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Abstract. Nutrient enrichment affects bacteria and fungi associated with detritus, but little is known
about how biota associated with different size fractions of organic matter respond to nutrients. Bacteria
dominate on fine (,1 mm) and fungi dominate on coarse (.1 mm) fractions, which are used by different
groups of detritivores. We measured the effect of experimental nutrient enrichment on fungal and bacterial
biomass, microbial respiration, and detrital nutrient content on benthic fine particulate organic matter
(FPOM) and coarse particulate organic matter (CPOM). We collected FPOM and CPOM from 1 reference
and 1 enriched stream. CPOM substrates consisted of 2 litter types with differing initial C:nutrient ratios
(Acer rubrum L. and Rhododendron maximum L.). Fungal and bacterial biomass, respiration, and detrital
nutrient content changed with nutrient enrichment, and effects were greater on CPOM than on FPOM.
Fungal biomass dominated on CPOM (,99% total microbial biomass), whereas bacterial biomass
dominated on FPOM (,95% total microbial biomass). These contributions were unchanged by nutrient
enrichment. Bacterial and fungal biomass increased more on CPOM than FPOM. Respiration increased
more on CPOM (up to 300% increase) than FPOM (,50% increase), indicating important C-loss pathways
from these resources. Microbial biomass and detrital nutrient content were positively related. Greater
changes in nutrient content were observed on CPOM than on FPOM, and changes in detrital C:P were
greater than changes in detrital C:N. Threshold elemental ratios analyses indicated that enrichment may
reduce P limitation for shredders and exacerbate C limitation for collector-gatherers. Changes in CPOM-
dominated pathways are critical in predicting shifts in detrital resource quality and C flow that may result
from nutrient enrichment of detritus-based systems.

Key words: nitrogen, phosphorus, headwater stream, carbon, detritus, shredder, fungi, bacteria, aquatic,
freshwater, Coweeta Hydrologic Laboratory, southern Appalachian Mountains.

Increased nutrient mobilization and associated
increased bioavailability of N and P are global
problems in freshwater ecosystems (Smith and
Schindler 2009). Effects of nutrient enrichment on
detrital resources have received much less treatment
in the literature on heterotrophic than on autotrophic
food webs. Predicted effects of nutrient enrichment on
heterotrophic pathways include increased respiration
of C inputs driven by organisms ranging from

heterotrophic microbes to higher-order consumers
(Dodds 2007). However, little is known about how
different types of organic C resources (e.g., small vs
large size fractions) or different groups of heterotro-
phic microorganisms respond to nutrient enrichment.

In stream ecosystems, particulate organic C re-
sources can be divided into 2 functional types: coarse
and fine particles. Coarse detritus in the form of
leaves and wood provides most of the energy and
nutrients in many forested headwater stream food
webs, but fine benthic organic matter, which results
from breakdown and fragmentation of coarse frac-
tions and other processes, also is a significant resource
for consumers and dominates the basis of consumer
production in larger rivers (Wotton 1994, Wallace et
al. 1997, Rosi-Marshall and Wallace 2002). In general,
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detrital nutrient content increases as particle size
decreases (Stelzer et al. 2003). Microbial assemblages
composed of fungi and bacteria are important
decomposers of these resources. The relative biomass
of bacteria and fungi differs on different detrital size
fractions. Fungi dominate on coarse particulate
organic matter (CPOM; wood and leaves), and
bacteria dominate on fine particulate organic matter
(FPOM) (Findlay et al. 2002). Heterotrophic microor-
ganisms growing attached to or pervading organic
matter resources are important facilitators of changes
in quantity (via respiration) or quality (by decreasing
C:nutrient ratios) of organic matter that they colonize
(Stelzer et al. 2003).

Detritus is a poor-quality resource under ambient
nutrient concentrations even when colonized by
microbes, but nutrient enrichment can cause dramatic
changes in detrital quality (Robinson and Gessner
2000, Pascoal et al. 2005, Chung and Suberkropp
2009). However, this quality response may differ for
small- and large-sized detrital particles as a result of
fungal vs bacterial dominance or the chemical and
structural characteristics of substrates (e.g., differenc-
es in initial C:nutrient ratios, lignin content). Specif-
ically, relatively greater fungal vs bacterial response
to increased nutrient supply (Suberkropp et al. 2010)
would differentially affect the substrates on which
they dominate (CPOM vs FPOM, respectively; Find-
lay et al. 2002). In addition, nutrient enrichment
effects can be greater for substrates with relatively
low endogenous nutrient content, as is the case for
wood vs leaf litter (Stelzer et al. 2003, Gulis et al. 2004)
and leaf litter of species that differ in initial C:nutrient
content (Greenwood et al. 2007). Moreover, the
magnitude of change in C:nutrient ratio with enrich-
ment is greater for CPOM than for FPOM, presum-
ably because of lower initial nutrient content of
CPOM and potentially greater reliance of microor-
ganisms on external sources of nutrients (Cross et al.
2005). Investigators have assumed that microbial
responses drive these trends, but the relationship
between fungal and bacterial biomass and substrate
quality under enriched conditions has not been tested.

Nutrient stimulation of microorganisms also can
increase availability of detrital C to decomposers and
detritivores. Nutrients can stimulate respiration rates
of heterotrophic microorganisms, but whether this
stimulation is greater on bacterial-dominated FPOM
than fungal-dominated CPOM is not known. In
addition, CPOM and FPOM are used by different
groups of detritivores. Shredders are the primary
consumers of CPOM, and collector-gatherers feed
primarily on FPOM. Thus, differential effects of
nutrient enrichment on CPOM vs FPOM could have

contrasting effects on these 2 functional groups of
consumers and could lead to divergent cascading
effects on energy flow through alternative foodweb
pathways.

We quantified and compared bacterial and fungal
biomass, microbial activity (respiration), and detrital
nutrient content on benthic CPOM (from deployed
leaf litter) and benthic FPOM (from depositional
areas) in an experimentally nutrient-enriched and a
reference stream. We estimated consumer threshold
elemental ratios (TERs) and compared changes in
detrital nutrient content to estimated consumer
requirements as a way to assess implications of
changes in detrital nutrient content for consumers.
We predicted that: 1) nutrient enrichment would
stimulate fungal and bacterial biomass, respiration
rates, and associated nutrient content on both sub-
strates; 2) changes in nutrient content with enrich-
ment would be greater on CPOM than FPOM because
of initially lower nutrient content of CPOM relative to
FPOM; and 3) nutrient content would change as a
function of fungi on CPOM and bacteria on FPOM
because of their relative dominance on the substrates.
We provided both N and P above concentrations
considered to be growth limiting to heterotrophic
microbes and roughly at Redfield ratios (Rosemond et
al. 2008). Thus, we tested for relative changes in
substrate C:N vs C:P that would indicate differential
uptake of N vs P by detritus-associated microorgan-
isms.

Methods

Nutrient enrichment

We conducted our study within the framework of a
long-term, nutrient-enrichment, paired watershed
study at the Coweeta Hydrologic Laboratory in south-
western North Carolina, USA. Enrichment was con-
tinuous from July 2000 to July 2007 (Rosemond et al.
2008, 2010). Data presented here are from samples
collected during years 5 and 6 of enrichment
(December 2004–June 2006). The overall study design
consisted of collections of CPOM and FPOM from 2
spring-fed 1st-order streams, a reference and a
nutrient-enriched stream. The streams are ,200 m
apart and drain adjacent catchments on a south-facing
slope in a mixed-deciduous forest in the Blue Ridge
physiographic province at the southernmost tip of the
Appalachian Mountains (Swank and Crossley 1988).
Both streams are bordered by a dense understory of
Rhododendron maximum L. and share similar physico-
chemical characteristics. The nutrient-enriched stream
was continuously enriched in proportion to flow
along its entire reach (150 m) with a solution of
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ammonium nitrate and potassium phosphate delivered
by drippers situated every 10 m along the stream bed.
Flow-proportional dosing was achieved with a meter-
ing pump upstream that responded to a signal from an
Isco stage-height recorder (Teledyne Isco, Inc., Lincoln,
Nebraska) at a downstream weir. Before treatment, the
reference and nutrient-enriched streams had similar
nutrient concentrations (reference: dissolved inorganic
nitrogen [DIN] = 22 6 8.5 mg/L, soluble reactive P
[SRP] = 6.8 6 3.0 mg/L; nutrient-enriched: DIN = 29.3
6 4.9 mg/L, SRP = 9.5 6 2.3 mg/L). During the
enrichment period prior to and inclusive of this study
(July 2000–July 2007), nutrient concentrations in the
reference stream remained low (DIN = 31.0 6 4 mg/L,
SRP = 8.0 6 1.3 mg/L), whereas concentrations in the
nutrient-enriched stream increased moderately (DIN =

506.2 6 36.3 mg/L, SRP = 80.0 6 5.6 mg/L). Further
details of the enrichment, water sampling, and analysis
are described elsewhere (Gulis and Suberkropp 2003,
Rosemond et al. 2008).

Organic matter sample collection

We deployed 2 leaf-litter types, red maple (Acer
rubrum L.) and rhododendron (Rhododendron maxi-
mum L.), that differ in their rates of breakdown and
initial C:nutrient ratios. We collected recently se-
nesced leaves in October 2004 and allowed them to air
dry for §2 wk. We placed red maple or rhododen-
dron leaves (15 g) in coarse mesh bags (5-mm mesh)
and deployed the litter bags in each stream on 14
December 2004. We retrieved leaf packs periodically
from the streams, rinsed the contents, and removed
leaf discs for measurement of microbial activity
(respiration) and fungal and bacterial biomass. We
retrieved replicate red maple leaf packs (n = 3) after 7,
14, 21, and 28 d and rhododendron leaf packs after 7,
14, 28, 37, and 49 d. We retrieved incubated leaf
material until 25 January 2005. The leaf material
remaining in a retrieved pack was dried at 60uC,
weighed, and combusted at 500uC to measure ash-free
dry mass (AFDM) remaining.

Deployment of previously uncolonized substrate
for analysis of nutrient effects on FPOM was not
feasible. Therefore, we based our analysis on collec-
tions of standing material in reference and nutrient-
enriched streams over multiple dates (20 August
2005–30 June 2006). Sampling in this manner ensured
that FPOM sampled had been exposed to enrichment
in the nutrient-enriched stream for an extended
period. Depending on the type of analysis, we
collected samples on 11 to 18 sampling dates from
20 August 2005 to 30 June 2006 every 2 wk for the first
2 mo, then monthly. On each sampling date, we

collected 3 to 5 replicate grab samples of FPOM from
the top 5 cm of sediments by stirring material within a
small stovepipe corer (10-cm diameter) and filtering
,400 mL of the slurry through a 1-mm screen. We
removed a 100-mL fraction from each sample for
measurement of respiration in the field. We placed the
remaining volume of sample in a cooler, returned it to
the laboratory, and preserved it for measurement of
fungal and bacterial biomass.

Microbial respiration

We measured CPOM-associated microbial respira-
tion as O2 uptake (mg O2 g21 leaf AFDM h21). We
placed 10 leaf discs from each leaf pack in 30 mL of
stream water in respiration chambers for 30 min and
measured O2 reduction over time with YSI 5100
dissolved O2 meters (Yellow Springs Instruments,
Yellow Springs, Ohio). We used additional respiration
chambers with only stream water as controls. We
dried leaf discs at 60uC, weighed them, and combust-
ed them at 500uC to measure AFDM. We measured
respiration for each leaf type on each retrieval date
until adequate leaf material was no longer available.

We measured FPOM-associated respiration as O2

uptake (mg O2 g21 AFDM h21). We placed 100-mL
samples in 150-mL biological O2 demand (BOD)
bottles and filled the bottles to the top with filtered
stream water to avoid displacing sample volume
when removing the cap. We incubated samples for 2 h.
We measured initial and final O2 (mg/L) with a YSI
5100 dissolved O2 meter and YSI 5010 BOD probe.
After completing respiration measurements, we fil-
tered each 100-mL sample through a 0.7-mm-pore-size
glass-fiber filter (GF/F), which we dried at 60uC,
weighed, and combusted at 500uC to measure AFDM.

Microbial biomass

We estimated fungal biomass by measuring ergos-
terol content of leaf material and FPOM. We placed 10
leaf discs from each leaf pack in 5 mL of methanol. We
filtered 25-mL subsamples of FPOM through a GF/F
and placed the filter in 5 mL of methanol. We
extracted ergosterol from detrital samples by reflux-
ing in methanolic KOH, followed by separation and
quantification of ergosterol concentrations with High
Performance Liquid Chromatography (HPLC) with a
Whatman Partisphere C18 column and ultraviolet
detector set at 282 nm (VP series M, Shimadzu,
Columbia, Maryland; Newell et al. 1988, Suberkropp
and Weyers 1996). We converted ergosterol concen-
trations to fungal biomass assuming a conversion
factor of 5.5 mg/mg of mycelial dry mass (Gessner and
Chauvet 1993).
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We estimated bacterial biomass by image analysis
with epifluorescence microscopy (Olympus BH-2
microscope and Qcolor 3 digital camera, Center
Valley, Pennsylvania) following staining with SYBR
Gold (Molecular Probes, Inc., Grand Island, New
York; Noble and Fuhrman 1998). We preserved
bacterial samples from FPOM (2.5-mL aliquots) in
5% buffered formalin (final concentration = 2.5%)
and placed 10 leaf discs from each leaf pack in 5 mL of
2% formalin. We removed bacteria from FPOM and
leaf substrates by sonicating for 1.5 min (Bransonic
150 probe sonicator; Branson, Danbury, Connecticut).
During sonication, we placed samples on ice every 30 s
to prevent excessive heating (Buesing and Gessner
2002). We then centrifuged samples at 800g for 1 min
to separate bacterial cells from particulate matter to
improve image analysis. We diluted FPOM samples
1:10, and filtered 1 mL of each sample through a 0.2-
mm-pore-size, 25-mm-diameter, black polycarbonate
filter to capture bacteria. We stained the filters with
SYBR Gold (supplied at 10,0003, final concentration
= 253) as described in Noble and Fuhrman (1998)
and Lisle and Priscu (2004). We captured images from
20 random fields from the filter surface at 10003

magnification with an Olympus BH-2 microscope and
an Olympus Qcolor 3 digital camera. For each filter,
we captured 20 microscope images and analyzed
them with the MatLab image processing toolbox
(version 7.9; MathWorks, Natick, Massachusetts).
We used cell counts and cell body dimensions (length
and width) to calculate cell biovolume and, in turn,
mean bacterial biomass concentration (First and
Hollibaugh 2008).

C, N, and P content

We dried leaves from leaf packs and 25-mL
subsamples of FPOM at 60uC and ground samples in
a ball mill prior to analysis for C, N, and P content. We
weighed ground material and analyzed for C and N
content with a Carlo Erba NA 1500 CHN analyzer
(Carlo Erba, Milan, Italy). We analyzed P content
spectrophotometrically after acid digestion (APHA
1998). Nutrient ratios were expressed on a molar basis.

Statistical analyses

The ecosystem-level scale used here provided
natural experimental conditions for the responses
tested. However, analyses were not strictly replicated
because only 1 reference and 1 enriched stream were
used, violating assumptions of inferential statistics
(Hurlbert 1984). Thus, nutrient effects based on
replicate and spatially distributed samples within
streams should be interpreted with caution.

We used a 2-way analysis of variance (ANOVA) to
test for main and interactive effects of nutrient
enrichment and time on fungal biomass, bacterial
biomass, microbial respiration, C:N, and C:P. In this
analysis, time was treated as an independent fixed
effect. We used 2-way analysis of covariance (AN-
COVA) to test for effects of nutrient enrichment, litter
type, and microbial biomass on substrate nutrient
content. Nutrient enrichment and litter type were
treated as fixed effects, and measures of microbial
biomass were used as cofactors. We used linear
regressions to compare responses between treatments
in cases where nutrient 3 litter type effects were
significant. We also ran 1-way ANCOVAs for CPOM
and FPOM to test whether relationships between C:P
and C:N changed because of nutrient enrichment. We
ln(x)-transformed data to meet assumptions of nor-
mality and homoscedasticity. All statistical analyses
were performed using SAS (version 9.1; SAS Institute
Inc., Cary, North Carolina).

Estimation of threshold elemental ratios (TERs)

We estimated TERs to evaluate changes in detrital
resources relative to nutritional requirements of
consumers with the following formula given by Frost
et al. (2006):

TERC:nutrient= Anut=GGECð Þ QC=Qnutð Þ

where Anut is the assimilation efficiency of the
nutrient (nut) N or P, GGEC is the gross growth
efficiency of the consumer based on C ingested, QC/
Qnut is the proportion of C:nutrient in consumer dry
mass. We set assimilation efficiency for N and P at 0.8
and gross growth efficiency for C at 0.2 based on
values taken by Frost et al. (2006) from literature
sources. We took shredder and collector-gatherer
body C:P and C:N used in estimations of TERs from
data collected from our study streams and published
by Cross et al. (2003).

Results

Effects of nutrient enrichment on microbial biomass
and activity

Nutrient enrichment resulted in higher fungal and
bacterial biomass and microbial respiration on CPOM
of both litter types, but affected only microbial
respiration and bacterial biomass on FPOM (Table 1,
Appendices S1–S3; available online from: http://dx.
doi.org/10.1899/12-049.1.s1). Percent change in fungal
and bacterial biomass and respiration were greatest for
rhododendron substrate and least for FPOM (Table 2).
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Bacterial biomass dominated on FPOM (95% of
total microbial biomass), whereas fungal biomass
dominated on CPOM (99% of total microbial biomass)
(Table 2), and the relative contributions of bacteria vs
fungi did not change with nutrient enrichment (CJT,
unpublished data). These patterns in dominance
suggest that responses to nutrient enrichment associ-
ated with CPOM occurred via fungal biomass and
activity and those associated with FPOM occurred via
bacterial biomass and activity, a conclusion that is
supported by our data.

Respiration rates increased more with nutrient
enrichment on CPOM substrates (303% on rhododen-
dron) than on FPOM (52%) (Table 2). On average,

respiration rates per unit microbial biomass were
roughly similar on FPOM and CPOM substrates, but
microbial-C normalized rates tended to be slightly
higher on FPOM with enrichment and slightly lower
on CPOM with enrichment (Appendices S2–S3).
Despite these C-normalized trends, respiration rates
increased more with enrichment on CPOM than on
FPOM largely because total microbial biomass was
greater on CPOM than on FPOM.

Nutrient enrichment effects on substrate nutrient content

C:N and C:P on both CPOM litter types were lower
in the nutrient-enriched than the reference stream, but

TABLE 1. Results of 2-way analyses of variance testing for effect of nutrient addition (Nutrient) on fungal biomass, bacterial
biomass, microbial respiration, and C:N and C:P values on benthic fine particulate organic matter (FPOM), red maple, and
rhododendron substrates. Date is treated as a fixed effect, and a significant interaction indicates that nutrient effects varied
through time. ns = not significant (p . 0.05). Bold indicates significant effects.

Variable Factor

FPOM Maple Rhododendron

df F p df F p df F p

Fungal biomass Nutrient 1,40 0.70 ns 1,18 20.65 ,0.001 1,20 113.81 ,0.001
Date 9,40 13.55 ,0.001 4,18 20.01 ,0.001 4,20 73.67 ,0.001
Nutrient 3 date 9,40 0.68 ns 3,18 0.72 ns 4,20 9.25 ,0.001

Bacterial
biomass

Nutrient 1,38 5.42 0.025 1,4 9.21 0.039 1,20 20.16 ,0.001

Date 9,38 7.63 ,0.001 1,4 15.17 0.018 4,20 11.72 ,0.001
Nutrient 3 date 9,38 2.51 0.023 1,4 2.27 ns 4,20 4.77 0.007

Microbial
respiration

Nutrient 1,126 105.00 ,0.001 1,16 9.83 0.006 1,20 5.71 0.027

Date 17,126 5.22 ,0.001 3,16 2.95 0.064 4,20 3.74 0.020
Nutrient 3 date 17,126 1.94 0.020 3,16 7.37 0.003 4,20 6.58 0.002

C:N Nutrient 1,66 0.03 ns 1,12 172.16 ,0.001 1,16 41.65 ,0.001
Date 9,66 4.49 ,0.001 2,12 6.18 0.014 3,16 14.94 ,0.001
Nutrient 3 date 9,66 0.75 ns 2,12 1.80 ns 3,16 9.12 ,0.001

C:P Nutrient 1,46 1.01 ns 1,12 112.70 ,0.001 1,16 32.64 ,0.001
Date 6,46 3.75 0.004 2,12 2.31 ns 3,16 2.18 ns
Nutrient 3 date 6,46 1.32 ns 2,12 0.47 ns 3,16 1.81 ns

TABLE 2. Mean (61 SE) reference values for 5 variables on benthic fine particulate organic matter, red maple, and
rhododendron substrates and % change with enrichment. Percent change is based on the mean of all samples in the reference
stream compared to the mean of all samples in the nutrient-enriched stream.

Variable

FPOM Red maple Rhododendron

Reference % change Reference % change Reference % change

Fungal biomass
(mg C/g AFDM)

0.41 6 0.07 21 10.23 6 2.38 139 1.98 6 0.34 453

Bacterial biomass
(mg C/g AFDM)

8.05 6 0.81 31 0.06 6 0.02 64 0.02 6 0.01 552

Microbial respiration
(mg O2 g AFDM21 h21)

0.10 6 0.01 52 0.17 6 0.08 122 0.04 6 0.02 303

C:N 19 6 0.57 3 77 6 1.75 236 141 6 6.99 228
C:P 168 6 16 217 5888 6 273 272 8513 6 699 254
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enrichment did not affect C:N and C:P on FPOM
(Tables 1, 2, Appendices S1–S3). Percent change in
C:P was greater than % change in C:N with
enrichment. Averaged across all samples, % change
in C:P and C:N with enrichment was greater for red
maple than rhododendron (Table 2), but maximum
changes in C:P and C:N were greater for rhododen-
dron than red maple (2415 and 2120% for C:P and
C:N, respectively, for rhododendron vs 2330 and
286% for C:P and C:N, respectively, for red maple).

The role of microbes in driving nutrient content

Fungal biomass and CPOM C:N were significantly
negatively related. Nutrients and leaf species affected
CPOM C:N, but their effects were not interactive. C:N
was lower on leaves with greater fungal biomass, but
neither nutrient enrichment nor leaf species changed
the nature of the relationship between fungal biomass
and C:N (Table 3, Fig. 1A). For every 1% increase
in fungal biomass, CPOM C:N decreased 0.23%

(Fig. 1A). Fungal biomass and CPOM C:P also were
significantly negatively related, and nutrient enrich-
ment and leaf species affected CPOM C:P. However,
these effects were interactive, indicating lower C:P for
a given fungal biomass in the nutrient-enriched than
in the reference stream (Table 3, Fig. 1B). Significant
negative relationships between fungal biomass and
C:P occurred only on nutrient-enriched red maple and
rhododendron samples. These regressions indicated a
0.19% reduction in red-maple C:P and a 0.25%

reduction in rhododendron C:P for each 1% increase
in fungal biomass (Table 4, Fig. 1B).

Bacterial biomass and CPOM C:N and C:P also
were negatively related (Table 3, Fig. 2A, B). For each
1% increase in bacterial biomass, C:N decreased
0.22% and C:P decreased 0.34% on CPOM substrates
(Table 4, Fig. 2A, B). No significant relationships were
found between microbial biomass and nutrient con-
tent on FPOM substrates.

Relationship between C:N and C:P

The relationships between C:N and C:P on detrital
substrates differed between the nutrient-enriched and
reference streams. C:N and C:P on CPOM were
significantly positively related in both streams, but
C:P on CPOM was lower for a given C:N in the
nutrient-enriched than in the reference stream over
the range of values observed (p , 0.001; Fig. 3A). C:N
and C:P also were significantly positively related on
FPOM. C:P was significantly lower for a given value
of C:N in the nutrient-enriched than in the reference
stream (p , 0.001; Fig. 3B), but this effect was smaller
than for CPOM.

TERs

Estimation of TERs for C:N and C:P suggested that
collector-gatherers were more C than N or P
limited, whereas shredders were more N or P than
C limited under reference conditions (Table 5). The
greatest imbalances were between shredder TERs
and C:P of their food resources. Comparisons of
detrital nutrient content (FPOM for collector-gath-
erers, CPOM for shredders) to TERs under enriched
conditions indicated that enrichment may reduce
the severity of P limitation for shredders, but did
not change N limitation. Increased body P content
was found in a previous study in this stream (Cross
et al. 2003), so calculated TERs indicated even
greater demand for P under enriched than under
reference conditions (lower TERC:P). Had we not
included changes in body stoichiometry in our
calculations, we would have estimated even greater
reduction in C:P imbalances between shredders and
food resources in the nutrient-enriched stream
(differences of 21071 vs 22055). Slight reductions
in C limitation of collectors in the nutrient-enriched
stream were driven by reduced C demand estimat-
ed by TERs.

TABLE 3. Results of 2-way analyses of covariance testing for effects on benthic coarse particulate organic matter nutrient
content. Fungal or bacterial biomass was used as covariates and nutrient enrichment and litter type as fixed effects. Bold indicates
significant effects.

Variable Factor

C:N C:P

df F p df F p

Fungal biomass Fungi 1,34 25.63 ,0.001 1,34 35.28 ,0.001
Nutrients 1,34 16.28 ,0.001 1,34 82.70 ,0.001
Leaf species 1,34 23.07 ,0.001 1,34 1751.49 ,0.001
Nutrients 3 species 1,34 0.39 ns 1,34 47.75 ,0.001

Bacterial biomass Bacteria 1,27 20.42 ,0.001 1,27 13.81 ,0.001
Nutrients 1,27 9.94 0.003 1,27 35.10 ,0.001
Leaf species 1,27 23.51 ,0.001 1,27 5.14 0.032
Nutrients 3 species 1,27 0.01 ns 1,27 0.98 ns
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Discussion

Effects of nutrients on microbial colonization and
respiration and implications

Nutrient enrichment stimulated microbial biomass
and activity on coarse and fine fractions of organic
matter, but the overall response was much stronger
on the coarse fraction. This larger response probably
was a result of the dominance of fungi on CPOM and
associated responses of increased microbial respira-
tion and increased nutrient content. The largest
responses on the 2 CPOM litter types tested were
observed on the leaf species that had the lowest initial
nutrient content (rhododendron), a result consistent
with those of other studies (Gulis and Suberkropp
2003, Stelzer et al. 2003). Thus, if our results are
transferable to other systems, nutrient enrichment is
likely to result in a greater response on coarse than on
fine substrates, and on substrates with relatively high
C content or with microbial biomass dominated by
fungi.

Our results are consistent with reported cross-
system tendencies for greater bacterial biomass on
FPOM and fungal biomass on CPOM (Table 2;
Findlay et al. 2002). In our study, biomass of fungi
and bacteria increased similarly in the nutrient-
enriched stream, but the greatest responses of both
bacteria and fungi were on CPOM. Presumably,
both fungi and bacteria were able to exploit the
bioavailable N and P in the water column in the
nutrient-enriched stream, even when growing on the
more recalcitrant rhododendron leaf litter. In fact,
the greatest increases in bacterial and fungal biomass
occurred on rhododendron substrates. Despite in-
creases in both bacteria and fungi, fungal C dominat-
ed total microbial C on CPOM in reference and
nutrient-enriched conditions (99.0% vs 98.8%). Thus,
we think it likely that functional responses in nutrient
content and respiration were caused by large changes
in the mass and activity of fungi on CPOM.

FIG. 1. Relationship between benthic coarse particulate
organic matter fungal biomass and substrate C:N (A) and
C:P (B) ratio. Solid regression lines indicate nutrient-
enriched (NP), and dashed lines indicate reference (ref).
AFDM = ash-free dry mass, rhodo = rhododendron.

TABLE 4. Results of linear regression analyses of microbial biomass vs benthic coarse particulate organic matter (CPOM)
nutrient content. Analyses were run based on results of 2-way analyses of covariance testing for effects on benthic CPOM nutrient
content. ns = not significant, SE = standard error, Ref = reference stream, NP = nutrient-enriched stream.

Model p r2 Slope SE Intercept

Fungal biomass vs C:N ,0.001 0.64 20.23 0.03 5.04

Fungal biomass vs C:P

Maple reference ns – 20.09 0.07 8.65
Maple nutrient-enriched 0.031 0.66 20.19 0.06 7.86
Rhododendron reference ns – 20.03 0.07 8.87
Rhododendron nutrient-enriched ,0.001 0.84 20.25 0.03 8.73

Bacterial biomass vs C:N ,0.001 0.47 20.22 0.04 3.88
Bacterial biomass vs C:P ,0.001 0.38 20.34 0.08 7.14
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Relationships between bacteria and nutrient content
on CPOM may have been primarily a result of their
associated response with fungi, which were driving
these patterns.

Another potential explanation for smaller nutrient
effects on FPOM than on CPOM substrates is the
variable nature of fine particles. FPOM consists of
material from multiple sources, including erosional
inputs from allochthonous sources, aggregates of
dissolved organic matter, fecal material, and particles
released during maceration and breakdown of
CPOM. These particles often have been significantly
altered through microbial activity and macroinverte-
brate consumption (Ward et al. 1994). Moreover, the
age of FPOM in most stream systems is older and
more varied than the age of CPOM, given that most
CPOM, except for large pieces of wood, is converted

to FPOM within days to months. CPOM, such as leaf
litter, is inherently high in C:nutrient content because
plants translocate nutrients from leaves before senes-
cence (Webster and Benfield 1986). Our sampling
design resulted in collections of FPOM that were
inherently more variable than CPOM (of unknown
age and initial quality), and variability in the source
and age of FPOM relative to CPOM could increase
variation in response to nutrients. These differences in
age and quality are likely to characterize CPOM and
FPOM in other systems, albeit, not so dramatically. As
a result of the controlled age of CPOM in this
experiment vs the random sampling of in situ FPOM,

FIG. 2. Relationship between benthic coarse particulate
organic matter bacterial biomass and substrate C:N (A) and
C:P (B) ratio. AFDM = ash-free dry mass, rhodo = rhodo-
dendron.

FIG. 3. Relationship between substrate C:N and C:P ratio
of benthic coarse particulate organic matter (reference: p ,

0.001, r2
= 0.72, y = 0.93x + 4.29; nutrient: p , 0.0001, r2

=

0.96, y = 1.46x + 1.35) (A) and benthic fine particulate
organic matter (reference: p , 0.001, r2

= 0.77, y = 2.32x 2

2.00; nutrient: p , 0.0001, r2
= 0.85, y = 1.95x 2 1.13) (B).

Solid regression lines indicate nutrient-enriched stream
(NP). Dashed lines indicate reference stream (ref).
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our findings may be skewed somewhat to facilitate
detection of effects on less variable CPOM than on
highly variable FPOM.

Respiration rates increased on both CPOM and
FPOM in response to nutrient enrichment. Increased
respiration rates indicate that fewer detrital resources
will be available for downstream transport or storage
(Cole et al. 2007, Aufdenkampe et al. 2011). Reduced
C storage consequent to increased respiration rates
also has been observed in terrestrial ecosystems
(Mack et al. 2004). C budgets from the first 3 y of
this long-term study revealed significant increases in
downstream transport of FPOM and reductions in
C storage with nutrient enrichment (Benstead et al.
2009). Nutrient enrichment increased respiration
associated with both FPOM and CPOM, but the
greatest effect was observed on the more recalcitrant
leaf litter, a result also observed in a previous study in
these streams (Gulis and Suberkropp 2003, Green-
wood et al. 2007). Effects were greatest on substrates
(in this case, rhododendron) that provide a more
persistent, year-round food and structural resource
for headwater-stream organisms. Thus, the response
to chronic enrichment of aquatic ecosystems may
differ not just among systems, but within different
components of the ecosystems and are potentially
predictable based on species traits.

Effects of nutrients on microbial biomass and substrate
nutrient content

We found quantitative relationships between mi-
crobial biomass and detrital nutrient content on
CPOM that will aid predictions of nutrient-enrich-
ment effects on detrital food resources in aquatic

ecosystems. These data illustrate that microbial
biomass can explain large amounts of variation in
nutrient content with enrichment (64–84% for rela-
tionships with fungal biomass and 38–47% for
relationships with bacterial biomass) on CPOM
without changing nutrient content on FPOM. Rela-
tionships between fungal biomass and C:P differed
between the nutrient-enriched and reference stream
and between leaf species. The slope of the regression
was greater for rhododendron (more recalcitrant, with
high initial C:nutrient ratios) than maple (less
recalcitrant, with lower initial C:nutrient ratios). Thus,
as fungal biomass increased, C:P values of red maple
and rhododendron in the nutrient-enriched stream
converged (Fig. 1B). The stronger response of rhodo-
dendron than red maple to nutrient enrichment
probably was caused by both structural and chemical
differences. Rhododendron has a characteristically
waxy cuticle, and freshly abscised leaves have high
C:N and C:P (Webster and Benfield 1986). Thus,
microbial colonization of this substrate is more
dependent on nutrients available in the water column
than on substrate-available nutrients. Previous inves-
tigators also have shown a stronger response to
enrichment from microbes on lower-quality sub-
strates (Gulis and Suberkropp 2003, Stelzer et al.
2003, Greenwood et al. 2007). The greater effects on
C:P than C:N may be attributable to increased fungal
colonization and to fungal capacity for storage of P vs
N (V. Gulis [Coastal Carolina University], ADR, and
D. Manning [University of Georgia], unpublished
data). The relatively greater change in C:P than in C:N
on fungal-dominated CPOM vs bacterial-dominated
FPOM is consistent with this mechanism.

TABLE 5. C:nutrient threshold elemental ratios (TERs) and nutrient ratios of associated food resources for shredders and
collector-gatherers in the reference and nutrient-enriched streams. Consumer TERs were estimated from body stoichiometry in
the reference and nutrient-enriched streams taken from the study by Cross et al. (2003). Food resources for shredders were values
from benthic coarse particulate organic matter taken from our study, and food resources for collectors were values from benthic
fine particulate organic matter taken from our study. Elemental imbalance was assessed by subtracting the C:N or C:P of the
associated food resource from the consumer’s TER. Negative values indicate N or P limitation, and positive values indicate C
limitation. Values approaching 0 indicate less limitation of any element. Estimated TERs are lower in the nutrient-enriched than in
the reference stream because of changes in consumer body stoichiometry reported by Cross et al. (2003). Ref = reference stream,
NP = nutrient-enriched stream.

Feeding group

Consumer TER Food resource Elemental imbalance

Ref NP Ref NP Ref NP

Shredders

C:N 27 26 57 55 230 229
C:P 1992 1008 4854 3063 22862 22055

Collectors

C:N 26 24 19 20 +7 +4
C:P 1108 908 168 140 +940 +768
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Consumer responses to enrichment hinge on
changes in productivity and elemental changes in
food resources. Our analysis of changes in detrital C:P
and C:N suggested that when nutrients were supplied
at roughly Redfield ratios, microbes immobilized
more P relative to N. This differential immobilization
results in large differences in the P content of detritus
for a given amount of N content, particularly for
CPOM substrates. For example, at a low C:N (e.g., 50)
of CPOM, C:P in the reference stream would be
predicted to be 2774. However, in the nutrient-
enriched stream, at the same C:N, we would predict
that C:P would be 1166, a value that might mean
much lower P limitation for detrital consumers.

Implications of altered detrital nutrient content
for consumers

Estimates of TERs highlight the potential for shifts
in FPOM or CPOM foodweb pathways resulting from
differential changes in food resources used by
different functional groups. These effects also may
interact with decreased seasonal availability of C that
occurs with long-term enrichment (Suberkropp et al.
2010). The most severe imbalance between consumers
and their food resources in our study were in the P
content of CPOM to shredders, and the greatest
change in detrital stoichiometry was for C:P on
CPOM resources. Some functional groups (in this
case shredders) may experience increases in produc-
tion as a result of less nutrient limitation, whereas
others, such as collector-gatherers, were more C than
N or P limited based on their TERs. C imbalances
were reduced somewhat with enrichment, but these
shifts were observed only because we calculated TERs
based on previous observations that C:P of consumers
had declined in the nutrient-enriched stream (reduc-
ing their relative C demand). Otherwise, these
organisms may have appeared vulnerable to greater
C imbalances with increases in detrital nutrient
content. These results suggest a potential mechanism
to explain observed increases in both abundance and
biomass of some CPOM consumers, such as the
shredder Pycnopsyche, but a lack of response of other
consumers under enriched conditions that resulted in
increased detrital nutrient content (Davis et al. 2010).
Elemental imbalances, although reduced for shred-
ders, still persisted between consumers and their food
resources in the enriched stream. Detritivore and
heterotrophic microbe dynamics play a key role in C
fates in these headwater-stream ecosystems, and
increased mobilization of C resulting from nutrient
enrichment is likely to exacerbate the effects of these
consumer interactions on downstream ecosystems

(Benstead et al. 2009). Changes in nutrient content of
food resources (in our study, primarily on CPOM
substrates and greater for P than N) have the potential
to drive shifts in detrital foodweb pathways.
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