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Large-scale dam removals provide opportunities to restore river function in the
long-term and are massive disturbances to riverine ecosystems in the short-
term. The removal of two dams on the Elwha River (WA, USA) between 2011 and
2014 was the largest dam removal project to be completed by that time and has
since resulted in major changes to channel dynamics, river substrates, in-stream
communities, and the size and shape of the river delta. To assess ecosystem
function across the restored Elwha watershed, we compared leaf litter
decomposition at twenty sites: 1) four tributary sites not influenced by
restoration activities; 2) four river sites downstream of the upper dam (Glines
Canyon Dam); 3) four river sites within the footprint of the former Aldwell
Reservoir upstream of the lower dam (Elwha Dam); 4) four river sites
downstream of the lower dam; and 5) four lentic sites in the newly developing
Elwha delta. Three major findings emerged: 1) decomposition rates differed
among sections of the Elwha watershed, with slowest decomposition rates at the
delta sites and fastest decomposition rates just downstream of the upper dam;
2) aquatic macroinvertebrate communities establishing in leaf litterbags differed
significantly among sections of the Elwha watershed; and 3) aquatic fungal
communities growing on leaf litter differed significantly among sections.
Aquatic macroinvertebrate and fungal diversity were sensitive to differences in
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canopy cover, water chemistry, and river bottom sediments across sites, with a
stronger relationship to elevation for aquatic macroinvertebrates. As the Elwha
River undergoes recovery following the massive sediment flows associated with
dam removal, we expect to see changes in leaf litter processing dynamics and
shifts in litter-dependent decomposer communities (both fungal and
invertebrate) involved in this key ecosystem process.

KEYWORDS

dam removal, leaf litter decomposition, aquatic—terrestrial interaction,
macroinvertebrate communities, fungal communities, aquatic decomposition,

ecological restoration

1 Introduction

Dams have long been known to negatively influence river
systems (Stanford and Ward, 2001; Morley et al., 2008; Pess et al.,
2008; Colas et al., 2016), but in recent decades, as dams are
decommissioned and removed, there are both short-term
disturbances caused by dam removal, as well as long-term
benefits of reconnected watersheds (Bednarek, 2001; Stanley and
Doyle, 2003; Duda et al., 2016; Bellmore et al., 2019; Ding et al.,
2019; Morley et al., 2020; Atristain et al., 2023). Dams impede the
flow of water, sediment, and organic matter from upstream to
downstream reaches (Minear and Kondolf, 2009; Atristain et al.,
2023), causing changes upstream of dams to flow velocity, stream
water temperature, and the deposition of sediment and organic
material (Warrick et al,, 2015; Warrick et al., 2019). Downstream,
dams often create sediment starvation conditions, reduce discharge,
increase velocity, reduce allochthonous material transport (Salomao
et al., 2019; Tabucanon et al., 2019; Li et al., 2020; Kasahara et al.,,
2022), scour the riverbed, and alter nutrient cycling (Maavara et al.,
2020). During and following dam removals, watersheds can
experience significantly greater sediment and organic matter loads
as material deposited in reservoirs is mobilized and transported
downstream (Bednarek, 2001; Foley et al., 2015; Foley et al., 2017a;
Peters et al., 2017; Bellmore et al.,, 2019), contributing a greater
proportion of finer-grained sediments than before dam removal
(Kibler et al., 2011; Tullos et al., 2014; East et al., 2018). Dam
removal can flood sediment- and resource-starved reaches with
excessive sediment and potentially either overwhelm decomposer
communities with too much organic material or create anoxic
conditions throughout watersheds, both of which could alter rates
of organic matter processing (Muchlbauer et al., 2009).

Organic matter processing is a key ecosystem function that links
terrestrial and aquatic communities in riverine habitats (Cummins
et al,, 1973; Benfield, 1996; Wallace et al., 1997) and has been
predicted to show longitudinal patterns in riverine systems
according to the River Continuum Concept (RCC; Vannote et al.,
1980), with modifications predicted by the Riverine Productivity
Model (RPM; Thorp and Delong, 1994). Rivers and streams
partially depend on allochthonous inputs of organic matter from
riparian forests, especially in forested headwaters, along tributaries,
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and when in-stream autochthonous (algal) resources are
diminished. However, inputs of organic matter from the
floodplain, side channels, and tributaries can also provide
valuable resources for larger rivers (Junk et al., 1989; Thorp and
Delong, 1994). Inputs of woody debris (Flory and Milner, 1999;
Milner and Gloyne-Phillips, 2005; Wootton, 2012), leaf litter
(Cummins et al., 1973; Petersen and Cummins, 1974; Webster
and Benfield, 1986), and plant reproductive structures (Flory and
Milner, 1999; Garthwaite et al., 2021) are all important resources for
a variety of in-stream decomposers (microbial and invertebrate)
and support stream food webs (Cummins and Klug, 1979;
Cummins et al., 1989; Graga, 2001; Hayer et al., 2022). The
establishment of microbial communities on organic matter
conditions tissues and alters stoichiometry, making the organic
matter more nutritious for macroinvertebrate shredders, grazers,
and collectors that feed on biofilms on leaf surfaces (Arias-Real
et al, 2018). Finally, the processing of organic matter and
breakdown of material from coarse particulate organic matter
(CPOM,; leaves, flowers, twigs, wood) to fine particulate organic
matter (FPOM; leaf and wood fragments, feces) feeds a diverse
downstream community of filtering and collecting organisms
(Kaushik and Hynes, 1971; Cummins and Klug, 1979; Vannote
et al., 1980; Petersen et al., 1989). Organic matter decomposition
rates are predicted to be fastest in shady headwaters with
macroinvertebrate communities dominated by shredders, and
slower in larger reaches of rivers dominated by collectors and
grazers (Vannote et al., 1980). However, decomposition rates may
still be relatively fast along the edges of large rivers where woody
debris entrains litter, benthic macroinvertebrates have peak
densities (Thorp and Delong, 1994), and some studies have
reported high percentages of shredders (Chauvet, 1997).
Processing of organic matter is predicted to be slow in large order
rivers where sediment deposition leads to anoxic and unstable
conditions (Thorp and Delong, 1994) and physical fragmentation
rates may be lower (Chauvet, 1997).

Dam removals can be large but temporary disturbances, and the
release of sediment and organic matter may alter environmental
conditions for decomposers as well as the available stocks of organic
matter for processing (Muehlbauer et al., 2009; Atristain et al,
2023). After 100 years of impoundment, two dams on the Elwha
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River (WA, USA) accumulated an estimated 21 million m®> of
sediment, of which ~50% was fine organic and inorganic particles
(Warrick et al., 2019). The removal of these dams was the largest
controlled-sediment release in history, and it occurred in
concurrent increments between 2011 to 2014 to balance the
severity and duration of sediment pulses during key life stages for
salmon. Throughout 2011-2016, large sediment pulses altered
substrate and organic matter stocks throughout the Elwha
watershed (Warrick et al., 2015; Ritchie et al., 2018; Morley et al.,
2020), and shifting water quality parameters showed greater
turbidity, nitrate, ammonium, and phosphate (Foley et al,
2017b). At the same time, anadromous fish were able to access
upstream spawning areas for the first time in a century.

In this study, we examined how leaf litter decomposition varied
across different sections of the Elwha River following the sediment-
pulse stage of dam removal. Our primary response variables were
litter decomposition rate and associated macroinvertebrate and
fungal community composition. Due to the mosaic of effects
during and following dam removal throughout the watershed, we
hypothesized that: 1) decomposition rates would differ throughout
the watershed, with fastest rates in low-order tributaries and slowest
rates at the new Elwha delta (as predicted by the RCC and RPM and
based on expected high rates of sediment deposition at downstream
locations); 2) decomposition rates would be influenced by
environmental variables across sites (for example, decomposition
rates may be negatively influenced by fine sediment deposition and
positively influenced by numbers of shredders and temperature);
3) decomposer communities (fungal and invertebrate) would differ
among sections of the watershed, with highest diversity at tributary
sites and lowest diversity in the new Elwha delta (as predicted by the
RCC and RPM and based on expected high rates of sediment
deposition at downstream locations); and 4) decomposer
community metrics would be influenced by environmental
variables across sites, but the variables influencing fungi and
macroinvertebrates may vary.

2 Materials and methods
2.1 Site description

The Elwha River basin ranges in elevation from approximately
1372 m at the headwaters inside Olympic National Park to sea level at
the delta, where it drains into the Strait of Juan de Fuca (Figure 1).
The Elwha drains a large, mostly protected watershed of over
833 km?, 83% of which resides inside Olympic National Park. The
geology of the watershed consists of sandstone/shale bedrock in the
upper basin and alluvial deposits/glacial till in the lower basin (Duda
et al., 2008). Riparian forest vegetation includes bigleaf maple (Acer
macrophyllum Pursh), red alder (Alnus rubra Bong.), Douglas fir
(Pseudotsuga menziesii [Mirb.] Franco), western redcedar (Thuja
plicata Donn ex D. Don), western hemlock (Tsuga heterophylla
[Raf.] Sarg.), and various shrub understory assemblages.

This study took place at 20 locations throughout the Elwha
watershed (Figure 1; four additional sites were used for just a subset
of the study) distributed across five distinct river sections: 1) four
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tributary sites not physically influenced by restoration activities
(Griff Creek, Lower Little River, Indian Creek, and Madison Creek);
2) four river sites downstream of the upper Glines Canyon Damy
3) four river sites within the footprint of the former Aldwell
Reservoir upstream of the lower Elwha Dam; 4) four river sites
downstream of the lower Elwha Dam; and 5) four lentic sites in the
newly developing Elwha delta (freshwater sites, not brackish). An
additional four sites were located in the Elwha River upstream of the
Glines Canyon Dam in the former Mills reservoir footprint and
were used for only a subset of this study due to issues with access
(see Section 2.2). Leaf litter experiments were carried out in the
autumn of 2016 and 2017, with decomposition rates calculated in
2016 and fungal litter colonization assessed in 2017. The study was
designed with both decomposition rates and fungal colonization to
take place in 2016, but a freezer failure destroyed fungal samples
from 2016 and new samples were incubated for fungal
establishment in 2017.

2.2 Leaf litter decomposition study

In fall of 2016, we examined bigleaf maple (A. macrophyllum)
litter decomposition rates at the 20 primary sites within the Elwha
River watershed post-dam removal. Bigleaf maple was chosen as a
litter source because it is common throughout the Elwha watershed
and it has moderate decomposition rates (not as fast as alder, not as
slow as conifer needles, both of which are also common throughout
the watershed). Naturally abscised leaves were collected from bigleaf
maple stands at 5 source locations within 5 km of the Elwha River.
Leaves were air-dried, petioles were removed, and 4.00 g +/- 0.10 g
quantities were placed into coarse-mesh (6.4-mm openings) litterbags
to allow invertebrate access (n = 60 bags per maple source; N = 300).
During litterbag preparation, we counted the number of maple tar
spots (Rhytisma punctatum, a common fungal endophyte) on leaves
in each bag because this fungal infection has been shown to influence
decomposition rates in other studies (LeRoy et al., 2011; Wolfe et al,,
2019). Litterbags were then randomly assigned both a harvest date
and one of 20 locations within the five sections in the Elwha
watershed. Fifteen litterbags were placed at each site in pools near
monitored riffles, attached to 2-m rings of steel cable, and anchored
into place using sandbags. Litterbags were placed in late August 2016,
and five replicate litter bags were harvested from each location after 2,
5, and 6 weeks (specific dates varied slightly depending on sample
location and retrieval logistics; final harvest date was determined by
the onset of high flows). Harvested litterbags were placed into
individual polyethylene zipper bags and transported on ice to the
laboratory for processing.

Litterbags were processed within 12 hours of harvesting.
Sediment and macroinvertebrates were rinsed from leaf fragments
and sieved through 250-um nets for preservation in 70% ethanol. At
the week 5 harvest, leaf punches were collected for microbial
analysis (but those samples were lost in a freezer accident, so we
repeated this aspect of the study in 2017 for fungal amplicon
sequencing, see below). Remaining leaf material was oven-dried at
70°C for 72 hours then ground, and 0.25 g subsamples were
combusted at 500°C for one hour to determine ash-free dry mass
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FIGURE 1

Map of all 24 study locations across six sections of the Elwha River watershed following the removal of two major dams: 1) Orange squares: four
tributary sites not physically influenced by restoration activities (Griff Creek, Lower Little River, Indian Creek, and Madison Creek); 2) Yellow circles:
four river sites downstream of the upper Glines Canyon Dam; 3) Green squares: four river sites within the footprint of the former Aldwell Reservoir
upstream of the lower Elwha Dam; 4) Blue circles: four river sites downstream of the lower Elwha Dam; and 5) Purple squares: four lentic sites in the
newly developing Elwha delta (freshwater sites, not brackish). An additional four sites (Red circles) were located in the Elwha River upstream of the
Glines Canyon Dam in the former Mills reservoir footprint and were used for only a subset of this study (see Section 2.2).

(AFDM). A follow-up incubation of additional litterbags (n = 4) at
each of the full 24 locations (including the former Lake Mills
Reservoir) was used to evaluate fungal colonization of leaf litter in
August-September 2017 (with 1-week and 3-week incubations, see
Section 2.4).

2.3 Aquatic macroinvertebrates
Preserved macroinvertebrate samples from the first harvest date

were sorted into three major categories for further identification:
EPT taxa (Ephemeroptera, Plecoptera, Trichoptera), other insects
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(members of families other than EPT), and non-insects
(i.e., Arachnida, Oligochaeta, Mollusca, and other non-insect
invertebrates). Functional feeding groups were determined for
each taxon. Litterbags at all locations retained sufficient leaf litter
at the first harvest date to provide substrate, habitat, and food
resources for invertebrates. All macroinvertebrate identifications
were made using a dissecting microscope, to the lowest taxonomic
level possible (typically genus to family for insects and class to order
for non-insects) using Merritt et al. (2019) and Thorp and Covich
(2009). Samples from locations 9 and 10 were accidentally
combined during processing and samples from locations 14 and
15 were so large they were subsampled (25% was sorted and
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identified and then estimated to the whole sample size). Prior to
analysis, rare taxa were consolidated at the family level. Reference
specimens are stored in the LeRoy Aquatic Ecology Lab at The
Evergreen State College.

2.4 Fungal amplicon sequencing

Subsamples (25 mg) of lyophilized leaf litter from litterbags
collected on two harvest dates (1- and 3-week 2017 litterbag
incubations at 24 locations) were weighed into vials, and
microbial DNA was extracted using a DNeasy PowerSoil Pro kit
(Qiagen) following the manufacturer’s instructions. Subsamples
were transferred to 96-well plates along with controls to detect
contamination during bacterial and fungal library preparation.

Genomic DNA was amplified using an ITS barcoded primer set,
adapted for the HiSeq2000 and MiSeq systems (Illumina). These
primers were designed by Kabir Peay’s laboratory at Stanford
University (Smith and Peay, 2014). The reverse amplification
primer also contained a twelve base barcode sequence that
supports pooling of up to 2,167 different samples in each lane
(Caporaso et al,, 2011; Caporaso et al, 2012). Each 25 uL PCR
reaction contained 9.5 pL of PCR Water (MO BIO, certified DNA-
Free), 12.5 pL of AccuStart II PCR ToughMix (QuantaBio, 2x
concentration, 1x final), 1 pL Golay barcode tagged Forward
Primer (5 uM concentration, 200 pM final), 1 uL Reverse Primer
(5 UM concentration, 200 pM final), and 1 pL of template DNA. The
conditions for PCR were as follows: 94°C for 3 min to denature the
DNA, with 35 cycles at 94 °C for 45 s, 50 °C for 60 s, and 72 °C for
90 s; with a final extension of 10 min at 72 °C to ensure complete
amplification. Amplicons were quantified using PicoGreen
(Invitrogen) and a plate reader. Once quantified, different volumes
of each of the products were pooled into a single tube so that each
amplicon was represented equally. This pool was then cleaned up
using AMPure XP Beads (Beckman Coulter), and then quantified
using a fluorometer (Qubit, Invitrogen). After quantification, the
molarity of the pool was determined and diluted down to 2 nM,
denatured, and then diluted to a final concentration of 6.75 pM with
a 10% PhiX spike for 2 x 251 bp sequencing on the Illumina MiSeq
(Argonne National Laboratories).

Sequences were demultiplexed at Argonne National Laboratories
using QIIME (Bolyen et al., 2019). Similar sequences were assigned to
operational taxonomic units (OTUs) by clustering sequences at a 97%
similarity threshold with reference to the UNITE full fungal database
(Nilsson et al,, 2019). OTUs were filtered to remove singletons and
summarized to list taxonomic levels down to species. Unassigned taxa
were filtered from the OTU table in QIIME. A phyloseq object
containing the OTU-by-sample matrix, sample metadata, and
taxonomic information was combined for downstream analyses
(McMurdie and Holmes, 2013). We removed OTUs that were
present in less than 1% of samples and normalized for variable
sequencing depth by calculating the proportional abundance of
OTUs within each sample (McMurdie and Holmes, 2014) prior to
community analysis.
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2.5 Environmental covariates

Study sites were measured in the summer/fall of 2016 and 2017
for a variety of in-stream habitat, water quality, and biological
variables (Table S1) following the methods of Morley et al. (2008;
2020) and Duda et al. (2011); for more details, please see these
previous studies. Briefly we measured wetted width (m using a laser
range finder, Impulse), depth at sample location (cm), canopy cover
(measured using a modified convex spherical densiometer, %),
benthic chlorophyll-a (for algae scrubbed and rinsed from five
cobbles per site, filtered onto 47 mm glass fiber filters [1 pm pore
size] and measured using fluorometry, g cm™2), water temperature
and specific conductivity (measured using a model 85 multiprobe,
YSL °C and pS cm 2, respectively), total N, total P, NO5;™-N, NH,"-
N, NO,” N, PO,>-P, and SiO,*"-Si (ng L™'; measured using a
continuous flow RFA/2 system, Alpkem), fine sediments and
substrate diameters (measured using pebble counts, % and Ds,
[median sediment size], respectively), benthic macroinvertebrate
density (measured using a slack sampler [500 wm mesh, 0.25 m?
frame; Moulton et al., 2002], number mfz), shredders (% of total
invertebrates in the benthos), and organic and inorganic matter
density in both rock cobbles and in seston (ug cm > and pg L™,
respectively). For all measurements, values were averaged across
five locations at each site. We determined elevation (m above sea
level) and river distance (km) using ArcInfo 9.1 (Earth Systems
Research Institute Redlands, CA). In addition, these sites were
assessed for fine sediment (<3.35 mm diameter) and salmonid
spawning gravels (3.35-75 mm diameter) from a population of
riffle crests available in 2016 and 2017 to coincide with biological
sampling (see methods in Peters et al, 2017). Briefly, three
subsamples were collected from each riffle crest, dried, sieved
(mesh openings of 75, 26.5, 13.2, 9.5, 3.35, 2.0, 0.85, and 0.106
mm), and weighed to the nearest 0.001 kg. Fine sediments (< 0.0106
mm) were determined from water column collections before and
after sediment collection using gravimetric methods (Peters et al,
2017). The data from the three subsamples were combined to
produce a summary of the riffle conditions.

2.6 Statistical analysis

We used permutational (Monte Carlo) statistical tests for all
analyses in R (R version 4.3.1; R Core Team, 2021) due to unequal
variances and non-normality for some variables. Analysis of leaf
litter decomposition rates (k day ') required a natural log-
transformation of percent AFDM remaining to determine
exponential decay rates by regressing In % AFDM remaining by
harvest day (Olson, 1963; Petersen and Cummins, 1974; Benfield,
1996). Decay constants (—k) were compared using permutational
analysis of covariance (ANCOVA) where significant interactions
with time reflected significant differences in decomposition rates
(slopes). We used a permutational three-way ANCOVA to compare
maple litter sources, river sections, days in stream, and all possible
interactions. Litter sources did not differ and so all litter sources
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were pooled and a follow-up two-way ANCOVA was used to
determine significant differences in decomposition rates
(section*day interaction) among river sections. We used Tukey’s
Honest Significant Difference (HSD) test to make pairwise
comparisons of decomposition rates among river sections. We
used permutational linear regressions to test for linear
relationships between k values and a large suite of environmental
variables (physical, chemical, biological, sedimentary variables, and
individual decomposer taxa; see Table S1), and the total number of
Rhytisma punctatum stromatal infections in each litterbag. We used
Principal Components Analysis (PCA) to combine environmental
factors into six principal components that we used to explain
variation in k, but none of the principal components explained
significant fractions of the variation in k, so were excluded from
analysis. Statistical analyses were conducted using the package
ImPerm (aovp, Imp; Wheeler and Torchiano, 2016), and figures
were produced using the R-package ggplot2 (Wickham et al., 2023).

We calculated simple diversity metrics for decomposer
communities in each litterbag (macroinvertebrates after 2 weeks
of incubation and fungi after 1 and 3 weeks of incubation). For
benthic macroinvertebrates, we calculated total abundance (total
number of individuals per litterbag), taxa richness (number of
unique taxa per litterbag), % EPT taxa, % shredders, and
Shannon’s diversity index (H’ per litterbag) using the vegan
package, but for microbial communities we used the iNext
package (Hsieh et al., 2016; Chao et al.,, 2022; Hsieh and Chao,
2022), which uses rarefaction to account for unequal sequencing
depth for fungal OTUs to estimate fungal richness (counts of OTUs
per litterbag) and Shannon’s diversity index (H' per litterbag). To
examine relationships between fungal OTU richness and diversity
among harvest dates (1-week and 3-week) and river sections, we
first used permutational two-way ANOVAs with harvest*section
interactions. For fungal communities, harvest was not a significant
effect in any model, so we ran follow-up permutational one-way
ANOVAs by river section with Tukey HSD post hoc tests. For
macroinvertebrates from the 2-week harvest, we ran permutational
one-way ANOVAs by river section with Tukey HSD post hoc tests.
We examined linear relationships among invertebrate and fungal
community metrics, decomposition rates, and environmental
variables (listed above) using permutational simple linear
regressions. We used Principal Components Analysis (PCA) to
combine environmental factors into six principal components that
we used to explain variation in community metrics, but none of the
principal components explained significant fractions of the
variation, so were excluded from analysis.

To examine broader patterns in decomposer community
composition, we used two-way permutational multivariate analyses of
variance (PerMANOVAs) and we visualized differences among
assemblages using non-metric multidimensional scaling (NMDS)
ordinations with Bray-Curtis distance measures using the package
vegan in R (Oksanen et al, 2022). For fungal OTUs, we used a 2-way
PerMANOVA with harvest, section, and the harvest*section interaction.
Harvest was not a significant effect in this model, so we ran a follow-up
one-way PerMANOVA to determine the influence of river section on
fungal community composition. Similarly, we ran a one-way
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PerMANOVA to determine the influence of river section on
macroinvertebrate community composition. We used Bonferroni-
corrected pairwise comparisons to determine significant differences
among sections. We ran follow-up permutational tests for
homogeneity of multivariate dispersion (PermDisp) to examine
whether communities in each section of the Elwha were equally
dispersed. Fungal OTU counts were converted to proportional
abundances using the R-package phyloseq (McMurdie and Holmes,
2013; Morgan and Ramos, 2023) and macroinvertebrate abundances
were log(x+1) transformed to preserve zeros (McCune et al, 2002).
Correlations between NMDS ordination axes and environmental
variables (listed above) were conducted using the R-package vegan.
Indicator Species Analysis (ISA) determined which members of the
macroinvertebrate community were significantly associated with a
particular river section, which we performed with the R-package
vegan. A slightly different approach was used to determine which
fungal community members were associated with a particular river
section. We used the R-package ALDEx2 (Fernandes et al, 2013) to
perform differential abundance tests following central log ratio (CLR)
transformations to lower false positive discovery rates (McMurdie and
Holmes, 2014). OTUs were considered indicators when mean
proportions were significantly different between one section and all
others based on Benjamini-Hochberg corrected p-values from Wilcoxon
rank sum tests, and comparing ALDEx2 effect sizes (Gloor et al., 2017).

3 Results
3.1 Leaf litter decomposition

Maple leaf litter decomposition rates differed significantly among
sections of the Elwha watershed (Figure 2; section*days: F(4354) = 8.87,
p < 0.0001). In particular, litterbags placed in the newly formed Elwha
Delta decomposed slowest, and litterbags placed in the middle reaches
of the Elwha, just downstream of the upper dam, decomposed fastest.
Decomposition rates for specific locations (n = 4 per section) across the
watershed ranged almost two orders of magnitude from —0.00631 at
one of the Delta sites to —0.09521 for one of the Aldwell Reservoir sites
(Table 1). Decomposition rates were not significantly influenced by
differences in litter quality among the five maple sources used to create
litterbags (source*days: F(y354) = 0.19, p = 0.999), but decomposition
rates were negatively influenced by the number of endophyte-infected
stromatal patches of Rhytisma punctatum on the initial leaf litter (F; ;g
=7.92, p = 0.0115). Decomposition rates across the twenty locations
were not significantly related to any physical, chemical, or substrate
variables across the watershed, but were positively related to %EPT taxa
(Fq,18) = 4.85, p = 0.0409; Table 2). When we statistically account for
the number of Rhytisma patches, there are negative linear relationships
between decomposition rates and both the smallest sediment size
(<0.0106 mm [Sedl]; F( 14y = 8.96, p = 0.0096) and the inorganic
material in the sediment (F(; ;4) = 5.35, p = 0.0365; Table S2), but no
other environmental variables were significantly related to k. However,
although the mechanisms for relationships with decomposition rates
may not always be clear, a suite of invertebrates and fungi were
significantly related to k (Table S2).
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(A) Regression lines showing n percent ash free dry mass (AFDM) remaining through time showing decomposition rates (slopes of exponential

regression lines) for bigleaf maple leaf litter, and (B) percent ash free dry mas

s remaining through time for bigleaf maple litter decomposing in five

sections of the Elwha River watershed following the removal of two major dams in 2014: 1) Orange circles: four tributary sites not physically
influenced by restoration activities (Griff Creek, Lower Little River, Indian Creek, and Madison Creek); 2) Yellow circles: four river sites downstream of
the upper Glines Canyon Dam; 3) Green circles: four river sites within the footprint of the former Aldwell Reservoir upstream of the lower Elwha
Dam; 4) Blue circles: four river sites downstream of the lower Elwha Dam; and 5) Purple circles: four lentic sites in the newly developing Elwha delta
(freshwater sites, not brackish). Lower case letters represent decomposition rates that differ significantly (p < 0.05).

3.2 Macroinvertebrates

We identified 37 macroinvertebrate taxa in leaf litter bags, from
a total of 32 families and 11 orders. The abundance, richness, and
diversity of macroinvertebrates in leaf litterbags varied among river
sections and were related to several environmental variables across
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the watershed. The abundance of macroinvertebrates was
significantly different across sections (F 5y = 2.97, p = 0.001),
with highest abundances at Lower Elwha sites and lowest
abundances at Tributary sites (Figure 3A). The richness of
macroinvertebrate taxa was significantly different among sections
(Fa,15 = 4.77, p = 0.0114), with highest richness at sites in the
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TABLE 1 Decomposition rates at each of twenty locations across five sections of the Elwha watershed post-dam removal.

Location Section —k (day™) Standard error p-value
1 Tributary 0.015385 0.0013 0.0001
2 Tributary 0.012980 0.0010 0.0001
3 Tributary 0.037153 0.0101 0.0018
4 Tributary 0.054106 0.0138 0.0011
5 Elwha Middle 0.018219 0.0013 0.0001
6 Elwha Middle 0.062376 0.0123 0.0001
7 Elwha Middle 0.072687 0.0149 0.0001
8 Elwha Middle 0.032707 0.0040 0.0001
9 Aldwell Reservoir 0.013816 0.0011 0.0001
10 Aldwell Reservoir 0.012282 0.0017 0.0001
11 Aldwell Reservoir 0.021132 0.0014 0.0001
12 Aldwell Reservoir 0.095203 0.0126 0.0001
13 Lower Elwha 0.043913 0.0097 0.0002
14 Lower Elwha 0.024219 0.0028 0.0001
15 Lower Elwha 0.014815 0.0010 0.0001
16 Lower Elwha 0.016088 0.0015 0.0001
17 Delta 0.009289 0.0008 0.0001
18 Delta 0.006310 0.0068 0.3678
19 Delta 0.009767 0.0011 0.0001
20 Delta 0.011725 0.0006 0.0001

Values represent decomposition rate constants (~k day ') and associated standard errors and p-values from exponential regression analysis.

former Aldwell Reservoir and Lower Elwha, compared to lowest
taxa richness at the Elwha Delta (Figure 3B). Shannon’s Diversity
Index values for litter bag macroinvertebrates were significantly
different among sections (Figure 3C; F4 15, = 8.38, p = 0.0026), with
highest diversity at the Tributary sites, followed by the Middle
Elwha and Delta, and lowest diversity at the Aldwell Reservoir and
Lower Elwha sites. The percentage of EPT taxa differed significantly
among river sections (F4 ;5) = 22.89, p < 0.0001) with highest values
at the Tributary and Middle Elwha sites, with increasingly lower
values at Aldwell Reservoir, Lower Elwha, and Delta sites. The
percentage of shredders did not differ among sections (F4,;5) = 1.95,
p = 0.1205).

The abundance of macroinvertebrates was positively related to
algal biomass (chl-a: F 15y = 4.98, p = 0.0386; Table 2), and both
organic (F1 14y = 7.74, p = 0.0147) and inorganic material in the
sediment (F; 14) = 7.03, p = 0.0189). The richness of macroinvertebrate
taxa was positively related to sediment size (Dsg; F(1,15) = 1043, p =
0.0046) and negatively related to the proportion of fine sediments
(F1,18) = 5.86, p = 0.0263) and water temperature (F; ;5 = 8.78, p =
0.0083). The diversity of macroinvertebrate taxa was positively related
to the elevation (F(; 15) = 6.23, p = 0.0225) and river distance of the site
(F1,18) = 5.19, p = 0.0352), canopy cover (F(; ;5 = 8.67, p = 0.0087), and
nitrate (F; 14y = 6.27, p = 0.0253), while being negatively related to both
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latitude (F(;,15) = 5.55, p = 0.0300) and longitude (Fs) = 8.15, p =
0.0150), both the organic (F ;4 = 6.87, p = 0.0201) and inorganic
material in the sediment (F(; ;4) = 11.85, p = 0.0040), and algal biomass
on rock surfaces (F ;) = 4.70, p = 0.0438).

The structure of macroinvertebrate communities establishing in
leaf litterbags was also significantly different across river sections
(Figure 4; Fq15 = 5.21, p < 0.0001, stress = 0.0547), with Delta
communities clearly separated from other sections of the Elwha
watershed. Macroinvertebrate communities did not differ in terms
of multivariate dispersion (F4,15) = 1.47, p = 0.2690).
Environmental variables such as elevation, canopy cover, specific
conductance, nitrate, and increased macroinvertebrate diversity
were correlated with macroinvertebrate communities found at
Tributary sites. Variables like organic matter in seston and
increasing taxa richness and abundance were correlated with
macroinvertebrate communities found at the Aldwell Reservoir
and Lower Elwha sites, with only temperature correlated with
macroinvertebrate communities found at Delta sites (Figure 4).
There were several significant indicator taxa, with the mayfly Baetis
sp. associated with the Middle Elwha, while Oligochaeta,
Chironomidae, and the stonefly Zapada sp. were associated with
the Lower Elwha, and only a Physidae gastropod was associated
with the Elwha Delta (Table 3).
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TABLE 2 Significant linear relationships among community and environmental variables across 20—24 locations in the Elwha watershed.

Response variable Explanatory variable Pos / Neg F-ratio p-value Adj R?
k (decomposition rate) Rhytisma patches (# per litterbag) - 1,18 7.58 0.0131 0.2573
Sediment < 0.0106 mm (Sed1, kg) - 1, 14 5.76 0.0304 0.2422
EPT taxa (%) + 1,18 4.81 0.0409 0.2123
Invert Abundance Organic matter in sediment (mg cm™?) + 1,14 7.74 0.0147 0.3099
(# per litterbag) Inorganic matter in sediment (mg cm?) + 1, 14 7.03 0.0189 0.2869
Algal biomass (chl-a, ug cm ™) + 1,18 12.36 0.0025 0.3743
Invert Taxa Richness Fine sediment (%) - 1,18 5.86 0.0263 0.2038
(taxa per litterbag) Sediment D5, (mm) - 1,18 10.43 0.0046 0.3318
Water temperature (°C) - 1,18 8.78 0.0083 0.2905
Invert Diversity (H') Organic matter in sediment (mg cm™?) - 1, 14 6.87 0.0201 0.2814
(per litterbag) Inorganic matter in sediment (mg cm™?) - 1, 14 11.85 0.0040 0.4198
Canopy cover (%) + 1,18 8.67 0.0087 0.2875
Algal biomass (chl-a, ug cm™2) + 1,18 4.70 0.0438 0.1631
Nitrate (NO5 ™, pg L) + 1,14 6.27 0.0253 0.2598
Elevation (m.a.s.l.) + 1,18 6.23 0.0225 0.2159
Fungal Taxa Richness Specific conductance (us cm™) - 1, 46 4.98 0.0306 0.0781
(taxa per litterbag) Water temperature (°C) - 1, 46 8.17 0.0064 0.1324
Algal biomass (chl-a, ug cm ™) - 1, 46 4.26 0.0446 0.0649
Fungal Diversity (H') Inorganic matter in sediment (mg cm ) + 1,38 443 0.0421 0.0807
(per litterbag) Inorganic matter in seston (mg cm?) + 1, 46 433 0.0432 0.0661
Canopy cover (%) + 1. 46 8.36 0.0059 0.1353
Total P (phosphorus, pg L + 1, 38 6.48 0.0151 0.1231
Total N (nitrogen, pg L") + 1,38 5.31 0.0267 0.0996

Values represent degrees of freedom (df) associated with E-ratios, p-values, and adjusted coefficients of determination (R”) from permutational simple linear regressions among variables. We

used Principal Components Analysis (PCA) to condense variables into six PCA axes, but they did not correlate with these response variables. Invert, invertebrate; Pos, positive linear relationship;

Neg, negative linear relationship; H’, Shannon’s diversity index.

3.3 Fungal decomposers

Leaf litter from across the Elwha watershed was colonized by
326 aquatic fungal taxa (OTUs). There were no significant
differences in fungal taxa richness (F 35 = 2.95, p = 0.0708) or
Shannon’s Diversity Index (F(; 36 = 0.27, p = 0.7843) by harvest
date (1 versus 3 weeks), nor significant interactions between harvest
date and river section (richness: F(; 35 = 1.16, p = 0.3383; diversity:
Fis36) = 0.72, p = 0.6186), so both harvests were pooled for
subsequent one-way ANOVA models. Fungal taxa richness was
not significantly different across sections of the Elwha watershed
(Fs42) = 1.35, p = 0.2679; Figure 5A), but fungal diversity
(Shannon’s Diversity Index) differed significantly across sections
(F(s,42) = 2.87, p = 0.0204). Litter incubated at the site of the former
Mills Reservoir had the lowest fungal diversity and litter incubated
in the Lower Elwha had the highest fungal diversity (Figure 5B).

Fungal taxa richness was negatively related to water
temperature (Table 2; F(j46) = 8.17, p = 0.0064), specific
conductance (F; 46) = 4.98, p = 0.0306), and algal biomass (chl-a:
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F(146) = 4.26, p = 0.0446) across the watershed. Fungal diversity was
positively related to canopy cover (F(; 46) = 8.36, p = 0.0059), total P
(Fuss) = 648, p = 0.0151), total N (F(j35) = 5.31, p = 0.0267),
inorganic material at the site, both in the sediment (F; 35y = 4.43,
p = 0.0421) and in the seston (F(; 46) = 4.33, p = 0.0432). Several
fungal taxa were differentially abundant in this study. Members of
the order Helotiales (OTU 96) were significantly less abundant at
the Aldwell Reservoir site than all other sites (ALDEx2 effect size =
-1.21, p = 0.0159), and three OTUs, including members of the
genus Cladosporium sp. (OTU 6; ALDEx2 effect size = 1.37, p =
0.0021) and two unidentified fungi (OTU 326; ALDEx2 effect size =
1.42,p =0.0038; OTU 2; ALDEx?2 effect size = 1.06, p = 0.0045) were
significantly more abundant in Tributary sites.

Aquatic fungal communities that established on leaf litter were
also significantly different across river sections (Figure 6; Fs36) =
3.47, p = 0.0001, stress = 0.0914), but they did not differ between
harvests (F(; 36) = 2.10, p = 0.0600) and were not influenced by the
harvest*section interaction (Fs3) = 1.49, p = 0.0709). Fungal taxa
communities on leaf litter were similar to each other for Mills
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Aquatic macroinvertebrate patterns showing: (A) total invertebrate abundance (mean number of individuals per litterbag), (B) invertebrate taxa
richness (mean number of species per litterbag), and (C) invertebrate taxa diversity (mean Shannon'’s H' per litterbag) across five Elwha watershed
sections: 1) Orange bars: four tributary sites not physically influenced by restoration activities (Griff Creek, Lower Little River, Indian Creek, and
Madison Creek); 2) Yellow bars: four river sites downstream of the upper Glines Canyon Dam; 3) Green bars: four river sites within the footprint of
the former Aldwell Reservoir upstream of the lower Elwha Dam; 4) Blue bars: four river sites downstream of the lower Elwha Dam; and 5) Purple
bars: four lentic sites in the newly developing Elwha delta (freshwater sites, not brackish). Bars represent means +/- 1 standard error and lower-case

letters represent diversity values that differ significantly.

Reservoir, and those communities differed significantly from many
other communities, except the Tributary and Delta sites.
Surprisingly, the fungal communities at the Delta sites did not
differ significantly from any other sites. These differences could
have been driven by large differences in multivariate dispersion
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across sections of the Elwha (F(s42) = 7.73, p = 0.001).
Environmental variables such as specific conductance, canopy
cover, algal biomass (chl-a), total P, and larger sediment sizes (P7:
proportion 9.5-13.2 mm; and P8: proportion 13.2-26.5 mm) were
correlated with fungal communities found at Tributary sites
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FIGURE 4

Non-metric multidimensional scaling (NMDS) ordination of aquatic macroinvertebrate communities. Symbols represent macroinvertebrate
communities colonizing leaf litterbags in the Elwha River watershed following the removal of two major dams in 2014 placed at 20 study locations
across five sections: 1) Orange squares: four tributary sites not physically influenced by restoration activities (Griff Creek, Lower Little River, Indian
Creek, and Madison Creek); 2) Yellow circles: four river sites downstream of the upper Glines Canyon Dam; 3) Green squares: four river sites within
the footprint of the former Aldwell Reservoir upstream of the lower Elwha Dam; 4) Blue circles: four river sites downstream of the lower Elwha Dam;
and 5) Purple squares: four lentic sites in the newly developing Elwha delta (freshwater sites, not brackish). Vectors represent significant correlations
through ordination space with environmental and biological factors. H', Shannon’s diversity index; NO3z™, nitrate concentration; NO,, nitrite

concentration; Dsg, median sediment size.

(Table 2). Variables like SiO4 and the diversity of macroinvertebrate
communities were correlated with fungal communities at some
Middle Elwha sites, while fungal richness was correlated with fungal
communities at the former Aldwell Reservoir, and smaller sediment
sizes (P2: proportion 0.0106-0.106 mm) was correlated with fungal
community structure at the former Mills Reservoir sites (Figure 6).

4 Discussion

This is the first study to examine leaf litter decomposition rates
following the removal of large dams in a restored landscape. A few

TABLE 3 Macroinvertebrate taxa identified from leaf litter bags that
indicate for specific sections of the Elwha watershed.

. Indicator
Section
value

Elwha Ephemeroptera: Baetis 0.3363 0.003
Middle sp.

Lower Elwha | Annelida: Oligochaeta 0.4112 0.003
Lower Elwha | Plecoptera: Zapada sp. 0.3992 0.025
Lower Elwha | Diptera: Chironomidae 0.2936 0.005
Delta Gastropoda: Physidae 1.0000 0.003
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related studies have examined changes in leaf litter decomposition
following small dam removal. One of these studies showed slower
decomposition rates and much lower fungal biomass and
macroinvertebrate diversity in leaf litter bags downstream of a
diversion dam (Muehlbauer et al., 2009). Following six months of
flow restoration, there was still slower decomposition at the site
downstream of the dam, but both fungi and macroinvertebrates had
recovered to upstream levels (Muehlbauer et al., 2009). In addition,
aquatic macroinvertebrate communities began to converge
following flow restoration, providing evidence that communities
can recover within several years of flow restoration (Muehlbauer
et al,, 2009). One additional study examined reservoir drawdown
during dam removal and found that organic matter decomposition
was slower downstream of a dam before and during drawdown
compared to nearby undammed reaches, but that all drawdown
effects disappeared quickly (within one year), likely due to a long
and slow drawdown process (Atristain et al., 2023). This study did
not examine leaf litter decomposition, but instead used thin sheets
of wood to examine organic matter processing. Reservoir
drawdown negatively influenced biofilm metabolism and reduced
autotrophic biofilm biomass (chlorophyll-a) on woody substrates,
but both recovered quickly following drawdown (Atristain et al,
2023). In the present study, we found the slowest rates of
decomposition in the new Elwha delta (as hypothesized), but
contrary to our hypotheses the fastest decomposition rates were
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Aquatic fungal patterns showing: (A) fungal taxa richness (mean number of OTUs per litterbag), and (B) fungal taxa diversity (mean Shannon's H' per
litterbag) across six different Elwha watershed sections: 1) Red bars: four rivers sites upstream of the Glines Canyon Dam in the former Mills reservoir
footprint 2) Orange bars: four tributary sites not physically influenced by restoration activities (Griff Creek, Lower Little River, Indian Creek, and
Madison Creek); 3) Yellow bars: four river sites downstream of the upper Glines Canyon Dam; 4) Green bars: four river sites within the footprint of
the former Aldwell Reservoir upstream of the lower Elwha Dam; 5) Blue bars: four river sites downstream of the lower Elwha Dam; and 6) Purple
bars: four lentic sites in the newly developing Elwha delta (freshwater sites, not brackish). Bars represent means +/— 1 standard error and lower-case
letters represent diversity values that differ significantly (p < 0.05).

not in the tributaries, but in the Middle Elwha, possibly due to low
deposition of fine sediment materials in this section (Peters et al.,
2017). Decomposition rates did not decline longitudinally from
upstream to downstream as has been hypothesized (Naiman et al.,
1987; Sedell et al., 1989), but we may have seen more of a
longitudinal pattern had we extended the study further upstream.
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Although there are very few studies examining leaf litter
decomposition following dam removals, there are several
additional studies that have examined leaf litter decomposition
above and below dams. In general, the type of dam can partially
determine the influence of the dam on leaf litter decomposition
because diversion dams result in downstream dewatered areas while
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Non-metric multidimensional scaling (NMDS) ordination of aquatic fungal communities. Symbols represent fungal OTU (operational taxonomic unit)
communities colonizing leaf litterbags in the Elwha River watershed following the removal of two major dams in 2014 and placed at 24 study
locations across six sections: 1) Red circles: four rivers sites upstream of the Glines Canyon Dam in the former Mills reservoir footprint 2) Orange
squares: four tributary sites not physically influenced by restoration activities (Griff Creek, Lower Little River, Indian Creek, and Madison Creek);

3) Yellow circles: four river sites downstream of the upper Glines Canyon Dam; 4) Green squares: four river sites within the footprint of the former
Aldwell Reservoir upstream of the lower Elwha Dam; 5) Blue circles: four river sites downstream of the lower Elwha Dam; and 6) Purple squares: four
lentic sites in the newly developing Elwha delta (freshwater sites, not brackish). Vectors represent significant correlations through ordination space
with environmental and biological factors. H', Shannon'’s diversity index; SiO,, silicate concentration; P8, P7, and P2 represent proportions of
sediment of various sizes (P2 = proportion of sediment between 0.0106-0.106 mm; P7 = proportion of sediment between 9.5-13.2 mm; P8 =

proportion of sediment between 13.2-26.5 mm).

hydropower dams result in high velocity, cold water releases below
dams. Several studies report slower leaf litter decomposition rates
below dams (Nelson and Roline, 2000; Tornwall, 2011; Mendoza-
Lera et al., 2012; Gonzalez et al., 2013), sometimes with significant
reductions in shredders (Short and Ward, 1980; Tornwall, 2011;
Mendoza-Lera et al., 2012) or fungal biomass below dams
(Muehlbauer et al,, 2009; Colas et al.,, 2016). However, at dam
sites with high nutrient concentrations in tailwaters, the biomass of
fungi and macroinvertebrates can be higher at downstream sites
(Casas et al,, 2000; Meneéndez et al, 2012) and counteract the
hydrological effects of dams, resulting in no difference in
decomposition rates upstream and downstream of dams (Casas
et al.,, 2000; Tabucanon et al.,, 2019), or occasionally, higher rates of
leaf litter decomposition downstream of dams (Short and Ward,
1980; Menendez et al.,, 2012; Russing, 2015).

The River Continuum Concept (RCC; Vannote et al., 1980)
suggests that the importance of leaf litter inputs as carbon and
energy sources to streams and rivers will decline in a downstream
direction, with the greatest reliance on leaf litter in the headwaters
and the least reliance in large-order rivers (Naiman et al., 1987;
Sedell et al., 1989). The Riverine Productivity Model (RPM)
modifies these predictions to argue that large rivers receive
organic matter inputs laterally and from floodplains, and that
decomposer communities can be important in large rivers,
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especially in littoral habitats (Thorp and Delong, 1994). Litter
inputs to large rivers can still be important, as shown by one
study which compared leaf decomposition in a low-order stream to
a high-order river, and found slower decomposition rates in the
high-order river, likely due to sediment deposition, but similar
biological activity by invertebrates and fungi at both locations
(Chauvet, 1997). Another study compared four locations within
two river systems and found highest decomposition rates in
headwaters with variation among lower reaches, but generally
slower rates in high-order rivers (Minshall et al., 1983). Although
not from a direct leaf litter decomposition study, one previous
microbial study from throughout a river continuum found that
microbial communities in sediments at headwater sites relied on
allochthonous dissolved organic matter, with a shift to
autochthonous dissolved organic matter downstream (Freixa
et al., 2016). Newer visions of the River Continuum incorporate a
more patchy dendritic network, and a less strict longitudinal
system, incorporating ideas from landscape ecology and
metacommunity ecology (Doretto et al., 2020). The newer RPM
makes note of the importance of near-continuous inputs of coarse
particulate organic matter in larger rivers (Thorp and Delong,
1994). There have been very few studies of leaf litter
decomposition throughout watersheds to directly compare low-
order and higher-order reaches of the same system, despite the ages
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of models like the RCC and RPM as well as more recent calls to do
this research (Doretto et al., 2020).

Some of the patterns we observed in our data are similar to
findings from an earlier study comparing benthic invertebrate and
periphyton in dammed and undammed sections of the Elwha
(Morley et al, 2008). In that study, the highest densities of
periphyton were found in the lower river. Invertebrate
communities in these areas of high autochthonous organic matter
production may be less efficient at processing leaf litter, as reflected
in the lower decomposition rates we observed in Lower Elwha and
Delta. Morley et al. (2008) also found that benthic
macroinvertebrate community structure differed between Upper,
Middle, and Lower sections of the Elwha, with a higher proportion
of non-insect taxa in the Lower Elwha compared to a dominance by
mayfly in reaches between and above the dams. These pre-dam
removal patterns still existed when this study was conducted after
dam removal in 2016, with litterbag dwelling baetid mayflies
associated with the Middle Elwha and chironomids and
oligochaetes associated with the Lower Elwha. Other studies also
show baetid mayflies to be abundant at sites just downstream of
dams, especially those with high nutrient concentrations in the
tailwaters (Brittain and Saltveit, 1989; Casas et al., 2000). In our
study, we found that a Nemouridae stonefly (Zapada sp.) was also
an indicator species for the Lower Elwha sites. Given that previous
studies have shown Nemouridae stoneflies to be significantly less
abundant downstream of dam sites (Mendoza-Lera et al., 2012),
this finding could indicate potential post-dam recovery of in-stream
litter dwelling macroinvertebrates.

Some of the most dramatic hydrological and habitat changes in
the Elwha watershed after dam removal occurred downstream of
both dams in the Lower Elwha (Locations 13, 14, 15, and 16) and
the Delta (Locations 17, 18, 19, and 20). Predictive modeling
expected that approximately 50-60% of the estimated 21 +/-
3 x 10° m® of fine and coarse-grained accumulated sediment
behind the dams would erode from the reservoirs, and within the
first two years after dam removal, the steep, high-energy Elwha
River had transported a large fraction of sediments (mainly fine
sediments; Warrick et al., 2015; Peters et al., 2017; Ritchie et al,,
2018; Warrick et al,, 2019), and water turbidity increased by three
orders of magnitude (Foley et al., 2015). This study took place just
after the period of greatest geomorphic change in the Elwha
watershed, 5-6 years after the start of the dam removal process,
and about two years after the removal process had been completed
(East et al., 2018). The extreme redistribution and deposition of
sediment pushed the river delta approximately 200 m offshore,
reducing tidal influence in the pre-dam removal Elwha delta
complex and transforming it into a river-driven freshwater
system (Foley et al, 2015). This loss of estuarine habitat due to
altered water flow, decreased salinity, and elevated turbidity is
strongly predicted to alter Elwha food web structure and benthic
nutrient cycling in the delta, and likely contributed to the slowest
decomposition rates, low fungal diversity, and relatively low
macroinvertebrate abundance and diversity at the Delta sites.
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Seaward of the Delta sites, in tidally regulated wetlands (Foley
et al., 2017b), newly formed habitats are emerging where future
studies could examine how primary and secondary succession
proceed for decomposers in dynamic environments.

The macroinvertebrate and fungal decomposer communities we
examined responded differently to the dam removal landscape of
the Elwha River. Aquatic macroinvertebrate communities
inhabiting leaf litter were structured differently at the Delta sites
compared to the rest of the river. In contrast, fungal communities at
the Delta sites were not different from any other communities in the
river and the communities upstream of both dams (Mills Reservoir
sites) were the most different from other sections of the river.
Community structure within a section of the river was also more
consistent for invertebrate communities, which did not differ in
terms of multivariate dispersion among sections. In contrast, fungal
communities were most similar to one another upstream of both
dams (Mills Reservoir sites), and fungal community dispersion was
much higher downstream in the watershed. Invertebrate diversity
was highest at Tributary sites and decreased downstream (with a
slight uptick at Delta sites), while fungal taxa diversity was actually
highest at the Lower Elwha sites and lowest at the most upstream
site (Mills Reservoir). Despite these community differences for
invertebrates and fungi, two environmental variables, specific
conductance and canopy cover influenced the community
structure of both groups, with strong positive relationships with
Tributary sites. The environmental variables that influenced
macroinvertebrate diversity tended to be those associated with
tributary conditions: greater canopy cover, higher elevations, and
more upstream river distances. These patterns support the results
shown by a large review of decomposer communities (Cummins
and Klug, 1979; Cummins et al., 1989; Graga, 2001; Hayer et al.,
2022). The environmental variables that influenced fungal diversity
included greater canopy cover, but also higher nutrient contents (N
and P) and greater proportions of inorganic material in the seston
and sediment. There are fewer studies examining fungal
communities across longitudinal gradients in river systems, but
previous research in large rivers argues that fungal decomposers are
major players even in high order river reaches (Baldy et al., 1995).

The Glines Canyon and Elwha dams were constructed without
fish passage facilities, which prevented upstream migration of
anadromous salmonids for over 90 years, as well as prevented
extant resident salmonids above the dams from migrating
downstream (Brenkman et al., 2008; Pess et al., 2008). The
regulation of the river severely disrupted sediment transport and
deposition, as well as the movement of woody debris, resulting in a
loss of suitable spawning habitat in the reaches of the Lower Elwha
(Pess et al., 2008). Pre-dam removal salmonid population declines
likely contributed to decreased primary productivity in the Elwha
River due to nutrient limitation, as marine-derived nutrient inputs
from salmonids are important for freshwater food webs across
trophic levels (Duda et al., 2011; Tonra et al., 2015; Kane et al,
2020). As anadromous salmonids return to the Elwha (Kane et al.,
2020; Quinn et al., 2021), we expect increases in productivity at all
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trophic levels and continued alterations to other ecosystem
processes like organic matter processing. For example, we found
highest levels of fungal diversity at Lower Elwha sites, which could
be related to greatest spawner densities.

Dam decommissioning and removal in the United States has
increased in the last several decades as social and ecological
risks have begun to outweigh benefits generated by dams (Duda
etal.,, 2016). At the time of this study, the simultaneous removal
of the Elwha and Glines Canyon dams on the Elwha River in
northwestern Washington State was the largest dam removal in
the world (Warrick et al., 2019). The two dam removals on the
Elwha River offered a unique opportunity to evaluate the impact
of watershed-wide ecological restoration within a relatively
short timeframe on organic matter processing and
decomposer communities. Information on fundamental
ecological processes such as organic matter decomposition are
essential to better understand the mechanisms underpinning
restoration response.
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