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Abstract: Genetic variation within a dominant riparian forest tree affects susceptibility to a leaf-galling

aphid (Pemphigus betae), which induces phytochemical and structural changes in leaf tissue. Research

Highlights: We show here that these changes to tree leaf tissue alter adjacent in-stream leaf litter

decomposition rates and the aquatic macroinvertebrate community associated with litter in the stream

for some Populus genotypes. Background and Objectives: Naturally occurring hybrid cottonwoods

(Populus fremontii × Populus angustifolia) are differentially susceptible to aphid attack and vary in

induced phytochemistry following attack. When leaves are galled by aphids, foliar tissue is altered

structurally (through the formation of pea-sized gall structures) and phytochemically (through an

increase in foliar condensed tannin concentrations). Materials and Methods: To examine the effect of

aphid-galled leaves on forest stream processes, we collected both galled and un-galled leaves from five

clones of three hybrid cottonwood genotypes in an experimental forest. We measured in-stream litter

decomposition rates, aquatic fungal biomass and aquatic macroinvertebrate community composition.

Results: Decomposition rates differed among genotypes and the galled litter treatments, with a 27%

acceleration of decomposition rate for the galled litter of one genotype compared to its own un-galled

litter and no differences between galled and un-galled litters for the other two genotypes. Genotype

by foliar gall status interactions also occurred for measures of phytochemistry, indicating a prevalence

of complex interactions. Similarly, we found variable responses in the macroinvertebrate community,

where one genotype demonstrated community differences between galled and un-galled litter.

Conclusions: These data suggest that plant genetics and terrestrial forest herbivory may be important

in linking aquatic and terrestrial forest processes and suggest that examination of decomposition at

finer scales (e.g., within species, hybrids and individuals) reveals important ecosystem patterns.

Keywords: aquatic–terrestrial interaction; cottonwood hybrid; galling aphid; genetic variation;

herbivory; leaf litter decomposition; macroinvertebrate communities; phytochemical induction;

Populus; temperate floodplain forests; terrestrial arthropods

1. Introduction

Riparian forests provide a fundamental linkage between terrestrial and aquatic systems, and

herbivores in terrestrial environments have the potential to alter these interactions. For example,

studies have examined the effects of aboveground herbivory by arthropods and mammals on terrestrial

forest nutrient cycling, decomposition rates and other ecosystem processes [1–5]. Herbivory has

been shown to induce premature leaf abscission and reduce nutrient resorption [6,7], increase foliar

fragmentation [8], and increase wound-induced carbon-to-nitrogen ratios, foliar phenolic defense

compounds, lignin, and cellulose [9–14]. These effects of herbivores can decrease decomposition rates
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in forest ecosystems and laboratory studies [13,15–17], or have no effect [18,19]. Because herbivory

often affects subsequent litter quality, it is likely that herbivory could alter the quantity, quality and

timing of riparian forest leaf litter inputs to streams [7,20,21]. Understanding the potential interactions

between herbivores and litter quality is important because the majority of plant foliage affected by

herbivores is not assimilated by herbivores, but dropped as plant litter [22], so these alterations to litter

inputs could potentially change organic matter linkages between forests and streams.

Leaf-galling herbivores are mainly species of invertebrates (e.g., aphids, midges, wasps, mites)

that live in symbiosis with plants. Leaf galling invertebrates are often in obligate relationships with

particular plant species to house and protect their offspring in gall structures. Plant species respond to

herbivores in a variety of ways [1,9], but mainly respond to galling herbivores with both structural and

chemical alterations to leaf, stem, or bark tissues [5]. Differential plant responses to galling herbivores

may also occur due to a wide array of factors associated with the environment, individual constitutive

leaf quality, and genetic differences in resistance to galling [5,17,23]. Galling herbivores have been

shown to influence decomposition rates in terrestrial ecosystems [24], and galling aphids differentially

influenced genotypes of Populus to alter terrestrial decomposition rates in a previous study [17].

Accordingly, we should expect that variability in plant leaf chemistry associated with galling by insects

will result in differential effects on the communities of organisms that colonize and decompose leaf

litter in forest streams with consequences for the process of aquatic leaf litter decomposition.

We examined whether terrestrial arthropod herbivores have the capacity to alter ecosystem

processes in adjacent forest stream ecosystems in a well-studied cottonwood forest system in the

western USA. Specifically, we examined the effects of a leaf-galling aphid (Pemphigus betae Doane;

Homoptera: Aphididae) on in-stream leaf litter decomposition. Previous studies show that different

genotypes of cottonwood (Populus angustifolia James; Salicaceae) show differential susceptibility to

aphid herbivory [25–28]. Earlier work in this system reported a deceleration of terrestrial decomposition

for leaves galled by the aphid compared to un-galled leaves [17]. In this case, the gall-forming aphid

does not remove tissue from the tree; it induces changes in tissue structure and chemistry, causing an

increase in condensed tannins, which are implicated in the slowing of decomposition. Because Populus

are naturally occurring riparian trees whose litter provides essential energy to adjacent streams, we were

interested in whether the effects of the galling aphid on litter chemistry would have similar “after-life”

effects [13] in an aquatic ecosystem. Based on the above logic, we make the following predictions:

(1) Litter chemistry will vary based on Populus genotype, galling by P. betae, and interactions between

genotype and gall status. For example, while galled leaves will be characterized by elevated

levels of condensed tannins relative to un-galled leaves, this response may vary by genotype.

(2) Galled leaves will decompose more slowly in the stream than un-galled leaves from the same tree.

(3) We predict that slower decomposition rates will be correlated with lower aquatic fungal biomass

on leaves.

(4) All together, differences in condensed tannins, aquatic fungal biomass, and decomposition rates

will result in altered macroinvertebrate communities on galled versus un-galled leaves.

(5) The effects of both tree genotype and galling aphids will decline up trophic chains [29].

2. Materials and Methods

2.1. Common Garden Experimental Forest

For litter collection, we use an experimental forest designed to isolate the effects of genetic

differences from environmental differences in the field. This experimental forest represents a common

garden of naturally occurring hybrid cottonwood genotypes and was planted from wild cuttings

in the spring of 1991 (Ogden, Utah, USA). The hybridizing system includes Fremont cottonwood

(Populus fremontii), narrowleaf cottonwood (Populus angustifolia), F1 hybrids (P. fremontii × P. angustifolia)

and backcross hybrids to the narrowleaf parent (Figure 1). In a previous study, the proportion of

35 species-specific (P. fremontii) markers was determined for each of three genotypes (11, 1017, 3200)
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70% acetone and 10 mM ascorbic acid. We used the butanol-HCl method to determine condensed

tannin (CT) concentrations [33], with standards purified from P. angustifolia following the methods of

Hagerman and Butler [34]. We quantified absorbance on a Spectramax-Plus 384 spectrophotometer

(Molecular Devices, Sunnyvale, CA, USA). We also determined total litter %N and %P by modified

micro-Kjeldahl digestion [35] followed by analysis on a Lachat AE Flow Injection Analyzer (Lachat

Instruments, Inc., Loveland, CO, USA), using the salicylate and molybdate-ascorbic acid methods,

respectively (Lachat instruments, Inc. 1992).

2.4. Litter Decomposition

Six leaf litter treatments included galled and un-galled litter from each of three backcross hybrid

genotypes (3200, 11 and 1017). Two g of air-dried litter was placed into 1 mm mesh litterbags. We

used five replicate litterbags (n = 5) for each treatment at three harvest dates for a total of 90 litterbags.

Litterbags were randomly assigned a harvest date and a location within the stream. Bags were anchored

in the stream along 2 m lengths of steel rebar and wedged into place in active depositional areas

near the shore. Litterbags were color-coded by harvest date to assist harvesting and avoid disturbing

neighboring bags. Litterbags were harvested from the stream on three harvest dates, after 17, 108 and

189 days, and placed into individual polyethylene zipper bags for transport on ice to the laboratory.

Litterbags were processed within 12 h of harvesting. Leaf material was rinsed with stream water

to remove and collect all sediment, organic debris, and invertebrates. Ten leaf punches were taken

from leaf material for ergosterol analysis (see below). Remaining leaf material was flash frozen on

dry ice in the field and lyophilized for three days. Sediment and invertebrates were sieved through

250 µm nets for preservation in 70% ethanol. Freeze-dried leaf material was weighed and ground

in a Wiley Mill to pass mesh size 40. Ground material was combusted at 500 ◦C in a muffle furnace

(Barnstead International, Dubuque, IA, USA) for 1 h to determine percent organic material and ash-free

dry mass (AFDM).

2.5. Aquatic Fungal Biomass

Aquatic fungal biomass was estimated using an ergosterol assay by High-Performance Liquid

Chromatography (HPLC; sensu Suberkropp [36]). Ten (11 mm diameter) leaf discs were punched

from remaining leaf material in each litterbag at harvest date 17, which approximated peak fungal

biomass on decomposing tissue. Five of these leaf discs were flash-frozen and lyophilized for three

days to determine the dry weight of the leaf material. The other five leaf discs were preserved in 5 mL

HPLC-grade (99.99%) methanol for ergosterol extraction. Leaf discs were refluxed at 80 ◦C for 30 min

in a mixture of methanol (25 mL), and alcoholic KOH (5 mL). The leaf particles were removed and

discarded, and the extractant was added to 20 mL of pentane. The pentane was evaporated under a

stream of N2, and the residue was re-dissolved into 1 mL of HPLC-grade methanol and filtered through

HPLC-certified, 13 mm syringe filters with 0.2 µm PTFE membranes, for processing on the HPLC. With

methanol as the mobile phase and a 1.0 mL/min flow rate, we passed samples through a C-18 column

and found an ergosterol standard retention time of 6.35 min. Ergosterol concentration was converted

to fungal biomass (mg/g leaf litter) using a 5.5 µg ergosterol mg−1 fungal biomass conversion factor

(sensu Gessner and Chauvet [37]).

2.6. Aquatic Invertebrates

Preserved invertebrate samples were sieved through 1 mm mesh to separate micro- from

macroinvertebrates. Macroinvertebrate samples from all harvest dates were sorted under 2×

magnification and counted and identified under a dissecting scope (40×) to the lowest taxonomic level

using several keys [38–40]. Reference specimens are maintained in the LeRoy Leaf Litter (L3) Lab at

The Evergreen State College. In total, we identified 35 genera from a total of 25 families and 16 orders.
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2.7. Statistical Analyses

Initial leaf chemistry and fungal biomass measurements were compared with standard two-way

analysis of variance (ANOVA), with gall status and effect of genotype treated as fixed factors. Pairwise

comparisons were conducted using Tukey’s HSD tests following significant ANOVA results. Analysis

of leaf litter decay rate constants (k) required a natural log-transformation of AFDM remaining for two

reasons, to meet normality and equal variance assumptions and to determine the exponential decay rate

(k) [41,42]. Decay constants (k) were compared using an equality of slopes test with Hommel’s corrected

p-values in SAS 8.01 (SAS Institute, Inc. 1999–2000, sensu Swan & Palmer [43]). Patterns of %N, %P,

%C, and AFDM of remaining leaf litter were analyzed throughout the decomposition process and by

genotype, gall status, and all possible interactions with days in stream using three-way ANOVAs.

Invertebrate community data were analyzed using a variety of community analysis techniques.

Taxa abundance, taxa richness, taxa evenness and Shannon’s (H’) and Simpson’s (D) diversity indices

were calculated for each litterbag at all harvest dates. Values were compared using ANOVA and

post-hoc comparisons (Tukey’s HSD). To visualize community-wide responses to leaf litter treatments,

we used a non-metric multidimensional scaling (NMDS) ordination method and a Bray-Curtis similarity

measure in PC-ORD 4.02 (MJM Software, McCune, B. and Mefford, M.J. 1999. Gleneden Beach, OR,

USA). To test for differences among groups we used a multi-response permutation procedure (MRPP)

in the same program. In all analyses, a p-value less than 0.05 was used to denote statistical significance.

3. Results

3.1. Leaf Chemistry and Aquatic Decomposition

Gall status and genotype were both significant interacting factors influencing initial leaf chemistry

(Table 2). Both condensed tannins and %N were significantly influenced by Populus genotype, gall

status, and genotype*gall interactions. Genotypes 11 and 3200 showed significantly higher condensed

tannins for galled leaves compared to un-galled leaves (Table 3), but genotype 1017 did not differ by

gall status. Genotypes 11 and 3200 also showed significantly higher %N for un-galled leaves compared

to galled leaves, but genotype 1017 was invariable. Initial %P only varied by gall status, and only for

genotype 3200 which had higher %P in galled leaves (Table 3).

Table 2. Two-way ANOVA results for initial leaf chemistry and fungal biomass measurements at

Harvest 1. Values represent overall F(df1,df2)-ratios and p-values as well as effect test F-ratios and

p-values for each main effect (Genotype, Gall status), and the Genotype*Gall interaction. Significant

effects are shown in bold.

Effect
Test

%CT %N %P
Fungal Biomass

(mg/g)

Overall F(5,6) = 250.7, p < 0.0001 F(5,6) = 48.9, p < 0.0001 F(5,6) = 4.4, p = 0.0498 F(5,24) = 2.5, p = 0.0519
Geno 132.1, p < 0.0001 39.1, p = 0.0004 3.3, p = 0.1097 5.1, p = 0.0144

Gall 578.3, p < 0.0001 112.1, p < 0.0001 12.0, p = 0.0133 0.8, p = 0.3768
Geno*Gall 59.9, p < 0.0001 27.3, p = 0.0010 1.7, p = 0.2606 1.0, p = 0.3881

For the two genotypes that showed induced condensed tannin concentrations in galled tissue

(11 and 3200), galled leaves decomposed at slightly slower rates, although these data only show a

trend toward deceleration, not a statistically significant difference (Figure 2). However, genotype 1017,

which did not induce increased condensed tannins in litter (Table 3), showed the opposite pattern

in decomposition, where galled leaves decomposed 27% faster in the stream than un-galled leaves

(Figure 2). Additionally, galled litter from genotype 1017 decomposed 17% faster than all other litter

types used in this study, regardless of their gall status. Decomposition rate constant comparisons are

conservative measures of differences among treatments. We can also compare remaining AFDM across

treatments throughout the decomposition process. These results show that AFDM was significantly
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p = 0.3794). For galled litter, the proportion of Fremont markers did not correlate with either condensed

tannin concentration or decomposition rate (%CT: r = 0.1566, p = 0.8999; k: r = 0.2483, p = 0.8402).

Table 4. Three-way ANOVA results for litter chemistry throughout the decomposition process. Values

represent overall F(df1,df2)-ratios and p-values as well as effect test p-values for each main effect

(Genotype, Gall status, Harvest Day), and all possible interactions. Significant effects are shown in bold.

%N %P %C AFDM

Overall model
F(1 1,71) = 26.7,

p < 0.0001
F(11,71) = 36.2,

p < 0.0001
F(11.75) = 30.9,

p < 0.0001
F(11,75) = 67.6,

p < 0.0001
Geno: p < 0.0001 p < 0.0001 p = 0.0003 p < 0.0001

Gall: p = 0.9428 p = 0.6652 p = 0.0404 p = 0.2113
Geno*Gall: p < 0.0001 p < 0.0001 p = 0.1863 p < 0.0001

Day: p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001

Geno*day: p = 0.3701 p = 0.8535 p = 0.0048 p = 0.0080

Gall* day: p = 0.2112 p = 0.5900 p = 0.0126 p = 0.7576
Geno*Gall*day: p = 0.5554 p = 0.1867 p = 0.9077 p = 0.1491

Throughout the decomposition process, litter %N and %P changed through time differentially for

the different genotypes and based on a genotype*gall interaction (Table 4). Percent N was significantly

influenced by genotype, day, and the genotype*gall interaction, but gall status and all other interactions

were insignificant. (Table 4). Nitrogen concentrations increased in all litter types throughout the

decomposition process, and %N tended to be higher in un-galled litter from genotypes 11 and 3200,

with no difference between galled and un-galled litter for genotype 1017. A similar result was found

for %P with a significant effect of genotype, day, and the genotype*gall interaction, but gall status and

all other interactions were insignificant. Phosphorus also increased throughout the decomposition

process, and %P also tended to be higher in un-galled litter from genotypes 11 and 3200. A slightly

different pattern was shown for %C, which was influenced by genotype, gall status, day, and both

the genotype*day and gall*day interactions. Carbon concentrations are higher in un-galled litter for

genotypes 11 and 1017, but lower for un-galled litter from genotype 3200. Carbon concentrations

decrease throughout the decomposition process, but %C decreases faster for genotype 1017 than the

other two genotypes and %C also decreases faster for galled tissue than un-galled tissue.

3.2. Fungal Response to Galled Litter

Fungal biomass on leaf tissue post-incubation did not differ significantly by genotype, gall status,

or their interaction (Table 2). Galled litter from genotype 1017, although it decomposed the fastest, did

not show the highest concentrations of ergosterol on leaf tissue. Patterns in decomposition rates were

not associated with patterns in fungal biomass accumulation. Fungal biomass was not correlated with

decomposition rate constant (k) (Pearson’s r = −0.0699, p = 0.8954), or CT concentration (Pearson’s

r = −0.4237, p = 0.4025). Aquatic fungal biomass was correlated with proportion of Fremont markers

for galled tissue (r = −0.9951, p = 0.0166), but not un-galled tissue (r = 0.7645, p = 0.4460).

3.3. Macroinvertebrate Response to Galled Litter

Macroinvertebrate communities were significantly influenced by the gall and genotype litter

treatments, but not necessarily in a manner consistent with chemistry and decomposition differences

above. Macroinvertebrate communities on litter were significantly different between genotypes 11

and 3200 on harvest date 108 (Overall MRPP: A = 0.0937, p = 0.0458; 11 , 3200: A = 0.1751, p = 0.0097;

Figure 3), but did not differ on harvest dates 17 and 189 (results not shown). For one of these genotypes

(11) macroinvertebrate communities also differed significantly between galled and un-galled litter

at day 108 (11: A = 0.0486, p = 0.0405; Figure 4), even though the decomposition rates of galled and

un-galled litter were indistinguishable for this genotype. When we compared galled to un-galled litter

for genotypes 1017 and 3200, we found no significant differences in macroinvertebrate community
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4.1. Herbivory and Ecosystem Function

Our data suggest gall-induced leaf condensed tannin concentrations may not be the only factor

that leads to altered leaf decomposition. We found significant induction of condensed tannins for two

genotypes, and although a third genotype did not induce tannins in galled litter, there was a significant

acceleration of the decomposition process for galled tissue. The mechanism behind the accelerated

decomposition of galled tissue is, as yet, unclear, but may be either structural or chemical.

Can herbivory or galling accelerate decomposition? A previous study on terrestrial herbivory

and stream function found that second-flush leaves (after intense herbivory by the gypsy moth

(Lymantria dispar L.)) decomposed faster than first-flush leaves [48] due to lower levels of percent fiber

and lower fiber:protein ratios in second flush leaves of Chestnut oak (Quercus prinus L.). A similar study

found that moose browsing of birch (Betula papyrifera Marsh.) resulted in higher quality second-flush

litter and subsequent acceleration of decomposition [49]. Both of these previous studies confirm the

herbivory-acceleration hypothesis [21,50]. Our results also partially confirm the herbivory-acceleration

hypothesis [21,50], but only for one genotype (1017). In both previous studies discussed above, the

trees produced a second flush of litter that was of higher quality than initial flushes [48,49]. In our case,

the litter was modified by a leaf-galling aphid, and both chemical and structural changes were made in

situ. There may be fundamental differences in the manner by which herbivores can affect ecosystem

functions due to the pathways through which they alter organic matter inputs.

4.2. Genotype-Specific Responses

Previous work in this cottonwood system shows high levels of variability in both terrestrial

and aquatic decomposition rates (k) among backcross cottonwood individuals [17,29,44,45], and in

general, deceleration of terrestrial decomposition rates due to the effects of the galling aphid, P. betae,

on specific backcross genotypes [17]. Pemphigus betae galling tended to induce condensed tannins,

lignin and phosphorus concentrations which was associated with slower overall decomposition for

four of five Populus genotypes in a previous terrestrial study [17]. For a different species of Pemphigus

(P. spirotheceae), galls tended to increase phenolic content and C:N ratio, leading to slower terrestrial

mass loss for Populus nigra var. italica [51]. Our results are also variable and show chemical induction

(genotypes 11 and 3200), altered decomposition rates (genotype 1017), and responses in the decomposer

community (genotype 11). In concert with previous studies, variability in our results demonstrates a

lack of predictability for gall influences on in-stream communities and ecosystem processes, at this

point in time.

Considering galling herbivores to be part of the biotic environment of a plant allows us to place

our results in a G × E (genotype × environment) interaction context. Previous studies have found

strong G × E effects on both terrestrial and aquatic ecosystems. For example, in previous work

with Populus tremuloides under low and high nutrient treatments, there were significant influences

of genotype, nutrient status, and their interactions on terrestrial mass remaining, nitrogen, and

condensed tannins in leaves [52] and both C:N and aquatic decomposition rates [53]. Our results

provide evidence for another genotype-mediated ecological interaction with herbivores that crosses

ecosystem boundaries.

4.3. Herbivory and Higher Trophic Levels

Aquatic fungi are thought to be generalist detritivores in stream systems that sometimes

discriminate among litter species [54,55], but we only found a tight correlation between aquatic

fungal biomass and the proportion of Fremont markers in galled leaf litter. Because we did not find

strong correlations between fungal biomass and any measured phytochemicals, we assume that other

genetically-controlled traits may be affecting fungal biomass in tandem with phytochemicals. Although

the mechanisms are unclear, we hope this study provides a foundation upon which further examination

of this interesting interaction between galling-herbivores and fungal detritivores can build.
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Macroinvertebrate communities, which have shown weak discriminatory ability among genotypes

of cottonwoods in previous studies [29,45], seem influenced by both genotype and gall-status, to a

small degree in this study. For one genotype (11) that induces condensed tannins in galled tissue,

macroinvertebrate communities on galled litter differed when compared to communities found on

un-galled litter. A third genotype (1017), which showed no difference in macroinvertebrate colonization

between galled versus un-galled tissue, showed a significant difference in decomposition rate, with

galled tissue decomposing 27% faster than un-galled tissue. Sampling a greater number of genotypes

and an ability to focus on clear mechanisms for macroinvertebrate discrimination would improve this

study. Regardless, it appears that macroinvertebrate communities are influenced to some degree by

these litter treatments, and the multiple trophic links between leaf litter and these decomposers does

not result in an attenuation of the genetic or galling effects as we predicted. However, none of the

single invertebrate taxa that were associated with a specific genotype or galled litter are in the shredder

feeding guild, nor hypothesized to be tightly associated with leaf litter inputs. Accordingly, these

species-level statistical results may not be biologically relevant, should be interpreted with caution.

Overall, experiment-wide correlations between induced chemistry, decomposition, fungal biomass

and proportion of Fremont markers were not detectably different from zero. When galled and un-galled

litters were separated for analysis, our sample sizes (for Populus genotypes) were often too small to see

significant correlations, even when our correlations were strong. Future work should include more

clonal replicates of each Populus genotype, more gall-susceptible genotypes, larger litter collections,

and a separation of litter collections by clonal individual to increase replication at the genotype level,

which would better determine whether galls accelerate or decelerate litter decomposition. The main

difficulty facing increased sample sizes is in collecting enough galled leaf litter for these studies. We

chose three Populus genotypes that were heavily influenced by galling aphids, but the majority of

leaves collected were still un-galled. Future studies would benefit from increased sample sizes for all

analyses, and our results should be interpreted in this light.

5. Conclusions

This study demonstrates the potential cross-ecosystem effects gall-forming herbivores may have

on adjacent stream ecosystems. Overall, our results show that the potential effects of galling aphids

on aquatic ecosystem and community processes may be genotype specific, just as susceptibility to

aphid herbivory is genotype specific. Extrapolating these results to a landscape level could result in a

genotypic-geographic mosaic [56] of genetically based interactions that could provide dynamic inputs

to both terrestrial and aquatic systems. Future work could also examine the effects of other interacting

arthropod herbivores that may alter leaf structure and chemistry through different pathways in order

to determine the effects of chronic or outbreak herbivory events on linked forests and streams.
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