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Abstract

Recent stream restoration approaches, such as Stage O restoration, aim to restore
natural processes to regain lost ecosystem functions, but project implementation can
also represent a reach-scale disturbance. Assumed outcomes of these restoration
actions, like greater biological productivity, are rarely evaluated. In this study, we
examined the short-term effects of Stage O floodplain restoration on the secondary
production of aquatic macroinvertebrate communities in the South Fork McKenzie
River, Oregon, 1-2 years following project implementation. We seasonally sampled
macroinvertebrates from benthic and submerged wood surfaces in the restored
reach, and two unrestored reference reaches located upstream, to estimate annual
secondary production. Macroinvertebrate production estimates were 3x lower on a
per-meter-squared basis in the restored reach than in the upstream unrestored refer-
ence reaches (9764 vs. 29,636 mg DM/m?/yr). However, because there was
4.5-times greater wetted area available in the restored reach, overall macroinverte-
brate production per unit of valley length was 3.4x higher in the restored reach than
in unrestored reference reaches (2744 vs. 802 kg DM/km). Additionally, the mosaic
of aquatic habitats created via restoration (main-channel, side-channel, and wetted
forest habitats) supported a diversity of macroinvertebrate assemblages both within
and among reaches. Our findings suggest Stage O project implementation, which can
include dewatering and filling incised channels, may reduce aquatic macroinverte-
brate production on a per-unit-area basis for at least 1 or 2 years following restora-
tion. However, this short-term disturbance effect may be offset by channel
aggradation and widening, which can provide a more wetted area for macroinverte-
brate production and may support greater macroinvertebrate community diversity.
Future studies are needed to examine the longer term (2-10 years) aquatic macroin-
vertebrate response to Stage O restoration, and the impacts of shifting resource avail-

ability on stream fishes.
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1 | INTRODUCTION

River floodplains are considered to be amongst the most biologically
productive ecosystems on the planet, supporting high rates of primary
and secondary production and sustaining aquatic species that are cul-
turally and economically important (Jeffres et al., 2020; Keddy
et al.,, 2009; Tockner & Stanford, 2002). However, intact river flood-
plains have become exceedingly rare, as human activity and develop-
ment in wetlands and along rivers have resulted in the loss and
alteration of aquatic habitat, often resulting in reduced channel com-
plexity and aquatic productivity (Abell et al, 2008; Beechie
et al., 1994; Sparks, 1995). Consequently, enhancing aquatic ecosys-
tem productivity is a common objective of river-floodplain restoration
efforts. Although it is frequently assumed that restoring degraded
river floodplains will indeed increase aquatic productivity (Castro &
Thorne, 2019; Cluer & Thorne, 2014), primary or secondary produc-
tion responses to restoration have rarely been quantitatively evalu-
ated (Layman & Rypel, 2020). Given that floodplain restoration is a
multi-million-dollar global industry, understanding primary and sec-
ondary production responses is imperative, especially as larger scale,
process-based approaches to restoring river floodplains are employed.

One of the newest approaches to river-floodplain restoration is
commonly referred to as “Stage 0” restoration (Flitcroft et al., 2022).
“Stage 0” refers to the morpho-ecological state of a river-floodplain
system prior to anthropogenic disturbances that promote transitions
to less complex single-thread channels in the Stream Evolution Model
proposed by Cluer and Thorne (2014). At Stage O, there exists a
dynamically stable and diverse mosaic of channels, backwaters, pools,
wetlands, islands, and large wood across the valley bottom (Cluer &
Thorne, 2014). In contrast to other river restoration approaches that
employ only channel-scale physical structures, Stage O restoration is
implemented at the valley scale, with the scope and intensity of the
specific restoration actions tailored to the conditions and circum-
stances of the restoration site (Powers et al., 2019). With Stage O res-
toration, the focus is on actively filling and aggrading incised channels
to “reestablish depositional environments to maximize longitudinal,
lateral, and vertical connectivity at base flows, and facilitate develop-
ment of dynamic, self-forming, and self-sustaining wetland-stream
complexes” (Flitcroft et al., 2022). Dewatering the river is often
required, using earth-moving equipment to aggrade the channel with
local materials (cobble, gravel, large wood), reconnect historic chan-
nels, and restore pre-disturbance elevations and flows across the
floodplain (Powers et al., 2019). Because Stage O restoration seeks to
reestablish the alluvial processes (not just forms) that are believed to
create biophysical complexity and biological productivity (Castro &
Thorne, 2019; Cluer & Thorne, 2014; Flitcroft et al., 2022), “Stage
0 restoration” ultimately refers to a desired outcome, rather than to a
precise method. Due to the scale and intensity of the manipulation
employed during Stage O implementation, it remains a provocative
approach to river-floodplain restoration, with concerns regarding
counterproductive post-restoration outcomes (e.g., decreases in pro-
ductivity and species abundance).

Although the Stage 0 approach differs from traditional floodplain
restoration approaches, the biological objectives are similar to those

of other methods—to increase biological productivity of freshwater
habitats (primary and secondary production) and the capacity of
restored areas to support desired organisms, such as fishes. In the
Pacific Northwest, where this approach has been developed, one of
the primary objectives has been to increase populations of Pacific
salmon and trout, which are imperiled across much of the region
(Flitcroft et al., 2022). The implicit assumption of Stage O restoration
is that it will not only create more habitat for salmon spawning and
rearing, but it will also stimulate greater productivity of the food base
(e.g., aquatic macroinvertebrates) that supports these fishes (Katz
et al., 2017; Rypel et al., 2012). Indeed, intact river floodplains have
been shown to support high rates of aquatic primary production
(Bellmore & Baxter, 2014; Davies Jr et al., 2008; Thorp et al., 1998),
as well as high amounts of allochthonous organic matter inputs (Tank
et al., 2010), supporting high rates of secondary production of aquatic
invertebrates (Benke, 1984; Benke & Wallace, 2015; Walther &
Whiles, 2011). River floodplains may support high rates of macroin-
vertebrate production for a number of reasons: they feature shallower
depths and reduced stream power with more wetted edge and total
wetted area relative to a confined channel, leading to increased light
availability for aquatic primary producers, increased input rates of ter-
restrial organic matter (e.g., leaf litter and terrestrial invertebrates;
Tank et al., 2010), increased retention rates and in-situ processing
time of nutrient and organic matter (e.g., leaves, wood, etc.)
(Bellmore & Baxter, 2014; Jeffres et al, 2020; Richardson
et al., 2019), and increased total habitat area (Flitcroft et al., 2022).
River floodplains are also known to support high aquatic macroinver-
tebrate diversity (Fernandes et al., 2014; Funk et al., 2013). Factors
like habitat connectivity, channel network structure, residence time,
depth, and flow select for different aquatic species based on trophic
niche, propensity to drift, and other life-history traits, creating a spa-
tial and temporal mosaic of macroinvertebrate communities (Arscott
et al., 2005; Bellmore & Baxter, 2014; Corline et al., 2021). Given
these observations, it is likely that Stage O restoration could increase
both the quantity and diversity of foraging opportunities for stream
fishes, such as juvenile salmon and trout (Beisner et al., 2003; Jeffres
et al,, 2020; Palmer & Ruhi, 2019).

While these predictions about Stage O restoration outcomes are
based on sound research and experience, they have rarely been
empirically evaluated. Furthermore, there is concern that the channel
dewatering and mechanical disturbance associated with restoration
may actually reduce aquatic productivity and the potential benefits to
fishes. Additionally, the timescale for recovery and reassembly of
aquatic communities and food webs is uncertain and could range from
months to years or decades (Foster et al., 2020; Lamberti et al., 1991).
To address these assumptions and concerns, we designed a control-
impact study to examine the impact of Stage O restoration on aquatic
macroinvertebrate secondary production in a ~1km reach of the
South Fork McKenzie River (SFMR), Oregon, that underwent Stage
0O restoration in 2018. One year after restoration, we compared sec-
ondary production in the Stage O restored reach with two upstream,
unrestored reference sites that remained incised and disconnected
from lateral floodplain habitats. We expected that the habitat diver-
sity wrought by Stage O would result in greater annual secondary
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production of aquatic macroinvertebrates relative to unrestored refer-
ence reaches. Furthermore, we expected that habitat heterogeneity
created by restoration (braided gravel bed channels, floodplain side
channels, and large sections of flooded forest) would create variation
in aquatic macroinvertebrate assemblages across space, with distinct
assemblages occurring in different patches of the floodplain mosaic.

2 | METHODS

2.1 | Study site

The South Fork McKenzie River (SFMR) is a fourth-order tributary of
the Willamette River in west-central Oregon, and joins the main stem
McKenzie River ~70 km east of Springfield, Oregon, in the Cascade
Mountains (Figure 1). In 1963, Cougar Dam was constructed ~6 km
upstream from the confluence of the SFMR and main stem McKenzie
River, leading to loss of habitat access for threatened and endangered
populations of spring Chinook Salmon (Oncorhynchus tshawytscha),
Bull Trout (Salvelinus confluentus), Steelhead (Oncorhynchus mykiss),
and the Pacific Lamprey (Entosphenus tridentatus) (USACE
et al., 2007). Dam operation also resulted in the loss of peak flows,
leading to channel simplification and reduction in floodplain habitat

~ »
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FIGURE 1
macroinvertebrate and fish diet

Benthic

)

downstream of the dam (Meyer et al.,, 2018). To reverse some of
these negative effects on fish habitat, a several-kilometer section of
the South Fork McKenzie River below Cougar Dam before its conflu-
ence with the main stem McKenzie River has been prioritized for
Stage O restoration.

2.2 | Restoration actions

Using the design method described by Powers et al. (2019), a ~ 1 km
reach of the SFMR river, just above the confluence with the main
stem McKenzie River, was first restored to a Stage O state in 2018
(Meyer et al., 2018), with upstream restoration scheduled for later
phases of the project. Prior to restoration, the restored reach was an
incised single-thread channel disconnected from adjacent floodplain
habitats. Implementation began with construction of a temporary
bypass channel and dewatering of the existing main channel. Excava-
tors and bulldozers were then used to fill the incised channel and
redistribute sediments across the valley bottom to reconnect relict
floodplain channels and bring the river bottom closer to the historic
valley gradient. Pieces of large wood with root wads were placed
across the valley and the flow restored, allowing the wood and sedi-

ments to move with the flow and reestablish the islands, logjams,
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braided channels, pools, and slack waters assumed to be characteristic
of a floodplain river in a pre-disturbance, Stage O state.

2.3 | Study and sampling design

We used a control-impact study design, comparing the annual second-
ary production of aquatic macroinvertebrates in the Stage O restored
reach (impacted reach) with two incised and single-thread unrestored
upstream reaches (control reaches). Secondary production is a mea-
sure of the generation of biomass over a given period of time
(e.g., grams/mz/year), and annual macroinvertebrate production esti-
mates provide a temporally integrated estimate of food available to
support insectivorous fishes such as salmon and trout. We sampled
aquatic macroinvertebrates both seasonally and semi-monthly to
attain per-unit-area average annual biomass estimates and local
annual growth rate estimates for each taxon in order to calculate total
secondary production for the entire assemblage.

Samples were collected by holding a Surber sampler in flowing
water against the benthos, hand-scrubbing the surface of all large
cobbles within the area of the sample quadrat, and disturbing the sub-
strate to a depth of ~10 cm with a short length of rounded steel rebar
(Hauer & Resh, 2017). In low-flow areas, the substrate was alternately
disturbed and waved by hand into the sampling net. Samples were
collected from submerged logs by holding the frame of the kick-net
against the surface of the wood and hand-scrubbing an area equal to

aesth il

[l

the area of the opening of the kick-net. Sample placement was ran-
domized by visually defining the bounds of a sampling frame using
landmarks at each site and using a pair of random numbers between
0 and 100 to serve as X and Y coordinates for the proportion of the
total length and width of the sample frame to travel before placing
the sampler. All seasonal samples were elutriated with a 500 um sieve
bucket to remove as much organic material as possible, placed in sam-
ple jars, and preserved with 95% ethanol.

The patchy spatial distribution of aquatic macroinvertebrates
across the benthos can be a significant source of error in community
biomass and production estimates (Lamberti & Hauer, 2017), and it
can be easy to miss or underestimate the biomass and abundance of
small-bodied taxa that occur in small, high-density patches across a
sample area. To reduce this source of error across all sample sites, we
increased the total sample area by using a customized Surber sampler
with a larger sampling area (0.25 m?) than the standard (0.096 m?)
(Bellmore et al., 2013). In addition, to better capture diversity in the
macroinvertebrate assemblage, sampling in the restored reach was
stratified into three distinct reach-scale aquatic habitat patches, dis-
tinguishable by overall differences in dominant substrates, surface
morphology, and stream flow, factors that strongly influence the
macroinvertebrate assemblage. We called these habitat patches “Main
Channel”, “Side Channel”, and “Wetted Forest” (Figure 2). The Main
Channel habitat (which generally overlaps with the pre-restoration
main channel) features interbraided channels with gravel and small to
medium cobbles, islands, pools, slow-water areas with sand and

FIGURE 2  Stratified habitat
patches where macroinvertebrate
samples were taken in the
restored reach of the South Fork
McKenzie River, OR. Top left
image, before restoration. Top
right image, after restoration.
[Color figure can be viewed at
wileyonlinelibrary.com]
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unconsolidated sediments, and a high density of large wood. The
Wetted Forest habitat consists of perpetually inundated stands of
maples, alders, cottonwoods, and cedars on the intact valley bottom,
with networks of channels and pools. The Side Channel habitat is a
complex of relict floodplain channels that maintained perrenial con-
nection with the main stem following restoration, these channels con-
tained an abundance of large wood and a substrate dominated by
mud, aquatic macrophytes, and small gravels. We did not stratify the
sampling in the reference reaches by habitat patch because the refer-
ence reaches were simpler, single-channel systems.

Each season, five total benthic macroinvertebrate biomass sam-
ples were collected from each habitat patch/reach of the restored
area and from each reference reach, for a total of 20 samples
(n = 20) from each reach every season: summer 2019, fall 2019, win-
ter 2020, spring 2020. Each benthic sample consisted of several sub-
samples, collected in proportion to the occurrence of the dominant
hydraulic habitat types within each patch. For example, in the Main
Channel of the restored reach, each benthic sample consisted of five
sub-samples collected with the large (0.25 m?) Surber sampler: two
from riffles, two from runs, and one from less common stagnant
water habitat, for a total area of 1.25 m? per sample. Each sample in
Reference reaches A and B also consisted of five sub-samples col-
lected with the large Surber sampler: two from riffles, three from
runs and for a total area of 1.25 m? per sample. Fewer sub-samples
were taken in the Side Channel and Wetted Forest patches of the
restored reach because they were smaller in area. In the Side Chan-
nel, each sample consisted of only four sub-samples collected with
the large (0.25 m?) Surber sampler: three from non-vegetated sub-
strate and one from vegetated substrate, for a total area of 1 m? per
sample. Each sample in the Wetted Forest also consisted of four sub-
samples, randomly placed with no stratification, and collected with a
standard Surber sampler (0.096 m?) to minimize the amount of
organic detritus in the samples for better preservation and proces-
sing, for a total area of 0.36 m? sampled. Finally, three submerged
wood surface samples were also collected each season in the Main
and Side Channels of the restored reach. Each wood surface sample
consisted of four kick-net sub-samples, for a total area of 0.6 m? per
sample.

In order to estimate annual secondary production, annual growth
rate estimates for individual taxa are needed. High temporal resolu-
tion data on the size-frequency and abundance of each taxa are fre-
guently required to estimate annual growth rates, especially for high
turnover taxa. Samples to estimate annual growth rates for common
taxa were collected from Reference reach A, with each sample con-
sisting of three sub-samples taken from riffles, for a total area of
0.75 m? per sample, elutriated with a ~ 250-micron sieve, and pre-
served in jars with 95% ethanol. Due to a combination of unpredict-
able flows from Cougar Dam and dangerous conditions during the
winter and spring of 2020, only six total samples were collected for
growth rates (July, Aug., Sep., Nov., Dec. 2019, and Feb. 2020), result-
ing in a lack of temporal resolution needed for estimates of the faster
growing taxa (e.g., chironomidae, baetidae). For those taxa, we used

published growth rates from peer-reviewed literature (Bellmore

et al., 2013; Benke, 1984; Cross et al., 2013; Guan, 2000; Hamill
et al, 1979; Huryn, 1990; Huryn & Wallace, 1987; Lugthart
et al., 1990; O'Doherty, 1985; Ramirez & Pringle, 1998).

Preserved macroinvertebrates were picked from each sample in
the lab, removing the largest (>10 mm) individuals first and subsam-
pling with Caton tray or gridded sieve until 500 total individuals were
picked (Vinson & Hawkins, 1996). All macroinvertebrates were identi-
fied to family, genus, or species/group level according to the Pacific
Northwest Aquatic Monitoring Partnership standard taxonomic level
2 (Wisseman et al., 2015), measured to the nearest 0.5 mm length,
sorted by size class and counted. Seasonal biomass estimates of ash-
free dry mass (DM) per taxon were calculated from the seasonal sam-
ples using the abundances and published length-weight regressions
(Benke et al., 1999; Ganihar, 1997; Gowing & Recher, 1984; Hawkins
et al, 1997; Hdédar, 1996; Lang, 1997; Rogers et al., 1977; Sabo
et al, 2002; Sage, 1982; Sample et al, 1993; Schoener, 1980;
Wrubleski & Rosenberg, 1990) for each taxon and standardized to
1 m? sample area.

24 | Macroinvertebrate data analysis

Total annual mean biomass estimates and 95% confidence intervals
for community assemblages were calculated for each reach/patch by
bootstrap resampling the biomass estimates from the seasonal sample
sets with a custom script written in R using the tidyr package 1.3.0
(Wickham, 2020). Biomass values were randomly selected, with
replacement, from each set of seasonal estimates for each taxa, and
the total annual mean was calculated. The process was repeated for
10,000 iterations to generate a bootstrap distribution of means for
each macroinvertebrate assemblage in each habitat patch in the
restored reach, and each reference reach. The percentile method was
used to obtain the upper and lower bounds of the 95% confidence
interval from the bootstrap distributions.

Taxon-specific annual growth rates were calculated using the
size-frequency method, where differences between the abundances
of size classes through time are used to account for the total biomass
produced by an average cohort over that time (for details on this
approach, see Benke & Huryn, 2017). Plots of size-frequency distribu-
tions over the sample period were used to estimate cohort production
intervals (CPI), or the time for a generation to complete development,
to correct the annual production estimates for each taxon. Taxa-
specific production estimates were then divided by the total annual

biomass (B) of each taxa to obtain taxon-specific P:B estimates:

PxCPl_P

B B

Annual secondary production for each taxa in the restored
patches and reference reaches was then calculated by multiplying
bootstrap annual biomass estimates by the taxon-specific growth rate
(P/B), using a combination of P/B values calculated from the monthly

data and those from the published literature:
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p
Bootstrap annual B x annual growth rate 8= annual P

Annual production totals for each reach were then obtained by
summing the taxon-specific production estimates. Confidence inter-
vals for production were obtained by scaling the upper and lower
bounds of the bootstrap biomass 95% Cls by the total reach P/B
ratios. Finally, the annual production estimates and 95% Cls were
scaled to the total wetted area of each reach; for the restored reach,
this was achieved by summing the scaled estimates from each habitat
patch. Total reach production estimates were standardized to 1 km of
valley length by dividing the total estimate by valley length and then
multiplying by 1000. To evaluate differences in prey production
between sites, we visually compared 95% confidence intervals
(Bellmore et al., 2013; Cross et al., 2013). Means with nonoverlapping
confidence intervals were interpreted as significantly different.

To examine compositional differences between patches and
reaches, we conducted a nonmetric multidimensional scaling (NMDS)
analysis. The mean biomass estimates for each taxon and sample reach
were standardized as a proportion of the total assemblage biomass and
log transformed to correct for bias caused by the zeros and large spread
of values in the dataset. The standardized mean biomass estimates
were then plotted via NMDS ordination, and groups (treatment and
season) were analyzed for statistically significant differences via Analy-
sis of Similarity (ANOSIM) using the Vegan (version 2.6-4; Oksanen
et al., 2020) and Ecodist (version 2.0.9; Goslee & Urban, 2007) packages
in the R statistical programming environment version 3.6.3 (R Core
Team, 2020) in RStudio version 1.2.5033 (RStudio Team, 2019).

Biomass (g DM * m2)
o

LRER Nl

mﬁml

3 | RESULTS

3.1 | Seasonal macroinvertebrate biomass

Seasonal per-area macroinvertebrate biomass estimates (g DM/m?)
were generally higher in unrestored reference reaches, especially in
reference reach A (the site closest to the restoration site and far-
thest from the dam outflow), which had 3x higher macroinverte-
brate biomass than patches in the restored site in fall 2020
(Figure 3). Most sites exhibited the highest macroinvertebrate bio-
mass in the summer or autumn, and we found no evidence for con-
sistent differences in the seasonal biomass patterns between the
reference reaches and the three habitat patches in the restored
reach. Additionally, there were only slight differences in seasonal
biomass dynamics between the habitat patches in the restored
reach: the Main Channel and Wetted Forest had the highest macro-
invertebrate biomass in the fall and lowest biomass in spring, while
the Side Channel had the highest biomass in the summer and lowest
in the winter (Figure 3).

3.2 | Total annual macroinvertebrate biomass and
secondary production

Average annual biomass and production of aquatic macroinverte-
brates were higher on a per-meter squared basis in the unrestored
reaches, relative to the habitat patches sampled in the restored reach

(Figure 4). Reference A had the highest overall annual biomass and

I:ISummer 2019
[ JFai 2019

DV\ﬁnter 2020
-Spring 2020

FIGURE 3 Seasonal average
benthic macroinvertebrate
biomass per-area (mean * SE) in
the unrestored (Reference A and
B) reaches and Stage O restored
habitat patches in the restored
reach of the South Fork
McKenzie River. n = 5, except as

\ Reference A Reference B) \ Main Channel

Side Channel

Wetted Forest | indicated by asterisk (n = 2).

Unrestored

Restored

Y [Color figure can be viewed at
wileyonlinelibrary.com]
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production (8.7 and 43.3 g DM/m?/year), which was significantly
higher than habitat patches in the restored reach (non-overlapping
95% Cls) and ~3x greater than the highest estimate from the
restored reach, the Main Channel patch (2.4 and 13.3 g DM/m?/yr),
and this pattern was similar to that observed in the macroinvertebrate
abundance estimates (Appendix A; Figure A1).

However, there was about 4.5x greater aquatic habitat area in
the restored reach than in the unrestored reaches. When per meter
square estimates of biomass and production were scaled by the
amount of aquatic habitat area available, the restored reach had at
least 2x as much macroinvertebrate biomass (24.2 kg DM/yr in
Reference A and 8.6 kg DM/yr in Reference B vs. 50.3 kg DM/yr
in the restored reach) and production (120.4 kg DM/yr in Refer-
ence A and 40.0 kg DM/yr in Reference B vs. 274.4 kg DM/yr in
the restored reach) per 100 m of valley length than the reference
reaches (Figure 5). As a result, the restored site had significantly
greater total food biomass and annual production (non-overlapping
95% Cls) relative to both reference sites. Additionally, these ben-
thic estimates do not account for macroinvertebrates production
supported by the substantial amount of submerged wood surfaces
in the restored reach. On a per meter squared basis, submerged
wood surfaces in the restored reach supported 218 mg/m? of bio-
mass and 1.3 g/m?/yr of production in the Main Channel, and
317 mg of biomass and 1.9 g/m?/yr of production in the Side
Channel.

|
Restored

3.3 | Assemblage composition

The macroinvertebrate assemblages accounting for the majority of
production in the reference reaches were different from those in the
aquatic habitat patches sampled in the restored reach. The most pro-
nounced compositional differences were between the more lentic
habitats of the Side Channel and Wetted Forest in the restored reach
and the reference reaches (Figure 6). Annual production in the slower
watered Side Channel and Wetted Forest aquatic habitat patches in
the restored reach was dominated by Baetidae and Chironomidae,
accounting for ~50% of total production, while Hydropsychidae, Bae-
tidae, and Ephemerellidae made up ~60% of the total production in
the swifter-watered reference reaches.

Annual production in the Main Channel habitat patch was distrib-
uted more evenly across a larger assemblage of taxa (Figure 6) that
resembled both the reference reaches, and the more lentic habitat
patches in the restored reach: Baetidae and Hydropsychidae
accounted for ~25% of the total production, similar to the reference
reaches, while Chironomidae, Perlidae, Perlodidae, and Heptageniidae
contributed about equally (11%-17%) to the production totals. Limne-
philidae, Heptageniidae, Leptophlebiiadae, and Oligochaeta were also
significant contributors (>5%) to the total annual production in the
restored reach, but insignificant in the both reference reaches. Similar
overall patterns were observed in the composition of macroinverte-

brates contributing to average annual biomass.
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FIGURE 5 Total kilograms of biomass and production per
kilometer of valley length for the unrestored reference reaches and
habitat patches of the restored reach of the South Fork McKenzie
River, Oregon.

The macroinvertebrate taxa contributing to annual production on
submerged wood surfaces were a similar assemblage to the taxa con-
tributing the majority of the benthic production in the same habitat
patches (Figure 7). Both Baetidae and Chironomidae contributed to a
large proportion of the total production on wood surfaces, similar to
their benthic contributions. Together with Heptageniidae and Perli-
dae, they accounted for ~60% of the total production on wood
surfaces.

These differences in aquatic macroinvertebrate assemblages were
reflected in our NMDS analysis, which showed distinct differences in
macroinvertebrate composition of reference reaches versus aquatic
habitat patches in the restored reach (Figure 8, ANOSIM R = 0.4235,
p < 0.05). Restored patches were separated from reference reaches
along both axes 1 and 2, with the differences largely driven by a
greater prevalence of different Chironomidae spp. and Heptageniidae
in the restored patches. The NMDS also showed substantial, but con-
sistent, seasonal shifts in macroinvertebrate composition across all
sites. Summer biomass was positively associated with Ephemerellidae
and Chironomidae (Cladotanytarsis), whereas winter biomass was pos-
itively associated with Heptageniidae, Hydropsychidae, and other
Chironomidae taxa (Cricotopus, Tanytarsis).

4 | DISCUSSION

We examined short-term (1-2 year) aquatic macroinvertebrate pro-
duction responses to Stage O floodplain restoration in the South Fork
McKenzie River (SFMR), Oregon. We expected the Stage O restored
reach to support higher densities of secondary macroinvertebrate pro-
duction relative to the unrestored reference sites, yet this expectation
was only partially confirmed. Per-meter-squared estimates of produc-
tion were actually higher in the upstream unrestored reference
reaches than in any of the habitat patches in the restored reach. How-
ever, aggrading and widening the channel resulted in 4.5x greater
wetted area available to support macroinvertebrate production. As a
result, when production was scaled to the total wetted habitat area
available, the restored reach supported 2 x greater production per unit
of valley length than in reference reach A and 7x higher than refer-
ence reach B. This finding illustrates one way that floodplain restora-
tion actions, like Stage O restoration, may increase aquatic
macroinvertebrate productivity: by simply increasing habitat quantity
that can be rapidly colonized (within 1 year) by aquatic macroinverte-
brates. However, our findings also suggest that restoration may result
in short-term declines in macroinvertebrate production per unit area
of stream bed, creating tradeoffs between habitat quantity and quality
that could have important implications for insectivorous fishes.
Greater habitat area could support larger fish populations, but individ-
ual fishes may require larger foraging territories or more time search-
ing for prey to meet their energetic requirements if per area resource
abundance is lower (Chapman, 1966; Rossi et al., 2021), which could
result in lower fish densities (fish per unit area) until per area macroin-
vertebrate production recovered.

Although we did not directly measure colonization in this study,
our finding suggest that macroinvertebrates can quickly recolonize
new habitats following the disturbance associated with restoration
implementation, which for the SFMR included dewatering the channel
and using heavy equipment to fill the channel with rocks and logs (see
Powers et al., 2019). It may not be surprising that macroinvertebrate
production can rapidly recover following this disturbance. Many
aquatic insect larvae are known to behaviorally drift downstream,
which can provide a ready supply of colonizers following disturbances
(Mackay, 1992). Many taxa that were early colonizers, such as Baeti-
dae mayflies and Chironomidae midges (Mackay, 1992)—both of
which accounted for a greater proportion of total production in the
restored reach—are considered to be “r-selected” and can exhibit high
rates of turnover (Huryn & Wallace, 2000). Larger bodied and slower
growing “k-selected” taxa (e.g., Hydropsychidae and Epehemerillidae)
may take longer to colonize and establish post-disturbance, and these
taxa accounted for a larger proportion of the production observed in
the unrestored reference reaches than in the restored reach
(Figure 6). These findings are consistent with other studies on post-
restoration aquatic community responses to valley-wide floodplain
stream restoration. On the River Lippe, Germany, researchers found
that the species that were “opportunistic”, short-lived, fast-growing,
and produced multiple generations a year responded rapidly in post-

disturbance colonization and benefited the most from restoration
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actions (Hoéckendorff et al., 2017). Additionally, on the Rhone River,
France, just 1 year after restoration to restore floodplain connectivity,
macroinvertebrate communities had reestablished and were skewed
toward “pioneering” taxa with short generation times and multiple
generations a year (Paillex et al., 2009). Similar findings have been
observed in dam removal studies, where macroinvertebrate communi-
ties can quickly re-establish in downstream and former reservoir habi-
tats following the removal of the dam (Bellmore et al., 2019; Mahan
etal, 2021).

Side Channel Wood

[ Elmidae
[ Other

[ Chironomidae
[ Hydropsychidae
I Heptageniidae
Leptophlebiidae

Despite encouraging evidence about biological recovery time, the
assumption that intact Stage O river-floodplain systems are more bio-
logically productive than single-thread river segments requires further
evaluation (Castro & Thorne, 2019; Cluer & Thorne, 2014). Few stud-
ies have actually compared primary or secondary production in intact
floodplains relative to other river channel types, and those that have
found that confined single-thread river segments supported similar
total primary and secondary production (per unit of valley length) rela-
tive to paired floodplain segments (Bellmore & Baxter, 2014).

85U8017 SUOLLLIOD BAERID (et jdde aup A peusenob afe sefoe VO ‘8sN Jo Se|nJ Joj Areiq)T8ulUQ A8]IM UO (SUOTIPUOD-PUB-SWLBY W0 A8 | 1M AlRIq | BU1 [UO//:SANY) SUORIPUOD pUe SWe | 84} 885 *[£202/2T/90] Uo ARiqiTauljuo AB|IM ‘ARiqi 801ARS 159104 [UOIN AQ 2 TH811/200T 0T/I0pAW00 A8 1w AeIq1juljuo//Sdiy WOy pepeojumod ‘6 ‘€202 ‘L9YTSEST


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

s | WILEY

JENNINGS ET AL

Ephemerellidae spp

. . : ReferenceB
Baetidae-Baetis alius MxChan
ReferenceA
SigeChan
ReferenceB K
WetFaogest
ReferenceA x
Treatment
@ Restored
ReferenceB Unrestored
« | ReferenceB ReferenceA
2 Season
x
< ReferenceA Maln&an . Fall

NiChan
M@'Chan

Heptageniidae
Chironomidae spp

Sig()han

x Spring
Summer

@ Winter

SWChan
Side(!n

W‘:orest
WetF!st

WetF(gst

Baetidae-Diphetor hageni

Hydropsychidae-Arctopsyche
Chironomidae-Cricotopus
Tipulidae

Axis 1

Chironomidae spp
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Estimates of macroinvertebrate production in unrestored single-
thread reaches of the SFMR were quite high, up to three times higher
than other estimates for Pacific Northwest streams (Bellmore
et al.,, 2013; Bellmore et al., 2015; Robinson & Minshall, 1998) and
equivalent to estimates from productive rivers in the southeastern
United States (Smock et al., 1985). Indeed, the SFMR is known as a
productive trout fishing stream, with populations likely supported by
these high rates of macroinvertebrate production.

River regulation may be one explanation for the high macroinver-
tebrate production estimates in our unrestored reference reaches.
Our study was conducted downstream of a high-head dam. The oper-
ation of Cougar Dam has attenuated peak flows, simplified the chan-
nel, and reduced the proportion of small gravels in favor of large,
immobile cobbles (Ligon et al., 1995); it is possible that these changes
may have counterintuitively increased biological production in the
SFMR. The absence of scouring flows combined with the stability of
the stream bed and potential presence of reservoir plankton available
to filter-feeding insects (Murphy et al., 2021) may have contributed to
the high rates of production observed in our reference reaches.
Indeed, some of the highest estimates of aquatic invertebrate produc-
tion have come from similar contexts, such as lake outlets (Huryn &
Wallace, 2000; Wotton, 1988), where high-turnover filter-feeding

taxa are common. Given the proximity of reference reaches to the
restored reach, it is likely that the restored reach had similarly high
macroinvertebrate production prior to project implementation. If true,
it would indicate that Stage O restoration may strongly depress macro-
invertebrate production (per unit area), at least for the first few years
following restoration. It is also likely that continued dam operation in
the SRMR, which strongly alters the natural flow and sediment
regimes (Poff et al., 1997; Wohl et al., 2015), will influence trajectories
of geomorphic and ecological recovery in the Stage O restored reach.
With Cougar Dam in place, the SFMR will continue to be sediment
starved and less likely to experience high scouring flows that create
and maintain floodplain habitat mosaics (Stanford et al., 2005).

A second expectation of our study was that habitat heterogeneity
created via stage restoration would support a diversity of distinct
aquatic macroinvertebrate communities (i.e., higher beta diversity),
and our observations from this study support this expectation. Unlike
the single-thread reference reaches with relatively homogeneous hab-
itat, the restored reach contained a diversity of distinct aquatic habi-
tats: main channel habitat with deep pools and submerged wood,
flooded forests with standing water and organic-rich soils, and peren-
nial side channels with substantial submerged aquatic vegetation (pri-

marily sedges and grasses). These aquatic habitat patches were found
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to have statistically distinct macroinvertebrate communities, suggest-
ing that habitat heterogeneity in Stage O restored valley bottoms pro-
vides a template for a diversity of distinct biological communities to
exist in different aquatic habitats (e.g., Benke, 1984; Scholl
et al., 2023). In turn, this portfolio of macroinvertebrate assemblages
could support a spatial mosaic of patch-scale aquatic food webs
(Bellmore et al., 2013), which provide a broader range of foraging
opportunities for mobile fishes that can move between floodplain
patches in search of favorable foraging and growth conditions
(Abrahms et al, 2021; Armstrong et al, 2013, 2016; McMeans
et al., 2019). When considered in aggregate, this portfolio may result
in a more complex and spatially structured meta-community (and
meta-food-web), which has been shown to promote ecological stabil-
ity (Bellmore et al., 2015; Stouffer & Bascompte, 2011), increasing the
likelihood that interacting species persist despite fluctuations in envi-
ronmental conditions such as floods (McCann, 2000). Our findings
provide further support that complex floodplain mosaics support
diverse ecological structures and functions (Hauer et al, 2016;
Stanford et al., 2005).

Another unique aspect of our study was the potential importance
of wood surfaces in supporting secondary production. Although esti-
mates of the amount of wetted large wood surface area do not yet
exist in the restored reach, studies from lowland streams in the south-
eastern U.S. found that snag/wood surface area ranged from about
6% of the available benthic area in the Satilla River, Georgia, to 50%
of total benthic surface area in the Ogeechee River, Georgia
(Benke, 1984; Benke & Wallace, 2015). If we conservatively assume
the amount of submerged wood surface is equivalent to 20% of the
area of benthic substrate, this would contribute an additional 8.8 kg/
km of biomass and 53.4 kg/km of production to the annual totals in
the restored reach, equal to about 2% of the benthic production total.
These values are lower than observed in sand-bed rivers in the south-
eastern United States where almost all observed macroinvertebrate
production occurs on stable wood surfaces (Benke, 1984). Neverthe-
less, it illustrates that wood surfaces can contribute to total secondary
production even in more stable gravel-bed rivers. However, the
potential contribution of wood surfaces to secondary production is
likely to vary significantly depending on the suitability of benthic habi-
tats and how much wood is added during restoration. In a context
where the stream bed is less stable (sand or pebble bed rivers) and
wood loading is high, wood surfaces could support a substantial frac-
tion of total production (Benke, 1984; Benke & Wallace, 2015). Fur-
thermore, large wood can contribute to multiple facets of aquatic
biodiversity, including hosting unique communities of insects
(Wondzell & Bisson, 2003).

5 | CONCLUSION

Our study suggests that Stage O restoration has multiple effects on
aquatic productivity in the short term. The disturbance from project
implementation may reduce aquatic macroinvertebrate production on
a per-unit-area basis, but this reduction may be offset by channel
aggradation and widening, which can provide substantially more

wetted area for production. As Stage O restoration becomes more
common, especially in the western United States (Flitcroft
et al., 2022), studies are needed to examine longer term trajectories in
geomorphology (Hinshaw et al., 2022) and associated biological pro-
ductivity and food web dynamics to better understand the duration of
initial disturbance responses, and whether or not restoration has posi-
tive impacts on macroinvertebrate and fish production in the long
term. Furthermore, there are other—more passive—approaches to
valley-scale floodplain restoration where disturbance responses to
project implementation may be relatively minimal (Pollock et al., 2014;
Wohl et al., 2021), which also need to be quantitatively evaluated.

Our study clearly showed that restoration increased biological
diversity by creating a heterogeneous template for different aquatic
macroinvertebrate assemblages, and potentially unique food webs.
This increase in aquatic habitat and community diversity could be
especially relevant to the production of mobile aquatic consumers like
fish and also important for terrestrial consumers such as insectivorous
birds (dippers, swallows, etc.), bats, and piscivorous birds (kingfishers,
osprey, etc.), that can move across the floodplain, selecting from a
diversity of local aquatic communities and food webs that intact
floodplain mosaics may support (Bellmore et al., 2013, 2015; O'Mara
et al, 2021). This biological portfolio may also help stabilize the
dynamics of the aquatic ecosystem (Schindler et al., 2015) and aid in
maintaining biological production and diversity as extreme events
(e.g., floods, fires, and droughts) become more frequent and severe in
a changing world.
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APPENDIX A: MEAN ABUNDANCE OF MACROINVERTEBRATES

PER UNIT AREA OF BENTHOS

FIGURE A1 Mean
abundance of macroinvertebrates
(mean +/—SE) per square meter
of the benthos across all study
sites on the South Fork McKenzie
River, Oregon.
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