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SUMMARY

1. Understanding relationships between resource and consumer diversity is essential to

predicting how changes in resource diversity might affect several trophic levels and

overall ecosystem functioning.

2. We tested for the effects of leaf litter species diversity (i.e. litter mixing) on litter mass

remaining and macroinvertebrate communities (taxon diversity, abundance and biomass)

during breakdown in a detritus-based headwater stream (North Carolina, U.S.A.). We

used full-factorial analyses of single- and mixed-species litter from dominant riparian tree

species with distinct leaf chemistries [red maple (Acer rubrum), tulip poplar (Liriodendron

tulipifera), chestnut oak (Quercus prinus) and rhododendron (Rhododendron maximum)] to

test for additivity (single-species litter presence ⁄absence effects) and non-additivity

(emergent effects of litter species interactions).

3. Significant non-additive effects of litter mixing on litter mass remaining were explained

by species composition, but not richness, and litter-mixing effects were variable

throughout breakdown. Specifically, small differences in observed versus expected litter

mass remaining were measured on day 14; whereas observed litter mass remaining in

mixed-species leaf packs was significantly higher on day 70 and lower on day 118 than

expected from data for single-species leaf packs.

4. Litter mixing had non-additive effects on macroinvertebrate community structure.

The number of species in litter mixtures (two to four), but not litter species

composition, was a significant predictor of the dominance of particular

macroinvertebrates (i.e. indicator taxa) within mixed-species packs.

5. In addition, the presence ⁄absence of high- (L. tulipifera) and low-quality (R. maximum)

litter had additive effects on macroinvertebrate taxon richness, abundance and biomass.

The presence of L. tulipifera litter had both positive (synergistic) and negative (antagonistic)

effects on invertebrate taxon richness, that varied during breakdown but were not related

to litter chemistry. In contrast, the presence ⁄absence of L. tulipifera had a negative

relationship with total macroinvertebrate biomass (due to low leaf mass remaining

when L. tulipifera was present and higher condensed and hydrolysable tannins

associated with leaf packs lacking L. tulipifera). Macroinvertebrate abundance was

consistently lower when R. maximum was present, which was partially explained by

litter chemistry [e.g., high concentrations of lignin, condensed tannins, hydrolysable

tannins and total phenolics and high carbon to nutrient (N and P) ratios].
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6. The bottom-up effects of litter species diversity on stream macroinvertebrates and litter

breakdown are different, which suggests that structural attributes of macroinvertebrate

communities may only partially explain the effects of litter-mixing on organic matter

processing in streams. In addition, stream macroinvertebrates colonising decomposing

litter are influenced by resource diversity as well as resource availability. Broad-scale shifts

in riparian tree species composition will alter litter inputs to streams, and our results

suggest that changes in the diversity and availability of terrestrial litter may alter stream

food webs and organic matter processing.

Keywords: additive effects, biodiversity, litter chemistry, non-additive effects, riparian, southern
Appalachians

Introduction

Widespread declines in species richness have

prompted research exploring the relationship between

biodiversity and ecosystem functioning (Schulze &

Mooney, 1993; Kinzig, Pacala & Tilman, 2002; Loreau,

Naeem & Inchausti, 2002; Hooper et al., 2005). Earlier

studies investigated the effects of terrestrial plant

species richness on primary productivity (Naeem

et al., 1996; Tilman, Wedin & Knops, 1996; Hector

et al., 1999). More recently, attention has focused on

the effects of terrestrial plant species diversity on

leaf litter breakdown in both terrestrial (Gartner &

Cardon, 2004; Hättenschwiler, Tiunov & Scheu, 2005;

Ball et al., 2008) and aquatic ecosystems (Swan &

Palmer, 2004; LeRoy & Marks, 2006; Kominoski et al.,

2007; Lecerf et al., 2007). Most primary production in

temperate ecosystems enters food webs as detritus

(McNaughton et al., 1989; Cebrian, 1999), and the slow

processing of detritus stabilises ecosystem energetics

(Wetzel, 1995; Moore et al., 2004). Therefore, detrital

resource diversity may play an important role in

structuring food webs that use detritus as a dominant

energy source.

Detritus is a dominant basal resource in many

aquatic ecosystems, and it contributes energy essential

to maintaining diverse food webs (Wetzel, 1995; Hall,

Wallace & Eggert, 2000). Allochthonous leaf litter

(hereafter litter) entering forested, headwater streams

supports several trophic levels and feeding guilds of

macroinvertebrates (Wallace et al., 1997, 1999; Hall,

Likens & Malcom, 2001). Macroinvertebrate detriti-

vores are dominant contributors to litter breakdown

in streams (Wallace & Webster, 1996; Hieber &

Gessner, 2002) and are prey for several levels of

predators in aquatic ecosystems. The effects of litter

species diversity on in-stream breakdown have been

shown to be largely non-additive, such that results

from mixed-species litter are not predictable from

single-species (Swan & Palmer, 2004; LeRoy & Marks,

2006; Kominoski et al., 2007; Lecerf et al., 2007). How-

ever, variation among macroinvertebrate communi-

ties appears to be explained more by differences in

stream habitat than by litter species diversity (LeRoy

& Marks, 2006). Further investigation into the rela-

tionships between resources and the diversity of

macroinvertebrate consumers is needed to predict

better which particular riparian tree species have the

biggest structural and functional impacts on adjacent

stream ecosystems.

Environmental changes are likely to affect biodi-

versity through non-random species losses and shifts

in species composition (Vitousek et al., 1997; Huston

et al., 2000; Loreau et al., 2001; Tilman & Lehman,

2001; Ellison et al., 2005), yet most experiments have

been designed to measure the effects of random

species loss. Such designs do not conclusively test the

effect of the loss of a particular species and cannot

separate the effects of species richness and composi-

tion (Huston, 1997; Drake, 2003). Therefore, the need

to understand effects of non-random plant species

losses (e.g., Ellison et al., 2005) on litter breakdown

dynamics requires experimental designs and statisti-

cal analyses that can test comprehensively for both

individual litter species effects that are independent of

other species (i.e. additivity) and emergent effects of

litter species in mixed-species combinations (i.e. non-

additivity) (see Kominoski et al., 2007; Ball et al., 2008).

Understanding how non-random litter species losses

will affect detritus-based stream ecosystems is vital as

we continue to lose foundation species (i.e. dominant

primary producers that have structural ⁄ functional
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influence within ecosystems) and shift tree species

composition in riparian forests (Orwig, Foster &

Mausel, 2002; Ellison et al., 2005).

Previously, we used a full-factorial experimental

design to test for additive and non-additive effects of

litter species diversity on breakdown dynamics in a

headwater stream (Kominoski et al., 2007). Overall,

we found significant non-additive effects of litter

species diversity on breakdown rates that were

explained by litter species composition and margin-

ally explained by litter species richness. However, the

effects of litter species diversity on changes in litter

chemistry throughout breakdown and on consumer

biomass were less consistent. We observed non-

additive effects of litter species diversity on litter

nutrients and secondary compounds and additive

effects on structural compounds. Non-additive effects

of litter species diversity on bacterial and fungal

biomass were seen during the early stages of break-

down, and additive effects on microbes during inter-

mediate and later stages of breakdown were

explained by the presence ⁄absence of high- and

low-quality litter species. There were no clear

effects of litter species diversity on shredder biomass

(Kominoski et al., 2007).

Here, we tested further for the effects of litter

species diversity on stream macroinvertebrate com-

munities. We sought to determine how macroinver-

tebrates respond to litter species diversity and how

the responses of macroinvertebrates may explain the

effects of litter species diversity on litter mass

remaining. As stream macroinvertebrates may

contribute greatly to litter breakdown (Wallace &

Webster, 1996; Hieber & Gessner, 2002), and because

we observed non-additive effects of litter species

composition on litter breakdown rates (despite largely

additive effects on microbial biomass; Kominoski

et al., 2007), we made the following predictions:

1. Litter species diversity would have non-additive

effects on macroinvertebrate assemblages (taxon

diversity, abundance and biomass), similar to its

effect on litter breakdown (Kominoski et al., 2007).

2. Litter chemistry and mass remaining would

explain non-additive effects of litter species composi-

tion on macroinvertebrates.

3. The effects of litter species diversity on macro-

invertebrate communities would decline over time as

the chemistry of litter species become homogeneous

(sensu Moore et al., 2004; Rier, Tuchman & Wetzel,

2005; Ardón & Pringle, 2008) and recalcitrant species

persist relative to labile species.

Our experimental design allowed us to test how

resource diversity, achieved by mixing litter species of

different physical, chemical and biological properties,

affects stream consumers. Specifically, we tested

whether the independent role of single-species litter

(additivity) or the emergent, interactive effects of litter

mixing (non-additivity) explain patterns of macroin-

vertebrate communities.

Methods

Study site

Research was conducted at Coweeta Hydrologic

Laboratory, Macon County, NC, U.S.A. (35�00¢N,

83�30¢W). Coweeta is a 2185 ha forested basin in the

Blue Ridge physiographic province of the southern

Appalachian Mountains (Swank & Crossley, 1988).

Vegetation is mixed hardwood (dominated by Quer-

cus spp., Acer spp. and Liriodendron tulipifera L.), with

a dense understorey of Rhododendron maximum L. that

contributes to year-round shading of streams, causing

low in-stream autotrophic production (Webster et al.,

1997). Mean monthly air temperature ranges from 3 to

22 �C, and mean annual precipitation from 180 cm at

low altitude to 250 cm at high altitude (Swift, Cunn-

ingham & Douglass, 1988). We selected a second-

order reach of Ball Creek as our study location.

Mean daily stream temperature and discharge of Ball

Creek were measured continuously throughout the

experiment.

Leaf packs and experimental design

We selected four riparian tree species that are dom-

inant and abundant at Coweeta [red maple Acer

rubrum L. (A), tulip poplar Liriodendron tulipifera (L),

chestnut oak Quercus prinus L. (Q), and rhododendron

R. maximum (R)]. These species represent a range in

initial litter chemistries and breakdown rates (Webster

& Benfield, 1986; Kominoski et al., 2007).

We collected freshly abscised leaves and air-dried

them in the laboratory for 2 months during autumn

2003. Approximately 15 g of single- (richness level, 1)

and mixed-species (richness level, two to four) litter,

in equal proportions by mass, were placed in plastic

mesh bags (19.1 · 38.1 cm, 5 · 5 mm mesh) after
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initial determinations of dry mass. We used a rando-

mised complete block design of 15 single- and mixed-

species litter treatments, four replicate blocks and

eight sampling dates. On 10 January 2004, we

deployed leaf packs along a 75-m reach of Ball Creek.

Additional leaf packs were transported back to the

laboratory the same day and were used to estimate

handling loss and initial litter chemistry. Fifteen leaf

packs (representing all single- and mixed-species

combinations) were grouped in arrays within each

experimental block and secured to the stream bottom

by using plastic ties with galvanised gutter nails.

Litter was incubated in Ball Creek from 10 January to

31 July 2004. On each sampling day, arrays were

randomly selected from in-stream blocks, and leaf

packs were transported to the laboratory on ice and

processed within 12 h.

Retrieved litter was rinsed over nested sieves

(1 mm and 250 lm) to collect macroinvertebrates

and remove sediments and debris. Litter was oven-

dried at 60 �C for 24 h, and weighed. Ash-free dry

mass (AFDM) on sampling days 14, 70 and 118 was

determined as the difference between pre- and post-

combustion (at 550 �C for 1 h). We report litter mass

on each sampling day as percent AFDM remaining (as

compared to breakdown rates reported in Kominoski

et al., 2007), which allowed us to test if litter-species-

diversity effects were consistent across time (see

Table S1 for litter mass data from all sampling days).

Remaining litter in each leaf pack was milled with a

Spex CertiPrep 8000-D Mixer Mill (Spex, Metuchen,

NJ, U.S.A.) prior to chemical analyses.

Litter chemistry

Chemistry of single- and mixed-species litter was

analysed on sampling days 14, 70 and 118 (see

Table S1 for litter chemistry data from all sampling

days). Litter carbon (C), nitrogen (N) and phosphorus

(P) were measured as a percentage of litter mass (g

AFDM). Litter C and N were measured with a Carlo

Erba 1500N CHN Analyser (Carlo Erba, Milan, Italy).

Litter for P-analysis was weighed into acid-washed,

pre-ashed ceramic crucibles, combusted at 500 �C,

acid-digested and analysed spectrophotometrically

(ascorbic acid method; APHA, 1998). Cellulose, hemi-

cellulose and lignin concentrations were analysed

with an Ankom A200 Fibre Analyser (Ankom,

Macedon, NY, U.S.A.). Tannin content was extracted

from ground litter with an acetone solution. Extracted

tannin solution was further analysed for condensed

tannins (CT), hydrolysable tannins (HT) and total

phenolics (TP) using techniques described by Rossiter,

Schultz & Baldwin (1988) and Hunter & Schultz

(1995). Briefly, CT was measured by heat-extraction of

tannin solution with N-butanol (Proanthocyanidin

assay). The potassium iodate assay was used to

measure HT, and TP was determined using the

Folin-Denis assay.

Stream macroinvertebrates

Macroinvertebrates from single- and mixed-species

litter were analysed on sampling days 14, 70 and 118

(S2). Macroinvertebrates were removed from all leaf

packs and preserved in 95% ethanol. Individuals from

two size classes (>1000 lm and 250–1000 lm) were

counted and identified to the lowest possible taxo-

nomic level and assigned to a functional feeding

group (Merritt & Cummins, 1996; Wallace et al., 1999).

Chironomidae were identified as Tanypodinae and

non-Tanypodinae. A total of 118 genera from 50

families and 13 orders were identified (see Table S2).

Length–mass regressions (Benke et al., 1999) were

used to estimate total macroinvertebrate biomass per

leaf pack. Macroinvertebrate taxon diversity was

analysed as richness (number of individual taxa),

evenness, as well as Shannon’s (H¢) and Simpson’s

diversity indices (D¢) for each leaf pack.

Statistical analyses

Individual litter AFDM remaining from single-species

leaf packs was compared on sampling days 14, 70 and

118 using analysis of variance (ANOVAANOVA) and Tukey’s

HSD in SAS version 9.1 (SAS Institute Inc., Cary, NC,

U.S.A.).

To test for additive and non-additive effects of litter

species diversity on litter AFDM remaining and

macroinvertebrate communities [taxon diversity

(richness, evenness, Shannon’s and Simpson’s diver-

sity indices), abundance and biomass], we used full-

factorial ANOVAANOVA with type I sums of squares (SS)

using PROC GLM in SAS (Kominoski et al., 2007).

Nested ANOVAANOVA was not used because it lacks the

ability to differentiate statistically between additive

and non-additive effects of species composition (Ball

et al., 2008). Note that species richness effects are
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non-additive (emergent effects of species interactions)

and species composition effects can be either additive

or non-additive. For clarity, hereafter we define

additive species composition effects as ‘species pres-

ence ⁄absence effects’. Using a full-factorial design of

all combinations of four single-species litter allowed

us to test additivity as an effect of species pres-

ence ⁄absence (main effects) and non-additivity as

species interactions above and beyond the pres-

ence ⁄absence of individual species (diversity term).

Time was treated as a discrete variable (e.g., Ball et al.,

2008), and block, time, the presence ⁄absence of the

four individual litter species (A, L, Q, R) to test for

additive effects, and a diversity term (to test for non-

additive effects) were added sequentially to the

model. Interactions between time and block, time

and species presence ⁄absence, and time and diversity

were added to the model. Each species pres-

ence ⁄absence represented main effects, and the diver-

sity term corresponded to either mixed-species

richness (two to four) and ⁄or composition effects

(A · L, A · Q, A · R, L · Q, L · R, Q · R, A · L · Q,

A · L · R, A · Q · R, L · Q · R, A · L · Q · R). A

significant additive effect of diversity indicated that

species presence ⁄absence was significant. Since type I

SS was used, species terms were sensitive to the order

in which they were added to the model. Therefore,

models were re-run with each species presence ⁄
absence term added first (to test for a significant

additive effect of each species). A significant non-

additive effect of diversity indicated that litter species

diversity (richness and ⁄or composition), but not spe-

cies presence ⁄absence, was significant. In this case, we

re-ran the full-factorial analysis replacing diversity

with richness. If litter species richness was significant

we added a composition term to test for effects of

litter species richness and composition. If litter species

richness was not significant, non-additive effects were

explained by litter species composition.

For all significant effects of litter species diversity

(additive or non-additive) on macroinvertebrate

assemblages (taxon diversity, abundance, biomass),

we conducted simple linear regressions between

macroinvertebrate data and litter chemistry and

AFDM data using PROC REG in SAS.

We used an indicator taxa analysis (Dufrêne &

Legendre, 1997) in PC-ORD (Version 4.10; MjM

Software, Gleneden Beach, OR, U.S.A.) to determine

the responses of specific macroinvertebrate taxa to

litter species diversity during breakdown. An indica-

tor value (0–100) was generated for each taxon based

on the product of its relative frequency and relative

abundance. Monte Carlo tests (1000 randomisations)

determined if indicator values were greater than

expected by chance. Indicator taxa have both an

indicator value >20 and a P £ 0.05 (Dufrêne &

Legendre, 1997).

Assumptions of normality of residuals were met for

all analyses (Shapiro–Wilks test) through data trans-

formations when necessary, and all analyses used an

alpha (type I error rate) of 0.05.

Results

Stream temperature and discharge

Mean stream temperature increased steadily during

the study and ranged from 1.5 to 16.3 �C, whereas

mean discharge was variable, ranging from 0.11 to

1.1 m3 s)1 (Fig. 1).

Litter mass remaining

Litter AFDM remaining varied among individual

litter species (day 14: F3,9 = 24.6, P < 0.001; day 70:

F3,9 = 26.7, P < 0.001; day 118: F3,9 = 14.0, P = 0.001)

throughout the period (Fig. 2a). Although Q. prinus

had the highest mass remaining after 14 days

(P < 0.05), R. maximum had higher mass remaining

than all other litter species on sampling days 70 and

118 (P < 0.05). On day 14, the AFDM remaining of

A. rubrum was less than all other litter species

(P < 0.05), and L. tulipifera had less AFDM than

Q. prinus (P < 0.05). On day 70, AFDM of A. rubrum

was less than Q. prinus (P < 0.05). Although L. tulipif-

era and A. rubrum lost mass consistently over time,

Q. prinus lost the greatest mass between 70 and

118 days of incubation. In addition, appreciable

breakdown of R. maximum did not occur until after

70 days in the stream (Fig. 2a).

We observed non-additive effects of litter species

diversity on litter AFDM remaining during break-

down, which were explained by species composition

related to the presence ⁄absence of R. maximum

(Table 1; Fig. 2b). Observed versus expected AFDM

remaining for mixed-species leaf packs became

increasingly divergent during breakdown and varied

among mixed-species litter (Fig. 2b). Specifically,
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observed values were mostly similar to expected

values on day 14, greater than expected values on day

70 and less than expected values on day 118. This

means that AFDM remaining in mixtures became

increasingly less predictable during breakdown, due

to differences in AFDM among high- and low-quality

litter species. Non-additive effects of litter mixing

stimulated mass loss (i.e. synergistic effects) by day 70

and inhibited mass loss (i.e. antagonistic effects) by

day 118 (Fig. 2b). The greatest differences between

observed and expected litter AFDM remaining were

seen for the four-species leaf pack (i.e. LAQR) on day

14, two-species leaf packs (i.e. LA, QR) on day 70 and

three-species leaf packs (e.g., LQR, AQR) on day 118

(Fig. 2b).

Macroinvertebrate indicator taxa and diversity

Indicator taxa analyses showed an effect of litter

species richness, but not composition, on the presence

of macroinvertebrate taxa within leaf packs. Three

shredder taxa, including the dominant Tallaperla sp.,

were associated with two- and three-species litter on

days 14 and 70, whereas several predator taxa were

associated with three- and four-species litter on day

118 (with the exception of the predator Suwallia sp.,

which was associated with two-species litter on day

14; Table 2).

Presence ⁄absence of L. tulipifera in litter mixtures

had significant additive effects on taxon richness

(Table 3). Macroinvertebrate taxon richness generally

increased during breakdown and was greater in the

presence of L. tulipifera during the early stages of

breakdown. By the intermediate stages of breakdown,

taxon richness was greater in leaf packs that lacked

L. tulipifera (Fig. 3). Additive effects on taxon richness

were not related to litter chemistry or mass remaining

(r2 < 0.20, P > 0.05).

In contrast to macroinvertebrate taxon richness,

litter species diversity had no effect on macroinverte-

brate taxon evenness or diversity indices (Shannon’s

and Simpson’s) during breakdown.

Macroinvertebrate abundance and biomass

We detected additive effects of L. tulipifera and R.

maximum presence ⁄absence on macroinvertebrate

abundance and biomass. Additive effects of R. max-

imum presence ⁄absence on macroinvertebrate abun-

dance were consistent across time (Table 4) and

resulted in lower macroinvertebrate abundance in

single- and mixed-species leaf packs when rhododen-

dron was present (Fig. 4a). In contrast, additive effects

of L. tulipifera on macroinvertebrate biomass varied

with time (Table 4), whereby biomass was lower

during the intermediate and later stages of break-

down in leaf packs containing L. tulipifera (Fig. 4b).

Additive effects of R. maximum on macroinvertebrate

abundance were partially explained by litter nutrient

content (N and P), structural compounds (lignin) and

secondary compounds (condensed tannins, hydroly-

sable tannins, total phenolics; Table 5a). Similarly,

additive effects of L. tulipifera on macroinvertebrate

biomass were partially explained by litter secondary

compounds (condensed tannins, hydrolysable tan-

nins) but also by litter AFDM remaining (Table 5b).
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from 10 January to 31 July 2004 in Ball

Creek. Data are daily means. Vertical
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were collected (14, 70 and 118). For clarity,

SE not shown.
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Discussion

Our results demonstrate that the effects of litter

species diversity on macroinvertebrate communities

(i.e. non-additive effects of litter species richness and

additive effects of litter species presence ⁄absence)

were different than those measured for litter mass

remaining (i.e. non-additive effects of litter species

composition). Therefore, our hypothesis that litter

species diversity would affect litter mass remaining

and macroinvertebrates in leaf packs similarly,

through non-additive effects of litter species compo-

sition, was not supported. Additive effects of litter

species presence ⁄absence on macroinvertebrates were

partially explained by litter chemistry and mass

remaining, and these effects varied but did not decline

over time. To that end, our hypotheses that the effects

of litter species diversity on macroinvertebrates

would be reflected by litter chemistry and litter mass

remaining, and that these effects would decline over

time, were partially supported. Additive effects of

litter species diversity were observed for both macr-

oinvertebrates (this study) and microbes (Kominoski

et al., 2007). The presence of high- (e.g., L. tulipifera)
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Fig. 2 Leaf litter ash-free dry mass (AFDM) remaining for

single- and mixed-species leaf packs. (a) Bars represent mean

mass remaining (+SE) for single-species leaf packs on each

sampling day (14, 70, 118). Individual litter species are: red

maple Acer rubrum, tulip poplar Liriodendron tulipifera, chestnut

oak Quercus prinus, rhododendron Rhododendron maximum. (b)

Scatter plots represent grand means of observed versus expected

mass remaining for mixed-species leaf packs on each sampling

day. Expected mass remaining for mixed-species packs was

calculated as the average of individual species litter mass

remaining from single-species leaf packs. Deviation from

the 1 : 1 line indicates litter-species-diversity effects on mixed-

species litter mass remaining. Species abbreviations are: (A) A.

rubrum, (L) L. tulipifera, (Q) Q. prinus, (R) R. maximum.

Table 1 Results of A N O V AA N O V A tests for additive (i.e. main effects

terms; species presence ⁄ absence) and non-additive (i.e. Com-

position and Richness terms; species interactions) effects of litter

species diversity on litter ash-free dry mass (AFDM) remaining

using type I SS. Acer rubrum (A), Liriodendron tulipifera (L),

Quercus prinus (Q), Rhododendron maximum (R). Species terms

were affected by the order in which they were added to the

model. Therefore, when results were additive, we re-ran anal-

yses placing each species first in the order to ensure that overall

model results were consistent. Model results reported here are

main effects in alphabetical order (A, L, Q, R), as shown. Sig-

nificant non-additive effects correspond to mixed-species com-

position effects (A · L, A · Q, A · R, L · Q, L · R, Q · R,

A · L · Q, A · L · R, A · Q · R, L · Q · R, A · L · Q · R)

and ⁄ or richness (two to four)

Litter AFDM d.f. SS MS F P-value

Block 3 1438.9 479.6 3.67 0.01

Time 2 35 956.8 17 978.4 137.7 <0.01

A 1 4949.6 4949.6 37.9 <0.01

L 1 803.1 803.1 6.15 0.01

Q 1 344.5 344.5 2.64 0.11

R 1 9013.1 9013.1 69.1 <0.01

Composition 10 3144.2 314.4 2.41 0.01

Richness 1 32.1 32.1 0.25 0.62

Time · block 6 1849.1 308.2 2.36 0.03

Time · A 2 608.4 304.2 2.33 0.10

Time · L 2 10.3 5.1 0.04 0.96

Time · Q 2 47.5 23.7 0.18 0.83

Time · R 2 6062.5 3031.3 23.2 <0.01

Time · composition 20 2318.0 115.9 0.89 0.60

Time · richness 1 15.6 15.6 0.12 0.60

Error 124 16 186.4 130.5

Total 155 82 780.1 37 849.3

P-value for overall model results is given in bold.
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and low-quality (e.g., R. maximum) litter species had

both inhibitory and stimulatory effects on macroin-

vertebrates during breakdown. In contrast, microbes

appeared to respond more consistently to litter

chemistry; higher bacterial and fungal biomass in

the presence of L. tulipifera and lower microbial

biomass in the presence of R. maximum (Kominoski

et al., 2007). There are several plausible explanations

for differential effects of litter species diversity on

litter mass remaining and consumers: (i) dynamic

changes in litter mass and chemistry as well as

consumer (macroinvertebrate and microbial) coloni-

sation patterns occur at different time-scales; (ii)

functional traits (e.g., labile versus recalcitrant) and

resource roles of litter species (e.g., food, habitat,

refugia) change during breakdown based on litter

chemical integrity and mass remaining; and (iii)

consumer resource requirements change throughout

breakdown in accordance with life history traits,

competition and resource availability.

Resource availability and differential resource

utilisation among consumer groups may explain

additive and non-additive responses by macroinver-

tebrates and microbes to litter species diversity. Litter

mixtures containing labile and recalcitrant species

can provide heterogeneous microhabitats that sup-

port different consumer communities (Hansen &

Coleman, 1998; Kaneko & Salamanca, 1999). Our

results show that dominant macroinvertebrate taxa

from different functional feeding groups respond

differently to litter species diversity. For example, we

detected increased dominance of the shredder,

Tallaperla sp., in two-species litter during early and

intermediate stages of breakdown and multiple

predator taxa in three- and four-species litter during

later stages of breakdown. During the later stages of

breakdown, most of the mass of labile litter species

had probably gone, and recalcitrant litter, such as

R. maximum remained in proportionally greater mass.

In addition, occurrence of R. maximum was greater in

Table 2 Results of indicator taxa analysis results for macroin-

vertebrates unique to different litter species richness levels and

sampling days during breakdown in Ball Creek, Coweeta

Hydrologic Laboratory, NC, U.S.A. Values represent indicator

values (I-value), Monte Carlo P-values, litter species richness

and sampling day (Day)

Indicator

taxon FFG I-value P-value

Litter

species

richness Day

Baetis sp. SC 35.3 0.02 4 14

Ephemerella sp. C-G 23.1 0.03 4 14

Smvallia sp. P 33.5 0.04 2 14

Tallaperla sp. SH 43.4 0.02 2 14

Pycnopsyche sp. SH 21.4 0.05 3 70

Tallaperla sp. SH 45.0 0.05 2 70

Araneae P 44.8 0.01 4 118

Dicranota sp. P 37.4 0.03 4 118

Hexatoma sp. P 41.5 0.01 4 118

Isopoda sp. SH 25.0 0.03 3 118

Stenus sp. P 18.7 0.05 3 118

Functional feeding groups (FFG) were identified for each indi-

cator taxon (C-G, collector-gatherer; P, predator; SC, scraper; SH,

shredder).

Table 3 Results of A N O V AA N O V A tests for additive (i.e. main effects

terms; species presence ⁄ absence) and non-additive (i.e. diversity

term; species interactions) effects of litter species diversity on

macroinvertebrate taxon richness (leaf pack)1) using type I SS.

Remaining information as in Table 1

Taxon richness d.f. SS MS F P-value

Block 3 18.9 6.3 0.31 0.82

Time 2 311.3 155.7 7.66 <.01

A 1 9.6 9.6 0.47 0.49

L 1 0.3 0.3 0.01 0.91

Q 1 9.5 9.5 0.47 0.50

R 1 0.1 0.1 0.01 0.94

Diversity 10 134.0 13.4 0.66 0.76

Time · block 6 266.3 44.4 2.18 0.05

Time · A 2 12.8 6.4 0.32 0.73

Time · L 2 130.2 65.1 3.20 0.04

Time · Q 2 0.7 0.4 0.02 0.98

Time · R 2 51.4 25.7 1.26 0.29

Time · diversity 20 494.1 24.7 1.22 0.25

Error 120 2438.4 20.3

Total 173 3877.6 381.9

P-value for overall model results is given in bold.
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Fig. 3 Main effects of Liriodendron tulipifera litter presence ⁄
absence on macroinvertebrate taxon richness (means ± 1SE).

An asterisk denotes significant (P < 0.05) differences between

open and closed symbols on the same day.
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more diverse mixed-species leaf packs, which may

explain greater utilisation of this litter by non-

shredder taxa (e.g., predators) during breakdown.

In contrast, labile litter that supports high microbial

biomass, such as L. tulipifera (Kominoski et al., 2007),

did not support high macroinvertebrate abundance

and biomass when present in single- or mixed-

species leaf packs. This is probably because there was

too little L. tulipifera mass remaining to provide

habitat and refugia for macroinvertebrates. Perhaps

lower macroinvertebrate abundance and biomass

associated with L. tulipifera litter facilitated higher

microbial biomass during intermediate and later

stages of breakdown (Kominoski et al., 2007). In

contrast, recalcitrant litter, such as R. maximum,

offers less palatable food resources than labile litter

and supports consistently lower microbial biomass

(Kominoski et al., 2007), which probably explains the

lower macroinvertebrate abundance and biomass

associated with leaf packs containing R. maximum

in this study. The presence of R. maximum in single-

and mixed-species litter appears to inhibit bacterial

and fungal biomass; whereas bacterial and fungal

biomass in single- and mixed-species litter containing

L. tulipifera was consistently higher (Kominoski et al.,

2007). To this end, we would expect that detritus

containing a mixture of labile and recalcitrant litter

species should support the highest abundance and

biomass of macroinvertebrates (Hansen & Coleman,

1998; Kaneko & Salamanca, 1999), but this was not

observed here.

Additive effects of litter species diversity on con-

sumers (macroinvertebrates and microbes) may be

explained by the increased similarity in chemistry

among litter species during breakdown. Although

variation in initial litter chemistry among species has

Table 4 Results of A N O V AA N O V A tests for

additive (i.e. main effects terms; species

presence ⁄ absence) and non-additive (i.e.

Diversity term; species interactions)

effects of litter species diversity on total

macroinvertebrate abundance (individu-

als leaf pack)1) and biomass (mg leaf

pack)1) using type I SS. Remaining

information same as Table 1

d.f. SS MS F P-value

Abundance

Block 3 25282 8427 0.73 0.53

Time 2 803 918 401 959 35.00 <0.01

A 1 1855 1855 0.16 0.69

L 1 1038 1038 0.09 0.76

Q 1 11 921 11 921 1.04 0.31

R 1 48 549 48 549 4.23 0.04

Diversity 10 124 201 12 420 1.08 0.38

Time · block 6 44 189 7364 0.64 0.70

Time · A 2 3967 1983 0.17 0.84

Time · L 2 5706 2853 0.25 0.78

Time · Q 2 22 909 11 454 1.00 0.37

Time · R 2 26 880 13 440 1.17 0.31

Time · diversity 20 289 092 14 454 1.26 0.22

Error 120 1 378 202 11 485

Total 173 2 787 715 549 208

Biomass

Block 3 3.94 1.31 3.41 0.02

Time 2 8.27 4.14 10.75 <0.01

A 1 0.05 0.05 0.12 0.73

L 1 0.09 0.09 0.25 0.62

Q 1 0.27 0.27 0.69 0.41

R 1 0.13 0.13 0.35 0.56

Diversity 10 6.07 0.61 1.58 0.12

Time · block 6 17.79 2.97 7.71 <0.01

Time · A 2 0.41 0.20 0.53 0.59

Time · L 2 2.98 1.49 3.87 0.02

Time · Q 2 0.46 0.23 0.59 0.55

Time · R 2 0.36 0.18 0.46 0.63

Time · diversity 20 9.58 0.48 1.25 0.23

Error 120 46.17 0.38

Total 173 96.56 12.52

P-values for overall model results are given in bold.
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often been suggested to be a good predictor of litter

breakdown (Webster & Benfield, 1986; LeRoy &

Marks, 2006; LeRoy et al., 2007), litter chemistry

changes during breakdown. For example, secondary

compounds rapidly leach from litter in streams

(Ostrofsky, 1997; Rier et al., 2005; Ardón & Pringle,

2008). Similarly, we observed declines in the concen-

trations of tannins and phenolics for all litter after

70 days (Kominoski et al., 2007; See Table S1),

which coincided with general increases in microbial

(Kominoski et al., 2007) and macroinvertebrate

biomass (See Table S2). Given that the chemical

characteristics of detritus change during breakdown

(sensu Moore et al., 2004), initial chemistry of single-

and mixed-species litter may be inadequate to explain

litter-species-diversity effects on macroinvertebrates

throughout breakdown.

Although the non-additive effects of litter mixing

on breakdown in streams appear to be predominately

explained by emergent effects of litter species inter-

actions (Swan & Palmer, 2004; LeRoy & Marks, 2006;

Kominoski et al., 2007; Lecerf et al., 2007; this study),

our results suggest that these patterns are not

completely explicable by resource–consumer diversity

relationships. Here, we have shown that litter species

diversity has different bottom-up effects on stream

consumers and litter breakdown dynamics, indicating

that resource and consumer diversity may only
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Fig. 4 Main effects of litter species presence ⁄ absence on (a)

macroinvertebrate biomass and (b) Liriodendron tulipifera litter on

macroinvertebrate abundance (means ± 1SE; n = 8 for ‘present’

and n = 7 for ‘absent’). Species abbreviations are: A, red maple,

Acer rubrum; L, tulip poplar, Liriodendron tulipifera; Q, chestnut

oak, Quercus prinus; R, rhododendron, Rhododendron maximum.

An asterisk denotes significant (P < 0.05) differences between

open and closed symbols or open and shaded bars on the

same day.

Table 5 Simple linear regressions relating effects of litter

chemistry and ash-free dry mass (AFDM) remaining to (a)

macroinvertebrate abundance (individuals leaf pack)1) in leaf

packs where rhododendron, Rhododendron maximum (R) is

present versus absent and (b) total macroinvertebrate biomass

(mg leaf pack)1) in leaf packs where tulip poplar, Liriodendron

tulipifera (L) is present versus absent. Comparisons were made

for all single- and mixed-species litter where R and L were

present and absent. Relationships explaining at least 20%

(r2 ‡ 0.20) of the variation in macroinvertebrate abundance and

biomass are bolded and followed by a + or ) to indicate the

direction of the relationship. Carbon to nitrogen mass ratio

(C : N) and carbon to phosphorus (C : P) were calculated as

mass ratios. All litter chemistry values were calculated per g

AFDM

a (Abundance)

R present R absent

r2 P-value r2 P-value

C : N 0.12 <0.01 0.27) <0.01

C : P 0.04 0.04 0.28) <0.01

% Cellulose NS NS 0.05 0.04

% Hemicellulose 0.07 0.01 NS NS

% Lignin 0.27+ <0.01 NS NS

% Condensed

tannins

0.42) <0.01 0.25) <0.01

% Hydrolysable

tannins

0.35) <0.01 0.27) <0.01

% Total phenolics 0.35) <0.01 0.27) <0.01

AFDM (g) 0.15 <0.01 0.17 <0.01

b (Biomass)

L present L absent

r2 P-value r2 P-value

C : N 0.09 <0.01 0.09 <0.01

C : P 0.05 0.03 0.07 0.02

% Cellulose 0.10 <0.01 NS NS

% Hemicellulose NS NS NS NS

% Lignin NS NS 0.09 <0.01

% Condensed

tannins

0.12 <0.01 0.20) <0.01

% Hydrolysable

tannins

0.06 0.01 0.21) <0.01

% Total phenolics 0.13 <0.01 0.19 <0.01

AFDM (g) 0.25) <0.01 0.21) <0.01

NS, not significant (P > 0.05).
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partially explain the dynamics of organic matter

processing in streams. To that end, further studies

that explore the relative contributions of abiotic and

biotic factors to biodiversity effects on ecosystem

processes may lead to a broader mechanistic under-

standing of biodiversity–ecosystem functioning rela-

tionships.
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