to increase the strength of the relationships
between resource quantity and the ecological responses of:
invertebrate density, biomass, richness, and ecosystem res-
piration at both local and aggregate scales.

METHODS
Experimental design and procedure

We conducted an experiment in outdoor recirculating

resource availability, invertebrate density, biomass, flumes (n = 12) at the Bozeman Agricultural Research
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FIGURE 1 Expected patterns in experimental data indicating ecosystem engineering influences on community assembly and

ecosystem function. We measured the effects of caddisfly at two levels of experimental unit (ai) reach-level, to quantify the cumulative
ecological effects of engineering patches and (aii) patch-level, to quantify the direct localized effect of caddisfly silk and retreat structures.
We applied this conceptual model to multiple response variables of interest measured at these patch- and reach-level. Here, we present two
example predictions (b, ¢) that would confirm caddisfly effects on invertebrate colonist density. The dashed gray line represents even
distribution of invertebrates across baskets because all flumes were initially stocked with an equal colonist pool. The effect of caddisflies
would be detectable if (bi) the response variable had a higher standard deviation (S) at the reach-level in the engineer flumes relative to
controls because caddisflies facilitate the aggregation of invertebrates. (bii) At the basket level, higher standard deviation at the reach-level
could be represented by the response variable distributing evenly across all of the baskets in the control flumes, but disproportionately
favoring ECE-engineer + colonist in engineer (ECE) baskets in the engineer treatment flumes. (ci) Alternatively, the response variable could
have a higher mean in the engineer treatment at the reach-level with similar levels of standard deviation because caddisflies facilitate
retention of invertebrates within experimental baskets. (cii) At the basket level this pattern would be represented by colonist only in control
(COC) and colonist only in engineer (COE) treatments being indistinguishable and ECE having higher levels of response.
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and Teaching Farm (hereafter BART farm) located in
Bozeman, Montana, USA (45°39'36” N 111°04/23" W)
from August 3 to 29, 2020. We implemented a hierarchi-
cal nested design in which an entire flume represented a
stream reach and subdivisions within the flume
represented patches within that reach (Figure 1,
Appendix S1: Figure S1). We measured the effects of
caddisfly engineers at two levels of experimental unit:
(1) flume-level, to quantify the reach-level effects of engi-
neering patches; and (2) patch-level, to quantify the
direct localized effect of caddisfly engineering. We chose
a 26-day duration for our experiment to encompass a typ-
ical colonization time frame of biofilms and invertebrates
following dispersal and disturbance events (Fisher et al,
1982). Furthermore, we chose to use recirculating annular
or ring-shaped flumes with a continuous bed of discrete
removable sampling baskets to represent stream reaches.
These experimental conditions created a scenario where
invertebrate colonists and detrital resources were given
equal chance to colonize all experimental patches,
allowing for the comparison of patch- and reach-level
effects of caddisflies. The working area in the flumes was a
0.1 m* annulus with a 0.56 m outer diameter and 0.09 m
wide racetrack. Although the size of experimental units
only represents what would be a portion of a natural river
reach, this design enabled replication and a necessary level
of control over the environment and species pool, while
still achieving a realistic representation of patch-level
abundances and habitat use of focal organisms (Cardinale,
2011; Vogel & LaBarbera, 1978).

To examine effects of caddisfly engineers at the
flume-level (representing a simulated “reach-level” effect),
we deployed two flume-level treatments: (1) caddisflies pre-
sent (hereafter “engineer” treatment), and (2) no caddisflies
present (hereafter “control” treatment). To examine effects
of caddisflies at the patch-level, as well as how these effects
propagated throughout flumes, we nested two patch-level
treatments within the two reach-level treatments: (1) an
Engineer + Colonist patch type in the Engineer reach
(ECE), and (2) a Colonist Only patch type in both the engi-
neer (COE) and control reaches (COC, Figure 1). The ECE
patch treatment consisted of baskets pre-inoculated with
caddisflies and later open to colonization by other inverte-
brates in the engineer flumes (Figure 1ai). The COE patch
treatment consisted of baskets initially isolated from
caddisfly colonization, but later interspersed among ECE
patches. The COC patch treatment consisted of baskets
always isolated from engineers within control flumes. All
flumes and patch treatments received the addition of inver-
tebrate colonists and organic matter at the beginning of the
experiment. To quantify the effects of engineers, we mea-
sured reach- and patch-level community assembly metrics
(invertebrate colonist density, biomass, richness), and

ecosystem metrics of particulate organic matter (POM),
ecosystem respiration (ER), and ammonium.

Flumes were filled with 20 L of well water from the
BART farm and 0.75 g of crushed aquarium algae wafers
were added for invertebrate food. To account for evapora-
tion and sample extraction from the flumes throughout
the experiment we added 1 L of spring water once a week
(3 L total or 15% of starting volume). Flow in flumes was
generated by aquarium pumps (Aleko multi-function
pump, model number G2950) and was maintained at
4cms™' (Appendix S1: Figure S2). The flow velocities
were on the low end of natural levels for small streams
inhabited by net-spinning caddisflies (3-50 cm s,
Fonseca & Hart, 1996; Gibbins et al., 2010; Minshall &
Minshall, 1977). Velocities were maintained at this low
level to isolate resource modification as the mechanism of
facilitation conferred by caddisfly engineering as opposed
to caddisfly-mediated flow refuge, which occurs at higher
velocities (Nakano et al., 2005). Water temperature was
maintained between 12 and 16°C, averaging 14°C
(Appendix S1: Figure S1), which was comparable to condi-
tions in nearby third-order streams during summer
months where invertebrates were collected. The flume
raceway included 12 patches, which consisted of straw-
berry baskets (10 cm? mesh opening = 1 cm?) filled with
750 g (£5 g) of 22-32 mm gravels. All experimental gravels
were dry and denuded of biofilm for >1 year prior to the
experiment. The baskets represented discrete sampling
units that retained gravel and allowed for water, organic
material, and invertebrate movement.

To inoculate engineer treatments, hydropsychid
caddisflies (Hydropsyche spp.) of consistent body size (third
instar, average length = 8.95 + 0.30 mm, n = 20 reference
samples) were hand collected from Bridger Creek
(45°42/21” N 111°00'22” W) over a 12-h period and used to
inoculate ECE baskets. To ensure that COE baskets did not
get colonized by engineers during the caddisfly stocking
period COE baskets were held in isolation within control
treatment flumes. The ECE treatment baskets were
established by adding 20 caddisflies to each basket (2000
individuals m~2) by placing them directly upstream of the
target basket. Caddisfly densities of this magnitude are
common throughout the USA and conservative for some
streams that can contain over 10,000 hydropsychids m—>
(Statzner et al., 1999). Caddisflies were given 7 days to
colonize and establish silk prior to stocking invertebrate
colonists and organic matter. Following the caddisfly estab-
lishment period, the COE baskets were added into the
engineer flumes, being careful not to agitate ECE baskets
and hydropsychid retreats therein. After adding the COE
baskets to the engineer flumes, we simulated invertebrate
colonization while also stocking flumes with organic mat-
ter. Each flume was inoculated with an equal and
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representative community of stream invertebrates along
with detritus from Bridger Creek following a procedure
commonly used to create consistent aliquots of benthic
community members and organic material in experiments
(Appendix S1: Figure S3).

Sampling and processing of flumes and
baskets

Flumes were sampled on August 29, 2020, 19 days after
colonist stocking and 26 days after caddisfly stocking. First,
we measured benthic ecosystem respiration (ER) as change
in dissolved oxygen concentration (A mg O, L ' H ~!) in
sealed 2 L dark chambers placed in a temperature and light
controlled environment. ER was measured on a subset
(n = 57) of the baskets that were carefully removed from
flumes and placed intact (including invertebrates and
POM) in a chamber. Our subset sample size for ER
included: n = 15 for COC baskets, with an n = 3 from
each of the control flumes, n = 21 for COE baskets, with
an n = 3 for each of the engineer treatment flumes, and
n = 21 for ECE baskets, with an n = 3 for each of the engi-
neer flumes. All incubations were conducted between
10:00 and 17:00 in a closed cooler with recirculating chilled
water (13°C) to control for light and temperature. O, and
chamber temperatures were recorded at 1-min intervals
(YSI Pro-ODO, Yellow Springs, Ohio, USA). Each incuba-
tion was terminated after O, changed by 0.5 mg/L or after
0.5h. We corrected for water column metabolism by
subtracting rates measured in a chamber without experi-
mental baskets that was being run alongside (Welter et al.,
2015). Our metabolism measurements were not corrected
for the invertebrates present within baskets during the
incubation, therefore our use of ER serves as a measure for
collective biological activity that includes invertebrate and
microbial contributions.

After ER was measured, all baskets (n = 144) were
sampled for invertebrates and POM. We measured benthic
invertebrates and POM in each basket by lifting it from the
flume and placing it directly on a 125 pm sieve where each
rock within the basket was rinsed with filtered water over
the sieve and visually inspected to ensure all macroinver-
tebrates and POM were removed. Invertebrates and POM
collected in the sieve were transferred to a Whirl-Pak and
preserved with 70% ethanol. In the laboratory, inverte-
brates were counted, measured in length to the nearest
mm, and identified to genus or Chironomidae (Diptera)
were identified as Tanypodinae or non-Tanypodinae, and
non-insect groups such as Oligochaeta and Hydrachnidia
were not identified beyond class or order levels (Merritt &
Cummins, 1996). Total invertebrate biomass in each
sample was estimated as mg AFDM sample ' using

established taxon-specific length-mass relationships (Benke
et al., 1999). Invertebrate taxon richness was estimated as
the total number of unique taxa basket ™, density was esti-
mated as no. basket™' and overall biomass as mg AFDM
basket™". For all treatments, all Hydropsychidae individ-
uals were excluded in the tabulation of invertebrate den-
sity, biomass, and richness to avoid artificially inflating
community assembly metrics based on the initial caddisfly
inoculation that was used to create experimental treat-
ments. Total POM in each sample was quantified by drying
any remaining material after all invertebrates had been
removed from each invertebrate sample (55°C, for 48 h).
After drying, we weighed each sample, combusted it at
500°C for 2 h, and reweighed it to determine POM ash-free
dry mass (g AFDM basket ). We present results in per
basket units, but measurements of invertebrate density,
invertebrate biomass, and POM at the patch scale can be
converted to the meter scale by multiplying by 100.

We measured ammonium (NH,* mg/L) concentra-
tions at the reach-level by taking 50-mL syringe grabs
from surface water of each flume on Day 1 and 25.
Nutrient samples were processed by The Environmental
Analytical Lab at Montana State University using Lachat
QuickChem 8500 instrumentation (Lachat Instruments,
2003). We focused our analysis of NH,* on the final day
of sampling because we sought to pair nutrient concen-
trations with measurements of invertebrate density.
Paired nutrient and invertebrate data were only possible
on the terminal day of the experiment because inverte-
brate sampling was destructive. Furthermore, prelimi-
nary analysis show that baseline ammonium levels
were statistically indistinguishable between treatments
on day 1 of the experiment (p = 0.945, 95% family wise
CI = —0.624, 0.931) warranting that differences observed
at the end arose from the experiment itself.

Data analysis

Patterns in caddisfly density at the conclusion of the
experiment were largely consistent with our intended
treatments, and so we chose to conduct the data analysis
with the initial treatment categories. Our experimental
design allowed caddisflies to deploy silk during the ini-
tial 7-day colonization period and also did not prevent
caddisflies from migrating to other COE or ECE baskets
during the entire duration of the experiment. Further,
even in the case of mortality during the experiment, any
silk structures created would have persisted through the
experiment (Albertson & Daniels, 2016; Maguire et al.,
2020; Tumolo et al., 2019). This choice for the data anal-
ysis represented a conservative assumption, given that
migration or mortality of engineers during the
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experiment would be likely to reduce any differences
among baskets originally categorized as COE, COC, and
ECE. Caddisfly density in ECE patches was 2.5 + 0.3
caddisfly basket™, range 0-8 basket™, with 86%, or
36 out of the 42 of patches in this treatment occupied by
Hydropsychidae on the final day of the experiment. In
comparison, caddisfly density in COE patches was low
(0.52 + 0.14 caddisfly basket™, range 0-3 basket™?, with
26% or 11 out of the 42 of baskets of this treatment being
occupied by Hydropsychidae), suggesting COE patches
experienced minimal levels of immigration from ECE
patches. We did not detect Hydropsychidae in COC
treatment patches.

Reach-level analysis

Total invertebrate density and richness were analyzed
using general linear mixed effect models (GLMM) with a
poisson family distribution comparing the response
between treatment as a fixed effect and individual flume
as a random effect. Total invertebrate biomass, POM and
ER were analyzed using linear mixed effect models
(LMM) comparing the response across treatment as a fixed
effect and individual flume as a random effect. Density
and biomass and POM were natural log-transformed to
meet assumptions of normality. To test if the presence of
caddisflies affected the distribution of invertebrates, POM,
and ecosystem function, we compared the standard devia-
tion (S) of density, biomass, richness, POM, and ER
between the treatments using separate one-way analysis of
variation (ANOVA) tests. For the analysis of standard
deviation, we excluded one control basket that was identi-
fied as an outlier (Cook’s distance >3).

To test if the presence of caddisflies affected the rela-
tionship between POM and community and ecosystem
metrics, we constructed separate GLMM and LMMs
where density, biomass, richness, and ER were a function
of the fixed effects of treatment X POM and the random
effects of individual flume. Ammonium concentration
measured on the last day of the experiment was analyzed
as a function of total flume invertebrate density (includ-
ing Hydropsychidae) x flume treatment using a multiple
linear regression.

Patch-level analysis

Invertebrate density and richness were each analyzed
using GLMMs with a Poisson family distribution compar-
ing the response across treatment as a fixed effect and
individual flume as a random effect. Invertebrate bio-
mass, POM, and ER were analyzed using LMMs

comparing the response across treatment as a fixed effect
and individual flume as a random effect.

All models

When testing for the effect of caddisflies on the relation-
ship between POM and ecological responses (density, bio-
mass, richness, and ER), we interpreted statistically
significant interaction effects (represented by differences
in slope) and statistically significant differences in inter-
cept to be biologically relevant signals of a caddisfly
effect. A statistically different slope indicated that the
effect of caddisflies was dependent on the quantity of
POM, where the effect of caddisflies either increased or
decreased with respect to other treatments as POM
increased. Alternatively, in the case of no statistically sig-
nificant interaction effect between treatment and POM,
we concluded that treatment slopes were parallel and ran
the model with treatment as an additive term instead of
an interactive term. A significantly different intercept
indicated that, when accounting for the amount of POM,
the effect of caddisflies on a given response variable was
either higher or lower with respect to other treatments.

Mixed effect models (GLMs and LMMs) accounted for
the non-independence of samples taken within the same
flume using a standard mixed model hierarchical design
(Bolker et al., 2009; Nakagawa & Schielzeth, 2013; Zuur
et al.,, 2009). All mixed effects models were fit with the
Lme4 package (Bates et al., 2014) and tested for significance
using a Kenward-Roger denominator degrees of freedom
approximation (Kenward & Roger, 1997). Post hoc compar-
isons of least squares means and confidence intervals
for response variables between treatments were calculated
using the Ismeans function (Lenth & Her, 2015).
Conditional r-squared values were calculated for LMM
and GLMM wusing the ‘“r.squaredGLMM” function
(Nakagawa & Schielzeth, 2013). To account for the multiple
dependent variables from the same experimental units we
conducted multivariate ANOVA (MANOVA) tests at both
the reach- and patch-level. The MANOVA test was highly
significant at both the reach (Fsso = 3.21, p = 0.0136) and
patch-level (Fyg100 = 3.58, p = 0.0004), so we proceeded
with separate univariate analysis. Scripts used in this analy-
sis are archived in Zenodo (Tumolo, 2023b).

RESULTS
Community assembly

Presence of caddisflies affected patterns and variation in
community assembly at the reach-level (Figure 2,
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FIGURE 2

Community assembly metrics of invertebrate density (individuals basket™"), biomass (mg AFDM basket™), and richness

(taxa basket™) and standard deviation (S) of respective metrics as a function of flume treatment (a—c). Invertebrate density, biomass, and

richness as a function of basket treatment (d-f). Box plot shows the median (horizontal line), mean (black circle) and interquartile range
(IQR; vertical box bounds). Whiskers represent 1.5 X IQR, and data points are represented with circles colored based on treatment. COC,
colonist only in control; COE, colonist only in engineer; ECE, ECE-engineer + colonist in engineer.

Table 1, Appendix S1: Table S1). The engineer treatment
had greater density (hereafter, parameter estimate +
SE = —0.47 + 0.15), biomass (—0.79 + 0.40), and rich-
ness (—0.39 +0.12) of invertebrates relative to the
control (Figure 2, Table 1, Appendix S1: Tables S2, S3,
and S5-S8). Additionally, the average standard devia-
tion in density within flumes was 76% greater in the
engineer treatment compared to the control treatment
(—1.81 + 0.48, Figure 2a, Appendix S1: Table S1). The
average standard deviation in biomass within flumes
was 211% greater in the engineer treatment compared to
the control, however this pattern was not statistically
significant (—5.38 + 4.24, Figure 2b, Appendix S1:
Table S1). The average standard deviation in richness
within flumes was 37% greater in engineer treatment
compared to the control (—0.58 + 0.22, Figure 2c,
Appendix S1: Table S1).

Patches pre-inoculated with caddisflies (ECE) had
greater density (0.69 + 0.15), biomass (1.21 + 0.44),
and richness (0.55 +£0.12) of invertebrates compared
to patches initially isolated from caddisflies (COC and
COE treatments, Figure 2, Table 1, Appendix SI:
Tables S4-S8). Density, biomass, and richness were
statistically indistinguishable between patches in either
flume treatment that lacked initial caddisfly engineers
(COC and COE, Figure 2d-f, Table 1, Appendix SI:
Tables S5-S8) demonstrating that reach-level differences
in average and standard deviation can be attributed
to the patches that were pre-inoculated with caddisfly
engineers.

Ecosystem function

Presence of caddisflies affected patterns and variation
in ecosystem function at the reach-level (Figure 3,
Table 1, Appendix S1: Table S1). POM (—0.25 + 0.40)
and ER (—0.05 + 0.03) were greater in the engineer
treatment compared to control (Figure 3, Table 1,
Appendix S1: Tables S3, S6, and S8). Additionally, the
average standard deviation in POM and ER within
flumes was greater in the engineer compared to the
control treatment (Figure 3, Appendix S1: Table S1).
Specifically, the average standard deviation in POM
within flumes was 25% greater (—0.004 + 0.002,
Appendix S1: Table S1) in the engineer compared to
control treatment (Figure 3b). The average standard
deviation of ER within flumes was 29% greater in the
engineer compared to control treatment, however this
pattern was not statistically significant (Figure 3d,
Appendix S1: Table S1).

Patches pre-inoculated with caddisflies (ECE) had
greater amounts of POM (0.46 + 0.17) and ER (0.08 + 0.04)
compared to patches initially isolated from caddisflies
(Table 1, Appendix S1: Tables S6 and S8). POM and
ER were statistically indistinguishable between patches in
either flume treatment that lacked initial caddisfly engi-
neers (COC and COE, Figure 3e,f, Table 1, Appendix SI:
Tables S6 and S8) indicating that reach-level differences
in average and standard deviation of POM and ER were
attributable to patches that were pre-inoculated with
caddisfly engineers.
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TABLE 1 Summary table of mean + SE, and % difference, of invertebrate density (individuals basket™), biomass (mg AFDM basket™),

richness (taxa basket™), particulate organic matter (g AFDM basket™"), and ecosystem respiration (A mg O, L ~* H %) comparing (a)

reach-level engineer and control treatments and (b) patch-level treatments.

Treatment Metric
(a) Engineer vs. control
Density
Biomass
Richness
POM
ER
(b) Patch-level treatments
ECE vs. COC
Density
Biomass
Richness
POM
ER
COC vs. COE
Density
Biomass
Richness
POM
ER
ECE vs. COE
Density
Biomass
Richness
POM
ER

Mean + SE

% Difference

7.56 + 0.59 vs. 4.82 + 0.59 57
3.70 + 1.30 vs. 1.58 + 0.66 134
4.79 + 0.25vs. 3.25 + 0.25 47
0.033 + 0.002 vs. 0.027 + 0.003 22
0.157 + 0.016 vs. 0.106 + 0.017 48
9.45 + 0.59 vs. 4.82 + 0.59 96
5.45 + 2.45 vs. 1.58 + 0.66 244
5.60 £ 0.38 vs. 3.25 + 0.25 72
0.039 + 0.003 vs. 0.027 + 0.003 43
0.179 £ 0.025 vs. 0.106 + 0.017 70
4.82 + 0.59 vs. 5.67 + 0.49 18
1.58 + 0.66 vs. 1.96 + 0.83 24
3.25 £ 0.25 vs. 3.98 + 0.29 22
0.027 + 0.003 vs. 0.028 + 0.008 02
0.106 + 0.017 vs. 0.126 + 0.015 20
9.45 + 0.59 vs. 5.67 + 0.49 67
5.45 + 2.45vs. 1.96 + 0.83 178
5.60 + 0.38 vs. 3.98 + 0.29 41
0.039 + 0.003 vs. 0.028 + 0.008 40
0.179 £ 0.025 vs. 0.126 + 0.015 42

Abbreviations: COC, colonist only in control; COE, colonist only in engineer; ECE, ECE-engineer + colonist in engineer; ER, ecosystem respiration;

POM, particulate organic matter.

Influence of detrital resource availability

As organic matter concentration increased, invertebrate
density, biomass, richness, and ecosystem respiration
increased across all treatments (Figure 4). The engineer
treatment modified the relationship between POM and
community and ecosystem metrics, such that engineer
treatments had greater values of invertebrate density, bio-
mass, richness, and ecosystem respiration compared to con-
trols at both the reach- and patch- levels (Figure 4). At the
reach-level the intercept for density as a function of POM
in the engineer treatment was 48% greater compared to the
control (—0.39 + 0.16, Appendix S1: Tables S9 and S10).
The intercept for the relationship between biomass and
POM was greater in the engineer treatment; however, this
relationship was not statistically significant (—0.62 + 0.43,

Figure 4b, Appendix S1: Table S11). The intercept for rich-
ness as a function of POM was 40% greater in the engineer
compared to control treatment (—0.34 + 0.13, Figure 4c,
Appendix S1: Tables S9 and S10). ER showed a significant
interaction effect between POM and treatment (Figure 4d,
Appendix S1: Table S11) with ER having a substantially
elevated and positive slope in the engineer treatment
compared to the shallow negative slope of the control treat-
ment (estimated regression equations: Y = 2.96x + 0.73 vs.
Y = —0.33X + 1.40, Figure 4d, Appendix S1: Table S11).

At the patch-level, the intercept for density as a function
of POM in the ECE treatment was 48% higher compared to
COC treatment (—0.37 + 0.08, Figure 4e, Appendix SI:
Tables S9 and S10). The intercept for invertebrate biomass
as a function of POM was higher in the ECE treatment,
however this relationship was not statistically significant
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(0.56 + 0.35, Figure 4f, Appendix S1: Table S11). There
was a higher intercept for richness as a function of POM
showing that the ECE treatment supported 29% higher
levels of invertebrate richness when accounting for POM
(—0.25 + 0.10, Figure 4g, Appendix S1: Tables S9 and S10).
Ecosystem respiration as a function of POM at the
patch-level had an elevated slope in the ECE treatment rela-
tive to COC treatment, however this pattern was not statisti-
cally significant (—0.02 + 0.04, Figure 4h, Appendix S1:
Table S11). Patches adjacent to caddisfly patches (COE)
consistently showed intermediate levels of density, biomass,
richness, and ER per given POM quantity compared to
engineer patches and patches isolated from engineers
(Figure 4).

Nutrient response

At the reach-level ammonium concentration had a steeper
more positive relationship with increasing invertebrate
density in the engineer treatment compared to the
shallow negative relationship of the control treatment
(Y = 0.003x £ 0.001 vs. Y = —0.001x + 0.001, Appendix S1:
Figure S4) indicating that caddisfly-mediated invertebrate
aggregations, or the caddisflies themselves, increased
ammonium concentrations.

DISCUSSION

Our findings demonstrate that stream insect ecosystem
engineers can generate ecological heterogeneity by aggre-
gating both resources and consumers, with consequences
for elemental cycling. Higher detrital resources, inverte-
brate community metrics, and ecosystem respiration
associated with the presence of caddisflies aligns with
previous work showing that modification of environ-
ments by ecosystem engineers can increase the abun-
dance and diversity of other organisms, with ecosystem
level consequences (Albertson et al., 2021; Romero et al.,
2015). This study advances the understanding of ecosys-
tem engineered hotspots beyond well-studied foundation
species to include shorter-lived and smaller-bodied
organisms.

Caddisfly-mediated facilitation through resource aug-
mentation was likely responsible for the patterns of
increased invertebrate density, biomass, and richness.
Invertebrate communities responded positively to resource
availability (Figure 4), and the presence of caddisflies was
associated with increased local and reach-level resource
concentrations (Figure 3). Additionally, supplementary
analyses show that caddisflies promoted organic matter
retention within experimental baskets (Appendix S1:

Figure S5), offering further evidence that caddisfly silk and
retreat structures aggregated detrital material. Caddisflies
may have augmented resources for invertebrates through
the construction of retreats, which can concentrate nutri-
tionally rich detrital material (Mooney et al., 2014;
Wallace, 1975). Additionally, caddisflies may have concen-
trated resources through silk-mediated detrital capture by
aggregating water column and hyporheic POM within silk
structures (MacDonald et al., 2021; Nakano et al., 2005).
Along with altering resource availability, net-spinning
caddisflies can facilitate invertebrates by providing flow ref-
uge (Nakano et al., 2005); however, this was unlikely given
the low flow conditions in our experiment. Collectively,
our results show that caddisflies facilitated invertebrates by
increasing organic matter food resources through a combi-
nation of retreat construction and silk-mediated detritus
capture.

Given that the effects of ecosystem engineering are
dependent on environmental and biotic context, it is useful
to consider how experimental findings translate to natural
streams where complexity in flow, substrate, and commu-
nity composition might mediate patterns observed in
mesocosms (Albertson et al., 2021; Jones et al., 1994). The
positive effects of caddisflies on invertebrate communities
found here are supported by previous research conducted
under more natural field settings (Tumolo et al., 2019).
However, near-bed velocity was greater under the more
natural field conditions relative to the current study,
and such environmental differences likely contextualize
caddisfly-mediated facilitation. For example, under higher
flow conditions caddisfly silk might trap fewer organic mat-
ter food resources; therefore, the role of caddisfly retreats
as hydraulic refugia is expected to be more important than
resource modification. Additionally, examining a larger
range of flow and substrate conditions would also encom-
pass a greater diversity of community members that would
likely respond differentially to caddisfly-mediated engineer-
ing and therefore further modulate facilitation outcomes. It
is clear that caddisflies can facilitate invertebrates through
multiple mechanisms, and future work will benefit from
characterizing the roles that environmental and biotic con-
text play in shaping these interactions.

Caddisfly effects were dependent on spatial scale,
where local effects propagated to a larger scale measured
as increased heterogeneity, greater overall values of all
response variables, and a combination of both outcomes
(Figures 2 and 3). The finding that localized caddisfly-
mediated aggregations promoted ecological heterogeneity at
a larger spatial scale suggests caddisfly engineering may be
an important source of patchiness within stream ecosys-
tems. This interpretation is supported by work demonstrat-
ing that larger-bodied ecosystem engineers, including
stingrays, freshwater fish, and beavers, can generate
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patchiness on the landscape by altering local habitat
characteristics (Booth et al, 2020; VanBlaricom, 1982;
Wright et al., 2003). In addition to these examples, our
results join a small, but rapidly growing, body of work show-
ing how insects can produce detectable, yet often overlooked
heterogeneity in community and ecosystem processes
(Holker et al., 2015; Sileshi et al., 2010; Swanson et al., 2019).

Our finding of increases in ecological responses at a
larger spatial scale suggests that caddisflies also promoted
greater retention of detritus and invertebrates within the
experimental baskets (Figures 2 and 3, Appendix S1:
Figures S3 and S5). We suggest that caddisflies supported
greater reach- and- patch-level retention of invertebrates
through a combination of increased resource availability
and predator refugia. In natural streams, invertebrate
abundance and diversity tend to be greatest within gravel
substrates of riffles (Brown & Brussock, 1991; Merrit &
Cummins, 1996) and therefore we expected that stocked
invertebrates would prefer the gravel matrix habitat pre-
sent within baskets compared to the plastic flume sides
or bottoms. However, perhaps a greater proportion of the
invertebrates remained in gravels occupied by caddisflies
and their silk because of the increased food resources
compared to controls (Figure 3, Appendix S1: Figure S4).
Additionally, caddisflies could have increased the sur-
vival and the propensity for gravel habitat selection by
providing predator refugia, consistent with other studies
from marine and freshwater systems (Albertson et al.,
2021; Altieri et al., 2007). Our experiment included low
densities of predacious invertebrates including free living
caddisflies (Rhyacophila sp.), danceflies (Empididae)
and aquatic mites (Hydrachnidia) offering support for
the possibility that caddisflies increased community met-
rics by providing predator refugia. Furthermore, we
observed variation in total invertebrate density among
flumes within the engineer treatment, suggesting an
unequal caddisfly effect. This finding could be attribut-
able to differences in the spatial arrangement of engineer
patches among flumes, as this was randomly assigned.
Spatial arrangement of engineer patches is important to
community assembly in marine systems (Crotty et al.,
2018). In our experiment certain arrangements could
have been more favorable to colonists resulting in greater
invertebrate retention and thus a source of variation for
the engineer treatment. Taken together, experimental
patches pre-inoculated with caddisflies disproportionally
contributed to larger-scale patterns in community assem-
bly and ecosystem processes, underscoring the impor-
tance of localized organism-mediated habitat alterations.

The presence of caddisflies enhanced the effect of a
given quantity of detrital organic matter for invertebrate
colonists and ecosystem respiration (Figure 4). A possible
explanation for this relationship is that caddisflies enriched

the nutritional quality of detrital and autotrophic resources
through excretion, consistent with other published evidence
of consumer-driven nutrient recycling (Atkinson et al.,
2017; Evans-White & Lamberti, 2006; Sterner, 1990).
Enrichment of POM could have attracted invertebrate con-
sumers, who further contributed their own wastes, ulti-
mately stimulating higher growth and activity of
heterotrophic microbes (Atkinson et al., 2017; Halvorson
et al., 2015; Mooney et al., 2014). We observed higher con-
centrations of ammonium in engineer treatments compared
to controls, and these higher values were explained by
increased densities of invertebrates (Appendix SI:
Figure S4). Enrichment of organic matter could also explain
the positive relationship between POM and ER in the engi-
neer treatment compared to the control, as increased nutri-
ent concentrations can stimulate microbial colonization,
growth, and respiration within benthic substrates (Gulis &
Suberkropp, 2003; Kominoski et al., 2018). Our study did
not measure the elemental compositions of resources or
consumers and therefore we are unable to determine if
enrichment was the causal mechanism for these observed
patterns. However, the patterns we present are largely sup-
portive of and consistent with basal resource enrichment.
The pattern of engineer-mediated community facilita-
tion and subsequent changes to ecosystem function high-
light parallels between caddisflies and the effects of
foundation species observed in terrestrial, marine, and
freshwater systems (Angelini et al., 2011). Foundation spe-
cies have profound effects on ecosystem structure and func-
tion that are often attributed to traits that provide
exceptionally stable habitats and resources for reliant com-
munity members (Altieri et al., 2007; Angelini et al., 2011).
Here we show that caddisflies similarly affect communities
and ecosystem functions, yet have vastly different ecolo-
gies, with shorter lifespans, and relatively small body sizes.
Compared to foundation species, our results suggest that
insect engineers can transform habitats with similar out-
comes for community and ecosystem processes. Perhaps,
larval caddisflies function as foundational species because
much of their engineering effects occur from their sessile
retreat structures. Yet, highly mobile organisms such as
fish and birds also create stationary habitat modifications,
suggesting that there is still much to learn about how dif-
ferent traits mediate engineering effects on the landscape
(Albertson et al., 2022; Woods et al., 2021). Broadly, our
findings indicate that a greater diversity of organisms and
traits are likely involved in hotspot generation than is
currently appreciated and suggest parallels between rela-
tively small organism-mediated hotspots generated by
semi-sessile, short-lived insects to those generated by
long-lived large-bodied, and fully sessile foundation species.
However, the stark differences in traits between insects
and foundation species are expected to change how such
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hotspots scale over both time and space. Specifically, we
expect that the hotspots generated by caddisflies and other
insect engineers may be more transient over time and spa-
tially variable compared those generated by foundation
species. Ultimately, this work advances our understanding
of the myriad ways by which organisms can control ecosys-
tem functioning.
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