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ABSTRACT
The invasive pest hemlock woolly adelgid (Adelges tsugae; HWA) is 
decimating the eastern hemlock Tsuga canadensis, a foundational tree 
species in many Appalachian riparian forests. Ecological trophic networks (i.e., 
food webs) functionally link streams and their adjacent riparian zones, and 
HWA has high potential to alter these linkages by driving changes to stream 
macroinvertebrate communities. At 21 forested headwater streams in 
Virginia, West Virginia, and Ohio, we quantified cross-boundary trophic 
dynamics in response to HWA-driven hemlock decline. For example, in-stream 
basal resource biomass was 1.7 (periphyton) and 3.9 (hemlock detritus) times 
larger at uninvaded reference sites. Benthic and emergent insect community 
differences were explained in part by degree of hemlock decline. Although 
riparian spiders (Araneidae and Tetragnathidae) showed no shift in trophic 
position or reliance on aquatically-derived energy (i.e., energetic pathways 
originating from benthic algae), their δ15N isotopic signatures did track those 
of potential aquatic emergent prey. Taken together, our results imply that 
large-scale hemlock decline due to HWA is associated with cross-ecosystem 
functional shifts in both resources and consumers, leading to altered stream-
riparian food webs and thus ecosystem function.
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Riparian Consumers
- Riparian spider density (Fig. 5) varied by degree of hemlock decline for 

horizontal orb-weaving Tetragnathidae (p = 0.020) but not for vertical 
orb-weaving Araneidae (p = 0.982).

- Reliance on aquatically-derived energy was high (about 70% for both 
families) but was not related to hemlock decline (p = 0.287). 

- Trophic position (mean 2.2) was not related to decline category (p = 
0.560) or family (p = 0.196)
- Araneidae δ15N was correlated with emergent insect δ15N signatures 

(Fig. 6; adj-R2 = 0.38, p = 0.004).
CONCLUSION
Large-scale hemlock decline due to HWA invasion is associated with cross-
ecosystem shifts in multiple levels of the linked stream-riparian food web. 
Streams formerly in eastern hemlock headwaters will likely see altered 
stream-riparian linkages, food webs, and ecosystem functioning.

Figure 2. Locations and hemlock decline categories of study sites across 
Appalachian Mountain regions of Virginia, West Virginia, and Ohio. Insets 
show the relative locations of the clustered Ohio sites.

Figure 1. Conceptual framework highlighting pathways for hemlock woolly 
adelgid (HWA) invasion to potentially modify reciprocal stream-riparian 
subsidies and food-web linkages in headwater streams1.

STUDY SYSTEM & METHODS
- Twenty-one Appalachian headwater streams were selected across a range 

of HWA-caused hemlock decline to assess differences in linked stream-
riparian food webs (Fig. 2). 

- Hemlock decline was based on canopy health. Decline categories were 
determined by a previous study2 and further collapsed here:

- Detrital biomass and periphyton ash-free dry mass were assessed for the 
study reach at each stream.

- Aquatic insects were sampled at three locations per site, then identified to 
lowest possible taxonomic resolution3 and assigned a functional feeding 
group4,5. 

- Riparian spider consumers were surveyed at night by counting horizontal 
and vertical orb webs within and adjacent to bankfull over 30 m.

- Stable isotopes (13C, 15N, 2H) and Bayesian mixing models were used to 
infer cross-boundary energetic pathways6.

- All data were analyzed in R7.

1 = uninvaded reference sites
2 = sites with moderate hemlock decline
3 = sites with severe hemlock decline

DISCUSSION POINTS
- As hemlock declines, it is replaced in this region by Rhododendron maximum

or mixed hardwood species8, which have implications for stream hydrology, 
chemistry, and biology. 

- The understory of hemlock forests is bare and provides very limited web-
building substrate, but growth of new vegetation following hemlock decline 
may increase habitat for web-building riparian spiders.

- Variability in responses to HWA are expected, but even small changes can 
have ecologically meaningful implications for food webs.

Figure 6. Relationships between isotopic signatures of riparian spiders and 
emergent insects (composite of the three most numerous families by site). 
Positive relationships indicate more strongly-linked consumer-resource 
relationships; only the δ15N relationship between Araneidae and emergent 
insects was significant (adj-R2 = 0.38, p = 0.004). 

RESULTS
Basal Resources
- In-stream resources (Fig. 3) varied by hemlock decline category.
- Proportion of hemlock detrital material differed by decline category (9.2 

times larger at reference sites, p < 0.05), but total mass did not. 
- Periphyton ash-free dry mass ranged from 1.0 to 26.7 g·m-2 and was 

greatest at reference sites (p = 0.004).
- Detrital biomass flux - intercepted via floating pans - varied by decline 

class as well: total mass and proportion hemlock material were highest at 
reference sites (p < 0.0001 and p = 0.007, respectively. Not shown). 

Figure 3. Median in-
stream basal resource 
availability across 
hemlock decline 
categories 

Stable Isotopes

Emergent Insect Subsidy
- The median emergence rate was 15.6 ind.·m-2·d-1 (range: 5.1-106.4 

ind.·m-2·d-1), but was not associated with decline category (p = 0.374).
- Emergent insect community composition was different between decline 

categories (Fig. 4a; PERMANOVA stress = 0.21, p = 0.016).
- Functional feeding groups did not vary by decline category (p = 0.131), 

but Collector-Gatherers had highest densities overall (Fig. 4b).

1 HWA causes hemlock 
death, altering riparian 
forest composition and 
function

3 Quality, quantity, timing, 
and composition of 
allochthonous subsidies 
change

5 Terrestrial and emergent 
aquatic invertebrate food 
resources altered for 
riparian consumers

4 Shifts in food and habitat 
resources alter benthic 
macroinvertebrate 
community composition

2 More sunlight reaches 
the stream and forest 
floor, increasing primary 
productivity
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Figure 5. Riparian orb-
weaving spider density 
and hemlock decline 
category
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- We also used naturally-occurring stable isotopes for further visual 
assessment of consumer-resource relationships (Fig. 7).
- Although basal resource signatures may change among decline classes, 

diet and trophic position of riparian predators do not.
- Animals feeding at higher levels in a food chain tend to have relatively 

higher δ15N values.
- δ13C can be used to determine nutritional sources of a consumer (i.e., diet).
- Our aquatic and terrestrial basal resources had very similar δ13C signatures, 

so an additional isotope (2H) helped with separation in mixing models.

Figure 7. Graphical comparison of δ13C, δ15N, and δ2H isotopic signatures for 
resources and consumers at different levels of hemlock decline. 
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Figure 4. Emergent aquatic insect community composition 
(a) ordination based on family-level emergent invertebrate community. 
Ellipses indicate location of centroids by decline category. (b) mean relative 
proportion of functional feeding groups by hemlock decline category. 


