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ABSTRACT
Aquatic macroinvertebrates respond to patch dynamics arising from
interactions of physical and chemical disturbances across space and time.
Anadromous fish, such as sea lamprey, Petromyzon marinus, migrate from
the ocean and alter physical and chemical properties of recipient
spawning streams. Sea lamprey disturb stream benthos physically through
nest construction and spawning, and enrich food webs through nutrient
deposition from decomposing carcasses. Sea lamprey spawning nests
support greater macroinvertebrate abundance than adjacent reference
areas, but concurrent effects of stream bed modification and nutrient
supplementation have not been examined sequentially. We added
carcasses and cleared substrate experimentally to mimic the physical
disturbance and nutrient enrichment associated with lamprey spawning,
and characterized effects on macroinvertebrate assemblage structure.
We found that areas receiving cleared substrate and carcass nutrients
were colonized largely by Simuliidae compared to upstream and
downstream control areas that were colonized largely by Hydropsychidae,
Philopotamidae, and Chironomidae. Environmental factors such as
stream flow likely shape assemblages by physically constraining
macroinvertebrate establishment and feeding. Our results indicate
potential changes in macroinvertebrate assemblages from the physical
and chemical changes to streams brought by spawning populations of sea
lamprey.
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Introduction

Aquatic macroinvertebrates are functionally important in stream food webs and provide an interme-
diate pathway in the cycling of nutrients and transfer of energy (Cummins 1974; Wallace and
Webster 1996). Spawning anadromous fish influence freshwater communities through physical dis-
turbance and subsequent delivery of energy and nutrient subsidies (Janetski et al. 2009). These fish
may function as ecosystem engineers by physically modifying benthic stream habitat through nest
construction and spawning activities (Jones et al. 1994; Moore 2006; Hogg et al. 2014). Additionally,
these fish supplement available nutrient pools in the form of metabolic waste, gametes, and post-
spawned carcasses (Nislow and Kynard 2009; Flecker et al. 2010). The benthic stream disturbance
associated with spawning may influence subsequent nutrient addition effects and therefore affect
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macroinvertebrate community structure and function. The literature describing these mechanisms is
replete among salmonids in the Pacific Northwest; however, these effects are not well studied for
other anadromous fish.

Macroinvertebrate assemblages may be influenced by the chemical and physical alterations to the
benthos from spawning anadromous fish. Research from the Pacific Northwest has demonstrated
Pacific salmon (Oncorhynchus spp.) carcasses stimulate production (Cederholm et al. 1999; Gende
et al. 2002) and increase densities of scrapers, collectors, shredders, and predators (Wipfli et al.
1998, 1999) as well as growth rates and production concurrent with fall migration (Chaloner and
Wipfli 2002; Lessard and Merritt 2006). Conversely, salmon spawning and redd construction may
disturb and scour the streambed, thus reducing production for some invertebrate species, or create
habitat and facilitate colonization for others (Moore and Schindler 2008; Campbell et al. 2012; Hogg
et al. 2014). Thus, the physical and chemical disturbances from anadromous fish may create
mosaics, or patches of heterogeneous habitat that influence stream communities (Pringle et al. 1988;
Townsend 1989). The spatial and temporal scales (i.e. perturbation and timing of migration) that
characterize the impact of salmon across the stream landscape may not apply to other anadromous
fish.

Anadromous sea lamprey Petromyzon marinus are a semelparous species native to Atlantic fresh-
waters that, like salmon, disturb benthic habitat through the construction of mound and pit nests
and deliver pulses of nutrients from carcasses of post-spawned adults (Beamish 1980; Nislow and
Kynard 2009; Weaver et al. 2016). During the spring, sea lamprey migrate from the ocean into fresh-
water, where they construct nests and condition gravel and cobble substrate that create many inter-
stitial spaces free of fine sediment (Sousa et al. 2012; Hogg et al. 2014). After spawning, lamprey die
and carcasses may remain in streams for up to three weeks during which the majority of carcass-
bound nitrogen and phosphorus is liberated (Weaver et al. 2015). Stream disturbances from spawn-
ing fish and subsequent pulses of nutrients from decomposing carcasses may influence macroinver-
tebrate colonization on these newly cleared substrates.

Among Atlantic coastal streams, Hogg et al. (2014) found benthic invertebrate abundance was
higher in sea lamprey spawning mounds versus adjacent reference areas, most notably for Philopo-
tamidae (Trichoptera), a collector/filterer, and Heptageniidae (Ephemeroptera), a scraper. Addition-
ally, carcass nutrients increased periphyton biomass accrual and were assimilated in several
macroinvertebrate families including Heptageniidae, Hydropsychidae (Trichoptera), and Perlidae
(Plecoptera) (Weaver et al. 2016). However, the role of spawning disturbance and subsequent nutri-
ent enrichment from anadromous sea lamprey on macroinvertebrates was not examined. The cou-
pled effects of these disturbances may demonstrate important patch-dynamic processes that shape
stream communities and nutrient cycling (Pringle et al. 1988).

Our objective was to determine the effects of nutrient addition from sea lamprey carcasses on
macroinvertebrate colonization on substrate cleared and conditioned by sea lamprey nest construc-
tion. We simulated physical and chemical effects of sea lamprey spawning by introducing rock bags,
as surrogates for cleared gravel and cobble in nests, and carcasses in a small Atlantic coastal stream
to characterize macroinvertebrate colonization, abundance, and biomass.

Study site

We conducted our carcass addition experiment in Sedgeunkedunk Stream, a third-order tributary to
the Penobscot River at river kilometer (rkm) 36.5 (Figure 1). Two dams were removed from the
stream in 2008 and 2009 restoring connectivity of a 5-km reach to the Penobscot River and ulti-
mately the Atlantic Ocean. Following the dam removals, spawning sea lamprey were observed regu-
larly throughout Sedgeunkedunk Stream (Gardner et al. 2012; Hogg et al. 2013). We selected a
150-m experimental reach with a mean stream width of 6.7 m and mean depth of 0.23 m (Weaver
et al. 2016) just upstream of Tannery Falls, a natural barrier in which we observed no spawning sea
lamprey, evidence of nest construction, or post-spawned carcasses. We collected sea lamprey for
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experimental carcass-addition from Milford Dam (rkm 61.0) on the main-stem Penobscot River. All
fish were measured for mass and total length and stored frozen until addition into the experimental
reach.

Methods

Experimental design

We delineated 10 sites along an approximate 150-m experimental reach (Figure 1 inset). Each
site began at the head of a riffle, extended into a glide, then ended at the next riffle. Sites 1 and
2 served as references (hereafter referred to as ‘upstream controls’) and received no carcasses.
The following six downstream sites (3–8; hereafter referred to as ‘treatments’) received 20 sea
lamprey carcasses each (120 carcasses total). Finally, sites 9 and 10 were the furthermost down-
stream and received no carcasses (hereafter referred to as ‘downstream controls’). Sites ranged
from 6–12 m in length. Weaver et al. (2016) determined that stream nutrient concentrations
and periphyton biomass accrual from added carcasses invoked localized effects, which allowed
us to assume independence between sites. Carcass numbers and spacing were intended to
approximate patchy spawning aggregations that typically occur in riffles containing coarse
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Figure 1. From Weaver et al. (2016). Location of study reach and 10 sites for experimental sea lamprey carcass addition. Inset:
shaded boxes indicate sites that received sea lamprey carcass additions. See text for details as well as Weaver et al. (2016) for a
detailed description of the study reach.
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substrates. Carcasses were placed into 2.5-cm mesh bags and then secured into 2.5-cm mesh
metal cages, which were staked mid-channel at each site. See Weaver et al. (2016) for more
information on the study design of the current experiment.

At each site, we deployed 10 rock bags that mimicked substrate disturbed and cleaned by sea
lamprey now available for macroinvertebrates and provided a means to standardize sampling
effort (Maine Department of Environmental Protection 2017). Rock bags were deployed uni-
formly at each site �1 m from the stream bank to ensure substrate immersion, and �1 m down-
stream from the added carcasses. Ten rock bags provided adequate coverage and representation
of each site. Rock bags consisted of 2.5-cm mesh filled with 3.17 kg (§0.05 SD) of 3.8–5.1 cm
diameter clean rocks. This substrate is similar to the gravel and cobble substrate sea lamprey
use to construct nests (Sousa et al. 2012; Hogg et al. 2014). The size range of rocks used in this
experiment is classified as ‘very coarse gravel’ (Bovee and Milhous 1978), and therefore likely
mimics the selected sizes of substrate used by sea lamprey to construct nests. The standardized
quantity and substrate size of rock bags used allowed us to make inferences between control
and treatment sites.

Rock bags were given a unique tag number for identification during retrieval. At the treat-
ment sites, rock bags were placed �1 m downstream of the caged carcasses. No rock bags were
placed within 0.5 m of either bank to avoid emersion or influences from the bank. The locations
of the rock bags in the stream were noted so that upon sampling we could confirm they had
remained roughly in their original deployment site. Carcasses and rock bags were deployed on
25 June 2014.

After three weeks incubation, all rock bags were sampled. If bags had been displaced >1 m from
their original deployment location, then they were excluded from analysis. Rock bags were washed
thoroughly in a bucket of water to extract macroinvertebrates and debris within the rock bag. Con-
tents were sieved into 500-micron mesh and preserved with 70% ethanol.

Abiotic stream variables

Temperature loggers (Hobo Pendant UA-001-08, Onset, Cape Cod, Massachusetts, USA) were
deployed in the stream reach and retrieved at the conclusion of the experiment. Loggers contin-
uously recorded temperature at 1-h intervals. We measured total stream depth and mean col-
umn velocity at 0.5-m increments along one cross-sectional transect located in the riffle habitat
at each site during base flow, and then periodically for three weeks with a top-set wading rod
and Swoffer model 2100 current velocity meter (Swoffer Instruments, Seattle, Washington,
USA).

Macroinvertebrate subsampling and sorting

Samples were subsampled by mass following the protocol of the Canadian Aquatic Biomonitoring
Network (McDermott et al. 2012). Each sample was homogenized by hand-stirring the contents,
and then the sample was divided into four trays of equal mass. One tray was selected using a random
number table that would serve as the subsample. A trained technician sorted macroinvertebrates to
family in the entire subsample. A minimum of 300 total macroinvertebrates in the subsample was
necessary to end the sorting after the first subsample. If this first subsample did not contain this
minimum number, a second subsample was sorted in its entirety. All macroinvertebrates were iden-
tified to family and counted. The total number of subsamples and total subsample mass were
recorded.

We observed four macroinvertebrate families common to all samples: Hydropsychidae, Philopta-
midae, Simuliidae (Diptera), and Chironomidae (Diptera). These families generally represented
>95% of sample abundance and therefore were the focus of this study. Sorted samples were placed
into tin trays, measured for mass, then placed into an oven for 24 h at 75 �C. After 24 h, samples
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were reweighted to obtain dry mass. Other macroinvertebrate families were present in the samples
and noted, but not included in any analyses.

We estimated total macroinvertebrate abundance and total biomass for each of those four fami-
lies. Based on the dominance of these taxa, we assumed that the macroinvertebrates sorted in each
of the four subsamples adequately represented 25% of the entire sample and extrapolated biomass
based on the number of samples. We used the subsampled dry mass of each of the four macroinver-
tebrate families to calculate average dry mass per individual, then extrapolated based on adjusted
counts to estimate total sample biomass.

Statistical analysis

We examined the assemblage of the four aforementioned macroinvertebrate families as an index of
the taxa colonizing the rock bag samples with nonmetric multidimensional scaling (NMDS; Kruskal
1964). We reduced abundance and biomass estimates from the four families among rock bag sam-
ples from each site into two-dimensional space. We used the ‘metaMDS’ function in the ‘vegan
package’ in the statistical package RStudio (version 0.99.491, RStudio, Boston, MA, USA; Oksanen
et al. 2016). The Bray–Curtis dissimilarity distance function was used, which is most appropriate for
ecological abundance data collected at different sampling locations from a consistent area (e.g. rock
bag volume) (Bray and Curtis 1957). We examined the goodness of fit by calculating stress, which is
the sum of squared differences between the ordination distances and distances predicted from the
regression. Stress values for the configured plots of abundance and biomass were low (6% and 4%,
respectively; Clarke 1993), indicating a low disagreement between the two-dimensional configura-
tion and the predicted values from the regression. We plotted averaged NMDS scores among rock
bag samples for each site (§SE).

We analyzed macroinvertebrate abundance, biomass, and individual taxa mass (average mass per
individual) as a function of site with a series of analysis of variance (ANOVA) models. We com-
pared abundance and mass estimates among all 10 sites. We tested for spatial autocorrelation among
all sites with a Mantel test. We constructed two matrices containing linear distances between each of
the sites and distances between abundance values of each taxa. The Mantel test computed the corre-
lation of the two distance matrices and then calculated 1000 permutations to generate p values for
the four taxa. For all tests, statistical significance was gauged at p < 0.05. ANOVA tests with a signif-
icant site main effect were further examined with Tukey’s HSD pairwise post hoc tests and adjusted
family-wise error rates.

Results

Temperatures ranged from 17 to 29 �C, and averaged 24.2 �C (§2.1 SD) during the three-week
experiment. We observed mean cross-sectional stream flow (among all transects) increase from
0.18 m/s (§0.05 SD) at baseflow before our experiment to a high of 0.64 m/s (§0.09 SD) during
the second week of our experiment (Figure 2). During elevated flows, we observed generally
higher mean cross-sectional stream flows at sites receiving sea lamprey carcasses, which ranged
0.61–0.80 m/s compared to the reference sites, which ranged 0.46–0.59 m/s. We attribute ele-
vated flows to precipitation from a tropical depression that arrived during the second week of
the experiment.

We retrieved between 6 and 10 rock bag samples from each site that fit the sampling criteria.
The remaining rock bags were either displaced >1 m from the original deployment location,
and thus were not sampled, or were not recovered because of high flows. During sample sorting
and identification, typically only one or two subsamples were required to meet the minimum
number of individuals, but this was not the case for three samples, where more than two sub-
samples were required.
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Among all samples, we identified 10 families of macroinvertebrates. Hydropsychidae, Philo-
potamidae, Simulidae, and Chironomidae were present in all samples and comprised �95% of
the total abundance. Six other families were found infrequently or rarely in low abundance
(<5% total abundance) and included Perlidae, Elmidae (Coleoptera), Psephenidae (Coleoptera),
Heptageniidae, Aeshnidae (Odonata), and Corydalidae (Megaloptera). The Mantel tests sug-
gested spatial autocorrelation among Hydropsychidae, Philopotamidae, and Chironomidae
among sites (p < 0.05).

Our NMDS plots for abundance and biomass revealed macroinvertebrate colonization pat-
terns varied among sites. Generally, assemblages in the upstream control sites differed from
those in treatment and downstream sites. For abundance, upstream controls were influenced
largely by Hydropsychidae, Philopotamidae, and Chironomidae, while treatment and down-
stream controls were relatively influenced more by Simuliidae (Figure 3). For biomass, upstream
controls were not distinctly characterized by Hydropsychidae, Philopotamidae, and Chironomi-
dae. Similar to abundance, biomass in the treatment and downstream controls were influenced
most strongly by Simuliidae. Conversely, macroinvertebrate samples among the treatment sites
and downstream control sites varied in the indicator taxa that were most influential to the
assemblage. Several samples from the treatment sites and additional downstream sites were influ-
enced more by Simuliidae.

We found differences in abundance among Hydropsychidae, Simuliidae, and Chironomidae,
and among biomass of all four taxa across all sites (p < 0.05; Table 1). Generally, post hoc tests
revealed higher abundance and biomass estimates among Hydropsychidae and Chironomidae
families in the upstream control sites compared to the treatment and downstream control sites
(Tables 2 and 3). However, Simuliidae abundance and biomass were generally higher in the treat-
ment sites that received carcasses. These results are consistent with the NMDS analysis, which
depicted treatment sites were more influenced by Simuliidae, while the upstream and down-
stream control sites were influenced more strongly by the abundance and biomass of the other
three families.

For individual macroinvertebrate mass among families, we found differences among Hydropsy-
chidae and Philopotamidae among sites (Tables 1 and 4). Hydropsychidae mass at site 7, which was
downstream of 100 carcasses, was higher than at upstream sites influenced by fewer carcasses
as well as at upstream and downstream control sites that received no carcasses (Table 4).
Among individual Philopotamidae mass, we found higher mass per individual in the upstream
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Figure 2. Mean (§SD) cross-sectional mean column velocity (m s¡1) over a three-week period. The dashed line indicates the
period during which precipitation from a spate elevated stream flows.

24 D. M. WEAVER ET AL.



control sites compared to the treatment and downstream control sites. We found no differences for
individual Simuliidae and Chironomidae mass among sites. Post hoc tests generally found no differ-
ences between sites designated as upstream controls and sites designated as downstream controls
(Tables 2 and 3).
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Figure 3. Plots of mean (§SE) NMDS scores from two-dimensional configurations of macroinvertebrate abundance (top) and bio-
mass (bottom) estimates for rock bag samples among sites from the upstream controls (triangles; sites 1 and 2), treatments (circles;
sites 3–8), and downstream controls (squares; sites 9 and 10). Letters depict the indicator taxa influencing the sites: Hydropsychi-
dae (H), Philopotamidae (P), Simuliidae (S), and Chironomidae (C).

Table 1. F and p statistics from ANOVA models among macroinvertebrate taxa tested for differences among sites. Bolded p-values
indicate statistically significant differences among sites (p < 0.05).

Variable Taxon F p

Abundance Hydropsychidae 6.547 <0.001
Philopotamidae 1.922 0.0636
Simuliidae 4.511 <0.001
Chironomidae 4.456 <0.001

Biomass Hydropsychidae 5.129 <0.001
Philopotamidae 3.015 0.004
Simuliidae 3.966 <0.001
Chironomidae 3.135 0.003

Average individual mass Hydropsychidae 3.707 <0.001
Philopotamidae 4.384 <0.001
Simuliidae 1.455 0.183
Chironomidae 0.755 0.658
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Discussion

We simulated physical and chemical effects of sea lamprey spawning on macroinvertebrates by
experimentally adding carcasses and monitoring colonization on bare substrate mimicking newly
constructed sea lamprey nests. Previous work has indicated that sea lamprey nest construction
serves as a physical disturbance that may influence macroinvertebrate assemblages (Hogg et al.
2014). Also, nutrients from sea lamprey carcasses increased periphyton biomass and were assimi-
lated by several macroinvertebrate taxa (Weaver et al. 2016). Collectively, results from this and prior
studies indicate that physical and chemical changes brought about from sea lamprey spawning, and
subsequent nutrient liberation from carcasses, influence macroinvertebrate colonization on newly

Table 2. Mean (§SE) total macroinvertebrate abundance among N rock bag samples at each site. Treatment indicates the number
of sea lamprey carcasses added to each site. Similar superscript letter combinations depict similarities among sites from pairwise
post hoc tests. See Figure 1 and text for site locations and descriptions.

Site Treatment N Hydropsychidae Philopotamidae Simuliidae Chironomidae

1 Upstream control 10 2111 (229)a 555 (62)a 38 (11)a 141 (23)a

2 8 1752 (120)ab 492 (45)a 19 (6)a 82 (13)ab

3 Treatments 8 1055 (152)bc 432 (122)a 199 (44)b 109 (20)abc

4 7 912 (116)bcd 346 (48)a 73 (26)abc 81 (16)abcd

5 6 979 (172)bcd 462 (109)a 121 (54)abc 90 (25)abcd

6 9 544 (86)de 197 (62)a 16 (6)ac 45 (16)bcd

7 6 994 (87)bdef 273 (51)a 115 (62)abc 30 (9)bcd

8 9 1311 (236)abcdf 274 (62)a 40 (9)abc 68 (17)abcd

9 Downstream control 8 1096 (162)bcdef 269 (63)a 20 (3)ac 25 (5)bd

10 9 1295 (196)abcdef 358 (72)a 24 (6)ac 69 (11)abcd

Table 3. Mean (§SE) total macroinvertebrate biomass (mg) among N rock bag samples at each site. Treatment indicates the num-
ber of sea lamprey carcasses added to each site. Similar superscript letter combinations depict similarities among sites from pair-
wise post hoc tests. See Figure 1 and text for site locations and descriptions.

Site Treatment N Hydropsychidae Philopotamidae Simuliidae Chironomidae

1 Upstream control 10 342.1 (31.8)a 188.5 (23.6)a 3.2 (0.8)a 5.8 (1.1)a

2 8 169.1 (24.8)ab 169.1 (14.2)a 1.3 (0.5)ab 2.8 (0.6)ab

3 Treatments 8 162.3 (28.9)bc 76.0 (24.5)ab 14.2 (3.7)c 4.8 (1.2)ab

4 7 112.6 (14.0)c 49.7 (7.8)ab 3.6 (0.9)abcd 3.0 (0.9)ab

5 6 141.4 (30.5)c 74.2 (29.1)ab 8.6 (5.8)abcd 3.2 (1.0)ab

6 9 101.7 (19.7)c 41.1 (14.3)b 1.4 (0.5)abde 1.4 (0.6)b

7 6 225.3 (29.0)abc 63.1 (17.9)ab 10.3 (6.0)acdf 1.3 (0.5)b

8 9 199.6 (35.4)abc 75.1 (31.0)ab 3.2 (0.6)abcdef 2.5 (0.5)ab

9 Downstream control 8 181.6 (27.1)abc 85.5 (23.1)ab 2.7 (0.6)abcdef 1.0 (0.3)b

10 9 180.4 (32.1)abc 96.2 (21.0)ab 2.1 (0.5)abdef 1.9 (0.6)ab

Table 4. Mean individual macroinvertebrate mass (mg) among N rock bag samples at each site. Treatment indicates the number of
sea lamprey carcasses added to each site. Similar superscript letter combinations depict similarities among sites from pairwise post
hoc tests. See Figure 1 and text for site locations and descriptions.

Site Treatment N Hydropsychidae Philopotamidae Simuliidae Chironomidae

1 Upstream control 10 163.1a 334.3a 108.7a 38.3a

2 8 172.0a 350.7a 78.7a 36.3a

3 Treatments 8 146.3a 167.9ab 67.1a 42.0a

4 7 125.3ab 138.7b 62.6a 36.5a

5 6 140.4ab 185.5bc 96.0a 35.2a

6 9 188.0abc 229.5abcd 122.2a 33.5a

7 6 227.5acd 230.2abcd 85.1a 49.7a

8 9 150.4abce 228.2abcd 105.4a 47.0a

9 Downstream control 8 167.1abcde 286.3abd 133.2a 42.5a

10 9 131.9abce 256.0abcd 126.7a 25.9a
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cleaned and conditioned substrate. More broadly, the biotic and abiotic effects from migratory fish
may influence patch dynamics across interacting spatial and temporal scales.

There is ample research examining the role of migrating and spawning Pacific salmon and corre-
sponding effects on stream ecosystems (Janetski et al. 2009). However, the effects of other anadro-
mous fish species are not well studied, but our results suggest disparate ecological effects. Previous
research has demonstrated negative responses of macroinvertebrate abundance and richness to
salmon spawning. The large migrations and subsequent redd construction and spawning excavate
and scour the stream channel, reducing benthic invertebrate abundance, increasing drift, and offset-
ting any subsequent increases in productivity from post-spawned carcass nutrients (Moore and
Schindler 2008; Honea and Gara 2009; Lessard et al. 2009; Monaghan and Milner 2009; Tiegs et al.
2009). Contrary to these studies, our results and those of Hogg et al. (2014) suggest that sea lamprey
spawning disturbance may increase streambed habitat heterogeneity, and therefore create favorable
conditions (via increased interstitial spaces) for macroinvertebrate foraging. However, spawning dis-
turbance coupled with nutrient deposition from carcasses and elevated stream flows may elicit
taxon-specific responses. While our data are suggestive, future studies could test our hypothesis
more rigorously by examining changes in macroinvertebrate assemblages from intact nests with
nutrient supplementation from carcasses.

Nutrient deposition from post-spawned fish carcasses may influence macroinvertebrate coloniza-
tion on newly cleared and conditioned cobble substrate. In the current study, it is plausible that
Hydropsychidae, Philopotamidae, Simuliidae, and Chironomidae utilize the cleared substrate for
foraging and consume sloughed and drifting tissue from carcass decomposition. Prior research has
demonstrated corresponding increases in productivity and macroinvertebrate abundance and bio-
mass in response to added salmon carcasses in Pacific coast systems (Wipfli et al. 1998; Chaloner
and Wipfli 2002; Kohler and Taki 2010), and assimilation of sea lamprey carcass nutrients by scra-
pers (e.g. Heptageniidae) and collectors (e.g. Hydropsychidae) in Atlantic coast systems (Weaver
et al. 2016). However, these studies were not subject to the disturbance from migrating and spawn-
ing fish. In contrast, we generally observed lower macroinvertebrate abundance and biomass among
colonized rock bag samples in sites with added sea lamprey carcasses compared to the control sites.
Similar to previous studies with Pacific salmon, the patterns we observed were specific to certain
macroinvertebrate taxa. Among treatment sites receiving carcasses, we generally observed higher
abundance and biomass of Simuliidae, compared to the control sites, but lower abundance and bio-
mass of Hydropsychidae, Philopotamidae, and Chironomidae.

The physical and chemical disturbances from anadromous fish may further interact with other
environmental disturbances enacting on the stream landscape. We observed elevated stream flows,
likely at flood-stage levels, associated with precipitation from a spate, which may increase macroin-
vertebrate drift rates and reduce local abundance (Effenberger et al. 2008). Foraging capabilities
unique to macroinvertebrate functional feeding groups, and their response to disturbance, may
explain the observed patterns in abundance and biomass. We observed higher abundance of Simulii-
dae, and lower abundances of Hydropsychidae and Philopotamidae among treatment sites com-
pared to the control sites. These three taxa are largely collector/filterers that capture drifting
particles in the water column (Fuller and MacKay 1980; Wallace and Webster 1996). Generally, the
net-spinning caddisflies (e.g. Hydropsychidae) prefer swift moving waters (Philipson and Moor-
house 1974). However, Simuliidae are unique in that they occupy a feeding position on substrates
that minimizes energy expenditure (Wallace 1980), and demonstrate lower drifting rates with
increasing stream flow (Fenoglio et al. 2013). The increased stream flows we observed, which were
likely at flood levels, may have affected the treatment sites differently than the control sites through
differences in channel architecture (e.g. steeper banks; Naman et al. 2016). These differences in flow
rate may have further interacted with the carcass addition treatments, which favored Simuliid colo-
nization. Our work suggests that multiple disturbances (i.e. spawning disturbance, nutrient addition,
stream flooding) affect macroinvertebrate colonization among taxa differently. Stream communities
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may be influenced by the effects of patch dynamics altered by local resources (i.e. carcasses) and
local environmental factors (i.e. flood disturbance).

We used rock bags to mimic the substrate arrangement left from spawning sea lamprey, and we
believe they served as a representative surrogate for sea lamprey nests. We used substrate similar in
size to that of sea lamprey nests (Sousa et al. 2012; Hogg et al. 2014). Additionally, Hogg et al.
(2014) found Philopotamidae and Hydropsychidae were among the most abundant taxa found in
sea lamprey nest mounds compared to adjacent reference areas. We observed these two taxa com-
prise the majority of the macroinvertebrate assemblage among our rock bag samples. Therefore,
while we may not have accurately represented changes across the entire macroinvertebrate commu-
nity, we are confident that our samples reflect the colonization of macroinvertebrate assemblages
observed after sea lamprey spawning and nutrient deposition from carcasses.

Our Mantel tests revealed spatial autocorrelation among several macroinvertebrate taxa. Gener-
ally, adjacent rock bags contained similar macroinvertebrate assemblages than those farther away.
This may limit our ability to draw inferences from the results of our ANOVAs. The carcass nutrients
and associated macroinvertebrate assemblages from one treatment site may affect subsequent down-
stream treatment sites (i.e. a cumulative effect); however, Weaver et al. (2016) did not observe
cumulative downstream carcass nutrient effects. We attribute spatial autocorrelation among taxa to
the treatments we imposed on the stream and potentially differential effects of increased streamflows
in treatment sites relative to upstream control sites.

Among river landscapes, migratory fish may create a mosaic of heterogeneous habitats across
interacting spatial and temporal scales (Pringle et al. 1988; Campbell et al. 2012). Sea lamprey
migrate into freshwaters during the spring, a period of increasing temperature, and metabolic
demand for organisms (Hall 1972), and nutrient limitation (Norris 2012; Weaver et al. 2016). The
physical disturbances from sea lamprey spawning alter the benthos (Hogg et al. 2014), and their sub-
sequent death and decomposition supplement available nutrient pools and increase periphyton bio-
mass (Weaver et al. 2015; Weaver et al. 2016). Macroinvertebrates function as an integral
component in the cycling of nutrients and transfer of energy (Wallace and Webster 1996), and
therefore likely mediate the interaction of the physical and chemical bioengineering characteristics
of sea lamprey.

Acknowledgments

We thank Lara Katz, Janet Leese, Lori Carlos, and Michael Arsenault from the University of Maine for field and labo-
ratory assistance, and Bill Halteman for statistical guidance. Hamish Greig improved earlier versions of this manu-
script. Oliver Cox and Richard Dill with Maine Department of Marine Resources provided technical assistance in
collecting sea lamprey, and Tom Danielson with Maine Department of Environmental Protection provided guidance
with macroinvertebrate sampling. We thank the Town of Orrington, and Bob’s Kozy Korner for land access. Logistical
support was provided by the U.S. Geological Survey Maine Cooperative Fish and Wildlife Research Unit. This research
was performed under University of Maine approved Institutional Animal Care and Use Committee Protocol Number
A2011-06-03 and represents Maine Agriculture and Forest Experiment Station Publication Number 3563. Any use of
trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the U.S.
Government.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work is based upon research supported in part by Hatch grant from the Department of Wildlife, Fisheries, and
Conservation Biology, the University of Maine, Orono, Maine, USA [grant number ME0-8367-0H].

28 D. M. WEAVER ET AL.



Notes on contributors

Dan Weaver has a PhD degree in wildlife ecology from the University of Maine, Orono, Maine. He is broadly inter-
ested in aquatic and fish ecology, anadromous fishes, food web processes, nutrient cycling, and cross-ecosystem
dynamics.

Stephen Coghlan Jr. is an associate professor of freshwater fisheries ecology in the Department of Wildlife, Fisheries,
and Conservation Biology at the University of Maine, Orono, Maine.

Joseph Zydlewski joined the U.S. Geological Survey, Maine Cooperative Fish and Wildlife Research Unit in 2004 as an
assistant unit leader, and is a professor of fisheries science in the Department of Wildlife, Fisheries, and Conservation
Biology at the University of Maine. Joe’s research centers on the study of fish movements and migrations and he
explores the three main themes: connectivity and river restoration, physiology and behavior of migration, and the eco-
logical influences of migrants such as the topic of this paper, sea lamprey.

ORCID

Daniel M. Weaver http://orcid.org/0000-0002-7923-3848
Joseph Zydlewski http://orcid.org/0000-0002-2255-2303

References

Beamish FWH. 1980. Biology of the North American anadromous sea lamprey, Petromyzon marinus. Can J Fish
Aquat Sci. 37:1924–1943.

Bovee KD, Milhous R. 1978. Hydraulic simulation in instream flow studies: theory and techniques. Washington (DC):
U.S. Fish and Wildlife Service.

Bray JR, Curtis JT. 1957. An ordination of the upland forest communities of southern Wisconsin. Ecol Monogr.
27:325–349.

Campbell EY, Merritt RW, Cummins KW, Benbow ME. 2012. Spatial and temporal variability of macroinvertebrates
in spawning and non-spawning habitats during a salmon run in southeast Alaska. PLoS One. 7(6):e39254.

Cederholm CJ, Kunze MD, Murota T, Sibatani A. 1999. Pacific salmon carcasses: essential contributions of nutrients
and energy for aquatic and terrestrial ecosystems. Fisheries. 24(10):6–15.

Chaloner DT, Wipfli MS. 2002. Influence of decomposing Pacific salmon carcasses on macroinvertebrate growth and
standing stock in southeastern Alaska streams. J N Am Benthol Soc. 21:430–442.

Clarke KR. 1993. Non-parametric multivariate analyses of changes in community structure. Aust J Ecol. 18:117–143.
Cummins KW. 1974. Structure and function of stream ecosystems. Bioscience. 24:631–641.
Effenberger M, Engel J, Diehl S, Matthaei CD. 2008. Disturbance history influences the distribution of stream inverte-

brates by altering microhabitat parameters: a field experiment. Freshw Biol. 53:996–1011.
Fenoglio S, Boano F, Bo T, Revelli R, Ridolfi L. 2013. The impacts of increasing current velocity on the drift of Simu-

lium monticola (Diptera: Simuliidae): a laboratory approach. Ital J Zool. 80:443–448.
Flecker AS, McIntyre PB, Moore JW, Anderson JT, Taylor BW, Hall RO Jr. 2010. Migratory fishes as material and

process subsidies in riverine ecosystems. Am Fish Soc Symp. 73:559–592.
Fuller RL, MacKay RJ. 1980. Feeding ecology of three species of Hydropsyche (Trichoptera: Hydropsychidae) in south-

ern Ontario. Can J Zool. 58:2239–2251.
Gardner C, Coghlan SM, Zydlewski J. 2012. Distribution and abundance of anadromous sea lamprey spawners in a

fragmented stream: current status and potential range expansion following barrier removal. Northeast Nat. 19:99–
110.

Gende SM, Edwards RT, Willson MF, Wipfli MS. 2002. Pacific salmon in aquatic and terrestrial ecosystems. BioSci-
ence. 52:917–928.

Hall CAS. 1972. Migration and metabolism in a temperate stream ecosystem. Ecology. 53:585–604.
Hogg RS, Coghlan SM, Zydlewski J. 2013. Anadromous sea lampreys recolonize a Maine coastal river tributary after

dam removal. Trans Am Fish Soc. 142:1381–1394.
Hogg RS, Coghlan SM, Zydlewski J, Simon KS. 2014. Anadromous sea lampreys (Petromyzon marinus) are ecosystem

engineers in a spawning tributary. Freshw Biol. 59:1294–1307.
Honea JM, Gara RI. 2009. Macroinvertebrate community dynamics: strong negative response to salmon redd con-

struction and weak response to salmon-derived nutrient uptake. J N Am Benthol Soc. 28:207–219.
Janetski DJ, Chaloner DT, Tiegs SD, Lamberti GA. 2009. Pacific salmon effects on stream ecosystems: a quantitative

synthesis. Oecologia. 159:583–595.
Jones CG, Lawton JH, Shachak M. 1994. Organisms as ecosystem engineers. Oikos. 69:373–386.

JOURNAL OF FRESHWATER ECOLOGY 29

http://orcid.org/0000-0002-7923-3848
http://orcid.org/0000-0002-2255-2303


Kohler AE, Taki D. 2010. Macroinvertebrate response to salmon carcass analogue treatments: exploring the relative
influence of nutrient enrichment, stream foodweb, and environmental variables. J N Am Benthol Soc. 29:690–710.

Kruskal JB. 1964. Multidimensional scaling by optimizing goodness of fit to a nonmetric hypothesis. Psychometrika.
29:1–27.

Lessard JL, Merritt RW. 2006. Influence of marine-derived nutrients from spawning salmon on aquatic insect commu-
nities in southeast Alaskan streams. Oikos. 113:334–343.

Lessard JL, Merritt RW, Berg MB. 2009. Investigating the effect of marine-derived nutrients from spawning salmon on
macroinvertebrate secondary production in southeast Alaskan streams. J N Am Benthol Soc. 28:683–693.

Maine Department of Environmental Protection. 2017. Macroinvertebrate sampling in rivers and streams. [accessed
2017 June 20]. http://www.maine.gov/dep/water/monitoring/biomonitoring/sampling/bugs/riversandstreams.htm.

McDermott H, Paull T, Strachan S. 2012. Canadian aquatic biomonitoring network laboratory methods: processing,
taxonomy, and quality control of benthic macroinvertebrate samples. Environment Canada.

Monaghan KA, Milner AM. 2009. Effects of anadromous salmon red construction on macroinvertebrate communities
in a recently formed stream in coastal Alaska. J N Am Benthol Soc. 28:153–166.

Moore JW. 2006. Animal ecosystem engineers in streams. Bioscience. 56:237–246.
Moore JW, Schindler DE. 2008. Biotic disturbance and benthic community dynamics in salmon-bearing streams.

J Anim Ecol. 77:275–284.
Naman SM, Rosenfeld JS, Richardson JS. 2016. Causes and consequences of invertebrate drift in running waters: from

individuals to populations and trophic fluxes. Can J Fish Aquat Sci. 73:1292–1305.
Nislow KH, Kynard BE. 2009. The role of anadromous sea lamprey in nutrient and material transport between marine

and freshwater environments. In: Haro A, Smith KL, Rulifson RA, Moffitt CM, Klauda RJ, Dadswell MJ, Cunjak
RA, Cooper JE, Beal KL, Avery TS, editors. Challenges for diadromous fishes in a dynamic global environment.
Bethesda (MD): American Fisheries Society; p. 485–494.

Norris KG. 2012. The influence of anadromous alewife on Maine lakes and streams: using nutrient limitation assays
and stable isotopes to track marine derived nutrients [master’s thesis]. Orono (ME): University of Maine.

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’Hara RB, Simpson GL, Solymos P, Stevens MHH,
Szoecs E, et al. 2016. Vegan: community ecology package. R package version. 2.4–1. [accessed 2017 June 20].
http://cran.r-project.org/package=vegan

Philipson GN, Moorhouse BHS. 1974. Observations on ventilator and net-spinning activities of larvae of the genus
Hydropsyche Pictet (Trichoptera, Hydropsychidae) under experimental conditions. Freshw Biol. 4:525–533.

Pringle CM, Naiman RJ, Bretschko G, Karr JR, Oswood MW, Webster JR, Welcomme RL, Winterbourn MJ. 1988.
Patch dynamics in lotic systems: the stream as a mosaic. J N Am Benthol Soc. 7:503–524.

Sousa R, Araujo MJ, Antunes C. 2012. Habitat modifications by sea lampreys (Petromyzon marinus) during the
spawning season: effects on sediments. J Appl Ichthyol. 28:766–771.

Tiegs SD, Campbell EY, Levi PS, Ruegg J, Benbow ME, Chaloner DT, Merritt RW, Tank JL, Lamberti GA. 2009. Sepa-
rating physical disturbance and nutrient enrichment caused by Pacific salmon in stream ecosystems. Freshw Biol.
54:1864–1875.

Townsend CR. 1989. The patch dynamics concept of stream community ecology. J N Am Benthol Soc. 8:36–50.
Wallace JB. 1980. Filter-feeding ecology of aquatic insects. Ann Rev Entomol. 25:103–132.
Wallace JB, Webster JR. 1996. The role of macroinvertebrates in stream ecosystem function. Ann Rev Entomol.

41:115–139.
Weaver DM, Coghlan SM, Zydlewski J. 2016. Sea lamprey carcasses exert local and variable food web effects in a

nutrient-limited Atlantic coastal stream. Can J Fish Aquat Sci. 73:1616–1625.
Weaver DM, Coghlan SM, Zydlewski J, Hogg RS, Canton M. 2015. Decomposition of sea lamprey Petromyzon mari-

nus carcasses: temperature effects, nutrient dynamics, and implications for stream food webs. Hydrobiologia.
760:57–67.

Wipfli MS, Hudson JP, Caouette JP. 1998. Influence of salmon carcasses on stream productivity: response of biofilm
and benthic macroinvertebrates in southeastern Alaska, USA. Can J Fish Aquat Sci. 55:1503–1511.

Wipfli MS, Hudson JP, Chaloner DT, Caouette JP. 1999. Influence of salmon spawner densities on stream productivity
in Southeast Alaska. Can J Fish Aquat Sci. 56:1600–1611.

30 D. M. WEAVER ET AL.

http://www.maine.gov/dep/water/monitoring/biomonitoring/sampling/bugs/riversandstreams.htm
http://cran.r-project.org/package=vegan

	Abstract
	Introduction
	Study site
	Methods
	Experimental design
	Abiotic stream variables
	Macroinvertebrate subsampling and sorting
	Statistical analysis

	Results
	Discussion
	Acknowledgments
	Disclosure statement
	Funding
	Notes on contributors
	References



