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Abstract
1. Riparian vegetation management alters stream basal resources, but stream eco-

system responses partly depend on top- down interactions with in- stream con-
sumers. Large- bodied omnivores can exert particularly strong influences on 
stream benthic environments through consumption of food resources and physi-
cal disturbance of the benthos. Trophic dynamics studies conducted within the 
context of reach- scale riparian vegetation manipulations can provide insights into 
the interactions and relative importance of top- down and bottom- up controls that 
determine ecosystem response to riparian change.

2. Here, we examine how top- down control by native crayfish omnivores (Cambarus 
bartonii) interacts with abiotic conditions created by reach- scale removal of riparian 
rhododendron (Rhododendron maximum) in the southern Appalachian Mountains 
of the U.S.A. We conducted 32- day trophic experiments by nesting five pairs of 
electrified (crayfish excluded) and non- electrified (crayfish access) plots within 
each of two 300- m stream reaches (one control and one rhododendron- removed) 
for 1 year pre- removal and 2 years post- removal.

3. Algal growth responded positively to the reduced canopy cover (post- 
rhododendron removal) only under low flow conditions combined with the ab-
sence of top- down control by crayfish. Leaf decomposition rates were reduced 
by c. 40% in the absence of crayfish, but higher inputs of rhododendron leaf litter 
during the summer following rhododendron removal reduced the effect of cray-
fish presence on decomposition. Riparian rhododendron removal also significantly 
increased benthic sediment and fine benthic organic matter, but crayfish exclusion 
did not affect these stream properties.

4. Potential long- term reductions in crayfish abundance could reduce the top- down 
effects of crayfish and ultimately lead to higher algal growth and reduced leaf de-
composition rates in streams where rhododendron is managed through removal.
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1  | INTRODUC TION

Ecosystem processes in headwater streams are inextricably con-
nected to the structure and species composition of adjacent 
riparian vegetation (Sakamaki & Richardson, 2013). Riparian man-
agement activities (e.g. complete riparian vegetation removal, 
alteration of burning regimes, or selective harvesting and/or re-
moval) can alter stream ecosystem processes directly through 
changes to detrital inputs (e.g. quantity, quality, and timing of leaf 
litter inputs, Webster et al., 1990) or indirectly by altering physico- 
chemical properties that drive these processes (e.g. disturbance- 
induced increases in sediment resulting in faster decomposition 
from abrasion, Paul & Meyer, 1996; Benfield et al., 2001; riparian 
harvest increases in stream water nitrate concentrations, Knoepp 
& Clinton, 2008). How streams respond to riparian management 
may depend on the type of management action, the nature of in- 
stream species and their relative dominance (e.g. contribution to 
stream food web linkages and energy flow, Hall et al., 2000; spe-
cies that structure benthic habitats, Taylor et al., 2006), and how 
the specific management action affects trophic interactions by 
stream consumers (Corréa et al., 2019).

Stream macroconsumers that are large- bodied (proportionate 
to their habitat size) and relatively long- lived often play dominant 
roles in stream benthic ecosystem processes through consumption 
of benthic food resources, physical disturbance of the substrate, 
and nutrient recycling (Corréa et al., 2019; Ho & Dudgeon, 2016; 
Schofield et al., 2001). Macroconsumers can decrease rates of algal 
growth and increase leaf litter breakdown through direct consump-
tion (Schofield et al., 2001, 2008; Yang et al., 2020) or indirectly 
via trophic cascades (Bush et al., 2017; Marshall et al., 2012). Non- 
consumptive effects may include: (1) lower benthic sediment, lower 
fine benthic organic matter, lower algal biomass, and higher leaf 
decay through bioturbation of the substrate (Cooper et al., 2016; 
Creed & Reed, 2004; Pringle & Blake, 1994; Ravenstel et al., 2004); 
(2) increased nutrient availability from excretion (Evans- White & 
Lamberti, 2005; Marshall et al., 2012; Hopper et al., 2020); and 
(3) changes in the relative competitive advantage of algal species 
(Creed, 1994; Ravenstel et al., 2004; Schofield et al., 2008). The 
dominant role of macroconsumers in stream ecosystems means 
that even small changes in macroconsumer populations (i.e. density 
or composition) following riparian management can have dispro-
portionately large effects on stream ecosystem processes (Corréa 
et al., 2019; Schofield et al., 2001). Thus, the total loss of a mac-
roconsumer can substantially alter stream ecosystems (Dangles and 
Guerold, 2001; Marshall et al., 2012).

While numerous studies have documented the effect of various 
types of reach-  or catchment- scale riparian management actions on 
abiotic conditions and stream basal food resources, fewer studies 
have experimentally quantified how top- down control by in- stream 
consumers potentially modifies stream response to large- scale ma-
nipulations (but see Baxter et al., 2004). Furthermore, most tro-
phic dynamics studies in natural and managed stream ecosystems 
have used a control- impact or space- for- time- substitution (e.g. Hall 

et al., 2000; Schofield et al., 2008; Wallace et al., 1982) rather than 
a before- after- control- impact approach. Trophic dynamics studies 
that simultaneously measure how both top- down and bottom- up 
controls change and interact over time in response to riparian man-
agement can offer powerful insights into the mechanisms by which 
stream ecosystems respond to disturbance.

In the southern Appalachians (ranging from Alabama to 
West Virginia; Yarnell, 1998), widespread mortality of American 
chestnut (Castanea dentata) and riparian eastern hemlock (Tsuga 
canadensis) has facilitated the expansion of the evergreen shrub 
rhododendron (Rhododendron maximum) (Dudley et al., 2020; 
Elliott & Vose, 2012; Ford et al., 2012; Pfennigwerth et al., 2018). 
This expansion is of concern to managers because rhododendron 
inhibits the recruitment of hardwood overstory species (Baker 
& Van Lear, 1998; Cofer et al., 2018; Elliott & Miniat, 2018). 
Rhododendron removal (by cutting, burning, herbicide, or a com-
bination thereof) has been suggested as a strategy to promote 
hardwood tree recruitment in rhododendron- dominated ripar-
ian zones (Evans et al., 2010; Esen & Zedaker, 2004; Elliott & 
Miniat, 2018). Spatially distributed monitoring of summer stream 
temperatures in two reference streams and two rhododendron- 
removed streams found significant daily maximum temperature 
increases of 0.9– 2.6°C; but these increases were patchy and did 
not extend downstream of the treatment reaches (Raulerson 
et al., 2020). These temperature increases indicated increased but 
spatially variable light penetration to the channel. Another study 
indicated that reach- scale riparian rhododendron removal alters 
other stream abiotic conditions, reduces benthic leaf litter stand-
ing stock quantity, and increases litter quality, but has minimal 
effect on algal standing stocks (Dudley, 2018). However, neither 
study accounts for how rhododendron removal potentially alters 
in- stream trophic dynamics, nor do they account for how top- 
down controls by any macroconsumers interact with changes to 
bottom- up drivers.

Here we examine how bottom- up effects of rhododendron 
removal interact with top- down control by native crayfish, an im-
portant macroconsumer in these streams (Huryn & Wallace, 1987; 
Schofield et al., 2001), to alter five properties or processes in head-
water stream ecosystems in the southern Appalachian Mountains. 
We predict that rhododendron removal will: (1) increase benthic sed-
iment and fine benthic organic matter (FBOM) accrual via increased 
sediment input to streams after riparian disturbance, while crayfish 
presence will decrease sediment and FBOM accrual via bioturba-
tion; (2) accelerate algal growth via higher light and nutrient inputs, 
while crayfish consumption of algae and removal via bioturbation 
will limit algal accrual; (3) enhance the rate of leaf decomposition 
via higher temperatures (more open canopy) and nutrients (riparian 
disturbance), with crayfish further accelerating decomposition rates 
through consumption; and finally (4) result in increases in leaf litter 
quality (i.e. lower carbon:nitrogen ratios) via enhanced stream water 
nitrogen concentrations and microbial conditioning due to ripar-
ian disturbance, with crayfish further increasing leaf litter quality 
through localised nitrogen release.
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2  | METHODS

2.1 | Site description

This study took place in the Nantahala Mountain Range of western 
North Carolina (NC), U.S.A., within the Blue Ridge Physiographic 
Province near the southern end of the Appalachian Mountain chain. 
Soils are deep sandy loams underlain by folded schist and gneiss, 
representing two soil orders: inceptisols and ultisols. Soil series in 
both riparian zones include the Cullasaja– Tuckasegee complex along 
the stream channel and the Edneyville– Chestnut complex on the 
uplands (Thomas, 1996). Average annual rainfall is 1,900 mm and air 
temperature is 10.8°C. The study sites drain mixed- deciduous for-
ests with overstory canopies that include oak (Quercus spp.), birch 
(Betula spp), American beech (Fagus grandifolia), and red maple (Acer 
rubrum).

2.2 | Experimental design

We conducted our experiments within the context of a larger study 
aimed at quantifying the effects of reach- scale riparian rhododen-
dron removal on headwater streams (Elliott & Miniat, 2018). In the 
larger study, four perennial headwater streams (second and third 
order) were selected within the White Oak Creek catchment (WOC, 
35º20' N latitude, 83º58' W longitude), located approximately 10 km 
west of Franklin, NC. Stream study reaches were 300 m long and 
were selected to be similar with respect to catchment character-
istics, rhododendron abundance, and percentage of dead eastern 
hemlock. For this study, we selected two of these streams (Figure 1, 
Table 1) in which to conduct our experiments. The Control reach (Kit 
Springs Branch) was not managed in any way for the duration of the 
experiment. In the Cut+Burn rhododendron removal treatment reach 
(Split White Oak Branch), rhododendron plants and leaf litter were 
removed by cutting stems from the stream edge to 50 m perpendicu-
lar to the stream on both sides, scattering the slashed branches on 
site (both in the stream and the surrounding riparian area), and burn-
ing the reach 1 year post- cut. To minimise rhododendron regrowth, a 
triclopyr amine herbicide (Garlon 3A®; DOW AgroSciences, U.S.A.) 
formulation (44.4% Triclopyr Triethylamine Salt) with an aquatic 
label (mixed to a ratio of 50% herbicide/50% water) was applied to 
freshly cut stumps and new sprouts within 24 months of the treat-
ment and periodically thereafter as needed. Rhododendron cutting 
occurred March– May 2015, and the prescribed fire was imple-
mented in March 2016 (Elliott & Miniat, 2018). The prescribed fire 
was hand- lit across the entire delineated stream reach (3 ha). The fir-
ing technique included backfires along the upper ridge and ignitions 
at 10– 25 m intervals depending on slope steepness during weather 
conditions specified in the USDA Forest Service, Nantahala National 
Forest, Prescribed Burning Plan (USFS, 2011).

We quantified top- down control by the native crayfish 
(Cambarus bartonii), an important omnivorous macroconsumer in 
these streams, using 32- day plot- scale macroconsumer exclusion 

experiments nested within the reach- scale rhododendron manip-
ulations. Experiments were conducted in mid-  to late- summer for 
3 years: before rhododendron removal (PreYR, 2014), post- cut 
(CutYR, 2015), and post- burn (BurnYR, 2016). Five pairs of copper 
wire frames (c. 0.125 m2) were placed in five flat, shallow pools dis-
tributed along the 300- m study reach (Figure S1), which were used 
for all 3 years of the experiment. Pools were selected to be as sim-
ilar as possible both within a stream and between study streams, 
and were assumed to be representative of pool habitats available 
to macroconsumers. One frame in each pair was electrified using 
a 12V fence charger (Speedrite 1,000 Unigizer) that delivered re-
peated pulses of electricity (pulse every 1.5– 2.5 s) to the frame area. 
The exclusion technique, modified from Pringle and Blake (1994), 
has been successfully used in other headwater streams in this re-
gion to prevent the entry of macroconsumers (e.g. crayfish and fish, 
Schofield et al., 2008), reduce the entry of salamanders, and avoid 
cage artefacts, such as reduced flow and reduced invertebrate drift 
(Zimmerman & Vondracek, 2006). The electric exclusion technique 
allows the entry of smaller organisms such as aquatic insects; pre-
vious work in similar southern Appalachian streams has shown that 
electrified treatments did not negatively affect most insect taxa 
colonising substrate (e.g. chironomids, hydropsychids, baetids), with 
the exception of heptageniid mayflies, whose abundance was low-
ered by electrified treatments (Schofield, 2001). The unelectrified 
frame served as a control, since macroconsumers maintained access 
to these frames. Paired frames within each pool were placed a min-
imum of 7 cm apart to ensure that the electrified frame would not 
affect the unelectrified one, and were anchored at each corner using 
four similarly sized cobbles. Twice each week, fence charger batter-
ies were replaced to ensure that electrical pulses were maintained 
throughout the experimental period and wire frames were cleared 
of any accumulated debris.

2.3 | Associated abiotic variables

Relevant stream characteristics were measured at each frame to as-
sess potential within- pool variability (i.e. conditions between elec-
trified and non- electrified frames within a pool) and between- pool 
variability (Table S1). We measured water depth at the four corners 
of each frame using a meter stick. We measured canopy cover over 
the centre of each frame using 2 (PreYR) or 4 (CutYR and BurnYR) 
digital photographs (Canon Powershot SD890 IS). For each photo-
graph, we recorded cover type (rhododendron leaf or stem, non- 
rhododendron leaf or stem, or open) for 200 randomly distributed 
points using ImageJ software (Schneider et al., 2012). We calculated 
percent rhododendron canopy cover by dividing the points covered 
by rhododendron by 200, and percent total canopy cover by divid-
ing the total number of points covered by either plant type by 200. 
We averaged the percentages for the two or four photographs to 
produce one estimate per frame. We also recorded the dominant 
particle size categories underneath each frame and converted our 
observations to a numerical value- weighted number for three of the 
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most dominant particle types present within the frame, ranked from 
silt/clay=1 to bedrock=7. We measured the length and width of each 
pool for between- pool comparisons.

We measured stage height using an Odyssey water level sensor 
with a 0.5 m long cable (Dataflow Systems Ltd) at the centre of each 
treatment reach to assess relative differences in water flow pat-
terns between treatment reaches and between pre- treatment and 
post- treatment periods. Measurements were taken every 10 min 
throughout the study period, but gaps due to sensor malfunction 
were encountered.

Stream water grab samples were collected weekly during the 
32- day experiments at the upstream and downstream ends of both 
reaches. Stream water samples were analysed for nitrate- nitrogen 
(NO3- N), ammonium- nitrogen (NH4- N), and ortho- phosphate (O- 
PO4) using standard methods at Coweeta Hydrologic Laboratory 
(Brown et al., 2018). NO3- N and O- PO4 were determined using an 
Ion Chromatograph (ICS 4000; Thermo Scientific), and NH4- N was 
determined using an Astoria 2 Analyzer (Astoria- Pacific).

2.4 | Benthic stream ecosystem 
properties and processes

We measured benthic sediment, FBOM, and algal accrual using un-
glazed white ceramic tiles (4.7 × 4.7 cm) attached to the inside of 
wire frames using binder clips and cable ties (five tiles in each frame; 
Figure S1). We began tile collection 3– 5 days into the experiment 
and continued approximately weekly for the duration of each 32- day 
experiment (five tiles total). Collected tiles were carefully transferred 
to a plastic bag with a small amount of stream water, transported on 
ice, and processed within 24 hr of collection. Each tile was rinsed 
with deionised water and scraped with a razor blade to remove as-
sociated algae, sediment, detrital organic matter, and macroinver-
tebrates. Macroinvertebrates were live picked under an illuminated 
dissecting scope for c. 5 min and preserved in 70% ethanol. The 
remaining slurry was brought to a known volume, stirred continu-
ously, and subsampled. Sub- samples were filtered through two pre- 
ashed and pre- weighed glass fibre filters (Grade F, 47mm; Sterlitech 

F I G U R E  1   Map showing location 
of two study streams and the 300- m 
study reaches: (1) Kit Springs Branch 
(Control) and (2) Split White Oak Branch 
(Cut+Burn)
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Corporation). One filter was dried at 60°C for 1 week, weighed, 
ashed at 500°C for 4 hr, and reweighed to determine FBOM meas-
ured as ash- free dry mass (Steinman & Lamberti, 1996). We also used 
the ashed- mass from these samples as a measure of inorganic ben-
thic sediment. The second filter was frozen until chlorophyll a analy-
sis was performed. Chlorophyll a pigments were extracted using the 
hot ethanol extraction method (Sartory & Grobbelaar, 1984) and 
analysed using a Turner Design 700 fluorometer (Turner Designs) 
with an optical configuration optimised for analysis of chlorophyll 
a that minimises phaeophyton interference (Welschmeyer, 1994). 
Benthic sediment, FBOM, and chlorophyll a values were converted 
to a per- area measure by dividing the measured value by the propor-
tion of the total substrate area sampled. A reference sample (20 ml) 
was preserved with 7% formalin solution for later algae composition 
analyses.

We estimated leaf decomposition and leaf litter carbon:nitrogen 
(C:N) ratio using packs of senesced red maple leaves. We selected 
red maple for this study because it is a common hardwood species 
in the riparian areas of the study streams and could potentially ex-
perience increased recruitment after the removal of rhododendron 
(Baker & Van Lear, 1998). Additionally, red maple leaves are rela-
tively fast- decomposing, allowing us to see effects over the exper-
imental period. We added leaf packs (4.0– 4.8 g ± 0.15 g) to plastic 
mesh bags large enough to allow the entry of crayfish (2 × 2 cm 
mesh size). Bags were closed with binder clips and secured to wire 
frames using binder clips and cable ties (4 bags per frame). We used 
an additional 4– 10 bags to estimate handling loss and calculate initial 
nutrient content. We collected one leaf litter bag from each plot be-
ginning on day 10– 12 and continuing approximately weekly for the 
duration of the 32- day experiment (four bags total). Collected leaf 
litter bags were carefully placed in plastic bags with a small amount 
of stream water, stored on ice for transport, and processed within 
24 hr. Sediment and macroinvertebrates on leaves were rinsed into a 
250- μm sieve. Macroinvertebrates were then preserved in 70% eth-
anol, and leaves were dried to a constant weight at 60°C. Dried and 
ground sub- samples of leaves were placed in a desiccator for at least 
24 hr, weighed, ashed at 500°C for four hours, placed in a desicca-
tor for another 24 hr and reweighed to calculate ash- free dry mass. 
Leaf litter samples were pre- ground using a coffee grinder, ground 
to a fine powder using a ball mill (Model 8000D, Spex Sample Prep 
mixer/mill; Metuchen), and stored in glass vials until analysis. For all 
C and N analyses, a designated mass of each sample (10– 20 mg) was 
weighed into pre- weighed tin capsules (CE Elantech Inc) and anal-
ysed on an elemental analyser (Flash EA1112 NC; Thermo Electron 
Corporation) using the dynamic flash combustion technique (Brown 
et al., 2018). Leaf C:N ratios were calculated by dividing total C by 
total N.

2.5 | Crayfish

During each 32- day experiment, electrified and non- electrified 
frames were observed approximately twice per week (5 min × 8 TA
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observations = 40 min per frame per year) and the presence of 
crayfish and other macroconsumers was recorded. On the last day 
of each experiment, baited minnow traps were set for three nights 
to estimate relative abundance and size of crayfish and other mac-
roconsumers present in the vicinity of nested control and exclu-
sion frames. We categorised captured macroconsumers into major 
groups (crayfish, salamanders, and fish), measured each individual 
(head width and body length), and released all on- site.

2.6 | Statistical analysis

Due to several larger storm events that resulted in some sloughing 
of accrued benthic sediment, FBOM, and chlorophyll a during two 
of the experiments, tile samples were only analysed for final accrual 
amounts (Day 32). We also used final leaf litter C:N ratios (Day 32) 
as estimates of leaf litter quality. Only PreYR and CutYR leaf litter 
samples were included in C:N ratio calculations due to large differ-
ences in initial C:N ratio of maple leaves used for the BurnYR. For 
these four benthic ecosystem response variables, we constructed 
linear mixed- effects models with stream identity as a random ef-
fect, and fixed effects of reach- scale rhododendron manipulation 
(Cut+Burn CutYR and BurnYR), nested plot- scale treatment (cray-
fish exclusion), and interactions between the two treatment types 
(CutYRxExclusion and BurnYRxExclusion). We also constructed 
linear mixed- effects models to individually test the effect of up to 
11 predictor variables (benthic sediment, FBOM, chlorophyll a, leaf 
decomposition rate, nitrate, ammonium, phosphate, rhododendron 
canopy cover, total canopy cover, crayfish abundance, and crayfish 
total length) on final accrued benthic sediment, FBOM, chlorophyll 
a, and final leaf litter C:N ratio. Predictor variables were centred and 
standardised by standard deviation (value- mean)/SD). These models 
also included stream identity as a random effect. Models were run 
using the lme4 package (Bates et al., 2015) in the statistical package 
R (R Core Team, 2013). We calculated p- values using the pnorm func-
tion in R (Cody, 1993) with α = 0.05.

We used hierarchical Bayesian models to calculate leaf decom-
position rates while simultaneously testing: (1) reach-  and plot- scale 
treatment effects and their interactions; and (2) the ability of the 
11 predictor variables to explain variation in rates among plots. We 
excluded samples that were missing data from any of the 11 possible 
predictor variables.

The model for the rhododendron removal and crayfish exclusion 
treatment effects on leaf decomposition had the form:

where lnR is the log of the percent mass remaining in plot i and 
time t; k is the decay rate for plot i; days is the number of days since the 
initiation of the experiment when the sample was taken; treatment is 

Cut+Burn CutYRi or Cut+Burn BurnYRi, and Plot is crayfish exclusion 
(treatment and plot coded as binary); b0, b1, b2, b3, b4, and b5 are pa-
rameters to be estimated; μj is a normally distributed random effect for 
stream identity(j); and εi,t and εi are normally distributed error terms.

Predictor variable models had the form:

where lnR is the log of the percent mass remaining in plot i and time 
t; k is the decay rate for plot i; days is the number of days since the 
initiation of the experiment when the sample was taken; predictor is 
the predictor variable to be tested; b0 and b1 are parameters to be 
estimated; μj is a normally distributed random effect for stream identi-
ty(j); and εi,t and εi are normally distributed error terms. Models were fit 
in JAGS (Plummer, 2017) using three packages: rjags (Plummer, 2016); 
runjags (Denwood, 2016); and coda (Plummer et al., 2006). Model sim-
ulations used a burn- in period of 10,000 iterations and posterior dis-
tributions were estimated with 20,000 sampling iterations. Parameter 
estimates were considered to be significant if the 95% confidence in-
terval around the mean did not include 0.

3  | RESULTS

3.1 | Abiotic predictor variables

Normalised water depth time series showed similar patterns between 
the two stream reaches, but flow differed substantially among the 3 
study years (Table 2, Figure S2). Median flow levels in PreYR were 
moderate and included four medium- sized and several smaller- sized 
peak flow events. No data were available from the Control stream 
reach in CutYR, but median flow levels in the Cut+Burn stream reach 
were c. 3.1× higher than PreYR median flow levels, and two large 
storm events occurred before the mid- point of the experiment. In 
contrast, BurnYR was a drier year, with lower median flow levels in 
both the Control and Cut+Burn stream reaches (c. 15.7% and c. 17.9% 
of PreYR median flow levels respectively) and two relatively large 
storm events around the middle of the experiment.

Mean NO3- N concentrations in the Cut+Burn reach were c. 25%– 
40% of the Control reach throughout the study, and both streams 
showed comparable inter- annual changes in nitrate: similar concen-
trations in PreYR and BurnYR, lower in CutYR (Table 2). Within a 
given year, mean phosphate concentrations were similar between 
stream reaches, but were c. 60%– 70% lower in both reaches during 
CutYR (Table 2). Ammonium concentrations were similar in both 
reaches in PreYR and BurnYR, but ammonium concentrations at the 
Cut+Burn reach were c. 50% lower than in the Control reach in CutYR 
(Table 2).

Rhododendron canopy cover was initially higher in the Cut+Burn 
reach (73.4%) than the Control reach (60.4%), but was significantly 
reduced to zero in the Cut+Burn reach post- treatment (Table 2, Table 

lnRi,t = ln(100) + ki ∗ daysi,t + �i,t,

ki=b0+b1∗Cut+BurnCutYRi+b2∗Cut+BurnBurnYRi+b3∗Ploti

b4Cut+BurnCutYRi ∗Plot1+b5Cut+BurnBurnYRi ∗Plot1+�j�i.

lnRi,t = ln(100) + ki ∗ daysi,t + �i,t,

ki = b0 + b1 ∗ predictor + �j�i,
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S2, p < 0.001 both years). Total canopy cover was initially similar 
between the two sites (94.1% Control, 93.1% Cut+Burn), but also 
significantly declined by 5%– 6% for the Cut+Burn reach in CutYR 
(p = 0.007) and BurnYR (p < 0.001).

3.2 | Crayfish

In the bi- weekly observations of the electrified plots, live crayfish 
were not observed within exclusion treatments across years and 
sites, but dead crayfish were recorded in electrified plots at least 
once during each 32- day experiment (Table S3). One other group of 
macroconsumers, salamanders, were occasionally observed within 
the exclusion treatments (often within the experimental leaf litter 
bags), but at reduced frequency relative to the control plots.

Plot- scale measurements of crayfish (conducted once at the con-
clusion of each experiment) using minnow traps showed crayfish 
abundances were generally higher in the Cut+Burn stream than the 

Control study reach, and the difference increased after treatment 
(1.7× higher in PreYR, 2× higher in CutYR, 2.4× higher in BurnYR; 
Figure 2, left panel). Mean crayfish lengths increased slightly in the 
Control reach over the three years but were higher and more stable 
in the Cut+Burn reach throughout the study (Figure 2, right panel). 
In addition to crayfish, salamanders (6 total) and one brook trout 
(Salvelinus fontinalis) were captured in plot- scale traps, but they were 
not abundant enough to make comparisons among streams or years.

3.3 | Stream benthic ecosystem processes

Final benthic sediment and FBOM were not affected by plot- scale 
crayfish exclusion in any year, but there was a significant reach- scale 
rhododendron removal effect on both variables during BurnYR when 
compared with the PreYR (Table 3, Figure 3). In BurnYR, Cut+Burn 
mean benthic sediment was 1.62× higher (p = 0.032, Figure S3) 
and mean FBOM was 5.3× higher (p = 0.004, Figure S4) than their 

TA B L E  2   Mean (±SE) measures of potential abiotic drivers of basal resource response variables measured at the reach scale

Variable

Control Cut +Burn

PreYR (2014) CutYR (2015) BurnYR (2016) PreYR (2014) CutYR (2015) BurnYR (2016)

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

Normalised median 
flow level (cm)

5.67 No Data 0.89 0.39 1.21 0.07

Normalised max 
flow level (mm)

20.22 No Data 17.00 6.54 11.46 2.82

Nitrate (μM) 5.93 (0.35) 4.99 (0.52) 5.41 (0.15) 1.97 (0.15) 1.27 (0.19) 2.27 (0.06)

Ammonium (μM) 0.11 (0.06) 0.14 (0.03) 0.14 (0.02) 0.17 (0.05) 0.07 (0.02) 0.19 (0.03)

Phosphate (μM) 0.26 (0.02) 0.18 (0.03) 0.17 (0.03) 0.26 (0.02) 0.16 (0.03) 0.17 (0.04)

Rhododendron 
canopy (%)

60.38 (8.54) 43.88 (9.97) 48.26 (9.26) 73.42 (3.25) 0 (0.00) 0 (0.00)

Total canopy (%) 94.12 (0.48) 94.35 (0.66) 93.19 (0.56) 93.10 (0.92) 89.23 (1.08) 87.22 (1.84)

Note: Water flow variables represent median and maximum stage heights measured during the 32- day experimental period, which have been 
normalised within each stream by dividing the value at each point in time by the median stage height measured across all time points at that stream 
(June 2014– April 2017). Stream water nutrient concentrations (nitrate, ammonium, phosphate) were averaged for all weekly collections during the 
32- day experiment. Rhododendron and total canopy represent the percent coverage of each type based on 200 random points for 2 (PreYR) or 4 
(CutYR and BurnYR) digital photographs taken at the centre of each plot and averaged at the reach- scale.

F I G U R E  2   Measurements of crayfish 
in Control and Cut+Burn stream reaches 
measured at the end of each 32- day 
experiment. Left panel: mean relative 
crayfish catch per unit effort (CPUE, + 
SE) at location of nested experimental 
treatment pairs (n = 5). Right panel: mean 
length (± SE) of crayfish at location of 
nested experimental treatment pairs 
(n = 5)
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respective PreYR values at this stream. Chlorophyll a did not show 
a reach- scale rhododendron removal or plot- scale crayfish exclusion 
treatment response, but there was a significant interaction effect be-
tween plot- scale exclusion and reach- scale removal in BurnYR: mean 
chlorophyll a in the exclusion treatment nested within the Cut+Burn 
study reach was c. 21× higher than the access (control) plot in that 

same year (p < 0.001, Table 3, Figure 3, Figure S5). Rhododendron 
removal, crayfish exclusion, and their interaction all significantly af-
fected leaf litter decomposition rates (Table 3, Figure 3, Figure S6). 
On average, leaf decomposition rates were 41.1% lower in nested 
crayfish exclusion treatments relative to access controls. In CutYR, 
leaf decomposition rates in the Cut+Burn study reach were only 60% 

TA B L E  3   Model parameter estimates (± SE or SD) for linear mixed- effects models (benthic sediment, fine benthic organic matter, 
chlorophyll a, and leaf litter C:N ratios) and Bayesian models (leaf decomposition) testing reach- scale rhododendron manipulation treatment 
effect (by year), plot- scale crayfish exclusion effect, and their interaction

Variable Name

Benthic sediment
Fine benthic organic 
matter Chlorophyll a Leaf decomposition

Leaf litter C:N 
ratio

Estimate SE Estimate SE Estimate SE Estimate SD Estimate SE

Intercept 25.41 12.05 4.23 3.77 0.16 1.02 3.80 1.40 62.76 8.54

Reach Cut+Burn 
CutYR

18.89 19.92 11.97 8.26 0.45 2.24 −1.39 0.45 −4.97 6.26

Cut+Burn 
BurnYR

46.30 21.53 26.29 9.05 0.47 2.45 −0.33 0.71 NA NA

Plot Exclusion −2.49 11.86 2.82 5.33 0.05 1.45 −1.61 0.25 1.89 3.98

Interaction Cut+Burn 
CutYRx 
Excl.

27.50 25.98 4.52 11.69 0.51 3.17 1.11 0.53 10.40 7.97

Cut+Burn 
BurnYR x 
Excl.

−34.28 28.43 −12.90 12.79 12.62 3.47 −0.02 0.75 NA NA

Note: Significant effects are indicated in bold (p < 0.05).

F I G U R E  3   Mean (±SE) for five stream ecosystem response variables within crayfish access (control; light grey) and exclusion (dark grey) 
treatments, measured over 32- day experiments nested within whole reach treatments in each of 3 years: PreYR (left column), CutYR (middle 
column), and BurnYR (right column). FBOM, fine benthic organic matter
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of pre- treatment rates in this stream (regardless of crayfish presence 
or absence). Additionally, there was an interaction between rho-
dodendron removal in CutYR and crayfish exclusion: the effect of 
macroconsumer exclusion on leaf decomposition rates was reduced 
by 20% in the summer following rhododendron removal by cutting. 
Final leaf C:N ratio was not affected by rhododendron removal or 
crayfish exclusion (Table 3, Figure 3, Figure S7).

Two predictor variables were significantly related to final ben-
thic sediment as a response variable: FBOM (positive, p < 0.001) 
and total canopy (negative, p = 0.001; Table 4). Fine benthic or-
ganic matter was positively related to benthic sediment (p < 0.001), 
and negatively related to nitrate (p = 0.03), phosphate (p = 0.008), 
rhododendron canopy cover (p = 0.005), and total canopy cover 
(p < 0.001). No potential driver was significantly related to final chlo-
rophyll a. Leaf decomposition rates responded positively and signifi-
cantly with increasing nitrate and rhododendron canopy cover. Final 
leaf litter C:N ratio was significantly and negatively related to nitrate 
concentrations (p < 0.001).

4  | DISCUSSION

By combining reach- scale rhododendron removal with nested plot- 
scale crayfish experiments, we simultaneously quantified bottom- up 
and top- down effects, and their interaction, on benthic sediment, 
fine benthic organic matter, chlorophyll a, leaf decomposition, and 
leaf litter C:N ratios in headwater stream ecosystems of the south-
ern Appalachian Mountains. Benthic sediment and FBOM responses 
were primarily influenced by bottom- up changes resulting from 

Cut+Burn reach- scale rhododendron removal alone. However, man-
agement impacts of using this rhododendron removal method on 
algal growth and leaf decomposition can best be understood by also 
considering rhododendron's influence on crayfish and subsequent 
top- down control. Increased light conditions from rhododendron 
removal had a positive effect on algal growth when flow conditions 
were low, but algal consumption by crayfish mediated this effect. 
Nested trophic dynamics experiments enabled us to quantify the 
negative effect of initially higher rhododendron leaf litter inputs 
from the Cut+Burn method on crayfish contribution to leaf decom-
position rates. We did not observe leaf litter quality (C:N ratio) re-
sponse to riparian or crayfish manipulations in this study.

Our study offers several lines of evidence that omnivorous native 
crayfish (Cambarus bartonii) are the macroconsumers primarily re-
sponsible for top- down controls in these streams. Crayfish are abun-
dant and ubiquitous in both study streams; we captured an average 
of 3.73 crayfish per trap per 3- night trapping period within or adja-
cent to each plot- scale pool in our nested experiment. Additionally, 
the electrified exclusion plots appear to be completely inaccessible 
to crayfish: no live crayfish were ever seen in an electrified treat-
ment during a total of 1,200 min of observations. The influence of 
fish macroconsumers was likely to be negligible in these streams: 
only one S. fontinalis (brook trout) was captured at the downstream 
end of the Control reach in a combined 190 trap nights from this 
study and another reach- scale study (Dudley, 2018; Seth Wenger, 
personal observation, August 2018). While larval stages of aquatic 
species of salamanders (Eurycea wilderae, Desmognathus quadramac-
ulatus, Desmognathus ocoee, and Gyrinophilus porphyriticus) are also 
abundant at these sites (Kira McEntire, personal communication, 4 

TA B L E  4   Model parameter estimates (±SE or SD) for linear mixed- effects models (benthic sediment, fine benthic organic matter, 
chlorophyll a, and leaf litter C:N ratios) and Bayesian models (leaf decomposition) examining the effect of up to 11 potential predictor 
variables on five stream ecosystem response variables. FBOM, fine benthic organic matter

Variable

Benthic sediment
Fine benthic organic 
matter Chlorophyll a Leaf decomposition

Final leaf litter C:N 
Ratio (PreYR and 
CutYR)

Estimate SE Estimate SE Estimate SE Estimate SD Estimate SE

Sediment (g/m2) NA NA 13.47 1.59 −0.91 0.79 −0.12 0.16 0.17 2.05

FBOM (g/m2) 28.37 3.56 NA NA −0.50 0.75 −0.26 0.16 2.57 1.90

Chlorophyll a (mg/
m2)

−6.62 5.04 −1.76 2.37 NA NA −0.11 0.15 1.27 1.90

Leaf decomposition 
rate

−1.65 5.14 −0.88 2.39 0.03 0.74 NA NA 2.02 1.87

Nitrate (μM) NA NA −5.03 2.33 2.21 2.59 0.65 0.25 −8.13 1.77

Ammonium (μM) NA NA −0.75 2.35 1.02 0.72 0.08 0.15 0.23 1.79

Phosphate (μM) NA NA −5.84 2.21 −0.91 0.72 0.17 0.14 −0.11 1.78

Rhododendron 
canopy (%)

−9.38 5.18 −6.39 2.29 −1.24 0.72 0.35 0.15 −0.20 1.82

Total canopy (%) −16.69 5.13 −8.63 2.12 −0.09 0.78 0.08 0.20 1.68 1.99

Crayfish abundance 2.96 5.60 2.25 2.53 1.18 0.72 −0.22 0.15 0.28 2.01

Crayfish total length 1.92 5.68 1.28 2.58 1.23 0.72 −0.22 0.15 −0.07 2.08

Note: Significant effects are indicated in bold (p < 0.05).
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March 2020), electrified exclusion plots were semi- permeable to sal-
amanders. Additionally, whereas we observed higher basal resource 
abundance in exclusion plots, excluding predators (such as salaman-
ders) would probably lead to an increase in basal resources because 
of relaxed predation on macroinvertebrate primary consumers and 
associated behavioural changes on the prey (Ho & Dudgeon, 2016; 
Nyström et al., 2003; Pringle & Hamazaki, 1998; Trice et al., 2015).

As we predicted, higher benthic sediment and FBOM in streams 
after rhododendron removal (in BurnYR) may reflect the distur-
bance to riparian ecosystems caused by this management method. 
Although higher FBOM can result from in- stream production of fine 
organic matter (e.g. algal production, leaf litter breakdown, bacte-
rial and fungal growth), our findings that FBOM was positively cor-
related with benthic sediment, and not correlated with chlorophyll a, 
suggests that it is more likely to be of terrestrial origin. Our finding 
that the removal of a ubiquitous shrub from riparian areas increases 
sediment loads is also not unexpected in light of other studies of for-
est vegetation management; for example, Hatten and others (2018) 
found that the preservation of riparian buffers in logged catchments 
reduced sediment loading to streams compared with historic meth-
ods (e.g. clearcutting without riparian buffers). In contrast to our 
prediction and the findings of some other macroconsumer studies 
(e.g. Pringle & Blake, 1994), we did not observe a reduction in either 
benthic sediment or fine benthic organic matter due to bioturbation 
by crayfish. Not all macroconsumers influence sediment and FBOM 
accumulation on benthic substrates (Ho & Dudgeon, 2016; Corréa 
et al., 2019), and bioturbation effects probably vary among contexts 
(Ho & Dudgeon, 2016) and may be overridden by effects of flow 
(Rice et al., 2016).

Our findings here suggest that algal response to rhododendron 
removal depends on both bottom- up and top- down factors: algae 
growth showed a significant treatment response only when light was 
high (Cut+Burn reach post- removal), flow was low (BurnYR), and cray-
fish were removed (plot- scale exclusion). Algae in forested headwa-
ter streams are often limited by multiple variables (e.g. Greenwood & 
Rosemond, 2005; Hornick et al., 1981; Rosemond, 1993; Townsend 
et al., 2012). Despite reduced canopy cover in the Cut+Burn reach 
during CutYR, the frequency of high- flow events over the course 
of the experiment probably limited algal growth via: (1) the direct 
limiting effect of flow as a disturbance to algal accrual (Biggs & 
Close, 1989; Grimm & Fisher, 1989); and (2) through its interaction 
with increased benthic sediment loads following rhododendron re-
moval, increasing disturbance intensity for periphyton and limiting 
algal accumulation (Biggs et al., 1999). Algal growth may have been 
further limited in the Cut+Burn stream during CutYR by shading from 
rhododendron slash left in the stream. The presence of slash may 
also partially explain the lack of crayfish effect in CutYR, as it would 
have provided ample allochthonous food resources, and therefore 
delayed the switch to autochthonous food resources (i.e. algae) 
until the second year. In the BurnYR, when flow was lower and the 
presence of slash was reduced in the Cut+Burn stream, the effect of 
crayfish on algal biomass (21× higher chlorophyll a without crayfish) 
was an order of magnitude higher than the macroconsumer effect 

measured in other studies (e.g. 2.3× higher algal biomass with the 
exclusion of an omnivorous fish macroconsumer, Veach et al., 2018) 
or the effect of reduced canopy (e.g. c. 5× higher chlorophyll a ac-
crual rates when canopy was thinned, Collins et al., 2016). Possibly, 
this large effect of crayfish exclusion may have been partly attribut-
able to reduced densities of grazing, Heptageniid mayflies respond-
ing either to the electrified grids (Schofield, 2001) or the absence of 
bioturbation by crayfish (Creed & Reed, 2004).

As expected, crayfish exclusion was associated with slower litter 
decomposition (c. 40% slower when crayfish were excluded in both 
study reaches), confirming previous findings (Schofield et al., 2001). 
However, contrary to our expectation, rhododendron removal low-
ered rates of litter decomposition but only for CutYR. Thus, this ef-
fect is likely to be specific to the Cut+Burn management method. 
Furthermore, the effect of crayfish on accelerated litter decompo-
sition rates was also dampened during the CutYR. Spring implemen-
tation of the rhododendron removal treatment in CutYR resulted 
innumerous cut rhododendron branches and their associated leaves 
being left as slash in the stream, and over the next few months con-
tributed to higher summer leaf litter standing stocks at the reach- 
scale (Dudley, 2018). In the context of higher surrounding leaf litter, 
leaf decomposition in the nested experimental plots may have been 
affected in several ways. Microbes colonising a larger number of 
benthic leaves may have increased competition for streamwater 
ammonium (Gibson & O’Reilly, 2012), supported by the lower am-
monium concentrations observed in CutYR. Lower ammonium levels 
may have limited fungal and bacterial colonisation on experimental 
leaf litter in both the crayfish exclusion and crayfish access (control) 
plots of the nested experiments, potentially explaining the general 
trend in lower leaf decomposition rates at the Cut+Burn treat-
ment reach in this particular year (Gulis & Suberkropp, 2003; Tant 
et al., 2015). Higher ambient litter may explain the reduced crayfish 
effect on decomposition rates observed in the treatment stream in 
CutYR. In other studies where experimental leaf packs represent a 
significant proportion of available leaf litter in a reach (e.g. summer 
when autumn leaves are mostly decayed, Schofield et al., 2001, or 
after a flood has removed other leaf resources, Paul & Meyer, 1996), 
experiments can serve as resource islands that attract consumers and 
lead to higher decomposition rates. Leaves in the experimental plots 
in the Cut+Burn stream were likely to be resource islands when leaf 
litter in the surrounding channel was naturally low (i.e. PreYR and 
BurnYR), but not in CutYR when rhododendron slash was abundant.

In contrast to our fourth prediction that leaf litter C:N ratio 
would decrease in response to reach- scale rhododendron removal 
and plot- scale crayfish access, we did not observe a significant 
change. While the final leaf litter C:N ratio was significantly and 
negatively related to water nitrate concentration, ambient water 
concentrations of both nitrate and ammonium did not increase in 
response to rhododendron removal, but decreased (ammonium only) 
in the first year post- treatment. Thus, lower nutrient availability 
probably limited the potential for microbial conditioning of experi-
mental leaf litter and subsequent reductions in C:N ratio (Manning 
et al., 2016). Additionally, localised exclusion of crayfish did not 
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affect the nutrient content of experimental leaf litter as previous 
studies have documented with other macroconsumer species (e.g. 
Small et al., 2011), indicating a small effect of crayfish compared to 
other processes affecting leaf litter C:N ratios.

4.1 | Implications of findings

Our results show that riparian ecosystem management can in-
teract with in- stream trophic dynamics to alter headwater stream 
ecosystem response to riparian changes. A limitation of our study 
is that we monitored only two streams, and so we cannot rule out 
the possibility that our findings could be idiosyncratic to these par-
ticular locations. Large- scale experiments, such as the rhododen-
dron removal in this study, often prohibit replication. It could also 
be beneficial to examine the influence of macroconsumers on ben-
thic ecosystem properties and processes in different seasons when 
quantity and quality of basal resources and temperatures differ 
(Veach et al., 2018). Nonetheless, our finding that crayfish can exert 
a strong influence on algal and detrital resources during summer, 
thereby mediating effects of riparian manipulation, appears reason-
able given crayfish omnivory and abundance in low- order southern 
Appalachian streams. Our experiments also show that observations 
of static ecosystem attributes alone, such as algal standing stock, 
may be insufficient for understanding how any riparian manipula-
tion influences headwater streams. In this case, algal consumption 
by crayfish masked the response of algal growth to the removal of 
rhododendron. This finding is noteworthy because algae is a high- 
quality resource in stream ecosystems, and even small increases can 
shift the balance of stream energy derived from algal versus detrital 
resources (Collins et al., 2016).

This and other studies on consumer response to riparian man-
agement (e.g. Corréa et al., 2019; Kaylor & Warren, 2017) demon-
strate the potential for consumers to respond differently depending 
on the type and intensity of the riparian management action (e.g. 
subcanopy shrub removal, timber harvests, buffer zone widths) in 
the short- term versus long- term. Our results combined with findings 
from other studies on rhododendron removal (Dudley, 2018), and 
those that document the dependence of crayfish on rhododendron 
leaf litter (Schofield et al., 2001), suggest that rhododendron removal 
may lead to long- term reduction in crayfish abundance, with cascad-
ing, long- term effects on algal and detrital ecosystem processes.
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