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flow and physical transport processes related to sediment movement. For example, animals such as salmonid
fish and plants such as Elodea (Hydrocharitaceae) waterweed can regulate current velocities, gravel movement
and fine sediment suspension through bioturbation or
by producing structures (Jones, 2012; Statzner, 2012).
These types of organisms are often called ecosystem
engineers and are described as maintaining, modifying,
or creating physical habitat structure (Jones, Lawton &
Shachak, 1994). Recent efforts have begun to address the
magnitude of ecosystem engineering effects as a result
of biotic constraints such as organism density and abiotc
constraints such as stream discharge and sediment size
(Moore, 2006; Albertson & Allen, 2015). However,
despite the growing evidence that freshwater ecosystems
are experiencing changes to sediment loads and hydrological regimes, we have only a preliminary understanding of how global change and ecosystem engineering
effects interact (Lavelle et al., 1997; Crooks, 2002; Crain
& Bertness, 2006; Wright & Jones, 2006; Reinhardt et al.,
2010).
Hydropsychid caddisflies (Trichoptera) are a globally
distributed group of net-spinning insects that live in the
benthic substrate of most streams, where they secrete
silk threads that are woven into a mesh net to catch food
particles from the water column (Wiggins, 1977; Mackay
& Wiggins, 1979). Hydropsychid caddisflies act as
ecosystem engineers in several ways. The filter-feeding
habits of net-spinning caddisflies can regulate total seston transport (Georgian & Wallace, 1981; Brown et al.,
2005). Hydropsychid caddisflies create habitat for other
macroinvertebrates such as mayflies with their silk net
structures by reducing near bed currents and providing
low-flow refuge space (Nakano, Yamamoto & Okino,
2005). Their silk structures can also fundamentally alter
sediment transport conditions, including sediment stability and flow currents (Statzner et al., 1999; Cardinale,
Palmer & Collins, 2002). By building their silk nets in
pore spaces between and under gravels, caddisflies can
bind gravels together and increase the force required to
move sediments during a flood across a range of grain
sizes (Johnson et al., 2009; Albertson, Cardinale & Sklar,
2014a).
Net-spinning caddisflies may be strongly influenced
by sediment levels and drought. Evidence suggests that
some hydropsychid caddisfly species are sensitive to
levels of suspended solids (Strand & Merritt, 1997; Bonada et al., 2004), with high levels of suspended solids
regulating the distribution and density of caddisfly populations (Dance & Hynes, 1980). Changes in net-tending
behaviours, including adjustment of silk threads and net
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cutting, have been shown to increase as suspended particle size and load increase (Runde & Hellenthal, 2000).
Hydropsychid caddisflies can survive for at least 1 week
during drought conditions (Imhof & Harrison, 1981) but
are generally less abundant in streams that experience
intermittent levels of flow (Grubbs, 2010). The architecture and arrangement of threads in caddisfly silk nets
appears to be particularly responsive to metal pollutants,
pesticides, and increased flow velocity (Petersen &
Petersen, 1983; Loudon & Alstad, 1992; Balch et al., 2000;
Tessier et al., 2000), but less is known about these silk
net structures when exposed to changes in suspended
sediment and drought conditions.
Here, we investigate the role of environmental stress
on ecosystem engineering potential by assessing the
impact of two common stressors, high fine sediment
loads and stream drying, on silk structures produced by
a common aquatic insect. We describe two independent
experiments designed to assess the separate effects of
sedimentation and drought on caddisfly silk structures.
We used laboratory mesocosms to create chronically
high levels of total suspended solids and a 2-week long
stream-drying event in flumes where caddisflies had
colonised sediment patches. We then measured the
response of caddisfly silk to these stressors by quantifying changes to silk net architecture and silk tensile
strength. Our findings provide some of the first evidence
that caddisfly silk may be a biological structure that is
resilient to various forms of human-mediated stress and
may act as an agent of resistance and recovery for aquatic communities experiencing changes in sediment loads
and hydrological regimes.

Methods
Experimental setup
To assess the impacts of increased suspended sediment
levels and of drought on hydropsychid caddisfly silk,
we conducted two, sequential experiments (‘sediment
experiment’ and ‘drought experiment’) in replicate
flumes at the Stroud Water Research Center in Avondale, PA. Each flume was 0.46 m wide 9 10 m
long 9 0.16 m deep and housed in a greenhouse facility
that receives a natural light regime. In each flume, water
was supplied from nearby White Clay Creek and recirculated by a Baldor (Baldor Electric Company, Fort
Smith, Arkansas, U.S.A) ¼ horsepower industrial motor
pump. Flow velocity in each flume was held at
0.30 m s1 and 0.12 m deep. Sediments were arranged
with a subsurface layer with a median grain size of

15 mm covered by a surface layer with a median grain
size of 50 mm. Caddisflies in the family Hydropsychidae
were collected by hand from White Clay Creek, which
contains several documented genera of caddisfly. As it
can be challenging to identify caddisflies without the
use of a microscope, caddisflies in the sediment experiment (described next) were preserved and identified to
genus or species after the experiment had been completed.

Sediment experiment
To evaluate the effects of suspended sediment on caddisfly silk mesh structures, an experiment was run from
2 June to 20 June 2014. Caddisflies were introduced to
each of 10 flumes at a density of 1000 m2 (230 individuals per flume) in a working patch of sediment located
8 m from the flume entrance and 1.5 m from the flume
end that was 0.46 m wide 9 0.5 m long. This density
was selected to be in the common range of densities in
the 1000 s m2 that has been measured in similar
streams in the mid-Atlantic region (Cardinale, Gelmann
& Palmer, 2004). Caddisflies were allowed 7 days to
colonise sediments and construct their silk mesh nets.
Treatments were categorised as either low or high total
suspended solids (TSS) levels. In the high TSS treatments (n = 5 flumes), we supplemented the gravel
matrix with fine sediment collected from White Clay
Creek that was first passed through a 355 lm sieve to
remove sands. The low TSS treatments (n = 5 flumes)
did not receive additional sediment. We aimed for levels
of high TSS to be within the range of 100 mg L1 to represent commonly experienced levels of TSS during high
flow events or runoff from land with close proximity to
agriculture (Ahearn et al., 2005; Wohl & Carline, 2011).
As some sediment in the high TSS treatment settled out
into the gravels over the course of several hours, we vigorously disturbed all gravels upstream of the working
patch where caddisflies were located twice per day for
14 days over the duration of the experiment. This physical disturbance was carried out in both high and low
treatments to maintain consistency and did not physically alter the portion of the flume where caddisfly silk
nets were constructed. TSS samples were taken once per
day in both high and low treatments by sampling 1 L of
water. Samples were filtered through a 45 lm mixed cellulose ester membrane, dried at 60 °C for 24 h, and
weighed to estimate total suspended solids as g L1.
Water temperature averaged 19.0 °C over the course of
the experiment. We estimated benthic sediment accumulation within the sediment patches where caddisflies

were located in both high and low treatments at the end
of the experiment by scraping the surface of a 4 9 4 cm
section of three 40 mm diameter grains, homogenising
the sample, filtering the sample through a 45 lm mixed
cellulose ester membrane, drying the sample at 60 °C for
24 h, and weighing the sample to estimate g cm2. Upon
completion of the experiment, we sampled and processed silk nets using the method described in the section below titled ‘Caddisfly silk net measurements.’
Individual caddisfly larvae were sampled and preserved
in 90% ethanol until being identified, dried at 60 °C for
48 h, and weighed to estimate body mass.

Drought experiment
To evaluate the impacts of drought on caddisfly silk
mesh structures, a second, separate experiment was run
from 7 July to 25 July 2014 after cleaning and resetting
the gravels (50 mm surface layer covering a 15 mm subsurface layer) in 5 of the flume beds. Caddisflies were
introduced to each of the five flumes at a density of
1000 m2 (230 individuals per flume) in a working patch
of sediment located 8 m from the flume entrance and
1.5 m from the flume end that was 0.46 m wide 9 0.5 m
long. Caddisflies were allowed 7 days to construct silk
nets. We then eliminated flow completely for 14 days to
simulate a drought for n = 3 flumes. The control treatments (n = 2) maintained running water for this 14-day
drought period. After 14 days, we reintroduced water to
the dry flumes by slowly ramping up flow to the same
level as in the controls (0.3 m s1) over the course of
30 min. Although it is possible that the force of water
being reintroduced to a previously dried stream may
break the silk threads, the rate and velocity of water
flow entering a stream channel following drought is not
well understood (Lake, 2011). This experiment was
designed to measure the architecture and strength of
nets that were still intact after drought and was not
meant to represent the response of silk following a
large-scale, high discharge, rewetting event. After 24 h
of rewetting, we sampled silk nets from all flumes using
the method described in the next section (‘Caddisfly silk
net measurements’). Water temperature in the control
treatments averaged 21.2 °C over the course of the
experiment.

Caddisfly silk net measurements
We quantified silk net architecture in both experiments
by measuring thread count, thread diameter, pore size
and silk thread tensile strength. We sampled as many

nets as we were able to successfully harvest from each
flume without breaking the silk structure during the
sampling effort (c. 30 nets per flume). Broken net samples were eliminated from further analysis. Individual
nets were held in 50% ETOH until processing and for
no more than 5 days. We mounted each net on a microscope slide and used an Olympus BZ61 microscope with
a Sony Exwave HAD digital camera to capture pictures
of each net. We calculated thread count per mm, average thread diameter of three representative threads, and
average pore area of two representative mesh pores. We
then used an ESM-301automated test stand (Mark-10,
Long Island, New York, U.S.A) with a 10 Newton (N)
load cell attached to a M5-2 force gauge to measure silk
strength. Nets were pulled on at a rate of 30 mm s1 for
4 s and average force was recorded. The trigger setting
to initiate measurement of tensile force on the force
gauge in the sediment experiment was 0.01 N and
0.008 N for the drought experiment. Measurements of
net architecture were used to calculate silk thread
strength as r ¼ NFTCA where r is thread tensile strength,
FC is the force of the full sample (including multiple
threads), NT is the number of threads in tension, and A
is the cross-sectional area of a thread (Albertson et al.,
2014b).

Data analysis
To assess the effectiveness of the experimental manipulation, sediment levels were compared in the fine sediment
experiment using a mixed effects linear model with total
suspended solids (TSS) or benthic sediment accumulation
as a fixed effect of treatment (high versus low) and the
random effect of flume. Individual caddisfly weight was
compared across high and low TSS treatments to test for
effects of sediment load on caddisfly food consumption
using a linear mixed effects model with individual
weight as a fixed effect of treatment and the random
effect of flume. Silk net characteristics were compared
across treatments using a linear mixed effects model
where thread count, thread diameter, pore area or thread
tensile strength was a function of the fixed effect of treatment (high versus low) and the random effect of flume.
In the drought experiment, silk net characteristics
were compared across treatments using a linear mixed
effects model where thread count, thread diameter, pore
area or thread tensile strength was a function of the
fixed effect of treatment (wet versus dry) and the random effect of flume. All analyses were performed in R
3.2.2 (R Development Core Team, 2008) using the nlme
package (Pinheiro et al., 2015) and lme function.

Results
We were able to successfully achieve a high TSS treatment in the sediment experiment. Suspended sediment
levels were 10x higher in treatments with high versus
low TSS levels (t = 10.86, P < 0.001), averaging 72.8
and 7.4 mg L1 for high and low treatments respectively. Accumulated benthic sediments levels were 3.5x
higher in high TSS treatments, averaging 4.8 and
1.3 mg cm2 for high and low treatments, respectively.
After identifying caddisflies in the sediment experiment,
we found that the caddisfly assemblage in White Clay
Creek was dominated by Hydropsyche betteni (90%),
while Hydropsyche sparna (5%), Hydropsyche slossinae
(2%), Cheumatopsyche spp. (2%), and Diplectrona spp.
(1%) were much less common. Subsequent data analysis
pooled silk net characteristics across all species for both
experiments.
We compared silk net characteristics across treatments
in both experiments to assess the impacts of sediment
loads and stream drying on the silk structure. Net architecture was not different across treatments with highversus low-TSS treatments (Fig. 1a). Thread count
(t = 0.084, P = 0.428), thread diameter (t = 1.828,
P = 0.105) and pore area (t = 1.613, P = 0.108) were all
consistent across treatments. In high TSS treatments,
thread count averaged 18.23  0.42 mm2, thread diameter averaged 10.51  0.16 lm, and pore area averaged
0.022  0.001 mm2, and in low TSS treatments thread
count averaged 18.93  0.42, thread diameter averaged
9.70  0.18, and pore area averaged 0.020  0.001. Larval caddisfly weight was not different across treatments
of suspended sediment loads (Fig. 1b; t = 0.835,
P = 0.428), averaging 0.0065  0.0002 g in dry treatments and 0.0060  0.0002 in wet treatments, suggesting
individuals from both treatments were eating similar
amounts of food.
Most characteristics of net architecture were consistent
in dry versus control treatments in the drought experiment (Fig. 1a). Thread count (t = 2.00, P = 0.139) and
thread diameter (t = 0.668, P = 0.552) were not different
across dry and wet treatments. In dry treatments, thread
count averaged 16.11  0.75 mm2 and thread diameter
averaged 6.89  0.14 lm. In wet treatments, thread count
averaged 18.28  0.67 mm2 and thread diameter averaged 7.02  0.16. However, pore area was marginally larger for dry nets, averaging 0.031  0.003 mm2 in dry
treatments and 0.019  0.001 in wet treatments, suggesting that the silk material may have stretched out during
the drying process (t = 2.824, P = 0.067). Despite introducing 230 caddisflies to each of the flumes (1000 m2),

(a)
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Fig. 1 Silk net characteristics in the sediment and drought experiment. (a) No differences among thread count, thread diameter or
pore size in the sediment experiment were detected. Values are
means  1 SE for n = 113 nets for high TSS treatments and n = 106
nets for low TSS treatments. Thread count and diameter were similar among dry and wet (control) treatments. Pore size was marginally larger in dry treatments (P = 0.067). Values are means  1 SE
for n = 29 for wet treatment nets and n = 45 dry treatment nets.
Asterisk indicates significance at P ≤ 0.01. (b) Individual caddisfly
weight in the sediment experiment. No differences in caddisfly
body size were detected across treatments. Values are means  1
SE.

only 2 caddisflies were found alive across all dried flumes
at the end of the 14-day drought treatment, indicating
that drought had a substantial and direct negative impact
on these aquatic insects. However, the silk visually
looked similar and maintained its integrity even after
being dry for 14 days (Fig. 2).
No differences in tensile strength were detected after
the silk had been exposed to the two forms of environmental stress. Silk tensile strength was not different
between high and low sediment levels (Fig. 3a;
t = 0.044, P = 0.966), averaging 4.6  0.5 MegaPascals
and 4.5  0.4, respectively. Silk strength was also maintained in the drought experiment. Although pore space
was larger in dry treatments and suggested the silk may
have been stretched, we found no evidence for a reduction in silk strength between dry and wet treatments
(Fig. 3b; t = 0.169, P = 0.877), averaging 8.3  0.8 MPa
and 8.1  0.8, respectively.

Fig. 2 Visual similarities among nets from (a) control (wet) treatments and (b) 14-day dry treatments indicated that silk structure
was maintained even after the nets were dry for 14 days.

Discussion
We have demonstrated that caddisfly silk is a biological
material that can be resilient to environmental stress
induced by sedimentation and stream drying. We
detected no differences in characteristics used to quantify silk net architecture across levels of high versus low
sediment loads and dry versus wet conditions. Mesh
pore size in the dry treatments was marginally larger
than in wet treatments, but the silk threads maintained
their tensile strength despite being slightly stretched.
Although other forms of stress such as pollutants have
been shown to alter body morphology of some macroinvertebrates and change the architecture of caddisfly silk
nets, sediment loads and drought did not appear to alter
the ability of hydropsychid caddisflies to construct nets
(Hamilton & Saether, 1971; Donald, 1980; Petersen &
Petersen, 1983). Caddisfly silk threads can increase the
force needed to move gravels, provide habitat for other
macroinvertebrates, and regulate seston levels, and by
using silk net architecture and tensile strength as a
proxy for engineering potential our findings suggest that
these effects may be maintained even in the face of short

Fig. 3 Silk net tensile strength in the two experiments. (a) Silk
thread strength (megapascals) was not different between treatments
with high and low sediment loads. For n = 113 for high and n = 87
for low treatments. (b) Silk thread strength was not different
between dry and wet treatments. Values are means  1 SE for
n = 29 for control treatment nets and n = 45 dry treatment nets.

disturbances induced by sedimentation and drought
(Statzner et al., 1999; Johnson et al., 2009; Albertson et al.,
2014b).
We found that increased sediment loads contacting
the caddisfly mesh structures neither altered the silk
architecture nor the eating behaviours and body mass of
the caddisflies. However, a large number of studies have
highlighted the negative influence of increased sediment
loads on communities and populations of aquatic organisms. High levels of suspended sediments can drive
increased drift rates of macroinvertebrates and alter
behaviours of fish (Berg & Northcote, 1985; Doeg & Milledge, 1991). Increased levels of TSS typically reduce
macroinvertebrate population abundance, although some
filter-feeding caddisflies may increase in density, potentially due to an increased availability of food (Lenat,
1984; Wohl & Carline, 2011). Major drivers of changes in
sediment loads include urbanization and agricultural
land use (Ahearn et al., 2005; Wohl & Carline, 2011), and
levels of TSS 3–5x higher than were used in this experiment have been regularly been documented in natural
streams. Future research might investigate the abrading

or clogging power of higher levels of TSS to caddisfly
silk net material.
Changes to flow regimes also affect benthic aquatic
communities, and our understanding of benthic community response across a gradient of drought duration is
poorly developed (Muehlbauer, Doyle & Bernhardt,
2011). Water levels can regulate drift rates, density, competition and mortality among macroinvertebrates (Feminella & Resh, 1990; Bond & Downes, 2000, 2003). In
addition, drought conditions have been shown to drive
shifts in species interactions, availability of food
resources, and adaptations for surviving low flow conditions (Peterson, 1987; Lake, 2003). The glands that produce caddisfly silk can show differences in tensile
strength and elongation potential in wet and dry states
(Tsukada et al., 2010), but we detected minimal differences in silk thread characteristics under wet versus dry
conditions in this study. Free-living caddisfly populations are particularly sensitive to drought conditions and
typically recruit poorly the year after drought (Boulton,
2003). Trichoptera richness is negatively correlated with
increasing discharge fluctuations associated with increasing drought in freshwater springs (Erman & Erman,
1995; ), and different hydropsychid species may have
differential tolerances and abilities to maintain water
balance, feeding strategies and survival under low flow
conditions (Yoder et al., 2015). Other caddisfly families
that are not free-living but that use silk to build cases
may be more tolerant of drying (Boulton, 2003; Power,
Parker & Dietrich, 2008; Brand & Miserendino, 2014),
but we are unaware of any studies that have investigated the structural changes or silk properties of cases
built by caddisflies when stressed by drought. Free-living caddisflies may drift or accelerate development to
avoid drought conditions, but in doing so, their silk
structure may be left behind. Our experiment supports
findings from other studies indicating that periods of
drought on the order of weeks can directly reduce
macroinvertebrate abundance or force macroinvertebrates to move to refuge spaces (Boulton, 2003) and further suggest that responses of macroinvertebrates that
produce silk feeding structures may be more complex if
those silk structures are viable even after being abandoned.
Silk thread strength was not different after being
exposed to high sediment loads or drought, suggesting
that silk structures may provide lasting engineering
impacts on physical habitat structure in streams. Many
stream organisms produce structures that affect sediment transport, flow currents, and disturbance regimes,
including macrophytes and biofilm (Fritz & Feminella,

2003; Arnon et al., 2009), but little is known about how
the influence of these organisms may also shift with global stressors. Blackfly silk has been shown to speed up
secondary recovery (Hammock & Bogan, 2014) and caddisfly silk can provide habitat for mayflies (Nakano
et al., 2005). Chironomids also use silk to stabilise sediments (Edwards, 1962). The role of silk as a recovery
mechanism and the influence on succession, one of the
most important processes in ecosystems subjected to disturbance, remains to be explored (Connell & Slatyer,
1977). Future experiments documenting the effects of
caddisfly silk on riverbed gravel stability and the recovery of benthic biofilm and mayfly communities across a
gradient in drought duration and TSS levels are an obvious next step.
Our study is inherently limited in its spatial and temporal scale, and extrapolations to the field should be
made with caution. Flumes have been used in scientific
studies for decades, and while they provide controlled
experimental conditions, they simplify the considerable
heterogeneity in velocity and sediment characteristics
that exists in natural ecosystems (Vogel & LaBarbera,
1978; Nowell & Jumars, 1987). Our studies were conducted over relatively short time scales on the order of
weeks, and as such, may provide only preliminary
insight into effects of chronic sediment loading or
drought on caddisfly silk. In addition, the two experiments reported in this study were conducted sequentially, and the observed differences in silk thread tensile
strength between the two sequential experiments may
be related to this temporal sequencing. The differences
across experiments may have resulted from the progression through instar stage and thus body size of the caddisflies over the course of the month between
experiments or from differences in silk thread structure
or net architecture through the summer months. We are
unaware of any studies that have investigated temporal
variation in silk strength, but caddisflies are known to
alter their net architecture with variation in seasonally
relevant flow currents and with changes in body size
through the growing season (Loudon & Alstad, 1992;
Willis & Hendricks, 1992). Future work might consider
parallel experiments to avoid temporal differences. Testing multiple, overlapping stressors within the same
stream mesocosms would also reveal the nature of any
interactive effects of these stressors on silk strength
(Heugens et al., 2001).
In freshwater ecosystems, links between biology and
physical habitat conditions are becoming increasingly
important in the light of global changes to sediment
loads and hydrological regimes (Palmer & Bernhardt,

2006; Reinhardt et al., 2010). As a growing number of
studies illustrate the importance of biotic engineers in
freshwater ecosystems, understanding the role of these
engineers in controlling nutrient cycling, sediment
movement, and habitat structure in the face of global
change is a critical next step for the field of ecogeomorphology (Statzner, 2012; Albertson & Allen, 2015).
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