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ABSTRACT

On a global scale, human activity has increased the atmospheric
input of NO; to many terrestrial ecosystems. Anthropogenic NOj
may be a potent modifier of ecosystem function, especially in temper-
ate forests that are sometimes N limited. However, the impact of
chronic N deposition on soil microorganisms is still poorly understood.
Nitrate entering Lake States forests is rapidly assimilated by the micro-
bial community and it is subsequently released as NH{. Because high
levels of NH{ inhibit the activity of lignin-degrading soil fungi, we
reasoned that chronic N additions could alter the composition and
function of heterotrophic microbial communities in soil, and hence
the ecosystem-level processes they mediate. We tested our hypothesis
in four northern hardwood ecosystems in northern Michigan, which
received experimental N additions (30 kg NO;-N ha~! yr™!) during
the past 8 yr. We quantified microbial community function by measur-
ing the activity of extracellular enzymes involved in plant litter degra-
dation and described microbial community composition using phos-
pholipid fatty acid (PLFA) analysis. Chronic N additions significantly
suppressed B-glucosidase activity by 24% in mineral soil and sup-
pressed phenol oxidase activity by 35% in surface litter. We found
no evidence that chronic N additions altered microbial community
composition; NO; addition did not alter the relative abundance of
bacterial, actinomycetal, fungal, or protozoan PLFAs. However,
NOj; additions significantly reduced microbial biomass by 18% rela-
tive to the control treatment. Results indicate that N additions broadly
suppressed all microbial groups, not just the activity and abundance
of lignin-degrading fungi.

I IUMAN AcTiviTY has globally increased the amount

of N entering terrestrial ecosystems from the at-
mosphere (Galloway, 1998). The northeastern and east
central USA receives the greatest amounts of N deposi-
tion in North America (Fenn et al., 1998), ranging from
2 to 16 times background levels (Galloway et al., 1984).
The impact of anthropogenic N deposition on temperate
forests is a primary concern, because increases in soil N
availability have the potential to alter species diversity,
plant community composition, and ecosystem function
(Vitousek et al., 1997; Aber et al., 1998; Boxman et al.,
1998; Gundersen et al., 1998).

There are reasons to expect that anthropogenic N
deposition also could directly or indirectly alter the com-
position and function of soil microbial communities.
Plant litter provides the primary energy source for het-
erotrophic microbial growth in soil, and changes in the
amount and type of organic substrates entering soil in-
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duced by N deposition could indirectly influence the
composition and function of microbial communities. Al-
ternatively, anthropogenic N deposition could directly
modify soil microbial communities by suppressing the
activity of lignin-degrading fungi (Berg, 1986; Fog 1988;
Dix and Webster, 1995), thus potentially lowering their
abundance and diminishing the overall capacity of mi-
crobial communities to degrade lignin and other pol-
yphenols (Carreiro et al., 2000). Such a response could
alter rates of soil organic matter formation and the re-
lease of plant nutrients from litter. Relatively high levels
of NH/ in soil suppress lignin oxidation (Keyser et al.,
1978), and the rapid microbial assimilation of anthropo-
genic NOj and its subsequent release as NH (Zogg et
al., 2000) indicates that anthropogenic NO; could po-
tentially suppress the abundance and activity of lignin-
degrading fungi.

We have experimentally manipulated NO; deposi-
tion in four northern hardwood stands in Michigan’s
Lower and Upper Peninsula. During the past 8 yr, the
addition of 30 kg NO;-N ha™! yr~! has significantly
increased the export of dissolved organic C (DOC) and
dissolved organic N (DON) from these forest stands
(Pregitzer et al., 2003), suggesting a change in litter
chemistry, a change in microbial community function,
or both. Here, we investigate the alternative that long-
term NOj deposition has altered microbial community
function and composition by suppressing fungal activity
and abundance. During the course of one growing sea-
son, we measured extracellular enzyme activity to gain
insight into microbial community function, and we as-
sessed community composition using PLFA analysis.
Our primary objective was to determine if chronic N
additions have altered the composition and function of
the heterotrophic microbial community.

MATERIALS AND METHODS
Study Area

Four study sites were established along a 500-km climatic
and N deposition gradient extending from northwest Upper
Michigan to central Lower Michigan (Fig. 1). The study sites
encompass the geographic extent of sugar maple (Acer sac-
charum Marsh.)-dominated northern hardwood forest in
Michigan, and they are similar in composition, history, struc-
ture, and soil development (Table 1; Burton et al., 1993). The
soils are classified as sandy, mixed, frigid Typic and Alfic
Haplorthods (MacDonald et al., 1995). At each of the four
study sites, we established six 30 by 30 m experimental plots.
Three plots served as controls receiving ambient levels of N
deposition, whereas the remaining three plots received ambi-

Abbreviations: DOC, dissolved organic carbon; DON, dissolved or-
ganic nitrogen; FAME, fatty acid methyl esters; PLFA, phospholipid
fatty acid.
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Fig. 1. Distribution of the four northern hardwood sites along a 500-
km climatic gradient in Michigan, USA. These stands span the
geographic distribution of sugar-maple dominated northern hard-
wood forests in the upper Lake States region.

ent N deposition plus chronic atmospheric N deposition (30
kg NO;-N ha ! yr™!). The NO; was applied six times during
the growing season as small NaNO; pellets. We used NO5
because it is the most common form of N that is atmospheri-
cally deposited in this region (Galloway, 1998; MacDonald et
al., 1995).

Field Sampling

In each site, we collected eight forest floor/mineral soil
cores (2-cm diam. and 10-cm deep) in all six plots. We sepa-
rated forest floor (Oe and Oa) from mineral horizons (A and
E) in each core, and then composited the eight forest floor
samples and eight mineral samples in each plot. This provided
us with one composite forest floor sample and one composite
mineral horizon sample in each control and NO; amended
plot. Collection of forest floor and mineral soil occurred in
early June, mid July, and late October 2001.

Table 2. Extracellular enzymes involved in plant litter degrada-
tion that were measured in northern hardwood ecosystems
receiving experimental NO; additions.

Enzyme Substrate
Acid Phosphatase Phosphate Esters
N-acetyl-glucosaminidase Chitin
a-glucosidase Starch
B-glucosidase Cellulose
Cellobiohydrolase Cellulose
B-xylosidase Hemicellulose
Peroxidase Lignin

Phenol Oxidase Lignin

Microbial Community Function and Composition
Extracellular Enzyme Analysis

In forest floor and mineral soil, we measured the activity
of enzymes responsible for the degradation of four common
plant litter compounds, plus chitin and organic phosphate
(Table 2). Enzyme activity was measured on field-fresh sam-
ples within 2 h of collection. We prepared enzyme assays by
blending 1 g of forest floor or mineral soil in 150 mL of 50
mM acetate buffer at pH 5.0, which was similar to field soil
pH (Saiya-Cork et al., 2002). Activities of non-ligninolytic
enzymes were fluorometrically measured in 96-well plates us-
ing methylumbelliferone (MUB)-linked model substrates
(Saiya-Cork et al., 2002). Forest floor and mineral soil assayed
for N-acetylglucosaminidase (NAGase) and phosphatase ac-
tivity were incubated for 0.5 h at 25°C, whereas the remaining
non-ligninolytic enzymes (a-glucosidase, B-glucosidase, cello-
biohydrolase, B-xylosidase) were incubated for 2 h at 25°C
(Saiya-Cork et al., 2002). At the termination of the assay,
we added 25 pL of NaOH (0.2 M) to each well to enhance
fluorescence, which was measured using F-max fluorimeter
(Molecular Devices Corp., Sunnyvale, CA). Excitation energy
was 355 nm and emission was measured at 460 nm (Saiya-
Cork et al., 2002).

We measured peroxidase and phenol oxidase activity using
L-dihydroxyphenylalanine (L-DOPA) (Saiya-Cork et al.,
2002). After incubating the samples for 18 h at 25°C in 96-well
plates, the optical density (460 nm) of the oxidized reaction
product was measured on a spectrophotometer (Bio-Tek In-
struments, Winooski, VT).

Phospholipid fatty acid Analysis

Phospholipid fatty acid analysis was used to measure the
biomass and abundance of bacteria, actinomycetes, fungi, and
protozoa in control and NO; amended plots (Vestal and
White, 1989; Tunlid and White, 1992). If chronic NO;3 deposi-

Table 1. Site, climatic, overstory, and soil characteristics of four sugar maple stands receiving experimental NO; additions.

Forest Characteristics Site A Site B Site C Site D
Climate
Latitude, N 46°52’ 45°33' 44°23' 43°40'
Longitude, W 88°53’ 84°51' 85°50’ 86°09'
Mean annual precipitation, 1994-2001, mm 821 828 856 793
Mean annual temperature, 1994-2001, C° 4.8 6.1 6.9 7.6
Wet plus dry NO; -N deposition, kg ha 'yr! 3.8 5.8 7.8 7.6
Wet plus dry total N deposition, kg ha 'yr! 6.8 9.1 11.7 11.8
Total N deposited, 1994-2001, kg ha™'} 290 310 334 335
Vegetation and Soil

Overstory age, 2001 94 88 89 93
Total basal area, 2001, m*> ha™! 35 33 33 36
Overstory biomass, Mg ha™! 261 261 274 234
Sugar maple biomass, 2001, % 91 86 79 71
Net N mineralization, pg N g~ 52 76 81 55

F The sum of naturally deposited N and added N.
+ Zogg et al. (1996).
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Table 3. Repeated measures analyses of variance for enzyme activity in the forest floor.
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tion lowered the abundance of lignin degrading soil fungi,
then we expected to observe a significance change in the
relative abundance of fungal biomarkers. From each of the
field-fresh homogenized mineral soil samples, we removed
and freeze-dried a 40-g subsample for PLFA analysis. We
added 500 pL of a 21:0 standard (50 nmol mL™!) to each
sample before analysis to determine recovery. We used a solu-
tion containing 10 mL of CH;OH, 5 mL of CH;Cl, and 4 mL
of PO;j™ buffer to extract total lipids from 5 g of freeze-dried
soil (White et al., 1979). The polar and non-polar lipids were
separated by silicic acid chromatography. The separated polar
lipids were subjected to an alkaline CH;Cl-CH;OH solution
to form fatty acid methyl esters (FAMEs) (Guckert et al.,
1985). Fatty acid methyl esters were separated using gas chro-
matography and quantified using a Finnigan Delta plus mass
spectrometer with a GC/C T interface (Thermofinnigan, Bre-
men, Germany). A 19:0 internal standard was added to each
sample to determine analytical precision. The concentration
of sample FAMEs was determined by a regression equation
based from a standard solution containing five common
FAMEs (10Mel6:0, 12:0, cy19:0a, i15:0, 15:0) of known con-
centrations analyzed after every fifth sample. We quantified
21 PLFA biomarkers, indicative of bacteria, actinomycetes,
fungi, and protozoa, and we used total PLFA as a measure
of viable microbial biomass.

Statistical Analysis

We used a two-way, repeated-measures analysis of variance
to determine the effect of NO; deposition on microbial com-
munity function and composition. Nitrate treatment and site
were fixed effects in our model. We used Tukey’s post-hoc
test to determine significant differences among means. Signifi-
cance for all statistical analysis was accepted at a = 0.05.

RESULTS
Forest Floor Enzyme A ctivity

Nitrate addition had a significant main effect on phe-
nol oxidase in the forest floor; the mean rate in NO;3
amended plots (781 = 137 nmol g~'h™!; Mean * SE)
was significantly lower than that in the control treatment
(1198 = 152 nmol g~'h~!; Table 3). Time also had a
significant effect on phenol oxidase activity (Table 3),
wherein activity doubled for the October sampling date
(approximately 1600 nmol g~'h™!), as compared with
June and July (approximately 750 nmol g 'h~!). How-
ever, closer inspection of interactions between site and
treatment shows that phenol oxidase was only sup-
pressed in the two northern-most sites (Sites A and
B), whereas we observed little suppression of phenol
oxidase in the two southern most sites (Fig. 2). Peroxi-
dase activity also was reduced by NOj addition (32%
decrease), but this response was not significant (Table 4).

Nitrate addition had no effect on a-glucosidase, cello-
biohydrolase, -xylosidase, or acid phosphatase (Table 4).
Except for forest floor phenol oxidase, none of the other
enzymes measured in forest floor exhibited a change in
activity due to NOj addition (Table 3). The activity of
all enzymes significantly increased with time, making
time a significant effect in our analysis (Table 3).
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Fig. 2. The influence of site and N addition on phenol oxidase activity
in the forest floor. Means within a site with the same letter are
not significantly different (o = 0.05). Error bars indicate standard
error of the mean (n = 9).

Mineral Soil Enzyme A ctivity

Chronic NOj additions also reduced microbial activ-
ity in mineral soil. There was a significant interaction
between time and treatment on peroxidase activity in
mineral soil, wherein NO; additions reduced peroxi-
dase activity by 50% in June (Fig. 3). However, this
effect dissipated in July and October, resulting in a non-
significant treatment main effect (Table 5). Nitrate de-
position had a significant main effect on 3-glucosidase
activity, and rates were reduced from 70 = 9 nmol g 'h !
in control plots to 53 * 7 nmol g~ 'h~! in plots receiving
chronic NOj additions. Most of the enzymes measured
in soil, except a-glucosidase and phenol oxidase, signifi-
cantly increased their activity throughout the growing
season, making time a significant main effect (Table 5).
B-glucosidase was the only enzyme in mineral soil that
was significantly suppressed by chronic NO; additions
across all times and sites (Table 5). Peroxidase and phe-
nol oxidase in soil were reduced by NO; additions
(Table 4), but not significantly.

PLFA Analysis

Chronic NOj additions significantly lowered total ex-
tracted PLFA, indicating a general decline in microbial
biomass. Treatment was a significant main effect for
total PLFA (P = 0.039) in that microbial biomass was
suppressed in NO; amended plots from 233.0 = 20.8

Table 4. The influence of N additions on mean enzyme activity.
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Fig. 3. The influence of time and N addition on peroxidase activity
in mineral soil. Means within a sampling time with the same letter
are not significantly different (o = 0.05). Error bars indicate stan-
dard error of the mean (n = 18).

nmol g~ ! in the control treatment and 190.0 = 15.4 nmol
¢ 'in NO; amended plots. Time was a significant main
effect (P < 0.001), and mean total PLFA increased from
117 = 9 nmol g~! in June to 265 = 17 nmol g~ ! in
October. However, we found no significant differences
in total PLFA among sites (P > 0.10). Interactions be-
tween time and treatment, and between site and treat-
ment, had no influence on total PLFA (P > 0.32). While
total PLFA changed due to time, microbial community
composition remained consistent. NO; additions did
not alter the proportion of bacterial, actinomycetal, fun-
gal, or protozoan PLFA (Fig. 4).

DISCUSSION

Chronic NO; additions have the potential to directly
modify microbial community composition and function
by suppressing the abundance and activity of fungi,
which degrade lignin. Alternatively, chronic nitrate de-
position could alter the production and biochemical
composition of plant litter, and, in turn, substrate avail-
ability for heterotrophic microbial communities. Our
results indicate that chronic NO;3 deposition signifi-
cantly lowered microbial biomass, but it did not alter
the proportion of bacterial, actinomycetal, fungal, and
protozoan PLFAs in soil. We also observed a significant
suppression of phenol oxidase in litter and 3-glucosidase
in mineral soil, suggesting the chronic NO; deposition

Mean forest floor enzyme activity

Mean mineral soil enzyme activity

Control Fertilized Change Control Fertilized Change
% —— mol g 'h' ——— %

a-glucosidase 34.2 (4.6) 43.9 (5.9) 221 2.2 (0.4) 2.3 (0.4) 4.3
B-glucosidase 719.0 (53.8) 759.7 (76.5) 5.4 69.9 (9.1) 53.2 (6.5) —23.9%
cellobiohydrolase 218.6 (26.0) 2334 (32.3) 6.3 8.9 (1.2) 8.1 (0.9) -9.0
B-xylosidase 89.2 (8.3) 97.7 (9.9) 8.7 33.1 (5.1 31.9 3.2) -3.6
NAGase} 463.9 (62.1) 369.4 (45.0) —20.4 20.2 (2.6) 17.3 (1.9) —14.3
phosphatase 2094.0 (189.8) 2283.8 (243.9) 8.3 285.3 (24.7) 303.7 (24.6) 6.1
peroxidase 1684.9 (279.8) 1147.5 (207.6) -31.9 1640.5 (223.5) 1387.2 (240.0) —15.4
phenol oxidase 1197.7 (152.4) 780.9 (136.7) —34.8* 403.9 (72.8) 385.5 (96.3) —4.6
* P < 0.05.

T Values in parentheses are standard error of the mean (n = 36).
i N-acetyl glucosaminides.
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Fig. 4. The influence of N addition on microbial community composition in mineral soil. Error bars represent standard error of the mean (n = 36).

potential increase in the concentration of phenols, in
turn, might inhibit B-glucosidase activity (Freeman et
al., 2001). However, mean B-glucosidase activity during
1999 and 2000 at Site B, showed no response to our
treatments (Saiya-Cork et al., 2002). Because DOC
leaching also was higher in N-amended plots at that
time (Pregitzer et al., 2003), it is unlikely that elevated
soluble phenolics, alone, were responsible for the reduc-
tion in B-glucosidase we observed. Alternatively, the
reduction in B-glucosidase activity could be due to a
decrease in available cellulose due to lower rates of
lignin metabolism (Eriksson et al., 1990). However, if
this scenario were important, then cellobiohydrolase
and B-xylosidase activities would have likely exhibited
larger declines in activity than we observed (Table 4).
Our data do not allow us to discern which of these
alternatives was the primary mechanism responsible for
the reduction of B-glucosidase activity or whether a
decline in B-glucosidase was responsible for the reduc-
tion in microbial biomass. Answering these questions
will be an important part of understanding the indirect
impact anthropogenic NO;-N has on northern hard-
wood ecosystems.

One might argue that the decrease in microbial bio-
mass was caused by an increase in the ionic strength of
soil due to the application of NaNOs;. Increases in ionic
strength can lower soil osmotic potential, which could
reduce the availability of water to microbial communi-
ties and lower their biomass. Since the start of the fertil-
ization, we have added nearly 400 kg ha™! of Na along
with 270 kg ha™! of N. Increases in ionic strength >2
dS m~!can decrease acid phosphatase and a-glucosidase
enzyme activities (Frankenberger and Bingham, 1982;
Garcia and Hernandez, 1995). However, we did not
find a significant decrease in acid phosphatase or a-glu-
cosidase in the fertilized plots (Table 4). Moreover,
mean electrical conductivity was 0.14 dS m~! = 0.06 in
both control and in NOs-amended plots (10 cm) for
all sites and times (J. DeForest, unpublished data, 2002).

In summary, it does not seem likely that the application
of Na in the NaNO; was a determining factor in the
change of microbial biomass or microbial community
function.

In conclusion, a substantial increase in the atmo-
spheric deposition of NO; had a noticeable influence
on ecosystem processes that are mediated by microbial
communities. Our results suggest that excess NOj alters
microbial community function by suppressing the activ-
ity of enzymes responsible for cellulose and lignin degra-
dation. Although we found no evidence that microbial
community composition was altered by NO; addition,
microbial biomass decreased significantly. Our results
suggest that anthropogenic NO; may alter decomposi-
tion processes in forest ecosystems by diminishing the
physiological capacity of soil microbial communities to
degrade plant litter.
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