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Abstract
Eastern hemlock trees (Tsuga canadensis [L.] Carr.) often dominate riparian vegetation of central Appalachian headwater 
streams, and the invasive hemlock woolly adelgid (Adelges tsugae Annand; HWA) has decimated hemlock stands in this 
region. Although research concerning HWA impacts on soil, hydrology, and forest structure is emerging, associated changes 
in stream structure and function are not as well documented. We quantified HWA-invasion effects on benthic macroinver-
tebrate communities in 21 headwater streams across Ohio, West Virginia, and Virginia (USA) representing unimpacted, 
moderate invasion, and severe invasion, respectively. We observed differences in benthic macroinvertebrate community 
composition; severely invaded sites exhibited the highest diversity, whereas moderate sites had the lowest diversity. The 
composition of macroinvertebrate functional feeding groups exhibited shifts as well. For example, the relative abundance of 
herbivorous invertebrates increased from 4% (± 3%) at unimpacted sites to 23% (± 14%) at severely impacted sites. Changes 
in macroinvertebrate density, diversity, and functional-group composition were associated with sediment grainsize distribu-
tion (proportion bedrock and  D84), large-wood characteristics (volume and density), and nutrient concentrations  (PO4 and 
 NH4). Our results suggest that in-stream physical and chemical alterations associated with HWA-invasion and subsequent 
hemlock decline are associated with changes in stream invertebrate diversity and trophic relationships. We demonstrate how 
a pervasive terrestrial invader can influence in-stream biotic communities.
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Introduction

Invasive species can strongly influence, and potentially even 
restructure, ecosystems (Vilà et al. 2011; Simberloff et al. 
2013). In aquatic ecosystems, alien invasive species have 
been implicated as an important factor in altering ecosystem 
functions [e.g., nutrient cycling (McDowell et al. 2017) and 
primary production; (Schindler et al. 2001)] and biodiver-
sity (Rahel 2002; Dextrase and Mandrak 2006). Riparian 

zones adjacent to streams often support high abundances 
of invasive species, potentially due to high spatial and tem-
poral habitat heterogeneity (Malanson 1993; Naiman and 
Decamps 1997; Sabo et al. 2005) and disturbance regimes 
(DeFerrari and Naiman 1994; Nakamura et al. 2000; Davies 
et al. 2005). Owing to the close ecological relationship 
between aquatic and riparian zones (Hynes 1975; Polis 
et al. 1997; Naiman et al. 2010), species invasions within 
the riparian zone can impact in-stream biota (Thompson and 
Townsend 2003; Kennedy and Hobbie 2004; Mineau et al. 
2012). For example, caddisfly larvae fed a diet of invasive 
giant reed (Arundo donax L.) exhibited decreased growth 
rates compared to diets of native plants (Kennedy and Hob-
bie 2004). Additionally, highly productive riparian plant 
invaders can alter invertebrate trophic structure by shift-
ing dominant basal aquatic resources from algae to detritus 
(Levin et al. 2006).

The hemlock woolly adelgid (HWA; Adelges tsugae 
Annand) is an insect pest that has invaded forests across the 
eastern United States (Evans and Gregoire 2007), leading 
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to a pattern of death and decline of eastern hemlock (Tsuga 
canadensis [L.] Carr.) (Ward et al. 2004). In the central 
Appalachian Mountains, many riparian forests are charac-
terized by eastern hemlock (Ellison et al. 2005), which are 
common in areas with low-nutrient and high-moisture soil 
(Rogers 1978). Replacement forests are predicted to com-
prise either previously occurring rhododendron (Rhododen-
dron maximum L.) or mixed-hardwoods (Ford et al. 2012). 
Despite this widespread invasion, current understanding of 
the effects of riparian hemlock decline on the physical and 
chemical attributes of adjacent streams is currently incom-
plete and available evidence is somewhat contradictory.

Compared to deciduous forests, hemlock forests pro-
vide more stable thermal and hydrologic regimes (Snyder 
et al. 2002; Ford and Vose 2007; Brantley et al. 2013). For 
instance, Snyder et al. (1999) suggest that hemlock decline 
could lead to more frequent complete or partial stream dry-
downs, whereas other studies predict that hemlock decline 
may result in long-term increases in discharge and depressed 
diurnal amplitudes of streamflow (Ford and Vose 2007; Kim 
et al. 2017; but also see Siderhurst et al. 2010). Physical 
habitat (microhabitat diversity) has not been found to be dif-
ferent between hemlock and deciduous forest streams (Sny-
der et al. 2002), although hemlock decline may be linked to 
an increase in large-wood loading in streams with advanced 
HWA infestation (Evans et al. 2012). Hemlocks also prevent 
more sunlight from reaching the stream substrate than mixed 
deciduous forests, suppressing benthic primary productiv-
ity (Hadley 2000; Rowell and Sobczak 2008). In general, 
water chemistry (including dissolved oxygen, pH, specific 
conductance, and some nutrients) is not different between 
hemlock and deciduous forest streams (Snyder et al. 2002), 
which is supported by the lack of long-term changes in water 
chemistry found in response to hemlock decline (Roberts 
et al. 2009). However, changes in nitrogen (N) mineraliza-
tion, N turnover, and nitrification in riparian soils indicate 
that hemlock decline may facilitate increased N leaching to 
adjacent streams (Jenkins et al. 1999), at least until new for-
est growth can use the N (Cessna and Nielsen 2012).

In addition to these differences in physical and chemi-
cal characteristics, streams draining hemlock riparian for-
ests tend to support different invertebrate communities than 
similar streams draining mixed hardwood deciduous forests 
(Snyder et al. 2002; Willacker et al. 2009; Adkins and Rieske 
2015b). Hemlock streams have been found to exhibit more 
collector–gatherers and fewer shredders and grazing algi-
vores than deciduous streams, although this can vary sea-
sonally (Snyder et al. 2002; Willacker et al. 2009; Adkins 
and Rieske 2015a). Benthic invertebrate communities influ-
enced by hemlocks tend to have higher diversity and spe-
cies evenness, and lower abundance (Willacker et al. 2009), 
again supporting the notion that streams draining riparian 
areas with hemlocks harbor distinct benthic communities. 

Snyder et al. (2002) also suggest that HWA-induced hemlock 
decline could lead to reductions in both local (i.e., alpha) and 
landscape-level (i.e., gamma) diversity of benthic macroin-
vertebrate assemblages. Despite these studies that have com-
pared mixed-hardwood forests with paired hemlock streams, 
the impacts of hemlock decline associated with HWA on 
aquatic biota remain largely unresolved.

Our objectives were to quantify and explain benthic 
community density, diversity, and composition at a suite of 
central Appalachian streams in Ohio, West Virginia, and 
Virginia (USA) that represent categories of hemlock-decline 
severity from HWA infestation. We predicted that hemlock 
decline would lead to lower overall diversity and density of 
aquatic macroinvertebrates, but an increased relative abun-
dance of shredders and grazers owing to an expected shift in 
basal resources towards autochthony. To identify potential 
mechanisms driving changes in aquatic macroinvertebrate 
communities, we also considered potential relationships 
between nutrients, large wood, and stream geomorphic 
characteristics.

Methods

Study area

Our study was conducted at 21 sites across Appalachian 
regions of Ohio, West Virginia, and Virginia (Fig. 1). All 
sites were headwater streams (drainage area < 20  km2) 
and their adjacent forests were at least partially domi-
nated by eastern hemlock prior to HWA invasion. Detailed 

Fig. 1  Map showing the locations and Hemlock Decline Categories 
(HDCs) of study sites across Appalachian Mountain regions of Vir-
ginia, West Virginia, and Ohio. Open triangles represent sites with no 
previous hemlock woolly adelgid invasion (i.e., reference); shaded/
gray triangles represent moderate invasion; and filled/black triangles 
represent severe invasion. Insets show the relative locations of the 
clustered Ohio sites
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descriptions of these sites are available in Costigan et al. 
(2015) and are presented here in brief. All sites were situ-
ated in 2nd- or 3rd-growth forests (except Carnifex Ferry 1, 
which is an old-growth hemlock forest). Streams were cir-
cumneutral in pH (7.0 ± 0.70) with generally low conductiv-
ity (0.08 ± 0.07 mS cm−2) and dissolved oxygen (DO) near 
saturation (89 ± 16%); see “Stream chemical parameters”. 
We selected sites representing a chronosequence of hem-
lock decline, ranging from invasions that initially occurred 
several decades ago to uninvaded (Table 1). We chose to 
use a chronosequence approach because the invasion and 
subsequent ecosystem impacts of HWA occur over relatively 
long-time scales (i.e., decades), allowing us to substitute 
space for time (Pickett 1989). Hemlock decline is evident 
primarily through canopy health (Orwig and Foster 1998) 
and is most strongly associated with the number of years of 
HWA presence, incident radiation, elevation, and percent-
age of eastern hemlock in the overstory (Martin and Goebel 
2012, 2013). Using these factors, Martin and Goebel (2012, 
2013) assigned Hemlock Decline Index (HDI) values rang-
ing from 0 to 5 (0 no decline; 5 complete decline) to the 
21 sites of the current study. Here, we collapsed these five 
indices into three Hemlock Decline Categories (HDCs): HDI 

0 = HDC 1 = no decline, HDI 1, 2, and 3 = HDC 2 = moder-
ate decline, HDI 4 and 5 = HDC 3 = severe decline. Within 
each HDC, there were seven study streams.

The Ohio sites were located within the unglaciated Alle-
gheny Plateau on multiple protected lands (Table 1) and were 
the northernmost of all sites. Initially selected as reference 
sites, HWA has since been found in Ohio counties Hocking 
and Jackson (Oh. Code §901:5–48), in which several of the 
reference (HDC1) sites were located. West Virginia sites 
were located in the Appalachian Plateau, where streams gen-
erally exhibited moderate decline severity (HDC2). Virginia 
sites were located within the Valley and Ridge province and 
included the most southern study sites; these were largely 
severely invaded sites (HDC3).

Study streams exhibited narrow bankfull widths 
(0.5–15.5,  x ̅  = 5.8  m),  were moderately steep 
(0.058 ± 0.052 m m−1) with confined valleys (43 ± 44 m), 
and exhibited a mix of intermittent and perennial flows 
(Costigan et al. 2015). Geophysical, chemical, and biological 
parameters were measured over stream sites (i.e., reaches) 
of 90–190 m, corresponding with approximately 20 times 
bankfull width (Harrelson et al. 1994; Kondolf and Micheli 
1995). Relevant physical stream characteristics (Table 2) 

Table 1  Locations and 
characteristics used for site 
selection

Year invaded and Hemlock Decline Category (HDC) were obtained from Martin and Goebel (2012). 
Drainage area was obtained from a companion study (Costigan et al. 2015)
Land-area codes: HSF Hocking State Forest, SHNP Sheick Hollow Nature Preserve, LKSNP Lake Kather-
ine State Nature Preserve, GRNRA Gauley River National Recreation Area, CFBSP Carnifex Ferry Battle 
Ground State Park, MNF Monongahela National Forest, GWNF George Washington National Forest

Site name (state) Land area Year invaded HDC Drainage 
area  (km2)

Hocking Hills 1 (OH) HSF – 1 0.3
Hocking Hills 2 (OH) HSF – 1 0.6
Hocking Hills 3 (OH) HSF – 1 1.1
Sheick Hollow (OH) SHNP – 1 1.6
Lake Katherine 1 (OH) LKSNP – 1 0.2
Lake Katherine 2 (OH) LKSNP – 1 0.1
Lake Katherine 3 (OH) LKSNP – 1 0.5
Mason’s Branch (WV) GRNRA 2002 2 4.4
Carnifex Ferry 1 (WV) CFSBP 2002 2 0.6
Carnifex Ferry 2 (WV) CFSBP 2002 2 0.3
Bear Run (WV) MNF 1998 2 8.4
Baranshee Run (WV) MNF 2002 2 5.0
Cranberry Wilderness (WV) MNF 1993 3 0.4
Big Run (WV) MNF 1998 2 1.7
Bradley Pond (VA) GWNF 1991 3 3.6
Kephart Run (VA) GWNF 1991 3 8.4
Skidmore Fork (VA) GWNF 1991 2 11.2
Jerry’s Run (VA) GWNF 1991 3 19.1
Simpson’s Creek (VA) GWNF 1991 3 10.2
Back Creek 2 (VA) GWNF 1993 3 2.3
Left Prong Wilson Creek (VA) GWNF 1993 3 9.7
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were measured as part of a companion study during low 
flows in the summers of 2012 and 2013: see Costigan et al. 
(2015) for field methods and statistical analysis detailing 
streambed substrate, channel morphology, and large-wood 
metrics.

Stream chemical parameters

Temperature (°C), DO (%), conductivity (mS cm−2), and 
pH were measured at nine locations within each stream 
study site with a multiparameter sonde (YSI 600R, Yellow 
Springs, Ohio, USA), beginning at the downstream end and 
selecting sampling locations representative of the major 
flow habitats (riffle, run, and pool) found within each site. 
Sonde measurements were made in July or August 2012 
for MB, CFX1, CFX2, KR, and SF; May, June, or July for 
all sites in 2013; and early August or September 2014 for 
all sites except LK2 and LK3, which were dry at the time 
of 2014 water sampling. Unfiltered streamwater samples 
(500 mL) were collected with opaque polyethylene bottles 
and stored on ice until analyzed by the STAR Laboratory 
(Wooster, Ohio) for total dissolved solids (TDS) and nutrient 
concentrations: total nitrogen (TN), total phosphorus (TP), 
phosphate  (PO4), nitrate  (NO3), ammonium  (NH4). These 
grab samples were collected by rinsing out the bottles with 

streamwater three times and filling the bottle with a compos-
ite sample from three locations evenly spread along the study 
site. All grab samples were collected in August, September, 
or early October 2014.

Benthic macroinvertebrates

Following Sullivan et al. (2004), benthic macroinvertebrates 
were collected using a Surber sampler by agitating the sub-
strate within a 0.09-m2 frame for 60 s and subsequently 
removing all invertebrates from the 500-µm mesh collecting 
net. Surber samples were collected from the principal flow 
habitats from each study site for a total of three samples per 
stream. Invertebrates were stored in 70% ethanol and sub-
sequently enumerated. Macroinvertebrates were collected 
at least once during summers 2012–2014 at each site. All 
benthic invertebrates collected in 2013—because the Skid-
more Fork site was entirely dry during sampling in 2013, 
the 2012 sample was used here; likewise, the Kephart Run 
sample used was from 2014—were identified to the lowest 
taxonomic resolution possible by Rhithron Associates, Inc. 
(Missoula, Montana) most frequently to genus (86.7%) and 
species (18.5%). Insects (96.8% of individuals) were then 
assigned functional feeding groups (FFG) according to Poff 
et al. (2006), Vieira et al. (2006), and Merritt et al. (2008): 

Table 2  Physical site characteristics used in analysis including eleva-
tion (Elev), hemlock and total basal area (BA), channel width  (Wc), 
channel slope  (Sc), proportion bedrock (BR), 84th percentile bed-

material size  (D84), density of large wood (LW), and volume of large 
wood. Modified from Costigan et al. (2015)

Site name (state) Elev (m) Hem BA 
 (m2 ha−1)

Total BA 
 (m2 ha−1)

Wc (m) Sc (m m−1) BR D84 (mm) LW density 
(#  m−2)

LW volume 
 (m3 100 m−1)

Hocking Hills 1 (OH) 247 29 29 3.3 0.061 14 48 0.19 4.36
Hocking Hills 2 (OH) 233 21 76 5.1 0.051 12 65 0.06 2.3
Hocking Hills 3 (OH) 225 15 94 6.3 0.017 19 78 0.05 2.14
Sheick Hollow (OH) 241 19 55 5.6 0.01 9 78 0.08 5.23
Lake Katherine 1 (OH) 197 32 31 4.2 0.056 4 32 0.1 3.07
Lake Katherine 2 (OH) 226 31 26 2.8 0.099 57 129 0.11 2.25
Lake Katherine 3 (OH) 215 21 24 3.1 0.012 6 34 0.17 4.6
Mason’s Branch (WV) 351 20 19 5.5 0.166 39 145 0.04 0.39
Carnifex Ferry 1 (WV) 421 27 14 5.1 0.181 27 425 0.13 8.3
Carnifex Ferry 2 (WV) 472 16 28 2.4 0.025 2 236 0.22 2.07
Bear Run (WV) 1024 12 25 7.2 0.015 0 117 0.1 10.76
Baranshee Run (WV) 696 0 57 6.2 0.087 0 168 0.11 5.61
Cranberry Wilderness (WV) 1044 67 17 3.1 0.041 0 126 0.12 2.04
Big Run (WV) 998 6 25 4.4 0.065 8 227 0.1 2.18
Bradley Pond (VA) 598 66 36 7.2 0.019 21 146 0.03 1.55
Kephart Run (VA) 575 38 50 8.5 0.03 1 287 0.04 5.17
Skidmore Fork (VA) 746 49 9 11.8 0.023 1 202 0.01 0.36
Jerry’s Run (VA) 634 55 29 14.1 0.013 9 186 0.02 5.72
Simpson’s Creek (VA) 533 36 23 7.9 0.021 1 239 0.04 4.7
Back Creek 2 (VA) 609 18 41 4.1 0.043 3 238 0.07 5.27
Left Prong Wilson Creek (VA) 591 11 50 9 0.03 0 220 0.06 10.07
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collector–grazer, collector–filterer, predator, shredder, and 
herbivore (including scrapers, piercers, and grazers).

Numerical and statistical analysis

We calculated Shannon–Weiner Diversity Index (H′; Shan-
non and Weaver 1949; Smith and Wilson 1996), taxon rich-
ness (S), taxonomic evenness (J; Pielou 1966), and Simp-
son’s Diversity Index (D; Simpson 1949) for each site using 
the diversity function in the vegan package (Oksanen et al. 
2017). In the Shannon–Weiner Diversity Index, a greater S 
and J contribute to an increased H′:

where pi is the proportion of the total sample represented 
by taxon i. Taxon evenness (J) is the relative abundance of 
taxon within an assemblage and ranges from 0 (dissimilar) 
to 1 (highly similar):

where H′max is the natural log of taxon richness (S). Simp-
son’s Diversity Index (D) is less sensitive to density effects 
than the Shannon–Weiner Index; here we calculated 1 − D 
so that higher values correspond to greater diversity (i.e., 
akin to H′):

We used multivariate analysis of variance (MANOVA) 
to test for potential differences in density, diversity, relative 
abundance of benthic insect FFGs (i.e., proportions of total 
community), and water-chemistry characteristics (tempera-
ture, DO, pH, conductivity, and the biologically relevant 
nutrients  NO3 and  PO4) by HDCs. To improve normality 
and homogeneity of variance, log (conductivity), square-root 
 (NO3 and  PO4), logit (proportions of FFGs collector–filterer, 
herbivore, and shredder), and exponential (pH and 1 − D) 
transformations were applied. Additionally, some variables 
(e.g., temperature, taxonomic richness, H′, proportion col-
lector–filterer) were removed to prevent variable collinearity 
as required by MANOVA assumptions, although two minor 
multivariate outliers for the water chemistry and five multi-
variate outliers for invertebrate measures were not removed 
to avoid reducing sample size. Following MANOVA, we 
used univariate analysis of variance (ANOVA) and post-hoc 
Tukey’s HSD tests to explore patterns between individual 
responses and HDCs. Subsequently, we used non-metric 
multidimensional scaling (NMS; metaMDS function in the 

(1)H�
=

S
∑

i=1

pi ln pi,

(2)J =
H�

H�

max

,

(3)1 − D =

S
∑

i=1

p2
i
.

vegan package) followed by permutational multivariate anal-
ysis of variance using distance matrices (PERMANOVA; 
adonis function in the vegan package) to compare benthic 
insect community composition among HDCs (Oksanen et al. 
2017).

To investigate the influences of hemlock decline and phys-
icochemical factors on the density, evenness, and diversity of 
benthic invertebrates, we used a model-selection approach 
based on least-squares regression and Akaike Information 
Criterion adjusted for small sample sizes (ΔAICc). In this 
way, we evaluated the relative support of each individual 
model in the set of candidate models, and included the null 
model for comparison. Predictor variables in the models 
included watershed-level characteristics (drainage area, ele-
vation, hemlock basal area, total basal area), site-level char-
acteristics (channel width, channel slope, proportion bed-
rock [BR], 84th percentile bed-material size  [D84], density 
of large wood, volume of large wood), water temperature, 
and water chemistry (conductivity, dissolved oxygen, pH, 
TN, TP,  PO4,  NO3,  NH4, TDS). Highly supported potential 
models (models with ΔAICc ≤ 2) were retained and their 
Akaike weights (ωi) were calculated to identify the probabil-
ity that a model was the best-supported among all candidate 
models in the set. If assumptions for linear models were 
not met, appropriate transformations were applied. Highly 
correlated variables (ǀrǀ ≥ 0.80: drainage area, elevation, TP, 
TDS, temperature,  NO3, channel width, and dissolved oxy-
gen) were identified using the vifstep function in the usdm 
package (Naimi et al. 2014, as recommended by; Feld et al. 
2016) and were not included in the same models (Burnham 
and Anderson 2004). Remaining transformed, non-collinear 
variables were standardized using the scale function. All 
statistical tests were run using R (version 3.3.0; R Project for 
Statistical Computing, Vienna, Austria). p < 0.05 was used 
as the threshold for statistical significance.

Results

Stream nutrient and chemical characteristics

Stream nutrient and chemical characteristics are summa-
rized in Table 3. Multivariate ANOVA indicated differ-
ences among HDCs for nutrients but not for other param-
eters. Conductivity, pH, and DO were not different among 
HDCs (conductivity: F = 1.18, p = 0.213; pH: F = 0.12, 
p = 0.885; DO: F = 0.67, p = 0.526). In contrast,  PO4 was 
greatest at HDC1 sites (0.015 ± 0.005 mg L−1) and was 
not different between HDC2 (0.006 ± 0.004  mg  L−1) 
and HDC3 (0.008 ± 0.003 mg L−1) sites (Tukey’s HSD: 
p = 0.003). Similarly,  NO3 was also greatest at HDC1 sites 
(0.42 ± 0.32  mg  L−1), although it was lowest at HDC2 
(0.08 ± 0.11  mg  L−1) while HDC3 (0.21 ± 0.2  mg  L−1) 
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was not different from the other categories (Tukey’s HSD: 
p = 0.036).

Macroinvertebrate assemblages

We collected 2157 invertebrates representing 122 genera 
across the 21 sites. The most common families were Chi-
ronomidae (5391 ind. m−2), Heptageniidae (2293 ind. m−2), 
and Leuctridae (2065 ind. m−2). The most abundant orders 
were Diptera, Ephemeroptera, Trichoptera, and Plecoptera, 
in decreasing abundance, respectively; these orders were 
represented at nearly all sites. See Online Resource 1 for 
complete presentation of aquatic invertebrate data.

The two-dimensional NMS ordination based on generic-
level identification of invertebrates showed differences 
in community composition among HDCs (Fig. 2; PER-
MANOVA: p = 0.004). Reference sites (HDC1) had high 
relative abundances of the collector–filterer Microtendipes 
sp. and the collector–gatherers Tanytarsus sp. and Chirono-
mus (12%, 11%, and 8% of insects by number, respectively). 
The most common genera at the HDC2 sites included the 
shredder Amphinemura sp. and the collector–gatherer 
Eurylophella sp. (12% and 11% of insects by number, 
respectively). At HDC3 sites, a wider range of FFGs were 
common: Epeorus sp. (herbivore), Dolophilodes sp. (collec-
tor–filterer), Ceratopsyche sp. (collector–filterer), Nigronia 
sp. (predator), and Cheumatopsyche sp. (collector–filterer) 
(10%, 9%, 5%, 4%, and 3% of insects by number, respec-
tively). The shredder Leuctra sp. was among the most com-
mon genera across all three decline classes (HDC1 = 11%, 
HDC2 = 15%, HDC3 = 6%) and Ephemerella sp. was com-
mon at HDC2 and HDC3 sites (HDC2 = 9%, HDC3 = 8%) 
(Table 4).

There were 69 individuals not classified by FFG (3.2% 
of samples; primarily omnivorous non-insect invertebrates, 
e.g., Cambaridae). Collector–gatherers were the most abun-
dant FFG (dominated by Chironomidae, Leptophlebiidae, 

and Ephemerellidae; > 1300 ind. m−2 each), followed by 
shredders, collector–filterers, and predators; herbivores 
were the least abundant group. Multivariate ANOVA also 
indicated few differences among HDCs for FFG for pro-
portions of collector–gatherers, shredders, and predators 
(Tukey’s HSD: p > 0.05). However, whereas herbivores 
made up the lowest proportion of macroinvertebrates across 
all sites, there was a 480% increase in proportion of herbi-
vores from reference sites to sites in severe decline (Tukey’s 
HSD: p = 0.0129; Fig. 3). Based on our model selection 
(Table 5), the best-supported model for herbivore propor-
tion included  D84 and proportion bedrock (adj-R2 = 0.45, 
F = 8.38, p = 0.003).

Mean invertebrate density and Simpson’s diversity were 
highest at the greatest level of hemlock decline and low-
est at moderate levels of decline (Tukey’s HSD: p = 0.0154 
and p = 0.0174, respectively; Fig. 4). Taxonomic evenness 
showed no trend across HDCs (Tukey’s HSD: p > 0.05).  D84 
and  PO4 emerged as predictors for the strongest model for 
density (adj-R2 = 0.39, F = 6.86, p = 0.007; Table 5). The 
best-supported model predicting 1 − D included  NH4,  PO4, 
and large-wood volume (adj-R2 = 0.50, F = 7.06, p = 0.003).

Discussion

Our study provides evidence that a terrestrial invader can 
have strong indirect impacts on aquatic macroinvertebrate 
communities. Specifically, we found that the loss of eastern 

Table 3  Summary data for stream chemical and nutrient parameters

Range, mean, and standard deviation (SD) are presented; values 
lower than the detectable limit are indicated (<)

Parameter (units) Minimum Maximum x̅ ± SD

Temperature (°C) 10.2 20.4 16.2 ± 3.0
pH 4.8 8.1 7.0 ± 0.7
Conductivity (mS cm−2) 0.021 0.258 0.084 ± 0.066
Dissolved oxygen (%) 47.6 113.0 88.6 ± 16.0
Total nitrogen (mg L−1) < 0.013 1.650 0.855 ± 0.408
Nitrate (mg L−1) < 0.001 0.917 0.235 ± 0.249
Ammonium (mg L−1) < 0.010 0.219 0.060 ± 0.643
Total phosphorus (mg L−1) 0.059 0.078 0.113 ± 0.023
Phosphate (mg L−1) < 0.005 0.033 0.011 ± 0.008

Fig. 2  Non-metric multidimensional scaling ordination of 21 sites 
based on benthic invertebrate community composition (stress 
value = 0.204). Reference sites (i.e., HDC1) are displayed as circles, 
sites with moderate decline (HDC2) are displayed as triangles, and 
sites with severe decline (HDC3) are displayed as crosses. Ellipses 
indicate location of centroids by decline category (α = 95%)
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Table 4  Numerically dominant macroinvertebrate genera across 
study sites

Site HDC Genus n (genus) n (site) Proportion

HH1 1 Leuctra 15 49 0.31
Paraleptophlebia 8 0.16
Polypedilum 6 0.12

HH2 1 Leuctra 18 49 0.37
Paraleptophlebia 10 0.20
Microtendipes 5 0.10

HH3 1 Leuctra 28 77 0.36
Microtendipes 6 0.08
Polypedilum 6 0.08

LK1 1 Tanytarsus 47 200 0.24
Chironomus 39 0.20
Polypedilum 20 0.10

LK2 1 Tanytarsus 24 111 0.22
Chironomus 11 0.10
Microtendipes 11 0.10

LK3 1 Microtendipes 8 33 0.24
Paratendipes 4 0.12
Pseudolimnophila 4 0.12
Sialis 4 0.12

SH 1 Microtendipes 36 79 0.46
Polypedilum 9 0.11
Leuctra 9 0.11

BG 2 Leuctra 38 131 0.29
Amphinemura 36 0.27
Eurylophella 35 0.27

BR 2 Cinygmula 4 16 0.25
Hexatoma 3 0.19
Micropsectra 2 0.13

BS 2 Ephemerella 11 59 0.19
Cinygmula 9 0.15
Hexatoma 6 0.10
Epeorus 6 0.10

CFX1 2 Ephemerella 16 24 0.67
CFX2 2 Ameletus 10 35 0.29

Leuctra 9 0.26
MB 2 Diplectrona 5 14 0.36

Micropsectra 4 0.29
SF 2 Cricotopus 2 4 0.50

Polypedilum 1 0.25
Eukiefferiella 1 0.25

BC2 3 Ceratopsyche 56 248 0.23
Dolophilodes 51 0.21
Nigronia 28 0.11

BP 3 Dolophilodes 32 138 0.23
Leuctra 22 0.16
Polypedilum 15 0.11

CW 3 Diplectrona 5 23 0.22
Cinygmula 5 0.22
Ameletus 4 0.17

The three most common genera at each site are listed, as are the num-
ber of individuals within the genus at each site, the total number of 
macroinvertebrates identified to genus at each site, and the relative 
abundances of the predominant genera. Sites with > 3 genera listed 
include the genera tied for third-most numerous; sites < 3 genera have 
multiple genera tied with very low counts (i.e., one or two individu-
als) that are not shown. Macroinvertebrate values are summed across 
the three replicate sub-samples per site. A full list of macroinverte-
brate taxa observed in this study is presented in Online Resource 1
HDC Hemlock Decline Category

Table 4  (continued)

Site HDC Genus n (genus) n (site) Proportion

JR 3 Ephemerella 62 166 0.37
Epeorus 37 0.22
Pseudolimnophila 17 0.10

KR 3 Epeorus 69 186 0.37
Sweltsa 30 0.16
Leuctra 14 0.08

LPWC 3 Dolophilodes 24 106 0.23
Diplectrona 12 0.11
Leuctra 11 0.10

SC 3 Ephemerella 26 121 0.21
Cinygmula 12 0.10
Epeorus 10 0.08

Fig. 3  Mean (± 1SE) proportion herbivorous benthic macroinver-
tebrates by Hemlock Decline Category (HDC). Subsamples were 
pooled to site-level prior to analysis. HDC categories are (1) refer-
ence (n = 7), (2) moderate decline (n = 7), and (3) severe decline 
(n = 7). Proportion herbivore was logit(x + 0.005) transformed for sta-
tistical analysis; raw data are displayed here. Different letters repre-
sent significant differences between group means at p < 0.05 based on 
Tukey’s HSD post-hoc tests
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hemlock—a foundational tree species—via HWA invasion 
promoted shifts in the diversity, density, and functional-
feeding group composition of benthic macroinvertebrate 
communities. We explored possible mechanisms for these 
changes and found that variability in bed material (propor-
tion bedrock and  D84), large-wood characteristics (volume 
and density), and nutrient concentrations  (PO4,  NH4) were 
important predictors. Together, our data suggest that head-
water streams formerly surrounded by hemlock will likely 
support divergent macroinvertebrate assemblages with 
implications for both food webs and ecosystem functioning.

The loss of a foundational forest species such as hemlock 
is expected to have far-reaching consequences for streams 
because riparian hemlock stands can influence stream phys-
icochemical characteristics in ways that are distinct from 
replacement forests (e.g., Brantley et al. 2013). Hemlock 
replacement relies in large part on the pre-existing forest 
composition. In the Northeast, hemlock is expected to be 
replaced with black birch (Betula lenta L.) monocultures, 
eastern white pine (Pinus strobus L.), and American beech 
(Fagus grandifolia Ehrh.) (Orwig et al. 2002; Case et al. 
2017). In central Appalachia, the presence of rhododen-
dron prior to decline strongly determines the eventual forest 
structure: if present, rhododendron can form monocultures 
following hemlock decline, but otherwise the replacement 
can be a mix of maple (Acer), birch (Betula), beech (Fagus), 
and oak (Quercus) species (Ford et al. 2012). Several stud-
ies have used a paired-watershed approach to compare 
hemlock vs. hardwood forest streams to assess and pre-
dict differences between current and post-invasion stream 

properties including water chemistry and hydrology (Snyder 
et al. 1999; Daley et al. 2007). In a companion study to 
ours, Costigan et al. (2015) showed that stream hydrologic 
and geomorphic characteristics differed by decline severity. 
For instance, log jams at sites in severe decline tended to 
be fewer in number, but larger in volume, possibly due to 
larger trees toppling and enabling recruitment of key pieces 
of large, but less mobile, wood. These jams can increase 
retention of flow, sediments, and nutrients (Ellison et al. 
2005), ultimately altering benthic habitat and invertebrate 
assemblages (Benke and Wallace 2003). Additionally, bryo-
phytes can trap sediment and increase microhabitat stabil-
ity, providing important food sources for macroinvertebrates 
(Suren 1992). While bryophytes may be an important habitat 
for macroinvertebrates in some Appalachian streams (Glime 
1968), they were not abundant at our sites (Diesburg, per-
sonal observation).

Consistent with our hypothesis, we observed differences 
in the characteristics of macroinvertebrate communities 
among HDCs. Specifically, measures of density and diver-
sity were lowest in sites recently invaded by HWA. Con-
versely, severely invaded sites exhibited the highest density 
and diversity. Here, model-selection results suggest that 
invertebrate density was best predicted by  PO4 and  D84. 
Hemlock streams are known to be nutrient-limited (North-
ington et al. 2013), and increases in biologically available 
phosphorus stimulate primary and secondary productivity, 
increasing macroinvertebrate abundance (Cross et al. 2006). 
Regarding substrate, since the density of invertebrates is 
typically negatively related to bare surfaces and very fine 

Table 5  Models (Δi ≤ 2) from AICc model-selection predicting invertebrate density, diversity, and relative abundance of herbivores

Significant predictors include 84th percentile bed-material size  (D84), phosphate  (PO4), ammonium  (NH4), volume of large wood (VLW), den-
sity of large wood (DLW), hemlock basal area (HBA), total basal area (TBA), and proportion bedrock (BR). Reported parameters are the coef-
ficient of determination adjusted for number of predictors (adj-R2), the F statistic, P, AIC corrected for small sample sizes  (AICc), the relative 
AIC (Δi), and the Akaike weight (ωi). For each predictor variable, the direction of the association is also noted: (−), (+)

Response variable Predictor variable adj-R2 F P AICc Δi ωi

Invertebrate density D84 (+) + PO4 (+) 0.39 6.86 0.007 261.3 0.00 0.296
D84 (+) + PO4 (+) + NH4 (−) 0.46 6.13 0.006 261.6 0.31 0.253
D84 (+) + PO4 (+) + VLW (+) 0.45 5.85 0.008 262.1 0.82 0.197
D84 (+) + PO4 (+) + DLW (−) 0.42 5.43 0.001 262.8 1.56 0.136
D84 (+) + PO4 (+) + VLW (+) + NH4 (−) 0.50 5.56 0.007 263.1 1.84 0.118

Invertebrate 1 − D NH4 (−) + PO4 (+) + VLW (+) 0.50 7.06 0.003 − 2.4 0.00 0.358
NH4 (−) + PO4 (+) 0.43 7.76 0.004 − 2.3 0.09 0.343
NH4 (−) + PO4 (+) + HBA (−) 0.50 6.09 0.006 − 0.8 1.59 0.162
NH4 (−) + PO4 (+) + VLW (+) + Total N (+) 0.53 6.12 0.005 − 0.5 1.91 0.137

Herbivore proportion D84 (+) + BR (−) 0.45 8.38 0.003 59.3 0.00 0.255
D84 (+) 0.37 11.55 0.003 59.8 0.51 0.198
D84 (+) + BR (−) + HBA (+) 0.50 7.02 0.004 60.0 0.71 0.178
D84 (+) + BR (−) + TBA (+) 0.50 6.99 0.004 60.1 0.76 0.174
D84 (+) + PO4 (−) + TBA (+) 0.47 6.31 0.006 61.2 1.86 0.100
D84 (+) + TBA (+) 0.39 6.76 0.007 61.3 1.98 0.094
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substrates (Quinn and Hickey 1990; Wallace and Eggert 
2009), we would expect, and did observe, positive correla-
tions between  D84 and invertebrate density. There are addi-
tional explanations for the relatively low diversity observed 
at our moderately impacted sites. Like other foundational 
species, hemlock exerts controls on and stabilizes ecosystem 
processes (Ellison et al. 2005), and in particular maintains 
a later successional forest system. The decline and death 
of a foundational species, even over several decades, could 
be considered a disturbance event of considerable impact. 
Notably, hemlock forests provide habitat for distinct com-
munities, which is evident in the strong association of cer-
tain taxa (e.g., Hydropsyche ventura, Lanthus parvulus, etc.) 
with hemlock streams (Snyder et al. 2002). We found several 
benthic insect taxa that appeared to be associated with unim-
pacted hemlock streams: Microtendipes sp, Tanytarsus sp. 
and Chironomus sp. Microtendipes sp is a collector–filterer 

taxon that was common at the unimpacted sites but not at 
either moderately or severely impacted sites. Both Tanytar-
sus sp. and Chironomus sp. are collector–gatherer members 
of the ubiquitous family Chironomidae, subfamily Chi-
ronominae. The loss of such hemlock-associated taxa would 
be expected to cause a decrease in alpha biodiversity, at least 
until new colonizers are able to repopulate impacted areas.

In contrast to our predictions about general shifts in 
macroinvertebrate communities, we found the relative 
abundances of macroinvertebrate functional traits were 
altered in unexpected ways. For example, shredder densi-
ties did not differ among HDCs. Webster et al. (2012) sug-
gests that rhododendron growth and litter inputs to streams 
may compensate for the loss of hemlock needles as a food 
resource. However, hemlock needles have low lability, so if 
few shredders feed on the needles, a change in needle avail-
ability would not be expected to make a large difference in 
consumer densities, especially if an alternate food source 
becomes available in similar quantities. Additionally, the 
major shredder genus, Leuctra, was present in relatively high 
numbers across sites in all three decline categories. Adkins 
and Rieske (2015a) found that, during summer months 
only, shredders were present in higher densities in hemlock 
streams than in hardwood streams, indicating that the timing 
of allochthonous inputs is important.

Instead of shredders, we observed the most distinct 
trends in non-shredder herbivores. These herbivores, driven 
entirely by the presence of Epeorus pleuralis in HDC3 sites, 
increased in both number and relative abundance from refer-
ence to severely impacted sites. Herbivore density in unin-
vaded sites may have been suppressed by a combination of 
light limitation to in-stream primary producers and micro-
bial resources (Rowell and Sobczak 2008). Eastern hemlock 
needles and twigs likely provide poor-quality substrate for 
microbial colonization and growth (Morkeski 2007). Fur-
ther, grazers can be more abundant in hardwood streams 
compared to eastern hemlock streams (Adkins and Rieske 
2015b). Thus, the replacement of eastern hemlock with other 
plant species might be expected to alter in-stream microbial 
growth and, in turn, energetic resources to consumers like 
invertebrate herbivores. Additionally, the relative abundance 
of herbivores at our sites was controlled primarily by the 
substrate descriptors  D84 and proportion bedrock. Substrate 
is influential in invertebrate responses to riparian distur-
bance; scraper densities increase on bedrock and decrease 
on smaller sediments following logging (Gurtz and Wallace 
1984). Forest roads, which were common across our study 
regions (although less so near the Ohio sites), likely also 
contribute to sedimentation of streams and to invertebrate 
responses (Angermeier et al. 2004). Thus, a combination of 
resources and habitat structure may be responsible for the 
observed increase in relative abundance of non-shredder her-
bivores. The negative relationship between  PO4 and relative 

Fig. 4  Mean (± 1SE) values for measures relevant to diversity of ben-
thic invertebrates by Hemlock Decline Category (HDC). Subsamples 
were pooled to site-level prior to analysis. a density ind. m−2 and b 
Simpson’s Index (1 − D). HDC categories are (1) uninvaded, n = 7 (2) 
moderate decline, n = 7 and (3) severe decline, n = 7. Simpson’s Index 
was ex transformed for statistical analysis; raw data are displayed 
here. Different letters represent significant differences between group 
means at p < 0.05 as determined by a Tukey’s HSD post-hoc test
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abundance of herbivores in one of our models (Table 5) war-
rants consideration as well, in view of higher  PO4 concen-
trations associated with increases in invertebrate densities 
overall. Heterotrophic microorganisms in detrital-based 
food webs increase production in response to greater nutri-
ent availability, which can result in both increased nutrient 
content within the microbes and more rapid detritus miner-
alization (Cross et al. 2006). This can result in a lower detri-
tal availability during seasons in which detritital inputs are 
low (Suberkropp et al. 2010). In this study, the seasonally-
consistent contributions expected of hemlock detritus in our 
reference sites could overshadow these effects of elevated 
 PO4 concentrations.

Our observations of stream biological and physicochemi-
cal characteristics across a chronosequence of HWA inva-
sion represent further evidence for HWA-invasion effects 
on adjacent streams (e.g., Costigan et al. 2015). However, 
several limitations of this chronosequence approach need to 
be considered. For example, whereas chronosequences are 
useful in studying succession and predicting species abun-
dance across multiple time scales, they can fail to predict 
species richness (Foster and Tilman 2000). Thus, applying 
a chronosequence approach may be less appropriate in cases 
of divergent succession, such as when considering the differ-
ent trajectories of forest composition between rhododendron 
dominance and the growth of mixed hardwoods; this limita-
tion can be mitigated with more intensive sampling at finer 
spatiotemporal scales (Walker et al. 2010). Likewise, while 
severe or frequent disturbances can introduce uncertainty 
into a chronosequences approach, well-documented dis-
turbance events (i.e., their timing and magnitude) can help 
clarify succession (Walker et al. 2010). Another potential 
caveat to consider with the design of our study is the inher-
ent geographic clustering of our sites, selected to coincide 
with the timing and severity of HWA invasion. This is a 
common issue with such chronosequence designs involv-
ing invasive species (e.g., Hartman and McCarthy 2008), 
and our study should be interpreted with appropriate caution 
given the potential confounding influence of other factors 
such as regional climate, elevation, and geology. Neverthe-
less, we sought to minimize variability in these features to 
the degree possible and carefully selected study streams that 
were similar in size, network position, slope, and confine-
ment. Further, our model selection approach (see “Numeri-
cal and statistical analysis”) included watershed- and site- 
level predictors that could covary with geographic location, 
as a way to partially account for the effects of location vs. 
HWA decline.

Hemlock woolly adelgid is predicted to continue spread-
ing throughout the range of eastern hemlock and has been 
found as far north as southern Maine and central New Hamp-
shire (US Forest Service northeastern area data, as cited in 
Case et al. 2017), although it is expected to be limited by 

winter temperatures (Paradis et al. 2008). The magnitude 
and extent of the invasion is cause for conservation concern, 
not only for this foundational species, but also for the eco-
systems that it influences, such as headwater forest streams. 
Our study emphasizes that the effects of HWA extend 
beyond the riparian zone to affect in-stream macroinverte-
brate communities, and by extension, the ecosystem func-
tions that they mediate such as nutrient cycling, productivity, 
and decomposition (Wallace and Webster 1996). We expect 
that similar changes could occur as the decline continues 
to spread. Indeed, the counties with several reference sites 
used in this study have now reportedly shown signs of HWA 
invasion. Therefore, greater attention needs to be afforded 
to the broader effects of HWA and other terrestrial riparian 
invaders on stream-riparian structure and function.
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