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As a restoration measure, dam removal is expected to lead to eco- Received 7 April 2025
logical improvement. However, there is little understanding how  Accepted 7 June 2025
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as a key component in the functioning of riverine networks. Here, resource subsidies
a quantitative review was performed to investigate the potential of

dam removal to restore lateral connectivity with riparian ecosys-

tems in terms of the production and dispersal of aquatic insect

subsidies. Specifically, the functional trait composition of benthic

invertebrate insect assemblages was analyzed to assess how the

dispersal and life history of stream invertebrates are affected by

dam removal. Functional trait responses to dam removal were

quantified within the downstream, impoundment and upstream

sections, utilizing extracted or calculated functional traits from a

comprehensive search of empirical studies containing pre- and

post-dam removal data along with the specific sampling distance

from the dam (downstream and impoundment) or distance from

the impoundment (upstream) and time from dam removal. The

findings of this study suggest that the removal of small dams

results in a more constant, rather than pulsed, supply of aquatic

insects as resource subsidies for terrestrial consumers. Furthermore,

results indicate an increase in potential aquatic prey dispersal

extent into the terrestrial landscape in the downstream section

and initially in the impoundment.

Introduction

The detrimental physical and ecological impacts attributed to dams are extensive,
extending beyond freshwater to terrestrial and marine ecosystems and their
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dependent species (Pringle et al. 2000; Dudgeon et al. 2006; Freeman and Marcinek
2006; Carlisle et al. 2011; Lehner et al. 2011). As a restoration measure, dam removal
is expected to lead to ecological improvement (Bednarek 2001; Hart et al. 2002),
by reestablishment of upstream-downstream connectivity of flow, sediment regimes,
and organisms (Poff and Hart 2002, Bellmore et al. 2017). While in-stream physical
effects of dam removal, and the potential spatial and temporal scope of longitudinal
responses of biota to these perturbations, are increasingly documented (Bednarek
2001, Bellmore et al. 2017, Bellmore et al. 2019, Doyle et al. 2005, Gardner et al.
2013, Carlson et al. 2018), there is little understanding how dam removal affects
lateral interactions across ecosystem boundaries.

The transfer of aquatic resource subsidies into terrestrial food webs via the winged
adult stages of aquatic insects is recognized as a key component in the functioning
of riverine networks (Moldenke and Ver Linden 2007; Lamberti et al. 2010;
Muehlbauer et al. 2014; 2019). Not only do aquatic insects often emerge with very
high abundance and biomass, but they also carry nutrients and essential lipids
produced within aquatic environments (Baxter et al. 2005; Gratton et al. 2008;
Gladyshev et al. 2009). These aquatic insect subsidies support a multitude of organ-
isms in riparian communities, including arthropods (Collier et al. 2002), birds
(Gray 1993) and bats (Fukui et al. 2006).

Research is increasingly aimed on understanding how anthropogenic disturbances
alter the factors that regulate the production and dispersal of aquatic insect subsidies,
and their uptake into terrestrial food webs (Jonsson et al. 2013; Kautza and Sullivan
2015; Carlson et al. 2016; Greenwood and Booker 2016; McKie et al. 2018; Ramberg
et al. 2020). However, the impact of dams on the transfer of aquatic resource sub-
sidies into terrestrial food webs via the winged adult stages of aquatic insects remains
poorly understood (Larsen et al. 2016). Those studies that do exist have found that
flow regulation tends to result in lower emergent insect biomass relative to unreg-
ulated reaches resulting in a decrease in the abundance or breeding success of
riparian arthropod predators and insectivorous birds (Jonsson et al. 2013; Strasevicius
et al. 2013). Furthermore, studies have demonstrated that below intact dams half
of the dominant macroinvertebrate taxa were non-insect, non-flying taxa, and thus
were unavailable to terrestrial consumers (Abernethy et al. 2021).

As a restoration measure, dam removal is expected to lead to ecological improve-
ment (Bednarek 2001; Hart et al. 2002). Case studies of responses to dam removal
above the dam site indicate significant community shifts from taxa dominance of
macroinvertebrates without an adult flying stage (e.g. Oligochaetes, and other
non-insects) to more diverse assemblages that include a mixture of insect taxa
(Morley et al. 2008; Bellmore et al. 2019). Studies of macroinvertebrate responses
below dams have shown post-dam removal communities differ little from those of
the pre-dam (Orr et al. 2008), in other instances, the post-dam removal community
composition differs both from the pre-dam community and control sites upstream
of the impoundment (Bushaw-Newton et al. 2002). Indeed, macroinvertebrate
responses to dam removal have highly spatiotemporally dynamic patterns, with initial
responses frequently negative including decreased densities (e.g. Thomson et al.
2005; Orr et al. 2008; Chiu et al. 2013) and taxa richness (e.g. Maloney et al. 2008;
Chiu et al. 2013; Claeson and Coffin 2016). Negative responses are an expected
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short-term effect from the pulse disturbance initiated by dam deconstruction
(Van Looy et al. 2014) via processes of sediment exposure, erosion and redistribution
(Bednarek 2001; Tullos et al. 2016), as well as sudden shifts in hydrology and tem-
perature (Bednarek 2001). Over longer timescales, newly exposed sediments become
revegetated (Orr and Stanley 2006) and channel morphology adjusts (Gartner et al.
2015), eventually leading to more stable environments. Case studies indicate different
ensuing recovery trends in macroinvertebrates, for example, short-term (i.e. <5months)
positive responses in densities (e.g. Orr et al. 2008) and taxa richness (e.g. Kil and
Bae 2012), but also long-term (i.e. >40 months) negative responses in densities and
taxa richness (e.g. Renofilt et al. 2013). However, macroinvertebrate responses to
dam removal were generalized in a quantitative review where initial negative effects
occurred on total density and densities of sensitive insect taxa, both downstream
and upstream; however, recovery to pre-removal values were reached and exceeded
after ca 15-20 months (Carlson et al. 2018). Furthermore, Carlson et al. (2018) found
significant effects 3km both downstream of the dam and upstream of the dam
impoundment, a finding that demonstrates the scale of impact is greater than often
presumed including reaches upstream of impoundment that have often been utilized
as a comparative reference for undisturbed conditions. While the longitudinal impacts
of dam removal on macroinvertebrate communities is increasingly documented, few
studies focus on how these impacts may extend to influence the transfer of resources
between aquatic and terrestrial ecosystems, in particular what is the potential of
dam removal to restore lateral connectivity with riparian ecosystems in terms of
the production and dispersal of aquatic insect subsidies (but see Sullivan et al. 2018).

The most obvious in terms of the production and dispersal of aquatic insect
subsidies are community shifts from dominance of non-insect, non-flying taxa, to
insect taxa that emerge and have a terrestrial flying stage. However, dam removal
can influence innate life history traits in the latter that have implications for the
transfer of resources between aquatic and terrestrial ecosystems. For example, both
the timing and extent of dispersal by adult aquatic insects are regulated by their
species-specific life history traits (Greenwood and Booker 2016). These traits are
components of a species’ phenotype that regulate when and how often individuals
emerge from the aquatic larval to terrestrial adult state (e.g. seasonal syncronicity,
voltinism), and how far from the natal stream individuals might disperse (e.g. adult
flying strength, flight distance, body size) (Petchey and Gaston 2006; Greenwood
and Booker 2016), and which thereby influence their availability as resource subsidies
to terrestrial consumers in time and space.

Here, a quantitative review was performed to investigate the potential of dam
removal to restore lateral connectivity with riparian ecosystems in terms of the
production and dispersal of aquatic insect subsidies. Specifically, the functional trait
composition of benthic invertebrate insect assemblages was analyzed to assess how
the dispersal and life history of stream invertebrates are affected by dam removal
(Table 1). Functional trait responses to dam removal were quantified within the
downstream, impoundment and upstream sections, utilizing extracted or calculated
functional traits from a comprehensive search of empirical studies containing pre-
and post-dam removal data along with the specific sampling distance from the dam
(downstream and impoundment) or distance from the impoundment (upstream)
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Table 1. Trait categories extracted from Poff et al. (2006) database, grouped into those that
primarily indicate the potential spatial extent of aquatic prey dispersal, and those which indicate
the potential degree of temporal fluctuation in aquatic prey availability.

Category Trait name States Implications
() Indicators of Flying strength (1) Weak (e.g. unable to fly Assemblages with a lower innate
potential extent of into a light breeze), (2) dispersal potential are those
aquatic prey strong dominated by taxa with:
dispersal Female dispersal (1) Low (< 1km flight Weak flying strength
before oviposition), (2)  Low dispersing females
High (> 1km flight Adults that are short-lived (limiting
before oviposition) the time available for extensive
Adult life span (1) Very short (<1 week), dispersal)
(2) short (<1 month), Adults that are small sized
(3) long (>1 month) (potentially indicating lesser wing
Body size (1) Small (length < 9mm), muscle mass and energy reserves
(2) medium (9-16 mm), relative to larger taxa)
(3) large (>16 mm)
(II) Indicators of the  Voltinism (1) Semivoltine (<1 More constant aquatic prey
temporal variation generation per year), (2) availability is expected when
of aquatic prey univoltine (1 generation assemblages are dominated by
availability per year) (3) bi or taxa with:
multivoltine Multivoltine, poorly synchronized
Seasonal development (1) Fast seasonal (rapid emergence

spring/summer) (2) slow Fast or non-seasonal development
seasonal (extended over In contrast, taxa with univoltine, well

winter), (3) nonseasonal synchronized emergence and slow
Emergence (1) Poorly synchronized, (2) seasonal development are
synchronization well synchronized expected to be associated with
emergence more pulsed aquatic prey
availability

and time from dam removal. This allowed assessment of the following predictions
of response to dam removal:

1. An immediate demise of many taxa (both insect and non-insect) that had
occupied habitats associated with the legacy of the intact dam (Martinez et al.
2013; Ruhi et al. 2018; Belmar et al. 2019; Bruno et al. 2019; Wang et al.
2020) and typical of human impacted systems (Statzner and Béche 2010).
This includes aquatic insect taxa displaying reduced dispersal (smaller body
size, weaker flying strength, low female dispersal, shorter adult life span) and
more constant aquatic prey availability throughout the season (faster and
multivoltine life-cycles, and greater life-history flexibility).

2. Recovery and recolonization of noval assemblages in the first 2-4 years
(Mahan et al. 2021, Carlson et al. 2018). To facilitate the reestablishment of
viable populations a decrease in the magnitude of negative, and/or positive
effects are expected for traits that confer disturbance resilience and promote
faster recolonization, including several traits associated with pre-removal
assemblages (fast or non-seasonal development, multiple generations per year
[i.e. multivoltinism]) (Daufresne et al. 2009). Additionally, because the
impacts of dams and dam removal can extend kilometers both up and
downstream (Carlson et al. 2018), recolonization could depend on the capac-
ity to disperse from greater distances into suitable unoccupied areas, resulting
in positive effects in traits such as strong adult flight and high female dis-
persal. Overall, in the initial years after dam removal it is expected that
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there will be trends towards positive effects in traits indicating constant
aquatic prey availability and greater potential spatial extent of aquatic prey
dispersal.

3. Over longer time scales (>2-4 years) restabilization of hydromorphological
dynamics of free-flowing riverine systems and availability of appropriate
resources for sustenance and habitat requirements will result in persistence
(MacLean and Beissinger 2017) of positive effects in traits associated with
assemblages of pre-dam construction (Martinez et al. 2013; Ruhi et al. 2018;
Belmar et al. 2019; Bruno et al. 2019; Wang et al. 2020), including indicators
of greater potential spatial extent of aquatic prey dispersal (larger body size,
stronger flying strength, longer adult life span) and pulsed temporal variability
(univoltine, well synchronized emergence, slow seasonal development).

Furthermore, it was expected that the predicted effects would decay with distance,
particularly in the up- and downstream sections.

Materials and methods
Literature and data search

From April 2023 to October 2023, the literature was searched for studies of mac-
roinvertebrate response to dam removal. Search terms included all possible combi-
nations of (1) dam*, weir*, impoundment*, reservoir*; (2) remov*, deconstruct®,
destruct*, undam*; (3) invertebrate*, benthic*, macroinvertebrate*, aquatic insect”,
zoobentho*. Relevant studies were initially located by searching ISI Web of Science
and Google Scholar, where the first 500 papers as sorted by relevance were system-
atically screened for inclusion in the meta-analysis. Furthermore, potentially relevant
grey literature was identified using the search engine Google. When potential sources
of relevant unpublished information were identified, requests for data from various
reports, academic theses and raw data were made by contact to entities associated
with a particular dam removal. Studies were included under the criteria that the
dam removed was small (not more than 15m of height), that macroinvertebrates
had been sampled during both pre- and post-dam removal, and that distance and
time of sampling points relative to the dam removal were measured. Of the pertinent
literature found, citations and references were examined for additional relevant
studies. Additionally, we searched and incorporated data in association with dam
removal sites from the Swedish national and regional environmental monitoring
programme database, hosted by Swedish University of Agricultural Sciences (SLU)/
Department of Aquatic Sciences and Assessment. A finial criterion was that the raw
data was available so that response variables could be calculated.

Response variables

From the literature search, trait information from aquatic insect taxa that emerge
from the aquatic larval to terrestrial adult state was calculated from the database
of Poff et al. (2006). This database was developed for North American genera and



6 P.E. CARLSON

it is particularly appropriate for this study since it includes a wide selection of traits
related to adult dispersal and life histories. Taxa were scored for two broad groups
of traits (Table 1): (1) traits that are indicative of the extent of adult dispersal, and
(2) traits that are indicative of seasonal timing of emergence (i.e. pulsed verses
continuous). It must be emphasized that in focusing on these traits the intention is
not to make inferences about the actual extent of aquatic prey production and
dispersal adjacent to stream channels, but rather about innate differences in the
dispersal potential of assemblages, and in the spatiotemporal changes in aquatic
prey availability to terrestrial consumers after dam removal. Use of these traits
yielded in total 18 states (2-3 trait states for each of the seven traits, Table 1). Each
trait state (e.g. very short, short, long) was quantified as the relative abundance
within each trait (e.g. Adult life span).

For each study, dam removal effect sizes was calculated using the response ratio
(LnR) (Osenberg et al. 1997) for each trait state as LnR=In(N,/N,), where N, is
the mean metric value of all pre-removal sampling events at a specific distance and
N, is the metric value at a particular time from post-dam removal corresponding
with that specific distance and section (upstream, impoundment and downstream)
relative to the dam. Time was measured in months after dam removal and distances
were measured by the sampling site mid-point in meters from the dam in down-
stream and impoundment sections and meters from the upper end-point of the
impoundment in the upstream section. Response value of 0 indicates no change
from pre-removal state, while positive and negative values indicate increase and
decline, respectively.

Calculating dam removal effect sizes from individual studies results in responses
on the same scale and thus quantitatively comparable across studies. Each dam
removal effect size was calculated with equal replicates and taxonomic resolution
and the same sampling methods for N, and N,. It was expected that differences in
collection methods to have negligible influence on dam removal effect size based
on investigations comparing methods of assessing ecosystem state (e.g. Tronstad
and Hotaling, 2017).

Statistical analyses

General linear mixed models were used that included time since dam removal and
distance from the dam as explanatory variables, and the response ratios (LnR) of
the 18 trait states as response variables. As several samples were collected at the
same site (dam) but at different distance from the dam and/or time since dam
removal, random intercept models were used to include a random factor ‘dam’ (18
levels). For each response variable the same two fixed factors distance and time and
their interaction were included in the model. However, if the interaction was not
significant in the full model, the interaction was removed and the model rerun with
only the main effects. For all models the residuals were checked by visual inspection
to verify that the assumption of normality and equal variance holds. Analyses were
run separately for the downstream, upstream and impoundment area by using three
different subsets of data. Due to low replication further from dams in the up-
and downstream sections, only data within 3,500m from the dams, or in the case
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of upstream sections 3,500 m from the impoundment, were considered
(downstream: N=78, upstream: N=44, impoundment: N=52). All statistical analyses
was done in R version 3.6.2, package (nlme).

Results
Description of dam removal sites and data

In total, our search resulted in 18 dam removals that fit all the criteria for inclusion,
yielding a total of 3,132 dam removal effect sizes (LnR) from all 18 trait states. The
number of calculated effect sizes where greatest in the downstream section (n=1404),
followed by the impoundment (#=936) and upstream (n=792). The search resulted
in 3 published articles, 2 thesis, 9 reports and 3 datasets in association with dam
removal sites from the Swedish national and regional environmental monitoring
programme database (https://www.slu.se/en/environment/statistics-an
d-environmental-data/search-for-open-environmental-data/environmental-data-mvm/).
A list of data sources used in the study is provided in the Data sources section.

Dam removal sites spanned a broad geographical range (14 across the United
States, 3 in Sweden and 2 in France) and included several biome types: temperate
broadleaf and mixed forests (n=5), temperate broadleaf forests (n=9), moist tem-
perate coniferous forests (n=1) and boreal forests (n=23).

Data in terms of section varied with dam removal study: studies with data on
all three sections (n=6), only impoundment and downstream (#n=3), only upstream
and downstream (n=3), only upstream and impoundment (n=1), only upstream
(n=1), only impoundment (n=1), and only downstream (n=3). Considering
dam removal studies collectively, the number of sites was greatest in the downstream
section (n=78), followed by the impoundment (n=52) and upstream (n=44). In
all sections, greater than 94% of sites had a unique distance and time from dam
removal. Site distance ranged 200-3500 meters (median = 2100 m) in the upstream
section, 20-3300 meters (median = 101 m) in the impoundment, and 20-2800 meters
(median = 600) in the downstream section. Time after dam removal ranged in the
upstream 0.75-80.75 months (median = 17.5m), in the impoundment 0.5-92.75 months
(median = 17.5m), and in the downstream 0.5-80.75 months (median = 14.6m).

Quantitative sampling methods were used in all studies although methods of
collection differed: kick net (n=13), Surber (n=1), Hester-Dandy (n=3). Taxonomic
identification was conducted in the laboratory for all studies although resolution
efforts differed. For example, excluding Chironomidae or Ceratopogonidae: species
(n=8), genus (n=5), family (n=3) and order (n=1). Chironomidae and
Ceratopogonidae were usually identified at the family or subfamily level.

Results for response ratio (LnR) of traits

Downstream section

Within the downstream section, a significant positive mean effects where observed
in multivoltinism and poor synchronized emergence while significant negative mean
effects were observed in univoltine, well synchronized emergence and weak flying
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Table 2. Results of models for response ratio (LnR) of traits in the downstream, impoundment
and upstream area. Only models that indicate significant relationships (p <0.05) are displayed.

Explanatory

Area Responses factors/mean Values p-values
Downstream  LnR semivoltine Distance 0.0006 0.005
Downstream  LnR univoltine Mean —0.1731 <0.001
Downstream  LnR multivoltine Mean 0.7661 <0.001
Downstream  LnR nonseasonal development Distance 0.0006 0.001
Downstream  LnR poor synchronized emergence Mean 0.3904 <0.001
Downstream  LnR well synchronized emergence Mean —0.1412 <0.001
Downstream  LnR long adult life span Distance 0.0006 0.002
Downstream  LnR high female dispersal Distance —0.0004 0.010
Downstream  LnR weak flying strength Mean —0.0508 0.046
Impoundment LnR semivoltine Mean 0.8408 <0.001
Impoundment Time 0.0167 0.001
Impoundment LnR univoltine Mean —0.1493 0.034
Impoundment Time —0.0091 <0.001
Impoundment LnR fast seasonal development Mean —0.4902 <0.001
Impoundment Time 0.0068 0.025
Impoundment LnR slow seasonal development Mean 0.5002 <0.001
Impoundment Time —-0.0131 0.006
Impoundment LnR nonseasonal development Mean 0.9661 <0.001
Impoundment Time 0.0222 <0.001
Impoundment LnR poor synchronized emergence Mean 1.0462 <0.001
Impoundment Time 0.0100 0.008
Impoundment LnR well synchronized emergence Mean —0.2594 <0.001
Impoundment Time —0.0085 <0.001
Impoundment LnR very short adult life span Mean —0.2638 0.001
Impoundment Time 0.0056 0.037
Impoundment LnR short adult life span Mean 0.9602 <0.001
Impoundment Time —-0.0135 0.014
Impoundment LnR long adult life span Time 0.0179 <0.001
Impoundment LnR low female dispersal Mean 0.4949 <0.001
Impoundment Time 0.0084 0.016
Impoundment Distance 0.0002 0.012
Impoundment LnR high female dispersal Mean —0.3802 <0.001
Impoundment Time —0.0095 0.002
Impoundment LnR weak flying strength Time 0.0084 <0.001
Impoundment LnR strong adult flying strength Mean 0.9341 <0.002
Impoundment Time —-0.0220 <0.001
Impoundment LnR small size Mean —0.3052 0.005
Impoundment Time 0.0142 <0.001
Impoundment LnR medium size Mean 0.6164 <0.001
Impoundment Time —0.0155 0.003
Upstream LnR semivoltine Mean —0.3692 0.004
Upstream LnR univoltine Time x Distance 0.0000 0.011
Upstream LnR multivoltine Mean 0.4948 0.006
Upstream LnR well synchronized emergence Time x Distance 0.0000 0.033
Upstream LnR long adult life span Mean —0.2653 0.042
Upstream LnR low female dispersal Time X Distance 0.0000 0.013
Upstream LnR weak flying strength Time 0.0041 0.013
Upstream LnR small size Time 0.0096 <0.001

strength (Table 2). For taxa that are semivoltine (< 1 generation per year), taxa with
non-seasonal development, and long life span negative effects were observed closer
to the dam c. 600-800 meters, but thereafter the magnitude of positive effects
increased with greater distance (Table 2, Figure la—c). Conversely, high female dis-
persal had positive effects in the immediate c. 1000 meters from the dam but with
greater distance downstream the magnitude of negative effects increased (Table 2,
Figure 1d).
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Impoundment section

In the impoundment section several traits had significant mean effects and responded
to time after dam removal (Table 2, Figure 2), while only low female dispersal
responded to distance from the dam with positive effect values increasing with
greater distance from the dam ((Table 2, Figure 21)).

A positive mean effect was observed for semivoltine taxa, slow seasonal development,
nonseasonal development, poorly synchronized emergence, short adult life span, low
female dispersal, strong adult flying strength, and medium size (Table 2, Figure 2a, d,
e, £, 1, 1, o, q, respectively). While the magnitude of positive effects increased over time
for semivoltine taxa, nonseasonal development, poorly synchronized emergence, and
low female dispersal the magnitude of positive effects decreased over time reaching
zero at c¢. 62months for slow seasonal development, ca 75months for short adult life
spans, ¢. 57months for strong adult flying strength, and c. 54months for taxa with
medium size of which the magnitude of negative effects increased thereafter. Negative
mean effects were observed for univoltine taxa, fast seasonal development, well syn-
chronized emergence, very short adult life spans, high female dispersal, and small size
(Table 2, Figure 2b, ¢, g, h, m, p, respectively). However, over time the magnitude of
negative effects decreased reaching zero at ca 93 months for fast seasonal development,
¢. 57months for very short adult life spans, c. 36 months for weak adult flying strength,
and ¢. 20months for small size of which for the latter three the magnitude of positive
effects increased thereafter. The magnitude of positive effects over time increased for
long adult life span after c. 20 months and weak flying strength after c¢. 28 months
(Table 2, Figure 2j, n, respectively).

Figure 1. LnR for the downstream section of trait states with a significant relationship to distance.
Grey line indicates no effects (y=0).
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Figure 2. LnR For the impoundment section of trait states with a significant relationship to time
(a-k, m-q) or distance (). Dashed grey line indicates no effects (y=0); solid blue line indicates
mean effect significantly different from zero.
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Figure 2. Continued.

Upstream section

In the upstream section, a mean positive effect was observed for multivoltine taxa
while a mean negative effect was observed in semivoltine taxa and long adult life
span (Table 2). An interaction between time and distance from the dam indicated
an increase in magnitude of negative effects over time and closer proximity to the
dam for both univoltine taxa and taxa with well-synchronized emergence (Table 2,
Figure 3a, b). An interaction between time and distance from the dam indicated
an increase in magnitude of positive effects over time and closer proximity to the
dam for low female dispersal (Table 2, Figure 3c). Trajectories over time indicate
increasing magnitude of positive effects after c. 30 months for weak flying strength
(Table 2, Figure 3d). Similarly, negative effects were observed in taxa with small
size within the initial ¢. 18 months, thereafter positive effects increased over time
(Table 2, Figure 3e).

Discussion

Using aquatic insects as a focal organism, this study tested variation in species traits
that could influence spatial and temporal characteristics of resource subsidies and
found that dam removal induces change in the aquatic community that have impli-
cations for terrestrial consumer populations by potentially influencing the spatial
extent and timing of aquatic prey. More specifically, results in the impoundment
and downstream sections support the prediction of positive effects in indicators of
increased potential spatial extent of aquatic prey dispersal, although the size
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Figure 3. LnR for the upstream section of trait states with a significant relationship to time
(d, e) or an interaction of distance xtime (a, b, ¢). Dashed grey line indicates no effects (y=0).

of positive effects decreased over time in the impoundment. In contrast, results did
not give support the prediction of an increase in pulsed temporal variability of
aquatic prey after dam removal. In fact, in the downstream and impoundment
sections evidence was found for a more extended temporal supply of aquatic prey
to terrestrial consumers.

Initial negative effects in traits associated with the legacy of the intact dam
(smaller body size, weaker flying strength, very short adult life span, fast seasonal
development) in the impoundment and upstream sections were in line with the
predicted response to the pulse disturbance associated with removal of the dam.
Also consistent with predictions was that these traits recovered in c. 2years and
thereafter the size of positive effects increased. However, the prediction that traits
conferring disturbance resilience via faster colonization was only supported by the
positive mean effect in strong adult flight in the impoundment. Furthermore, it was
expected that over longer time scales habitat stabilization would result in increasing
positive effects in indicators of greater potential spatial extent of aquatic prey dis-
persal and pulsed temporal variability. However, longer adult life span was the only
trait, in relation to potential spatial extent, observed to increase over time in the
downstream and impoundment sections.

The results support the expectation that the predicted effects would decay with
distance, particularly in the up- and downstream sections. More specifically, time
was the foremost important factor in the impoundment section, while in the down-
stream section effects were significantly correlated with distance, and in the upstream
section interactions between distance and time was prominent. The frequency of
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trait-states with significant responses differed according to the section relative to
the dam and were most abundant in the impoundment, followed by the upstream
and downstream sections respectively.

Downstream section

In the downstream section, results suggest that dam removal has little overall impact
on potential aquatic prey dispersal extent into the terrestrial landscape. This con-
clusion was foremost supported by the fact that the only trait state in relation to
dispersal extent that had a significant mean effect was the negative response in weak
flying strength. For several traits, distance from the dam was a significant factor,
although rather than the predicted decay in effects with greater distance the mag-
nitude of effect sizes increased. The increase in magnitude of positive effects in
long adult life span after c. 750 meters increases the time available for longer dis-
persal, and/or the time available for consumption by terrestrial consumers. High
female dispersal had positive effects between the dam and c¢. 1200 meters while
negative effects increased further downstream. Considering that high female dispersal
indicates >1km flight before oviposition, and long adult life span the time for more
extensive dispersal, negative effects are likely compensated by positive effects of the
other, at least in terms of potential dispersal extent of aquatic prey into the terres-
trial landscape. Surprisingly, within the downstream section no significant relation-
ships were observed with time.

Opposed to the prediction of a more pulsed availability after dam removal, a
more extended supply of aquatic prey to terrestrial consumers was supported by
the positive mean effects in poor synchronized emergence and multivoltine taxa,
and negative mean effects in univoltine taxa and well synchronized emergence.
Furthermore, positive effects in non-seasonal development were observed after
¢. 730 meters and increased in magnitude with greater distance from the dam. On
the other hand, the increase in magnitude of positive effects in semivoltine taxa
c. 1km downstream of the dam implies less constant aquatic prey availability with
greater distance from the dam.

Higher recruitment or ability to survive conditions over time in taxa with longer
semivoltine life cycles suggests disturbance lessened with greater distance from the
dam. The more positive effects in high female dispersal nearer the dam would
further support this inference if it results from the presence of disturbance tolerant
species such as small-bodied, blood-feeding Diptera (Ceratopogonidae and Simuliidae,
McKie et al. 2018). Non-seasonal development is also a resilience trait that is often
associated with tolerant taxa that considering the pattern with distance would be
in contrast to less disturbance with greater distance. However, because similar pat-
terns were found in semivoltine taxa, non-seasonal development, and long adult life
span, a strong conjecture could be made that the pattern is driven by beetles, par-
ticularly riffle beetles (Elmidae), in which all three of these traits are found
(Poff et al. 2006; McKie et al. 2018). Indeed, selection does not act on isolated traits
as independent entities, but on the combinations of traits, which characterize the
species. Therefore, the relationship observed between a particular trait and a given
environmental factor could be due to covariance between traits. Collier and Quinn
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(2003) found in systems with an underlying press disturbance a pulse disturbance
could increase riffle beetle densities by several orders of magnitude above densities
before the pulse disturbance. This reflects the greater initial resistance to a pulse
disturbance (e.g. dam removal) among taxa adapted to the legacy of press distur-
bance (e.g. intact dams).

Impoundment section

Within the impoundment, mixed results were found in terms of innate dispersal
potential of aquatic prey in the initial 2-4 years after dam removal, while over longer
time scales results indicate reduced dispersal potential. More specifically, some results
indicate that in the initial 2-4 years after dam removal assemblages are dominated
by taxa with a greater innate dispersal potential, but this diminishes over time. For
example, positive mean effects were observed in strong adult flying strength and
medium size, but the magnitude of positive effect sizes decreased over time reaching
zero at just over 50 months. Furthermore, adult life span very short and small size
both had a negative mean effect, but along with weak flying strength the magnitude
of negative effect sizes decreased over time reaching zero at c. 65, c¢. 20, and c.
30 months, respectively, and thereafter the magnitude of positive effects increased.
Lower innate dispersal potential over time was further supported by a negative mean
effect in high female dispersal of which the magnitude of negative effects increased
over time and a correspondingly positive mean effect in low female dispersal of
which the magnitude of positive effects increased over time. The exception to this
general pattern of decreasing dispersal extent potential over time was the increasing
magnitude of positive effects over time in long adult life span, which indicated an
increase in time available for extensive dispersal after dam removal.

As was for downstream, results from the impoundment suggest a shift to con-
tinuous, rather than pulsed, supply of aquatic prey to terrestrial consumers that
intensified with time. In particular, dam removal had a mean positive effect on
poorly synchronized emergence. Moreover, the magnitude of positive effects of poorly
synchronized emergence increased over time, while the magnitude of negative effects
increased over time for well-synchronized emergence. On the other hand, fast sea-
sonal development had a negative mean effect and slow seasonal development had
a positive mean effect that, because longer generation times means less frequent
emergence from the stream, implies a less constant supply of aquatic prey to ter-
restrial consumers. However, trajectories over time indicate more constant aquatic
prey availability by a decrease in the effect magnitude of fast seasonal development
(reaches zero at c¢. 90 months) and slow seasonal development (reaches zero at
¢. 65months), and the increase in magnitude of positive effect sizes in non-seasonal
development. Additionally, a decrease in pulsed aquatic prey availability is supported
by a negative mean effect in univoltine taxa of which the magnitude of negative
effects increased over time. On the other hand, semivoltine taxa increased over time,
a finding that would contribute to a less constant aquatic prey availability. Because
patterns in semi voltinism were similar to non-seasonal development and long adult
life span the observed responses could be driven by riffle beetles, as was speculated
for the downstream section, where colonization increased as the hydromorphological
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characteristics of the channel develop and stabilize. Other studies have found that
replacement of impoundment assemblages by more typical riverine taxa can occur
relatively quickly after a dam is removed (Stanley et al. 2002) and higher recruitment
or ability to survive conditions over time in taxa with longer semivoltine life cycles
suggests a decrease in disturbance. Strong adult flying strength had the largest
positive mean effect followed by short adult life span, slow seasonal development
and medium size, the magnitudes of which were greatest within the first c¢. 25 months
after dam removal. The similar patterns in this suite of traits suggest they may be
driven by caddisfly (Trichoptera) taxa (Poff et al. 2006), and if so, could explain
the incongruent relationships of expected trait responses in terms of disturbance.
For example, strong adult flying strength is a trait that confers disturbance resilience
via faster colonization, and slow seasonal development is a trait that imparts some
degree of stability occurs relatively quickly after a dam removal.

Upstream section

In the upstream section, results indicate that the potential dispersal extent decreases
over time, particularly nearer the dam. First, taxa with small size increased over
time, indicating less wing muscle mass and energy reserves, and thus lower dispersal
potential. In addition, the magnitude of positive effects increased in low female
dispersal over time and closer proximity to the dam. While a negative mean effect
was observed in weak flying strength, trajectories over time indicate increasing mag-
nitude of positive effects after ¢. 30 months. Importantly, relative body size of prey
to predator is aa trait that affects the use of aquatic prey by terrestrial consumers
(e.g. Akamatsu and Toda 2011) and, considering lower potential dispersal extent with
increasing time, these findings suggest riparian consumers nearer the stream edge
that specialize on small prey are likely to benefit (Akamatsu and Toda 2011).

The increase in magnitude of negative effects over time and closer proximity to
the impoundment (c. 1000m) in both univoltine taxa and taxa with well-synchronized
emergence suggests a reduction in pulsed aquatic prey availability; on the other
hand, no significant results were found in traits that would suggest more constant
aquatic prey availability.

Upstream responses could be due to increases in flow and/or changes in substrate
similar, but to a lesser degree, to those experienced in the impoundment (Gartner
et al. 2015) particularly in proximate reaches. Other studies have found similar
responses after dam removal in the impoundment and upstream sections, but with
effects of lesser magnitude in the latter, particularly in sensitive taxa (Carlson et al.
2018). Indeed, nearer the impoundment negative effects over time in univoltine and
well-synchronized emergence and positive effects in low female dispersal correspond
with responses of the same traits within the impoundment. Likewise, the increase
over time in weak flying strength and small size could be driven by riffle beetles
(Poff et al. 2006), as was conjectured for the impoundment and downstream section.

In conclusion, the findings of this study suggest that the removal of small dams
results in a more constant, rather than the expected pulsed, supply of aquatic insects
as resource subsidies for terrestrial consumers. Furthermore, results indicate an
increase in potential aquatic prey dispersal extent into the terrestrial landscape in
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the downstream section and initially in the impoundment. Over time, the potential
aquatic prey dispersal extent decreased in the impoundment and upstream sections.
This implies that after dam removal adult aquatic insects emerging per section area
may be available to consumers consistently over a longer temporal extent although
the spatial extent is limited to consumers nearer the stream in more upstream
locations. Importantly, significant changes were observed throughout the 80 months
of observations, which suggests that changes are likely to continue. This advocates
the need for more long-term studies of dam removal effects and associated spatial
connectivity (upstream-downstream, lateral) to understand system-wide responses,
cross-boundary food-web pathways, and gain insight into the ultimate ecological
effects of dam removal.

Author contribution statement

Peter E. Carlson: Conceptualization, Methodology, Formal analysis, Writing - original draft.

Disclosure statement

No potential conflict of interest was reported by the authors.

Data availability statement

The data that support the findings of this study are available from the corresponding author,
[PEC], upon reasonable request.

References

Abernethy EF, Muehlbauer JD, Kennedy TA, Tonkin JD, Van Driesche R, Lytle DA. 2021.
Hydropeaking intensity and dam proximity limit aquatic invertebrate diversity in the
Colorado River Basin. Ecosphere. 12(6):€03559. doi:10.1002/ecs2.3559.

Akamatsu F, Toda H. 2011. Flow regime alters body size but not the use of aquatic subsidies
in a riparian predatory arthropod. Ecol Res. 26(4):801-808. doi:10.1007/s11284-011-0839-y.

Baxter CV, Fausch KD, Carl Saunders W. 2005. Tangled webs: reciprocal flows of invertebrate
prey link streams and riparian zones. Freshwater Biol. 50(2):201-220. doi:10.1111/j.1365-
2427.2004.01328.x.

Bednarek AT. 2001. Undamming rivers: a review of the ecological impacts of dam removal.
Environ Manage. 27(6):803-814. doi:10.1007/s002670010189.

Bellmore JR, Duda JJ, Craig LS, Greene SL, Torgersen CE, Collins M]J, Vittum K. 2017. Status
and trends of dam removal research in the United States. Wiley Interdiscip Rev: Water.
4(2):e1164.

Bellmore JR, Pess GR, Duda JJ, O’Connor JE, East AE, Foley MM, Wilcox AC, Major JJ,
Shafroth PB, Morley SA, et al. 2019. Conceptualizing ecological responses to dam remov-
al: if you remove it, what’s to come? BioScience. 69(1):26-39., doi:10.1093/biosci/biy152.

Belmar O, Bruno D, Guareschi S, Mellado-Diaz A, Millan A, Velasco J. 2019. Functional re-
sponses of aquatic macroinvertebrates to flow regulation are shaped by natural flow inter-
mittence in Mediterranean streams. Freshwater Biol. 64(5):1064-1077. doi:10.1111/fwb.13289.

Bruno D, Belmar O, Maire A, Morel A, Dumont B, Datry T. 2019. Structural and function-
al responses of invertebrate communities to climate change and flow regulation in alpine
catchments. Glob Chang Biol. 25(5):1612-1628. doi:10.1111/gcb.14581.


https://doi.org/10.1002/ecs2.3559
https://doi.org/10.1007/s11284-011-0839-y
https://doi.org/10.1111/j.1365-2427.2004.01328.x
https://doi.org/10.1111/j.1365-2427.2004.01328.x
https://doi.org/10.1007/s002670010189
https://doi.org/10.1093/biosci/biy152
https://doi.org/10.1111/fwb.13289
https://doi.org/10.1111/gcb.14581

JOURNAL OF FRESHWATER ECOLOGY 17

Bushaw-Newton KL, Hart DD, Pizzuto JE, Thomson JR, Egan ], Ashley JT, Johnson TE,
Horwitz R], Keeley M, Lawrence ], et al. 2002. An integrative approach towards under-
standing ecological responses to dam removal: the Manatawny Creek Study 1. ] Amer
Water Resour Assoc. 38(6):1581-1599., doi:10.1111/j.1752-1688.2002.tb04366.x.

Carlisle DM, Wolock DM, Meador MR. 2011. Alteration of streamflow magnitudes and
potential ecological consequences: a multiregional assessment. Front Ecol Environ. 9(5):
264-270. doi:10.1890/100053.

Carlson PE, Donadi S, Sandin L. 2018. Responses of macroinvertebrate communities to small
dam removals: implications for bioassessment and restoration. ] Appl Ecol. 55(4):1896-1907.
doi:10.1111/1365-2664.13102.

Carlson PE, McKie BG, Sandin L, Johnson RK. 2016. Strong land-use effects on the disper-
sal patterns of adult stream insects: implications for transfers of aquatic subsidies to
terrestrial consumers. Freshwater Biol. 61(6):848-861. do0i:10.1111/fwb.12745.

Chiu MC, Yeh CH, Sun YH, Kuo MH. 2013. Short-term effects of dam removal on mac-
roinvertebrates in a Taiwan stream. Aquat Ecol. 47(2):245-252. doi:10.1007/
$10452-013-9439-y.

Claeson SM, Coffin B. 2016. Physical and biological responses to an alternative removal
strategy of a moderate-sized dam in Washington, USA. River Res Appls. 32(6):1143-1152.
doi:10.1002/rra.2935.

Collier KJ, Bury S, Gibbs M. 2002. A stable isotope study of linkages between stream and
terrestrial food webs through spider predation. Freshwater Biol. 47(9):1651-1659. doi:10.1046/
j.1365-2427.2002.00903.x.

Collier KJ, Quinn JM. 2003. Land-use influences macroinvertebrate community response
following a pulse disturbance. Freshwater Biol. 48(8):1462-1481. doi:10.1046/j.1365-2427.
2003.01091.x.

Daufresne M, Lengfellner K, Sommer U. 2009. Global warming benefits the small in aquat-
ic ecosystems. Proc Natl Acad Sci U S A. 106(31):12788-12793. doi:10.1073/pnas.0902080106.

Doyle MW, Stanley EH, Orr CH, Selle AR, Sethi SA, Harbor JM. 2005. Stream ecosystem
response to small dam removal: lessons from the Heartland. Geomorphology. 71(1-2):227-
244. doi:10.1016/j.geomorph.2004.04.011.

Dudgeon D, Arthington AH, Gessner MO, Kawabata ZI, Knowler D], Lévéque C, Naiman
RJ, Prieur-Richard AH, Soto D, Stiassny ML, et al. 2006. Freshwater biodiversity: impor-
tance, threats, status and conservation challenges. Biol Rev Camb Philos Soc. 81(2):163-182.
doi:10.1017/S1464793105006950.

Freeman MC, Marcinek PA. 2006. Fish assemblage responses to water withdrawals and wa-
ter supply reservoirs in piedmont streams. Environ Manage. 38(3):435-450. doi:10.1007/
s00267-005-0169-3.

Fukui DAI, Murakami M, Nakano S, Aoi T. 2006. Effect of emergent aquatic insects on bat
foraging in a riparian forest. ] Anim Ecol. 75(6):1252-1258. do0i:10.1111/j.1365-2656.2006.
01146.x.

Gardner C, Coghlan SM, Jr, Zydlewski ], Saunders R. 2013. Distribution and abundance of
stream fishes in relation to barriers: implications for monitoring stream recovery after
barrier removal. River Res Apps. 29(1):65-78. doi:10.1002/rra.1572.

Gartner JD, Magilligan FJ, Renshaw CE. 2015. Predicting the type, location and magnitude
of geomorphic responses to dam removal: role of hydrologic and geomorphic constraints.
Geomorphology. 251:20-30. doi:10.1016/j.geomorph.2015.02.023.

Gladyshev MI, Arts MT, Sushchik NI. 2009. Preliminary estimates of the export of omega-3
highly unsaturated fatty acids (EPA+ DHA) from aquatic to terrestrial ecosystems. Lipid
Aquatic Ecosyst. 179-210.

Gratton C, Donaldson J, Zanden MJV. 2008. Ecosystem linkages between lakes and the
surrounding terrestrial landscape in northeast Iceland. Ecosystems. 11(5):764-774.
doi:10.1007/s10021-008-9158-8.

Gray LJ. 1993. Response of insectivorous birds to emerging aquatic insects in riparian hab-
itats of a tallgrass prairie stream. Amer Midland Natural. 129(2):288-300. doi:10.2307/2426510.


https://doi.org/10.1111/j.1752-1688.2002.tb04366.x
https://doi.org/10.1890/100053
https://doi.org/10.1111/1365-2664.13102
https://doi.org/10.1111/fwb.12745
https://doi.org/10.1007/s10452-013-9439-y
https://doi.org/10.1007/s10452-013-9439-y
https://doi.org/10.1002/rra.2935
https://doi.org/10.1046/j.1365-2427.2002.00903.x
https://doi.org/10.1046/j.1365-2427.2002.00903.x
https://doi.org/10.1046/j.1365-2427.2003.01091.x
https://doi.org/10.1046/j.1365-2427.2003.01091.x
https://doi.org/10.1073/pnas.0902080106
https://doi.org/10.1016/j.geomorph.2004.04.011
https://doi.org/10.1017/S1464793105006950
https://doi.org/10.1007/s00267-005-0169-3
https://doi.org/10.1007/s00267-005-0169-3
https://doi.org/10.1111/j.1365-2656.2006.01146.x
https://doi.org/10.1111/j.1365-2656.2006.01146.x
https://doi.org/10.1002/rra.1572
https://doi.org/10.1016/j.geomorph.2015.02.023
https://doi.org/10.1007/s10021-008-9158-8
https://doi.org/10.2307/2426510

18 P.E. CARLSON

Greenwood MJ, Booker DJ. 2016. Influence of hydrological regime and land cover on traits
and potential export capacity of adult aquatic insects from river channels. Oecologia.
180(2):551-566. do0i:10.1007/s00442-015-3462-8.

Hart DD, Johnson TE, Bushaw-Newton KL, Horwitz R], Bednarek AT, Charles DF, Kreeger
DA, Velinsky D]J. 2002. Dam removal: challenges and opportunities for ecological research
and river restoration: we develop a risk assessment framework for understanding how
potential responses to dam removal vary with dam and watershed characteristics, which
can lead to more effective use of this restoration method. BioScience. 52(8):669-682. doi
:10.1641/0006-3568(2002)052[0669:DRCAOF]2.0.CO;2.

Jonsson M, Deleu P, Malmqvist B. 2013. Persisting effects of river regulation on emergent
aquatic insects and terrestrial invertebrates in upland forests. River Res Apps. 29(5):537-
547. d0i:10.1002/rra.2559.

Kautza A, Sullivan SMP. 2015. Shifts in reciprocal river-riparian arthropod fluxes along
an urban-rural landscape gradient. Freshwater Biol. 60(10):2156-2168. do0i:10.1111/
fwb.12642.

Kil HK, Bae Y]J. 2012. Effects of low-head dam removal on benthic macroinvertebrate com-
munities in a Korean stream. Animal Cell Syst. 16(1):69-76. doi:10.1080/19768354.2011.6
11176.

Lamberti GA, Chaloner DT, Hershey AE. 2010. Linkages among aquatic ecosystems. ] North
Amer Bentholog Soc. 29(1):245-263. doi:10.1899/08-166.1.

Larsen S, Muehlbauer JD, Marti E. 2016. Resource subsidies between stream and terrestri-
al ecosystems under global change. Glob Chang Biol. 22(7):2489-2504. doi:10.1111/
gcb.13182.

Lehner B, Liermann CR, Revenga C, Vorésmarty C, Fekete B, Crouzet P, Doll P, Endejan
M, Frenken K, Magome J, et al. 2011. High-resolution mapping of the world’s reservoirs
and dams for sustainable river-flow management. Front Ecol Environ. 9(9):494-502.,
doi:10.1890/100125.

MacLean SA, Beissinger SR. 2017. Species’ traits as predictors of range shifts under contem-
porary climate change: a review and meta-analysis. Glob Chang Biol. 23(10):4094-4105.
doi:10.1111/gcb.13736.

Mahan DC, Betts JT, Nord E, Van Dyke F, Outcalt JM. 2021. Response of benthic macro-
invertebrates to dam removal in the restoration of the Boardman River, Michigan, USA.
PLoS One. 16(5):€0245030. doi:10.1371/journal.pone.0245030.

Maloney KO, Dodd HR, Butler SE, Wahl DH. 2008. Changes in macroinvertebrate and fish
assemblages in a medium-sized river following a breach of a low-head dam. Freshwater
Biol. 53(5):1055-1068. do0i:10.1111/j.1365-2427.2008.01956.x.

Martinez A, Larrafiaga A, Basaguren A, Pérez ], Mendoza-Lera C, Pozo J. 2013. Stream
regulation by small dams affects benthic macroinvertebrate communities: from structural
changes to functional implications. Hydrobiologia. 711(1):31-42., doi:10.1007/s10750-
013-1459-z.

McKie BG, Sandin L, Carlson PE, Johnson RK. 2018. Species traits reveal effects of land
use, season and habitat on the potential subsidy of stream invertebrates to terrestrial food
webs. Aquat Sci. 80(2):1-12. do0i:10.1007/s00027-018-0565-4.

Moldenke AR, Ver Linden C. 2007. Effects of clearcutting and riparian buffers on the yield
of adult aquatic macroinvertebrates from headwater streams. Forest Science. 53(2):308-319.
doi:10.1093/forestscience/53.2.308.

Morley SA, Duda JJ, Coe HJ, Kloehn KK, McHenry ML. 2008. Benthic invertebrates and
periphyton in the Elwha river basin: current conditions and predicted response to dam
removal. Northwest Sci. 82(sp1):179-196. d0i:10.3955/0029-344X-82.S.1.179.

Muehlbauer JD, Collins SE, Doyle MW, Tockner K. 2014. How wide is a stream? Spatial
extent of the potential “stream signature” in terrestrial food webs using meta-analysis.
Ecology. 95(1):44-55. d0i:10.1890/12-1628.1.

Muehlbauer JD, Lupoli CA, Kraus JM. 2019. Aquatic-terrestrial linkages provide novel op-
portunities for freshwater ecologists to engage stakeholders and inform riparian manage-
ment. Freshwater Science. 38(4):946-952. do0i:10.1086/706104.


https://doi.org/10.1007/s00442-015-3462-8
https://doi.org/10.1641/0006-3568(2002)052[0669:DRCAOF]2.0.CO;2
https://doi.org/10.1002/rra.2559
https://doi.org/10.1111/fwb.12642
https://doi.org/10.1111/fwb.12642
https://doi.org/10.1080/19768354.2011.611176
https://doi.org/10.1080/19768354.2011.611176
https://doi.org/10.1899/08-166.1
https://doi.org/10.1111/gcb.13182
https://doi.org/10.1111/gcb.13182
https://doi.org/10.1890/100125
https://doi.org/10.1111/gcb.13736
https://doi.org/10.1371/journal.pone.0245030
https://doi.org/10.1111/j.1365-2427.2008.01956.x
https://doi.org/10.1007/s10750-013-1459-z
https://doi.org/10.1007/s10750-013-1459-z
https://doi.org/10.1007/s00027-018-0565-4
https://doi.org/10.1093/forestscience/53.2.308
https://doi.org/10.3955/0029-344X-82.S.I.179
https://doi.org/10.1890/12-1628.1
https://doi.org/10.1086/706104

JOURNAL OF FRESHWATER ECOLOGY 19

Orr CH, Kroiss SJ, Rogers KL, Stanley EH. 2008. Downstream benthic responses to small
dam removal in a coldwater stream. River Res Apps. 24(6):804-822. d0i:10.1002/rra.1084.

Orr CH, Stanley EH. 2006. Vegetation development and restoration potential of drained reser-
voirs following dam removal in Wisconsin. River Res Apps. 22(3):281-295. doi:10.1002/rra.891.

Osenberg CW, Sarnelle O, Cooper SD. 1997. Effect size in ecological experiments: the ap-
plication of biological models in meta-analysis. Am Nat. 150(6):798-812. doi:10.1086/286095.

Petchey OL, Gaston KJ. 2006. Functional diversity: back to basics and looking forward. Ecol
Lett. 9(6):741-758. doi:10.1111/j.1461-0248.2006.00924.x.

Poff NL, Hart DD. 2002. How dams vary and why it matters for the emerging science of
dam removal: an ecological classification of dams is needed to characterize how the tre-
mendous variation in the size, operational mode, age, and number of dams in a river
basin influences the potential for restoring regulated rivers via dam removal. BioScience.
52(8):659-668. doi:10.1641/0006-3568(2002)052[0659:HDVAWTI]2.0.CO;2.

Poff NL, Olden JD, Vieira NK, Finn DS, Simmons MP, Kondratieff BC. 2006. Functional
trait niches of North American lotic insects: traits-based ecological applications in light
of phylogenetic relationships. ] North Amer Bentholog Soc. 25(4):730-755. d0i:10.1899/0887-
3593(2006)025[0730:FTNONA]2.0.CO;2.

Pringle CM, Freeman MC, Freeman BJ. 2000. Regional effects of hydrologic alterations on
riverine macrobiota in the New World: tropical-temperate comparisons: the massive scope
of large dams and other hydrologic modifications in the temperate New World has result-
ed in distinct regional trends of biotic impoverishment. While neotropical rivers have
fewer dams and limited data upon which to make regional generalizations, they are eco-
logically vulnerable to increasing hydropower development and biotic patterns are emerg-
ing. BioScience. 50(9):807-823.

Ramberg E, Burdon FJ, Sargac J, Kupilas B, Risnoveanu G, Lau DC, Johnson RK, McKie
BG. 2020. The structure of riparian vegetation in agricultural landscapes influences spider
communities and aquatic-terrestrial linkages. Water. 12(10):2855. doi:10.3390/w12102855.

Renéfilt BM, Lejon AG, Jonsson M, Nilsson C. 2013. Long-term taxon-specific responses of
macroinvertebrates to dam removal in a mid-sized Swedish stream. River Res Apps. 29(9):
1082-1089. doi:10.1002/rra.2592.

Ruhi A, Dong X, McDaniel CH, Batzer DP, Sabo JL. 2018. Detrimental effects of a novel
flow regime on the functional trajectory of an aquatic invertebrate metacommunity. Glob
Chang Biol. 24(8):3749-3765. doi:10.1111/gcb.14133.

Stanley EH, Luebke MA, Doyle MW, Marshall DW. 2002. Short-term changes in channel
form and macroinvertebrate communities following low-head dam removal. ] North Amer
Bentholog Soc. 21(1):172-187. do0i:10.2307/1468307.

Statzner B, Béche LA. 2010. Can biological invertebrate traits resolve effects of multiple
stressors on running water ecosystems? Freshwater Biol. 55(s1):80-119., doi:10.1111/j.1365-
2427.2009.02369.x.

Strasevicius D, Jonsson M, Nyholm NEI, Malmqvist B. 2013. Reduced breeding success of
Pied Flycatchers Ficedula hypoleuca along regulated rivers. Ibis. 155(2):348-356. doi:10.1111/
ibi.12024.

Sullivan SMP, Manning DWP, Davis RP. 2018. Do the ecological impacts of dam removal
extend across the aquatic-terrestrial boundary? Ecosphere. 9(4):€02180. doi:10.1002/ecs2.
2180.

Thomson JR, Hart DD, Charles DF, Nightengale TL, Winter DM. 2005. Effects of removal
of a small dam on downstream macroinvertebrate and algal assemblages in a Pennsylvania
stream. ] North Amer Bentholog Soc. 24(1):192-207. doi:10.1899/0887-3593(2005)024<0192:
EOROAS>2.0.CO;2.

Tronstad LM, Hotaling S. 2017. Long-term trends in aquatic ecosystem bioassessment
metrics are not influenced by sampling method: empirical evidence from the Niobrara
River. Knowl Manag Aquat Ecosyst. (418):28. doi:10.1051/kmae/2017020.

Tullos DD, Collins M]J, Bellmore JR, Bountry JA, Connolly PJ, Shafroth PB, Wilcox AC.
2016. Synthesis of common management concerns associated with dam removal. ] Amer
Water Resour Assoc. 52(5):1179-1206. doi:10.1111/1752-1688.12450.


https://doi.org/10.1002/rra.1084
https://doi.org/10.1002/rra.891
https://doi.org/10.1086/286095
https://doi.org/10.1111/j.1461-0248.2006.00924.x
https://doi.org/10.1641/0006-3568(2002)052[0659:HDVAWI]2.0.CO;2
https://doi.org/10.1899/0887-3593(2006)025[0730:FTNONA]2.0.CO;2
https://doi.org/10.1899/0887-3593(2006)025[0730:FTNONA]2.0.CO;2
https://doi.org/10.3390/w12102855
https://doi.org/10.1002/rra.2592
https://doi.org/10.1111/gcb.14133
https://doi.org/10.2307/1468307
https://doi.org/10.1111/j.1365-2427.2009.02369.x
https://doi.org/10.1111/j.1365-2427.2009.02369.x
https://doi.org/10.1111/ibi.12024
https://doi.org/10.1111/ibi.12024
https://doi.org/10.1002/ecs2.2180
https://doi.org/10.1002/ecs2.2180
https://doi.org/10.1899/0887-3593(2005)024<0192:EOROAS>2.0.CO;2
https://doi.org/10.1899/0887-3593(2005)024<0192:EOROAS>2.0.CO;2
https://doi.org/10.1051/kmae/2017020
https://doi.org/10.1111/1752-1688.12450

20 P.E. CARLSON

Van Looy K, Tormos T, Souchon Y. 2014. Disentangling dam impacts in river networks. Ecol
Indic. 37:10-20. doi:10.1016/j.ecolind.2013.10.006.

Wang J, Ding C, Heino ], Jiang X, Tao ], Ding L, Su W, Huang M, He D. 2020. What
explains the variation in dam impacts on riverine macroinvertebrates? A global quantita-
tivesynthesis. Environ Res Lett. 15(12):124028. doi:10.1088/1748-9326/abc4fc.

Data sources

Chaplin JJ, Brightbill RA, Bilger MD. 2005. Effects of removing Good Hope Mill Dam on
selected physical, chemical, and biological characteristics of Conodoguinet Creek,
Cumberland County, Pennsylvania. Report (No. 2005-5226).

Cooper JE. 2013. Effect of dam removal on aquatic communities in the Salmon River, New
York Final Report 2013.

DeShon. 2010. Biological and habitat study of the Olentangy River, 2005 and 2009. U.S.
Environmental Protection Agency Measure SP-12 Watershed Reporting. Retrieved from
http://www.epa.ohio.gov/dsw/document_index/psdindx.aspx.

Ekeforsdammen, Fagerhultsan, Sweden. 2010. Swedish national and regional environmental
monitoring program database, hosted by Swedish University of Agricultural Sciences (SLU)/
Department of Aquatic Sciences and Assessment.

Gibson AM, Villalobos LM, Snyder E. 2010. Ecosystem responses to low-head dam remov-
al; assessment of physical habitat, water chemistry and macroinvertebrates. Grand Valley
State University, v. Report, 38 p.

Howard. 2007. Carbonton Dam- Deep River Watershed Restoration Site 2007 Annual
Monitoring Report (Year 2). EEP Project No. D-04012A

Hutchison B. 2008. Fish and macroinvertebrate assemblages following the removal of low-head
dams in two Pennsylvania streams [PhD thesis, The Pennsylvania State University].

Kelder B, MacDougall J. 2013. Ecological monitoring following removal of the Curtis Pond
Dam, Middleton, Massachusetts. Ipswich, MA: Ipswich River Watershed Association.

Knittel MJ. 2010. The impact of a small dam removal on benthic macro invertebrate com-
munities of Mill Creek (Washtenaw Co., MI.). MS thesis, University of Michigan.

Krieger KA, Stearns AM. 2007. Response of the macroinvertebrate community of the Sandusky
River in Seneca and Wyandot Counties, Ohio, to Removal of the St. Johns Dam. Columbus,
OH: Scenic Rivers Program, Division of Natural Areas and Preserves, Ohio DNR.

Mahan DC, Betts JT, Nord E, Van Dyke F, Outcalt JM. 2021. Response of benthic macro-
invertebrates to dam removal in the restoration of the Boardman River, Michigan, USA.
PLoS One. 16(5):e0245030. doi:10.1371/journal.pone.0245030.

Omoniyi GE, Piscart C, Pellan L, Bergerot B. 2022. Responses of macroinvertebrate commu-
nities to hydromorphological restoration of headwater streams in Brittany. Water. 14(4):553.
doi:10.3390/w14040553.

Petry DW, Mahan DC, Laforge MM, Rouse SJ, Largent S. 2013. Response of Boardman River
water temperature and insect communities and to dam removal. Charleston, IL: Au Sable
Institute of Environmental Studies.

Segesholm, Segesholmsan, Sweden. 2012. Swedish national and regional environmental mon-
itoring program database, hosted by Swedish University of Agricultural Sciences (SLU)/
Department of Aquatic Sciences and Assessment.

Tullos DD, Finn DS, Walter C. 2014. Geomorphic and ecological disturbanceand recovery from
two small dams and their removal. PLoS One. 9(9):108091. doi:10.1371/journal.pone.0108091.

Vedbydammen, Béljanean, Sweden. 2011. Swedish national and regional environmental mon-
itoring program database, hosted by Swedish University of Agricultural Sciences (SLU)/
Department of Aquatic Sciences and Assessment.

Whychus Creek Monitoring Report. 2005-2015.


https://doi.org/10.1016/j.ecolind.2013.10.006
https://doi.org/10.1088/1748-9326/abc4fc
http://www.epa.ohio.gov/dsw/document_index/psdindx.aspx
https://doi.org/10.1371/journal.pone.0245030
https://doi.org/10.3390/w14040553
https://doi.org/10.1371/journal.pone.0108091

	Aquatic insect functional traits indicate spatiotemporal changes in potential aquatic prey availability to terrestrial consumers after small dam removal
	ABSTRACT
	Introduction
	Materials and methods
	Literature and data search
	Response variables
	Statistical analyses

	Results
	Description of dam removal sites and data
	Results for response ratio (LnR) of traits
	Downstream section
	Impoundment section
	Upstream section


	Discussion
	Downstream section
	Impoundment section
	Upstream section

	Author contribution statement
	Disclosure statement
	Data availability statement
	References
	Data sources


