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ABSTRACT

The trophic state of many streams is likely to deteriorate in the future due to the continuing increase in human-induced
nutrient availability. Therefore, it is of fundamental importance to understand how nutrient enrichment affects plant
litter decomposition, a key ecosystem-level process in forest streams. Here, we present a meta-analysis of 99 studies
published between 1970 and 2012 that reported the effects of nutrient enrichment on litter decomposition in running
waters. When considering the entire database, which consisted of 840 case studies, nutrient enrichment stimulated litter
decomposition rate by approximately 50%. The stimulation was higher when the background nutrient concentrations
were low and the magnitude of the nutrient enrichment was high, suggesting that oligotrophic streams are most
vulnerable to nutrient enrichment. The magnitude of the nutrient-enrichment effect on litter decomposition was higher
in the laboratory than in the field experiments, suggesting that laboratory experiments overestimate the effect and their
results should be interpreted with caution. Among field experiments, effects of nutrient enrichment were smaller in
the correlative than in the manipulative experiments since in the former the effects of nutrient enrichment on litter
decomposition were likely confounded by other environmental factors, e.g. pollutants other than nutrients commonly
found in streams impacted by human activity. However, primary studies addressing the effect of multiple stressors on
litter decomposition are still few and thus it was not possible to consider the interaction between factors in this review.
In field manipulative experiments, the effect of nutrient enrichment on litter decomposition depended on the scale
at which the nutrients were added: stream reach > streamside channel > litter bag. This may have resulted from a
more uniform and continuous exposure of microbes and detritivores to nutrient enrichment at the stream-reach scale.
By contrast, nutrient enrichment at the litter-bag scale, often by using diffusing substrates, does not provide uniform
controllable nutrient release at either temporal or spatial scales, suggesting that this approach should be abandoned. In
field manipulative experiments, the addition of both nitrogen (N) and phosphorus (P) resulted in stronger stimulation
of litter decomposition than the addition of N or P alone, suggesting that there might be nutrient co-limitation of
decomposition in streams. The magnitude of the nutrient-enrichment effect on litter decomposition was higher for
wood than for leaves, and for low-quality than for high-quality leaves. The effect of nutrient enrichment on litter
decomposition may also depend on climate. The tendency for larger effect size in colder regions suggests that patterns of
biogeography of invertebrate decomposers may be modulating the effect of nutrient enrichment on litter decomposition.
Although studies in temperate environments were overrepresented in our database, our meta-analysis suggests that the
effect of nutrient enrichment might be strongest in cold oligotrophic streams that depend on low-quality plant litter
inputs.

Key words: climate, decomposers, detritivores, fungi, litter processing, nutrient addition, inorganic nutrients,
cutrophication, experimental setting, plant litter.
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I. INTRODUCTION

Over the last decades, human activities have increased
nutrient availability in aquatic systems (Vitousek et al.,
1997; Rockstrém et al., 2009), which has resulted in many
streams presently being nutrient enriched (Woodward
etal, 2012). This trend 1is likely to continue and
intensify in the future due to increases in nutrient
loading from agricultural activities, waste water inputs,
atmospheric nitrogen (N) deposition (Galloway et al.,
2008), invasion of watersheds by N-fixing species
(Goldstein, Williard & Schoonover, 2009), and decreases
in stream discharges due to increased water demand
and global warming (Murdoch, Baron & Miller, 2000).
The resulting increase in inorganic nutrient availability
in fresh waters has the potential to alter fundamental

ecosystem processes such as plant litter decomposition and,
consequently, nutrient cycling and energy flow in aquatic
ecosystems.

The majority of drainage pathways in most watersheds
worldwide are small woodland streams (Allan & Castillo,
2007). In these streams, the closed riparian vegetation limits
instream primary production but supplies large amounts
of litter to the streambed. Thus, aquatic food webs obtain
most of their energy and carbon from land-derived detritus
(Wallace etal., 1997). The decomposition of submerged
litter is mainly a biological process, carried out by microbial
decomposers and invertebrate detritivores (Gessner, Chau-
vet & Dobson, 1999; Hieber & Gessner, 2002). This process
is highly sensitive to changes in environmental conditions,
such as increases in nutrient availability (Gessner & Chauvet,

2002; Woodward et al., 2012).



Microbial decomposers have the ability to obtain
nutrients from both the organic substrate and the
(Suberkropp, 1998), but mining N
and phosphorus (P) from organic substrates requires
the synthesis of multiple extracellular enzymes that
are metabolically costly to produce. Therefore, an increase
in dissolved inorganic nutrient availability may provide an
exogenous nutrient subsidy, which often stimulates microbial
activity and litter decomposition (e.g. Niyogi, Simon &
Townsend, 2003; Gulis et al., 2004; Ferreira, Gulis & Graga,
2006; Gulis, Ferreira & Graga, 2006). However, some studies
have reported no effect of elevated nutrient concentrations
on litter mass loss (e.g. Chadwick & Huryn, 2003; Abelho
& Graga, 2006; Baldy et al., 2007), or even an inhibition
of decomposition in highly polluted streams (Pascoal &
Cassio, 2004; Lecerf et al., 2006; Piscart et al., 2009, 2011).
These conflicting results suggest that the response of litter
decomposition to nutrient enrichment may depend on
experimental conditions and/or be confounded by other
environmental variables. For instance, because of the simplis-
tic nature and better control of confounding variables (such
as temperature, dissolved oxygen concentration, sedimenta-
tion, pollutants), stronger responses of litter decomposition
to nutrient enrichment are more likely to be found in
well-controlled laboratory experiments than in correlative
field studies, with intermediate responses in manipulative
field studies (Woodward, Perkins & Brown, 2010).

The simultaneous addition of N and P may stimulate litter
decomposition to a greater extent than the addition of N
or P alone since it guarantees that the nutrient limiting the
decomposer activity in the system is being added (Grattan &
Suberkropp, 2001). If the background nutrient concentration
1s already high, further increases in nutrient concentration
may, however, not have an effect on litter decomposition
since the decomposer demand is already satisfied (Peterson
etal., 1993; Grattan & Suberkropp, 2001). Eventually, in
highly eutrophic streams, high ammonium concentrations
may become toxic to aquatic invertebrates (Camargo &
Alonso, 2006; Lecerf et al., 2006). Decomposition rates
also may be negatively affected by other pollutants (e.g.
pesticides) commonly found in such streams (Lecerf et al.,
2006; Woodward et al., 2012).

High-quality plant litter (high nutrient, low lignin con-
centration) usually decomposes faster than low-quality litter
(Gessner & Chauvet, 1994; Ostrofsky, 1997; Lecerf & Chau-
vet, 2008b; Schindler & Gessner, 2009; Ferreira, Encalada &
Graga, 2012). This is particularly evident when leaves (high
quality and high surface area to volume ratio) and wood
(poor-quality litter due to very low N and P concentrations,
high lignin concentration and low surface area to volume
ratio) are compared (Gulis et al., 2004; Ferreira et al., 2006;
Spanhoff, Augspurger & Kuesel, 2007a; Arroita et al., 2012).
Therefore, an increase in dissolved nutrient availability may
have a stronger stimulatory effect on the decomposition
of wood, where the microbial community is more nutrient
limited, than on leaves (Gulis efal, 2004; Ferreira et al.,

2006).

water column

Litter decomposition is often faster when carried out by the
complete decomposer community (microbial decomposers
and invertebrate detritivores) than by microbial decomposers
only (Pascoal et al., 2003; Gulis et al., 2006; Woodward et al.,
2012). Invertebrate detritivores rely upon microbial activities
that condition plant litter and make it more palatable
(Barlocher & Kendrick, 1975; Arsuffi & Suberkropp, 1984;
Graga et al., 2001; Chung & Suberkropp, 2009). Therefore,
the direct effects of dissolved nutrients on microbially driven
decomposition may be exacerbated by higher invertebrate
abundance or activity (Pascoal etal., 2003; Gulis et al.,
2006).

The effect of nutrient enrichment on litter decompo-
sition might also depend on water temperature (Ferreira
& Chauvet, 2011), with nutrient enrichment stimulating
microbially driven litter decomposition to a greater extent at
higher temperatures than in colder waters, where metabolic
(e.g. enzymatic) activities may be limited (Chandrashekar &
Kaveriappa, 1991). However, over distinct climatic regions,
the effect of water temperature on the response of litter
decomposition to nutrient enrichment may be confounded
by simultaneous changes in other environmental factors.
For example, faster litter decomposition in tropical regions
may be hampered by lower detritivore density (Boyero et al.,
2011a,b), lower fungal activity (Ferreira ef al., 2012), or more
recalcitrant litter (Coley & Barone, 1996) as compared to tem-
perate regions. Therefore, increases in nutrient availability
may not necessarily translate into increased litter decomposi-
tion rates in the tropics. By contrast, litter decomposition rates
in colder climates may be enhanced if biomass of detritivores
is high (Irons et al., 1994). Thus, nutrient enrichment in cold
regions might stimulate litter decomposition if invertebrate
activity exacerbates nutrient effects on microbes.

Conflicting results among studies could also arise if the
overall effect of nutrient enrichment on litter decomposition
is relatively small and the statistical power (sample size)
of individual studies is too low to detect the effect,
leading to many non-significant results as well as false
negative and positive outcomes. Meta-analyses achieve
greater statistical power by combining outcomes of individual
studies and weighing them by the inverse of sampling
variances. In addition, given the spatial, temporal and
statistical limitations found in many individual studies, a
comprehensive systematic review is necessary to reach a
broader understanding of the effects of nutrient enrichment
on litter decomposition across a wide range of environments
and experimental settings. By combining several independent
studies, meta-analyses also allow identification of important
drivers of a biological response that could not be tested
in individual studies. Although a meta-analytic approach
has been used before to address the effects of nutrients on
litter decomposition in terrestrial systems (Knorr, Frey &
Curtis, 2005) and on primary production in aquatic systems
(Downing, Osenberg & Sarnelle, 1999; Francoeur, 2001;
Elser et al., 2007), there is still no comprehensive quantitative
review addressing the effects of nutrient enrichment on
litter decomposition in streams (but see Lecerf & Chauvet,



20084) despite approximately four decades of studies on the
subject.

Here, we present a meta-analysis of 99 studies that
addressed the effect of nutrient enrichment on litter
decomposition in running waters and were published over
the last approximately 40years. The effects of nutrient
enrichment on litter decomposition are likely to be influenced
by concomitant changes in other environmental variables
(Matthaei, Piggott & Townsend, 2010; Ferreira & Chauvet,
2011; Piggott et al., 2012). However, the assessment of the
effects of multiple stressors on litter decomposition in streams
has begun only recently; thus there are still not enough data
to consider multiple stressors or their interactions in the
present meta-analysis. Here, we determine the magnitude
and direction of the overall effect of nutrient enrichment
on litter decomposition and assess what parameters of
the incubation conditions influence the magnitude of the
effects. Specifically, we test if study type (laboratory versus
correlative field studies versus manipulative field studies),
identity of the nutrient added in stream manipulative studies
(N versus P versus both), nutrient concentration at the reference
condition, magnitude of the nutrient enrichment, litter type
(leaf versus wood), litter identity (plant genus), type of aquatic
community involved in the decomposition process (microbes
alone versus microbes and invertebrates), and climate (cold
versus temperate versus tropical) modify the effects of nutrient
enrichment on litter decomposition. The main questions
addressed by our review and hypotheses tested are detailed
in Table 1.

II. METHODS

(1) Literature survey and selection of relevant
primary studies

We searched for primary studies that addressed the effect
of nutrient enrichment on litter decomposition in running
waters. These studies were published between January 1970
and July 2012 in English, French, Portuguese and Spanish.
The literature search included personal literature databases,
electronic journal indices, and electronic reference databases
(Google Scholar, Scopus and Web of Science). It targeted not only
studies published in international, indexed journals but also
those in national journals, theses and reports. No unpublished
data were used in the analysis besides the authors’ own (V.
Gulis, V. Ferreira & M. A. S. Graga, unpublished data). The
search terms used in online databases were ‘(decomposition
OR processing OR breakdown OR decay) AND (litter
OR leaf OR leaves OR bark OR wood) AND (nutrient
OR nitrate OR nitrogen OR DIN OR phosphorus OR
phosphate OR SRP) AND (stream OR river OR water
course)’, and their equivalents in French, Portuguese and
Spanish. The reference lists of relevant primary studies
and review papers addressing litter decomposition in fresh
waters were also surveyed. Additionally, 143 researchers
from 33 countries (49 from North America, 41 from Europe,

30 from Central and South America, 12 from Oceania,
8 from Asia and 3 from Africa) known to work on litter
decomposition in streams were contacted and invited to
provide references. Fifty percent of researchers replied
and contributed seven additional primary studies to the
analysis.

Primary studies were included in the analysis if they
satisfied the following criteria: (z) they aimed at addressing
the effect of experimental nutrient enrichment or human
activities (e.g. land use or agriculture) on litter decomposition,
() they focused on running waters (i.e. streams, rivers,
streamside channels, laboratory microcosms with agitation
or forced aeration) rather than standing waters (i.e.
lakes, reservoirs, ponds, freshwater marshes or laboratory
microcosms without agitation or bubbling), () they
compared at least one reference (non-nutrient-enriched)
and one nutrient-enriched condition, () they reported
decomposition of natural litter (i.e. leaves, bark or wood such
as sticks, twigs or veneers) rather than artificial substrates
such as cotton strips or cellulose substrates, () they relied
on litter of allochthonous origin (i.e. riparian trees or grass,
and not macrophytes), and (v) they reported sample size
for both reference and nutrient-enriched conditions. The
final database included 101 studies that satisfied the above
inclusion criteria (see online Appendix S1).

Nutrient enrichment always implies an increase in the
concentration of at least one nutrient (N or P), even if accom-
panied by a decrease in the concentration of the other (e.g.
Rosemond et al., 2002; Baldy et al., 2007). We considered
as a ‘case study’ any comparison of reference (REF) and
nutrient-enriched conditions (NUT). The REF-NUT pairs
were either defined in the primary study (e.g. Gulis et al.,
2006) or provided after personal communication with the
authors (e.g. Woodward e al.,, 2012). When nutrient gradi-
ents were considered, the condition with the lowest nutrient
concentration, or described as the least impacted, was treated
as the reference to which all the conditions with higher
nutrient concentration were compared (e.g. Niyogi et al.,
2003). Often, a single study compared the decomposition of
several litter species (e.g. Ardon, Stallcup & Pringle, 2006;
Geraldes, 2011) or the effect of different mesh sizes (e.g. Gulis
et al., 2006; Woodward et al., 2012) under REF and NUT
conditions. Therefore, many individual studies contributed
several REF-NUT comparisons to the database making
a total of 915 case studies. Although several cases derived
from the same study may appear non-independent, their
omission from this review would have restrained our analysis
of moderators. We thus included them in the analyses
because each pair of comparisons actually addressed a
different and independent question (e.g. different litter
identity or different decomposer community involved).
In studies where decomposition values were reported for
several dates (Bergfur, 2007; Bergfur e al., 2007a), only those
calculated using the last sampling date were considered.
The potential effect of inclusion of several cases per study
was examined by conducting sensitivity analyses (see

Section IL.7).



Table 1. Questions and hypotheses addressed in this review and the datasets used

Questions Hypotheses Dataset used Result
Q]l: Does nutrient enrichment affect H1: Higher nutrient availability All Fig. 2
litter decomposition in running stimulates litter decomposition
waters? primarily due to stimulation of
microbial activities.
Which differences in experimental designs explain variation in the response of litter decomposition to nutrient enrichment
among studies?
Q2: Do the magnitude and direction of the nutrient-enrichment effect on litter decomposition differ between types of studies?
02a: Do the magnitude and H2a: The effect of nutrient All Fig. 4A
direction of the enrichment on litter
nutrient-enrichment effect on decomposition is stronger in
litter decomposition differ laboratory than in field studies
between laboratory and field due to higher simplification and
studies? stronger control of potentially
confounding variables in the
laboratory.
Q2b: Do the magnitude and H2b: The effect of nutrient Field studies Fig. 4A
direction of the enrichment on litter
nutrient-enrichment effect on decomposition is stronger in
litter decomposition differ manipulative than in correlative
between manipulative and studies due to stronger control
correlative studies? of potentially confounding
variables in manipulative
studies.
Q2c: Do the magnitude and H2c: Experimental nutrient Manipulative field studies Fig. 4A
direction of the enrichment at larger scales (e.g.
nutrient-enrichment effect on catchment) has a stronger effect
litter decomposition differ on litter decomposition than
between approaches in nutrient enrichment at smaller
manipulative studies? scales (e.g. litter bag), since
aquatic communities may be
more profoundly affected by
nutrient addition in the former
case.
Q3: Are the magnitude and H3: The simultaneous addition Manipulative studies in streams, leaves Fig. 4B
direction of the of N and P stimulates litter
nutrient-enrichment effect on decomposition to a larger extent
litter decomposition in than the addition of each
manipulative studies influenced nutrient separately since in the
by the identity or combination of first case it is guaranteed that
nutrients added? the limiting nutrient is added. Manipulative studies in channels, leaves Fig. 4B
Q4a: Is there a relationship between H4a: The effect of nutrient Laboratory studies Fig. S2A,
the magnitude of the enrichment on litter B
E&z?(it;grgmhm’cm effect on dccompos_ltlon is strongest when Correlative field studies Fig. 5A, B
position and nutrient basal nutrient availability is low ) - > )
availability in reference and it decreases with increase in  Manipulative field studies Fig. S3A,
conditions? the basal nutrient concentration. B
Q4b: Is there a relationship between H4b: Litter decomposition is Laboratory studies Fig. S2C,
the magnitude of the positively related to the D
nutrient-enrichment effect on magnitude of the nutrient
litter decomposition and the enrichment. Clorrelative field studies Fig. 5C,
magnitude of the nutrient D
enrichment? Manipulative field studies Fig. S3C,




Table 1. Continued

Questions Hypotheses Dataset used Result
Q5: Does the magnitude and direction of the Hb5: The effect of nutrient enrichment on Clorrelative field Fig. 6A
nutrient-enrichment effect on litter wood decomposition is stronger than on studies
decomposition differ between leaves and decomposition of leaves, since wood is
wood? generally of poorer nutrient quality,
rbes:ultlng in assocllateq df.:composers Manipulative studics in Fig. 6A
eing more nutrient limited.
streams
Q6: Are the magnitude and direction of the H6: The effect of nutrient enrichment on Correlative field Fig. 6B
nutrient-enrichment effect on leaf litter leaf litter decomposition is stronger for studies, leaves
decomposition influenced by plant identity? genera with low leaf nutrient
concentration than for genera with
higher leaf nutrient concentration, since
associated decomposers are more
nutrient limited in the former.
Q7: Are the magnitude and direction of the H7: Total litter decomposition (driven by Correlative field Tig. 7A
nutrient-enrichment effect on litter both microbes and invertebrates) is studies, leaves
decomposition influenced by the type of stimulated by nutrient enrichment to a
aquatic decomposers involved? larger extent than microbially driven
litter decomposition, since the
invertebrate activities exacerbate the
stimulatory effect that nutrient
Zl;nchr?ent has ,on the microbially Manipulative studies in Fig. 7A
ven litter breakdown.
channels, leaves
Q8: Do the magnitude and direction of the HB8: The effect of nutrient enrichment on Correlative field Fig. 7B
nutrient-enrichment effect on litter litter decomposition is stronger in studies, leaves
decomposition differ across climatic areas? temperate regions, since litter
decomposition is limited by the low
water temperature and the low
abundance of detritivores in cold and Manipulative studies in Fig. 7B

tropical regions, respectively.

streams, leaves

(2) Effect size

The effect size of nutrient enrichment on the exponential
litter decomposition rate per day (k in day”!') was
calculated as the natural logarithm of the ratio of litter
decomposition in the nutrient-enriched condition (kxut) to
the litter decomposition in the reference condition (krgr),
i.e. InR =In(knur/krEF). LnR are symmetrical around 0,
with positive and negative values indicating an increase
or a decrease in the litter decomposition rate associated
with nutrient enrichment, respectively. In addition, In
response ratios are normally distributed even in small
samples (Hedges, Gurevitch & Curtis, 1999; Borenstein et al.,
2009).

If litter decomposition was reported as exponential
decomposition rate per day, which was most often the case,
it was used directly in the calculation of the effect size. The
InR could not be calculated directly from decomposition
rate per degree-day (k in degree day~!), percentage litter
mass remaining (RM%) or percentage mass litter lost (ML%)
because corresponding REF and NUT sometimes differed
in mean water temperature and incubation duration. If
litter decomposition was reported in these units, it was
converted into & in day~!', provided that mean water

temperature or incubation duration were also given. If
not, case studies were excluded from analyses. Case studies
where detritus gained mass over the decomposition process
(i.e. negative £ values in day~!) were also excluded from
the analyses since the increase in mass 1s an artifact
resulting from accumulation of microbial biofilm, primary
producers and/or fine sediments that might not have been
properly removed during processing of litter samples. These
considerations resulted in the removal of 75 case studies from
the database, and analyses were performed on the remaining
840 case studies (from 99 studies; see online Table S1).

The variance associated with each InR value (V},r) was
calculated from the standard deviation (S.D.) associated with
each £ in day~! value (Borenstein et al., 2009). If variance
associated with mean £ in day~! values in the primary studies
was reported as standard error (S.E.) or confidence limit
(CL), then it was converted into S.D. (Lajeunesse, 2013).
In some cases, no measure of variance associated with £ in
day~! values was given in the primary studies and therefore
missing S.D. values were estimated based on the cases in
the database that reported S.D. values associated with £
in day™! values (Lajeunesse, 2013). However, since any
estimation of £ in day~! or S.D. would have a certain degree
of inaccuracy, an attempt was made to contact the authors



of the primary studies to obtain decomposition results as
k in day~! and variation as S.D. to reduce estimations to
a minimum. Despite this, estimates of £ in day~! and S.D.
values had to be made for 44 and 54% of cases, respectively.

(3) Moderator variables

Several experimental and environmental factors may
affect the magnitude of the response of litter decom-
position rate to nutrient enrichment (Table 1). Meta-
analysis allows testing the significance and the strength
of such factors, referred to as moderators, on effect sizes.
Moderators considered in the present meta-analysis cor-
responded to our hypotheses regarding factors likely to
influence the relationship between nutrient enrichment and
litter decomposition (Table 1). These included study type
(laboratory or field studies), field study type (correlative
or manipulative), manipulation scale in field experiments
[at the catchment, stream reach (hereafter referred to as
‘stream’), streamside channel (hereafter referred to as ‘side
channel’), or bag scale], identity of the nutrient added in field
manipulative experiments (N, P, or both), type of aquatic
community involved in litter decomposition (microbes or
microbes and invertebrates), litter type (leaves or wood),
leaf genus identity, climate (cold, temperate or tropical),
mean dissolved inorganic nitrogen (DIN) and soluble reac-
tive phosphorus (SRP) concentrations in REF (continuous
variable), and magnitude of the increase in DIN and SRP
concentrations in NUT versus REF (continuous variable). It
was not possible to assess the interactions between nutrient
enrichment and concomitant changes in other environmen-
tal factors on litter decomposition due to the limited number
of primary studies addressing the effect of multiple stres-
sors. Since agricultural activities not only result in increases
in the nutrient load to streams, but also in concomitant
changes in other variables (e.g. decrease in dissolved oxygen
concentration, increases in the concentration of pesticides,
sedimentation), the effects of multiple stressors were implicitly
included in correlative studies. For descriptions of moder-
ator variables and levels see Table S2. Information on
moderators was extracted from primary studies when avail-
able (see online Table SI), otherwise, the authors were
contacted.

(4) Statistical analyses

All statistical analyses were performed in RStudio (RStudio,
2012) with the metafor package (Viechtbauer, 2010). A
random-effects model of meta-analysis was used to determine
the grand mean, i.e. the overall effect of nutrient enrichment
on litter decomposition. Random-effects models account for
extra variation in effect sizes not encapsulated by within-study
variance (i.e. Vipr). In this analysis, individual effect sizes
(InR) were weighted by the reciprocal of their corresponding
variance (1/V),R) to account for differences in accuracy
among studies. The mean effect size was considered as
significantly different from 0 if its 95% CL did not include 0
(Borenstein et al., 2009).

(5) Cumulative meta-analysis

Cumulative meta-analysis was performed on all case
studies to assess whether the mean effect size of
nutrient enrichment on litter decomposition changed
significantly over the time period considered in this
meta-analysis. Since it is difficult to assign chronolog-
ical order to studies published within the same year,
we first calculated the mean effect size per study and then
averaged mean effects of studies for each year. Cumulative
meta-analysis then was performed on these yearly mean
effects by adding them in ascending chronological order
using a random-effects model. The cumulative In-mean effect
size for each year was considered as significantly different
from 0 1f its 95% CL did not include 0 (Leimu & Koricheva,
2004; Borenstein ez al.,, 2009). To facilitate interpretation,
the In-mean effect size was back-transformed into mean
effect size, which illustrates the magnitude of difference in
k in day™! between NUT and REF. For mean effect size,
significant effects existed when the 95% CL did not include 1.

(6) Subgroup analysis and meta-regressions

The effects of moderators on the magnitude and
direction of the litter decomposition response to nutrient
enrichment were assessed for subsets of the database
according to our questions and available sample size;
only moderator levels with at least three case studies
were compared (Table 1; Fig. 1; see online Table SI).
The test of moderators in meta-analysis is similar to weighted
ANOVA in which each value of the response variable
(InR) is weighted by the reciprocal of its variance (1/VpR).
We used mixed-effects models to compare heterogeneity
between (Qp) and within (Qyy) moderator levels to assess
the significance of each categorical moderator (Borenstein
et al., 2009). Two groups (levels) were significantly different
if their 95% CL did not overlap (Borenstein ez al., 2009). To
facilitate interpretation of the results, the In-mean effect size
was back-transformed into mean effect size and significant
effects existed when the 95% CL did not include 1.

To avoid potential confounding factors, the moderators
were tested hierarchically (Table 1, Fig. 1). The overall
difference in effect size between the laboratory and
the field case studies was tested first using the whole
dataset. Further analyses were restricted to case studies
from the field experiments only. We first tested for
the difference between manipulative and correlative
field studies. Because of significant differences between
the two factor levels, we pursued our hierarchical
approach analysing other moderators for manipulative and
correlative field studies separately. Figure 1 and Table 1
summarize the order and corresponding datasets used in the
analyses.

Weighted regressions were used to assess the relationship
between effect sizes (InR) and continuous variables: mean
DIN and SRP concentrations in REF, and magnitude
of the increase in DIN and SRP concentrations between
REF and NUT (all In-transformed). Meta-regressions were



performed for laboratory, correlative field and manipulative
field experiments using the mixed-effects models.

(7) Sensitivity analyses

Studies by Barlocher & Corkum (2003) and Woodward et a.
(2012) made a large contribution to the overall dataset,
with 44% of cases for laboratory experiments (66 cases)
and 16% of cases for field studies (108 cases), respectively.
Because such a large contribution might have biased our
results, we carried out a sensitivity analysis by removing
these case studies and repeating the analyses. In addition,
to assess possible bias in effect sizes due to the inclusion of
case studies that did not go through the peer-review process
(i.e. grey literature), all analyses were repeated on a data
subset excluding such cases. Also, to assess for possible bias
in effect sizes due to the inclusion of case studies for which
kin day™! and/or S.D. had to be estimated, the analyses
were repeated on a data subset excluding such studies.
Finally, to account for the possible non-independence of
case studies taken from the same primary paper, analyses
were repeated using mean effect size per study, which
was calculated as the weighted mean effect size of all
cases considered within that study using a mixed-effects
model.

(8) Publication bias

Evidence of publication bias in the overall database and
datasets used in the analyses was assessed by the funnel plot
and by the Rosenthal’s fail-safe number (Borenstein et al.,
2009). For the overall database, the funnel plot, which is a

scatter plot of effect sizes against sample sizes from individual
studies, was symmetrical, which suggests the absence of
publication bias. The Rosenthal’s fail-safe number gives the
number of missing case studies with non-significant results
that would be necessary to nullify the combined effect size.
It would 1625080. Even if we assume that each missing
study contribute 108 case studies (the largest number of case
studies contributed by a study in the present database), this
converts into 15047 missing studies, 30 times higher than the
threshold for considering the results robust (53N + 10, where
N =number of studies in the database).

III. RESULTS

(1) Data description

Out of 99 primary studies included in this review, 44%
were conducted in Europe, 36% in North America, 9%
in Oceania, 9% in Central and South America, and 1%
in Asia (see online Appendix SI, Fig. S1). The earliest
studies included in this review were from 1976 (Howarth &
Fisher, 1976; Triska & Sedell, 1976), but 77% of the studies
were published between 2000 and summer 2012 (see online
Appendix S1, Table S1).

Correlative studies in which litter decomposition was
assessed along landscape gradients of dissolved nutrients
were the most common type of study (62%), followed
by manipulative field experiments (20%), and laboratory
studies (18%) (Fig. 1; see online Table S1). Among field
studies, the decomposition of leaf litter was the most studied
(92% of cases), while decomposition of wood was addressed

Al
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Fig. 1. Design of the database showing the number of cases per moderator variable. See Table S2 for descriptions of moderator

variables.
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Fig. 2. Irequency distribution of effect sizes for 840 case
studies. The mean effect size is indicated by the solid line
and the associated 95% CL by the dotted lines. The dashed
line (InR =0) indicates no effect of nutrient enrichment on
litter decomposition. Positive effect sizes indicate stimulation of
litter decomposition by nutrient enrichment, and negative effect
sizes indicate a decrease in litter decomposition associated with
nutrient enrichment.

to a lesser extent (8%). The effect of nutrient enrichment
on total litter decomposition (i.e. driven by microbes and
invertebrates) was studied most often (66% of cases), while
the effect on microbially driven decomposition was addressed
in 34% of cases (Fig. 1; see online Table S1). Most cases
for field studies came from temperate regions (77%), while
only 15% came from cold regions (boreal and alpine) and
8% from tropical areas. Most field manipulative studies
addressed the combined effect of N and P enrichment on
litter decomposition (66% of cases), while the effect of N or
P alone was addressed in 24 and 10% of cases, respectively
(Fig. 1; see online Table S1).

(2) Overall effect of nutrient enrichment on litter
decomposition

The grand mean effect size was 1.49 (95% CL:
1.41-1.58), corresponding to a significant increase
(approximately 50%) in litter decomposition rate with
nutrient enrichment (Table 1, Ql; Fig. 2; see online
Table S3). The combined effect size of nutrient effect
on litter decomposition did not differ significantly from
1 between 1976 and 1994 (Fig. 3). From 1995
onwards, the combined effect size suggested a significant
stimulation of litter decomposition with nutrient enrichment.
Evidence accumulated over the last 17 years has increased the
precision of the estimate but did not change its magnitude; by
2012, the combined effect size was positive and significantly
different from 1 (Fig. 3).

(3) Effects of moderators on the response of litter
decomposition to nutrient enrichment

Several experimental and environmental characteristics
of the primary studies affected the response of litter
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(29) — e 2001
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Cumulative mean effect size + 95% CL

Fig. 3. Trends in cumulative meta-analysis results over time.
For each year, the mean effect size was calculated by performing
a meta-analysis of all previous years based on the mean effect
size of each primary study. The dashed line (mean effect
size = 1) indicates no effect of nutrient enrichment on litter
decomposition. The mean effect size is significant when the 95%
CL does not overlap 1 (black circles). The number of primary
studies accumulated by each year is given in parentheses; the
total number of primary studies accumulated by 2012 is 98
because the unpublished study (V. Gulis, V. Ferreira & M. A.
S. Graga, unpublished data) was not included in this analysis.

decomposition to nutrient enrichment. Specifically, the
effect of the type of study was significant (Qp=113.33,
d.f.=1, P<0.0001), with stronger responses to enrich-
ment found in laboratory than in field studies (Table 1,
Q2a; Fig. 4A; see online Table S3). The type of field
study also affected the response of litter decomposition
to nutrient enrichment (Qp=13.35, df.=1, P<0.001),
with stronger effects in manipulative than in correla-
tive studies (Table 1, Q2b; Fig. 4A; see online Table
S3). Within manipulative studies, the scale of manipu-
lation affected the response of decomposition to enrich-
ment (Qp=63.08, d.f.=3, P<0.0001) (Table 1, Q2c;
Fig. 4A; see online Table S3). Manipulative studies at
the stream scale revealed a significant stimulation of litter
decomposition with nutrient enrichment. In side chan-
nels, the stimulation was marginally significant, while no
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Fig. 4. (A)Effect of nutrient enrichment on litter decomposition
in different types of studies, and (B) effects of enrichment
with N, P or their combination on leaf litter decomposition
in manipulative studies in streams and side channels. The
dashed line (mean effect size=1) indicates no effect of
nutrient enrichment on litter decomposition, mean effect size
>1 indicates stimulation, and mean effect size <1 indicates
inhibition. The effect of nutrient enrichment is significant when
the 95% CL does not overlap 1 (black circles). Within each
dataset (indicated in bold, see Table 1 for details), levels with
the same letter do not differ significantly in their response to
nutrient enrichment. Values in parentheses indicate sample size.

significant effect was observed in studies manipulating nutri-
ent concentration at the catchment or at the litter bag scales
(Fig. 4A; see online Table S3).

In manipulative studies, the identity and combination
of nutrients added (N, P, or both) affected the response of
leaf decomposition to nutrient enrichment, but it depended
on the scale of manipulation [significant ‘manipulation
scale x nutrient added’ interaction: log-likelihood ratio test
(LLR)=11.13, P=0.004] (Table 1, Q3; Fig. 4B; see online

Table S3). In manipulative studies in streams and side
channels, the addition of both nutrients stimulated leaf
decomposition whereas the addition of P did not result in
significant effects (Fig. 4B; see online Table S3). The addition
of N alone stimulated litter decomposition in streams, but
not in side channels (Fig. 4B; see online Table S3).

For laboratory cases, effect sizes were negatively related
to the mean DIN concentration in REF treatments, but not
to SRP (Table 1, Q4a; see online Fig. S2A, B, Table S4). In
correlative field studies, effect sizes were negatively related
to the mean DIN and SRP concentrations in REF (Table 1,
Q4a; Fig. 5A, B; see online Table S4). In manipulative
field studies, no significant relationship was found between
nutrient concentration in REF and effect sizes (Table 1, Q4a;
see online Table S4, Fig. S3A, B).

When laboratory cases were considered, effect sizes were
positively related to the magnitude of increase in DIN and
SRP concentrations in NUT relative to REF (Table 1,
Q4b; see online Fig. S2C, D, Table S4). For correlative
studies, effect sizes were positively related to the magnitude
of increase in SRP concentration in NUT relative to REF,
while the magnitude of increase in DIN had no effect
(Table 1, Q4b; Fig. 5C, D; see online Table S4). By contrast,
for manipulative studies, a positive relationship was found
between the effect size and the magnitude of increase in DIN
concentration, but not in SRP concentration (Table 1, Q4b;
see online Table S4, Iig. S3C, D).

The type of litter affected the response of lit-
ter decomposition to nutrient enrichment, but the
effect varied between correlative and manipulative stud-
les (significant ‘study type X litter type’ interaction:
LLR=51.62, P<0.0001) (Table 1, Q5; Fig. 6A; see
online Table S3), which were therefore analysed separately.
In correlative studies, the response of litter decomposition
to nutrient enrichment was not affected by the litter type
(Qp=0.38, d.f. =1, P=0.540), although nutrient enrich-
ment significantly stimulated the decomposition of leaves,
but not that of wood (Fig. 6A; see online Table S3). In manip-
ulative stream studies, however, the type of litter affected the
magnitude of the response of litter decomposition to nutrient
enrichment (Qp =91.60, d.f.=1, P <0.0001), with much
stronger effects for wood than for leaves (Fig. 6A; see online
Table S3).

The identity of the leaf litter affected the response of
leaf decomposition to nutrient enrichment in correlative
studies (Qp=140.60, d.f.=14, P <0.0001) (Table 1,
Q6; Fig. 6B; sce online Table S3). The decomposition
of Liriodendron, Acer, Ficus, and Quercus leaves was
significantly stimulated by nutrient enrichment, while
the decomposition of Fagus and Trema
significantly inhibited in NUT conditions (Fig. 6B; see online
Table S3).

The type of aquatic community involved in leaf
decomposition did not affect the response of leaf
decomposition to nutrient enrichment neither in cor-
relative studies (Qp=0.37, df.=1, P=0.545) nor in
manipulated side channels (Qp=3.21, df=1, P=

leaves was
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Fig. 5. Effects of mean dissolved inorganic nitrogen (DIN; A) and soluble reactive phosphorus (SRP; B) concentrations in reference
conditions (REF), and magnitude of the increase in DIN (C) and SRP (D) concentrations in nutrient-enriched conditions (NUT) versus
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on litter decomposition, InR > 0 indicates stimulation, and InR < 0 indicates inhibition. The relationship (meta-regression) is shown

by the solid line and the associated 95% CL by the dashed lines.

0.073) (no ‘study type X community type’ interaction:
LLR =0.41, P=0.523) (Table 1, Q7; Fig. 7A; see online
Table S3). In correlative studies, both microbially driven and
total decomposition were stimulated by nutrient enrichment,
while in manipulative studies, the effect of nutrients was only
significant for microbially driven decomposition (Fig. 7A;
see online Table S3).

The climate type did not affect the response of
leaf decomposition to nutrient enrichment either in
correlative studies (Qp=4.13, d.f.=2, P=0.127) or
in manipulative stream studies (Qp=2.27, df.=2,
P=0.322) (no ‘study type X climate’ interaction: LLR =
1.78, P=0.410) (Table 1, Q8; Fig. 7B; see online
Table S3). In general, nutrient enrichment stimulated leaf
decomposition in all field studies in all climates, with the
only exception being manipulative stream experiments in
the tropics (Fig. 7B; see online Table S3).

(4) Sensitivity analysis

Sensitivity analyses showed that when primary studies
that contributed a disproportionally high number of
cases (Barlocher & Corkum, 2003; Woodward et al.,
2012), unpublished studies or case studies for which

k in day™! and/or S.D. values had to be estimated were
removed from the database, the trends and interpretations
were not qualitatively changed, except for the effect of
mean nutrient concentration in REF, magnitude of the
nutrient enrichment between NUT and REF, and climate
(see online Tables S4—S7). The removal of Barlocher &
Corkum (2003) and Woodward et al. (2012) cases from
the database resulted in the appearance of a significant
positive relationship between the magnitude of the DIN
enrichment and effect sizes in correlative studies (see online
Table S4). The removal of unpublished cases or estimated
cases from the database resulted in the disappearance of
the negative relationship between mean SRP concentration
in REF and effect sizes in correlative studies (see online
Table S4). The removal of estimated cases from the database
resulted in the disappearance of (i) the negative relationship
between mean DIN concentration in REF and effect sizes
in laboratory studies, (i) the positive relationships between
the magnitude of the nutrient enrichment and effect sizes
in laboratory studies, and () the negative relationship
between mean SRP concentration in REF and effect sizes in
correlative studies, and in the appearance of () a negative
relationship between mean DIN concentration and effect
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Fig. 6. Effect of nutrient enrichment on decomposition rates
(A) of leaves and wood in correlative and manipulative studies
in streams, and (B) of leaves from different genera in correlative
field studies. The dashed line (mean effect size = 1) indicates no
effect of nutrient enrichment on litter decomposition, mean
effect size >1 indicates stimulation, and mean effect size
<1 indicates inhibition. The effect of nutrient enrichment is
significant when the 95% CL does not overlap 1 (black circles).
Within each dataset (indicated in bold, see Table 1 for details),
levels with the same letter do not differ significantly in their
response to nutrient enrichment. Values in parentheses indicate
sample size.

sizes in manipulative studies and () a positive relationship
between the magnitude of SRP enrichment and effect sizes
in manipulative studies (see online Table S4). When either
Birlocher & Corkum (2003) and Woodward et al. (2012) or
unpublished studies were removed from the database, the
degree to which leaf decomposition in correlative studies was
stimulated by nutrient enrichment became dependent on
climate, with a stronger response in cold than in temperate
climates (Qp=1>5.75, df.=2, P=0.056, and Qp =6.34,
d.f. =2, P=0.042, respectively; see online Tables S5 and
S6). When estimated cases were removed from the database,
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Fig. 7. Effect of nutrient enrichment (A) on microbially driven
and total (microbial and invertebrate) leaflitter decomposition in
correlative field studies and in manipulative studies in stream side
channels, and (B) on leaflitter decomposition in cold, temperate
and tropical climates in correlative and manipulative studies
in streams. The dashed line (mean effect size = 1) indicates no
effect of nutrient enrichment on leaf decomposition, mean effect
size >1 indicates stimulation, and mean effect size <1 indicates
inhibition. The effect of nutrient enrichment is significant when
the 95% CL does not overlap 1 (black circles). Within each
dataset (indicated in bold, see Table 1 for details), levels with
the same letter do not differ significantly in their response to
nutrient enrichment. Values in parentheses indicate sample size.

the response of litter decomposition to nutrient enrichment
in correlative studies in tropical streams disappeared, and the
effect size was stronger in cold than in temperate or tropical
regions (Qp=10.32, d.f. =2, P=0.006; see online Table
S7). When only an averaged mean effect size per study was
considered, results did not change qualitatively regarding
the response of litter decomposition to nutrient enrichment,
although they did not depend on study type or manipulation
scale (see online Table S8).



IV. DISCUSSION

In this first meta-analysis of the effects of nutrient enrichment
on litter decomposition in streams, we have shown that
overall decomposition is significantly stimulated by nutrient
addition and revealed a number of environmental and
experimental variables that modify the magnitude of the
response.

(1) Q1: Does nutrient enrichment affect litter
decomposition in running waters?

This meta-analysis of approximately 40years of studies
addressing the effect of nutrient enrichment on litter
decomposition in running waters showed stimulation of litter
decomposition by approximately 50%. However, cumulative
meta-analysis revealed that an overall significant response of
litter decomposition to nutrient enrichment was found only
from 1995 onward. The rapid growth in the number of
studies addressing this issue in recent years has contributed
to the increased precision of effect estimates, but did not
change the magnitude or direction of the effect size over the
last two decades.

(2) Q2: Do the magnitude and direction of the
nutrient-enrichment effect on litter decomposition
differ between types of studies?

The type of study affected the response of litter decomposition
to nutrient enrichment. The magnitude of the effect
size was in the order: laboratory studies > manipulative
field studies > correlative field studies. As hypothesized,
the observed differences can be explained by an increase
in complexity of the system under assessment and a
concomitant decrease in the ability to control potentially
confounding variables from laboratory towards correlative
field studies. In the majority of cases, correlative field
studies were carried out in agricultural landscapes where
intensification of agricultural practices results in increased
nutrient loads, but also leads to increases in fine sediment
load (Niyogi etal, 2003; Hagen, Webster & Benfield,
2006). Fine sediments have been shown to lower benthic
mvertebrate densities and diversity (Matthaet et al,, 2010;
Piggott et al., 2012). Since Plecoptera and Trichoptera (which
constitute a major portion of detritivore taxa) are among
the most sensitive invertebrates (Carlisle et al., 2007), an
increase in fine sediments can result in decreases in litter
decomposition rates (Young, Matthaei & Townsend, 2008).
In some cases, however, fine sediments might stimulate litter
decomposition due to physical abrasion or smothering
of submerged detritus (Matthaei etal, 2010; Piggott
etal., 2012). Agricultural practices, including increases
in fine sediment load, can also lead to decreases
in dissolved oxygen availability (Pascoal & Cassio,
2004; Hagen etal, 2006), which have been shown
negatively to affect fungal decomposers (Medeiros, Pascoal
& Graga, 2009). Additionally, agricultural practices
are frequently associated with the use of pesticides,

which negatively affects aquatic biota (microbial and
mvertebrate decomposers) and litter decomposition (Schéfer
etal, 2007; Rasmussen etal, 2012). Finally, high
concentrations of ammonium can become toxic to aquatic
macroinvertebrates (Camargo, Alonso & Salamanca, 2005;
Camargo & Alonso, 2006; Lecerf etal., 2006) resulting
in decreased decomposition rates (Pascoal & Cassio,
2004; Lecerf et al., 2006; Woodward ez al., 2012). Correlative
field studies are therefore likely to underestimate the intrinsic
effect of nutrient enrichment on litter decomposition.
Nevertheless, correlative studies allow assessment of the effect
of nutrient enrichment in combination with concomitant
changes in other environmental factors under realistic field
conditions (e.g. agricultural activity, waste water discharge),
although they do not allow discrimination between the
effects of nutrient enrichment per se and other accompanying
variables.

The significant response of litter decomposition to nutrient
enrichment in manipulative studies was driven by the large
effect size observed in studies that manipulated nutrient con-
centrations at the stream scale. Indeed, litter decomposition
was more responsive to experimental nutrient enrichment
at larger scales: stream >side channel > litter bag. Lit-
ter decomposers are uniformly and continuously exposed
to nutrient enrichment when enrichment operates at the
whole-stream scale (Elwood et al., 1981; Rosemond et al.,
2002; Gulis & Suberkropp, 2003¢; Benstead et al., 2005;
Ferreira et al., 2006). However, the continuous experimental
addition of nutrients at the stream scale may not perfectly sim-
ulate streams that suffer from intermittent nutrient inputs (e.g.
waste water plant discharges, run-off events). To our knowl-
edge, only one primary study attempted to assess how nutri-
ent addition frequency affects litter decomposition in streams,
but reported no effects of nutrient enrichment, either contin-
uous or intermittent (Triska & Sedell, 1976). Nutrient enrich-
ment at the litter bag scale, on the other hand, was often
attempted by using diffusing substrates (e.g. fertilizer pellets or
agarized media), which do not provide uniform controllable
nutrient release at either temporal or spatial scales (Abelho &
Graga, 2006; McKie et al., 2009; Abelho et al., 2010). There-
fore, we suggest that this approach to address the effect
of nutrient enrichment on litter decomposition should be
abandoned. The effect of experimental nutrient enrichment
at the catchment scale, the largest scale considered, was not
significant, probably due to small sample size (a single study
with 10 cases; Chadwick & Huryn, 2003). Also, while Chad-
wick & Huryn (2003) simulated atmospheric N deposition,
the N-enriched stream might have experienced P limitation.

The strong response of litter decomposition to nutrient
enrichment in laboratory studies is likely to be a result of
highly controlled conditions (i.e. isolation and manipulation
of the factors and organisms of interest) and well-replicated
designs, which are usually not possible under field conditions.
These characteristics of laboratory studies make them very
useful for clarifying the mechanisms by which environmental
factors affect litter decomposition. However, the simplistic
nature of these studies, due to the impossibility of reproducing



within a microcosm all the possible biotic and abiotic
interactions that characterize real ecosystems, seriously limits
the ability to scale up the results.

(3) Q3: Are the magnitude and direction of the
nutrient-enrichment effects on litter decomposition
in manipulative studies influenced by the identity
or combination of nutrients added?

Manipulative studies differed in the type of nutrient added (N,
P or both), with the simultaneous addition of both nutrients
having stronger effects on litter decomposition than the
addition of either N or P alone, suggesting possible nutrient
co-limitation. Similarly, stronger effects of the combination
of nutrients have been found for primary producers (e.g.
Francoeur, 2001; Elser et al., 2007). Also, the similar effect
sizes found when either N or P were added alone suggest that
stream decomposers are almost equally likely to be limited
by either nutrient, as already suggested for benthic algae
(Francoeur, 2001).

(4) Q4a: Is there a relationship between the
magnitude of the nutrient-enrichment effect on
litter decomposition and nutrient availability in
reference conditions?

Nutrient concentration in reference conditions was also
an important factor determining the response of litter
decomposition to nutrient enrichment in laboratory and
correlative studies. At low N (both study types) and P
concentrations (correlative studies), nutrient enrichment
stimulated litter decomposition, but the effect of enrichment
was not significant when the background nutrient
concentration was already high. This suggests that when
microbial decomposers are not nutrient-limited, further
increases in nutrient availability will not stimulate litter
decomposition (Grattan & Suberkropp, 2001). A similar
pattern was found for the effect of P addition on
phytoplankton growth in marine environments (Downing
etal, 1999). Thus, the iterpretation of the effects of
nutrient enrichment on litter decomposition must take into
consideration the background nutrient concentrations.

(5) Q4b: Is there a relationship between the
magnitude of the nutrient-enrichment effect on
litter decomposition and the magnitude of the
nutrient enrichment?

The relationship between the response of litter decom-
position and the magnitude of N enrichment differed
between study types, with stronger positive relationships
for laboratory studies, followed by manipulative stud-
ies; no relationship was observed for correlative stud-
ies. In correlative studies, small and large increases in
N had comparable effects on litter decomposition, which
suggests that at high N concentrations either ammonium
became toxic to invertebrates (Camargo & Alonso, 2006;
Lecerf et al., 2006) or that these high N concentrations were

accompanied by changes in other variables that counter-
acted the stimulating effect of N on microbes (Woodward
etal., 2012) (see Q2 above). A similar pattern has been
found for the effect of N addition on litter decomposition
in terrestrial systems (Knorr et al, 2005). However, when
the study by Woodward et al. (2012) was excluded from
the analysis, the relationship between effect sizes and the
magnitude of N enrichment in correlative studies became
positive as cases with the largest increases in N concentra-
tion were removed. These cases were also potentially those
with the largest changes in other variables that could have
counteracted the stimulatory effect of nutrient increase, such
as decrease in dissolved oxygen concentration or increase
in pesticide concentrations. Also, it has been shown that
microbial nutrient demands can be satisfied at relatively low
levels of nutrient availability with the relationship between
microbial activities and dissolved nutrient concentration
following a Michaelis—Menten saturation-type model; the
concentration at which half of the maximum rate of activity
is achieved was estimated at 16303 ugl™! for nitrate-N
and 7-21ugl~! for SRP (Rosemond et al., 2002; Ferreira
et al., 2006; Gulis et al., 2006). Thus, increases in dissolved
nutrient concentration beyond the half-saturation point will
not translate into proportional increases in decomposition
rates.

(6) Q5: Do the magnitude and direction of the
nutrient-enrichment effects on litter decomposition
differ between leaves and wood?

We anticipated a stronger effect of nutrient enrichment on
the decomposition of wood than of leaf litter since wood
has lower initial N and P concentrations and, therefore,
associated microbial decomposers may respond to external
nutrients to a greater extent (Stelzer, Heffernan & Likens,
2003; Gulis et al., 2004; Ferreira et al., 2006; Spanhoff e al.,
2007b; Young & Collier, 2009). Indeed, nutrient enrichment
stimulated wood decomposition to a greater extent than that
ofleafTitter in stream manipulative studies. However, this can
be explained in part by the common use of wood veneers in
whole-stream enrichment experiments. Wood veneers have
relatively high surface area to volume ratio as compared
to sticks or branches (cylindrical shape) and as a result
display higher microbial activity per unit mass. The higher
microbial activity on veneers makes the decomposition of
this substrate more sensitive to the effects of nutrients than
that of sticks or branches. In correlative studies, nutrient
enrichment did not significantly affect wood decomposition
and only slightly stimulated leaf decomposition due to a
multitude of confounding factors in such studies, including
pollution (see Q2 above).

(7) Q6: Are the magnitude and direction of the
nutrient-enrichment effects on leaf litter
decomposition influenced by plant identity?

Plant species differ in leaf physical and chemical
characteristics (Ostrofsky, 1997), and it is plausible that



the leaf decomposition of nutrient-poor plant species is
more responsive to nutrient enrichment than that of
nutrient-rich species (Gulis & Suberkropp, 2003¢; Ferreira
et al., 2006; Gulis et al., 2006), although other leaf traits
(lignin concentration, toughness, wax or cuticle, etc.) may
also modify the effects of litter nutrient concentration on
decomposition (Lecerf & Chauvet, 2008b). Alnus and Quercus
leaves were most frequently used in correlative studies,
and, therefore, their effect sizes are the most robust.
Conversely, the sample sizes for many plant genera were
small and therefore the effect sizes should be interpreted
with caution. Effect sizes were higher for genera with
low (e.g. Quercus) and intermediate N concentration (e.g.
Acer, Ficus), and non-significant for high-N litter (e.g. Alnus)
(Ostrofsky, 1997). Contrary to expectations, however, the
decomposition of the nutrient-poor Fagus leaf litter (Gessner
& Chauvet, 1994) was generally lower under nutrient
enrichment. This can be explained by the fact that most
Fagus cases came from two studies where the gradient in
nutrient concentration was negatively related to a decrease
in the density of a key detritivore species (Gammarus pulex)
(Piscart etal., 2009, 2011). Also, the decomposition of
poor-quality Fucalyptus leaf litter was not significantly affected
by nutrient enrichment, which might be partially attributed
to its high concentration of essential oils and polyphenolics
and thick cuticle, which usually delays colonization by
micro-organisms and detritivores (Canhoto & Graga, 1999)
and might render this litter less sensitive to nutrient
enrichment (Abelho et al., 2010; Geraldes, 2011; but see
Mesquita, Pascoal & Cassio, 2007; Molinero, Pozo &
Gonzélez, 1996). Since there are differences in effect sizes
among plant genera, any conclusion regarding the effect
of nutrient enrichment on litter decomposition should be
interpreted in light of the identity/quality of the litter used.

(8) Q7: Are the magnitude and direction of the
nutrient-enrichment effects on litter decomposition
influenced by the types of aquatic decomposers
involved?

In litter decomposition studies, it is common to incubate
litter protected from or exposed to macroinvertebrates
to estimate the relative contributions of microbial and
invertebrate decomposers to litter processing. Since
microbial activity is generally stimulated by nutrient
enrichment (Suberkropp & Chauvet, 1995; Niyogi ¢t al.,
2003; Gulis & Suberkropp, 2003¢; Gulis et al., 2004
Ferreira et al., 2006; Gulis, Suberkropp & Rosemond,
2008), and the activity of detritivores on submerged
litter is wusually stimulated by microbial conditioning
(Barlocher & Kendrick, 1975; Arsufi & Suberkropp,
1984; Graga etal, 2001; Chung & Suberkropp, 2009),
we anticipated a stronger effect of nutrient enrichment
on total than on microbially driven litter decomposition
(Pascoal etal, 2003; Gulis etal, 2006). Contrary to
predictions, however, the type of community involved
in leaf decomposition did not affect the response of
decomposition to nutrient enrichment, which suggests that

nutrients did not significantly modify the interactions
between microbial and metazoan decomposers or their
net outcomes. Also, detritivores may not always be
important players in litter decomposition, especially in
streams where nutrient (e.g. ammonium) enrichment
attains toxic levels to invertebrates or is accompanied
by increases in sedimentation or other pollutants as in
many streams affected by agriculture (Niyogi et al., 2003;
Lecerf et al., 2006; Piscart et al., 2009, 2011). However,
nutrient enrichment significantly stimulated microbially
driven leaf decomposition in correlative field studies and
manipulative experiments in streamside channels. This
contrasts with the results from a previous meta-analysis
(Lecerf & Chauvet, 20084), which reported no significant
response of microbially driven leaf decomposition to nutrient
enrichment in human-altered streams. These varying results
can be attributed to differences in sample size: in our case,
the effect of nutrient enrichment on microbial-driven leaf
decomposition in correlative studies was based on 208
NUT-REF comparisons, while in the meta-analysis of
Lecerf & Chauvet (20084) the effect size was based on
SIX stream pairs.

(9) Q8: Do the magnitude and direction of the
nutrient-enrichment effects on litter decomposition
differ across climatic areas?

Climate can potentially influence the effect of nutri-
ent enrichment on litter decomposition. Our results,
however, did not reveal any significant effect of cli-
mate on the response of leaf decomposition to nutrient
enrichment, despite the significant effect of nutrient enrich-
ment on leaf decomposition in cold and temperate regions
and the non-significant effect size in manipulative stream
studies in the tropics. When case studies from Barlocher
& Corkum (2003) and Woodward et al. (2012), unpublished
studies, and those in which £day~! and/or S.D. values had
to be estimated were excluded from analyses, the effect size
became significantly higher in cold than in temperate (and
tropical) regions, which suggests that the effect of nutrient
enrichment on litter decomposition across climatic regions
may be affected by biogeographic patterns of invertebrate
abundance and diversity (Boyero et al., 20115). These results
are, however, limited by the lower sample sizes in cold and
tropical regions.

V. CONCLUSIONS

(1) This meta-analysis has shown that increases in
dissolved nutrient availability stimulate litter decomposition,
potentially altering the energy flow and nutrient cycling in
streams. This stimulation is stronger when the background
nutrient concentrations are low and the magnitude of the
nutrient enrichment is high.

(2) The response of litter decomposition to nutrient
enrichment depends, however, on the type of study, with



much stronger effects in the laboratory than in the field.
This suggests that, although laboratory studies are useful
in elucidating the mechanisms by which target variables
affect litter decomposition, the magnitude of the nutrient
enrichment effect on litter decomposition observed in the
laboratory may overestimate the effects occurring in the
field. The effects of nutrient enrichment on ecosystem-level
processes should be addressed under realistic field conditions.

(3) The response of litter decomposition to nutrient
enrichment is also stronger for field manipulative studies
than for correlative studies; the latter suffering from
various confounding effects, including pollutants that inhibit
biological processing of detritus in streams affected by
human activity. Experimental nutrient manipulations at the
stream scale allow the effect of a single variable (nutrient)
on litter decomposition to be addressed specifically, while
assessing the response of litter decomposition to nutrient
enrichment (eutrophication) due to human activities (e.g.
agriculture) includes the effects of concomitant changes in
other environmental factors. Both approaches can contribute
to our understanding of the effects of nutrient enrichment
on litter decomposition in a variety of scenarios.

(4) For field manipulative studies, the response of litter
decomposition to nutrient enrichment depends on the type
of manipulation, with much stronger effects when nutrient
enrichment is done at the stream than at the litter-bag scale.
In the latter case, it is usually difficult to provide uniform
controllable nutrient releases at either temporal or spatial
scale, and therefore we suggest that this approach should be
abandoned.

(5) The response of litter decomposition to nutrient
enrichment 1s the strongest for low-quality leaf litter
(high C:N ratio) and wood, as on these substrates fungal
decomposers experience more severe nutrient limitation
than on nutrient-rich substrates. Therefore, the identity
and type of the litter used should be taken into consideration
when evaluating the effect of nutrient enrichment in streams.
Since litter decomposition has been proposed as an indicator
of stream functional integrity (Gessner & Chauvet, 2002;
Young et al., 2008), low-quality litter will likely be more
effective in detecting an impairment than high-quality litter
(Gulis et al., 2006).

(6) While the overall effects of nutrient enrichment
on decomposition of leaf litter in streams are generally
understood, our knowledge on decomposition of submerged
woody substrates and plant litter other than tree leaves that
may play an important role in stream ecosystem functioning
(e.g. Ward & Aumen, 1986) is lagging.

(7) Our meta-analysis uncovered a suite of general
patterns describing the response of plant decomposition to
nutrient enrichment at a global scale. Nevertheless, further
studies are needed to address questions that presently have
small sample sizes. For example, most studies reviewed here
came from Europe and the USA; studies from Central and
South America came mostly from a single region in Costa
Rica, whereas studies from Asia, Africa and tropical areas
are under-represented.

(8) Several potentially important moderator variables
of the nutrient effect on litter decomposition need
to be addressed in future studies, such as nutri-
ent addition frequency (continuous uversus intermittent)
and the interaction between nutrient enrichment and
changes in other environmental factors likely to occur
concomitantly (e.g. warming, decreases in dissolved oxygen
availability, sedimentation, increases in pesticide concen-
trations, changes in litter quality). The effects of multiple
stressors and their interactions on stream ecosystem func-
tioning started to be addressed only recently, and some
studies suggest that the effect of nutrients on litter decom-
position can be significantly altered by changes in other
environmental variables (Matthaei et al,, 2010; Ferreira &
Chauvet, 2011; Piggott et al., 2012).
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