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Abstract

Watersheds of the Catskill Mountains, New York have marked differences in nitrogen (N) dynamics among domin-
ant tree species stands. Our objectives were to study how tree species vary in N uptake to better understand the basis
for the observed variation in these forested watersheds. We conducted a >N tracer greenhouse study to determine
N HI and NOj uptake of American beech (Fagus grandifolia Ehrh.), eastern hemlock (Tsuga Canadensis L.), red
oak (Quercus rubra L.) and sugar maple (Acer saccharum Marsh.) seedlings. Seedlings and their native soil were
collected in November 1997, over-wintered and allowed to break dormancy in spring 1998. Half of the seedlings of
each tree species received 15NH4-NOj3 to examine NHI uptake and the other half received NH4-1NO; to examine
NOj uptake. Plants were harvested 4 days following ISN addition. Tree species varied in their preference for NHZ
and NO; . Sugar maple and eastern hemlock seedlings took up more NHI than NOj' per unit plant biomass, while
beech was the only species to take up more NO; than NHI. Red oak took up more NHZ than NO; into roots,
stems and leaves, but the difference between the two forms of N was not statistically significant. These results
demonstrate that tree species of the Catskill Mountains vary in their capacity to take up NHir and NO5'. Coupled
with stand-level studies of N dynamics, this variation can help explain some of the patterns of forested watershed
N retention and loss in the Catskill Mountains shown in our field investigations (Templer, 2001; Templer et al., in
press Ecosystems).

Introduction

A complete understanding of forest N cycling requires
that we understand how much N plants take up, which
form of inorganic N they are likely to assimilate and
how forest tree species may differ in their N dynam-
ics. These plant attributes are important to understand
because they can have implications for the amount
of N retained by a forested watershed. Most of the
N deposited onto forests is retained within the forest
floor (Nadelhoffer et al., 1999; Templer, 2001; Tem-
pler et al., in press Ecosystems). However, forest N
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saturation can occur when N availability is in excess
of microbial and plant demand, resulting in some N
loss from the forest through either nutrient leaching
and/or gaseous N losses (Agren and Bosatta, 1988;
Aber et al., 1989; Rennenberg et al., 1998).

The Catskill Mountains receive among the highest
rates of N deposition in the northeastern United States
(Ollinger et al., 1993; Stoddard, 1994) and many of
its watersheds are beginning to show signs of N satur-
ation (Lovett et al., 2000). Forest N retention within
the Catskill Mountains varies among stands domin-
ated by different tree species, with forests dominated
by red oak having significantly greater N retention
than those dominated by sugar maple (Templer, 2001;
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Templer et al., in press Ecosystems). This pattern can
be partially explained by variation in soil microbial
activity and N transformations in stands where tree
species differ. For example, rates of net nitrification
and N leaching are significantly higher within sugar
maple stands than other tree species. The larger pro-
duction and loss of NO; among sugar maple stands
may help explain why those stands retain less N than
red oak stands (Templer, 2001; Lovett et al., in press
Biogeochemistry; Templer et al., in press Ecosystems).
Nitrate is relatively mobile compared to other forms
of N, such as NHZ, and can therefore be more easily
leached from soils to groundwater and surface wa-
ters. We hypothesized that in addition to differences
in microbial processing of N in soils associated with
different tree species, variation in NH;LIr and NOj; up-
take rates among dominant tree species could also
influence forest N retention or loss.

Plant species differ in their capacity to take up
NH;L'r or NOj3’ as their primary N source in part because
of physiological trade-offs in taking up either form of
N (Horsley, 1988; Stewart et al., 1992; Crabtree and
Bazazz, 1993). While NO3 is readily available be-
cause of its high solubility in soil water, plants must
use energy to reduce the NO3 prior to incorporation
into their amino acids. With this constraint, it may be
more efficient for plants to take up NH;x1r because it can
be immediately incorporated into amino acids. How-
ever, NHir is not always available to plants for uptake
because it is tightly associated with soil exchange sites
and does not move readily through the soil in solution.

The objectives of this research were to compare
N HI and NO; uptake by dominant tree species of the
Catskill Mountains, including American beech (Fagus
grandifolia Ehrh.), eastern hemlock (Tsuga canaden-
sis L.), red oak (Quercus rubra L.) and sugar maple
(Acer saccharum Marsh). There are a variety of meth-
ods one can employ to measure rates of N uptake by
plants, with costs and benefits associated with each of
them (e.g., see review by BassiriRad et al., 1999). For
example, many researchers have excised roots from
intact plants and immediately placed them into a solu-
tion containing a known about of dissolved N (e.g.,
Rothstein et al.,1996). After a specific amount of time,
the roots are removed from the solution and the plant
tissue is analyzed for '>N concentration. One of the
shortcomings of this method is that it could potentially
underestimate plant uptake of N since it eliminates
the regular transpiration stream of the plant or can
deplete the carbohydrate reserves of the roots (Bloom
and Caldwell, 1988; BassiriRad et al., 1999). Another

method maintains the connection of the root to the rest
of the plant while the root is placed in a solution con-
taining a known concentration of N (BassiriRad et al.,
1999). The difference in N concentration before and
after the root is placed in the solution is used to calcu-
late how much N the plant roots took up. This method
has its advantage in that the entire plant remains intact
throughout the experimental period. One drawback
to this method is that the root is placed in a water
solution, containing only N, which eliminates the sur-
rounding rhizosphere (e.g., the microbial community
and soil medium) that the root usually interacts with.
The soil solution could therefore be without other im-
portant ions, such as phosphorus and potassium. One
way researchers avoid this problem is by including
other inorganic nutrients, which are present within nat-
ural soil water, in their experimental solution (Fredeen
and Field, 1992; Lovett and Tobiessen, 1993; Rennen-
berg et al.,, 1996; Gessler et al., 1998; Rennenerg
et al., 1998). In this study, we applied a method for
measuring plant uptake of N while plant roots were
still attached and remained in contact with their native
rhizosphere, including soil and associated microbial
community.

Materials and methods

We conducted a greenhouse study in 1998 to exam-
ine N uptake by American beech (Fagus grandifolia
Ehrh.), eastern hemlock (Tsuga canadensis L.), red
oak (Quercus rubra L.) and sugar maple (Acer sac-
charum Marsh.) seedlings. We collected 14 seedlings
of each species, and their native soil (Oe and Oa ho-
rizons), which were randomly selected from mixed
species stands of the Kanape Brook watershed in the
Catskill Mountains, NY in November 1997. Seedlings
retained their own soil and were kept moist and cool
while being transported from the field. To maintain the
dormancy normally experienced in the field (L. Staats,
personal communication), we over-wintered them at
2.2 °C. The plants were moved into a greenhouse unit
at Cornell University (25-28 °C) on April 3, 1998 to
break dormancy. Pots of all seedlings were arranged
randomly and were moved within the greenhouse reg-
ularly to reduce the effects of environmental variation.
Light levels reached 450 pmol photons m~2 s~! dur-
ing the day, which is sufficient to drive photosynthesis
for all of the tree species examined and to ensure
that light was not a limiting factor in the experiment
(Larcher, 1995). A majority of the leaves reached full



expansion by May 5. On that day we added 99 atom%
enriched '’N-NH, (5 mL of 12 mg N/L as "NHy-
NO3) to six of the seedlings of hemlock, oak and
maple, and 99 atom% enriched I5N-NO3 (5 mL of
12 mg N/L as NH4->NO3) to six others to examine
uptake of NH;x1r and NO5, respectively. Two individu-
als of each tree species served as controls. They did not
receive any N and thus we were able to determine the
natural abundance N signature of each tree species.
The same experimental design was used for beech
except PN tracer was added to only 10 individuals
because 2 died during the winter.

Plants were harvested 4 days following >N addi-
tion. The experimental period was limited to 4 days
to minimize the impact of microbial activity on N
transformations of N HI and NO3_ in the soil, but was
long enough time to detect enriched >N in the plant
biomass. The roots, stem and leaves of each seedling
were dried at 65 °C for at least 48 hours and ground
with liquid N, with a mortal and pestle. Samples
were analyzed for carbon (C), N and 15N on a Europa
ANCA-SL elemental analyzer that was coupled to a
Europa 20-20 isotope ratio mass spectrometer (IRMS)
at the Boyce Thompson - Cornell University Isotope
Facility in Ithaca, NY.

Soil was sub-sampled from 4 pots of each tree spe-
cies (within same 5N treatment; 10 g fresh soil each)
at the beginning (immediately following >N addition)
and end of the experimental period. We measured
soil NHI and NOj concentrations to learn how N
pools changed during the experimental period. The
soil was removed with a small diameter soil corer to
diminish the chance of disturbing the seedling roots,
while obtaining a representative sample. Inorganic N
concentration was determined after extracting 10 g
of fresh soil with 40 mL 2 M KCl, shaking for one
hour and filtering the extractant through a Whatman 42
filter. Concentrations of N HI and NOj;' in soil extrac-
tions were analyzed on an Alpkem Flow Solution III
Autoanalyzer. The '°N in soil extractants was determ-
ined at the end of the experiment by concentrating
the N on a filter with a diffusion technique (Stark
and Hart, 1996). Samples were analyzed for I5N on
a Europa 20-20 IRMS. We determined soil water con-
tent by drying 5 grams of each soil sample for 48 hours
at 65 °C.

Calculating plant N uptake

We calculated plant N uptake as:
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(Npio) (atom% "3 Npy) — (Npip) (atom%' Nya) (D
atom%!>Ng ’

where Ny, is the amount of N taken up by the plant;
B = biomass of the plant at the end of the experiment;
atom %15Nplt = atom percent I5N of the plant at the
end of the experiment; Np;; =mass of N in the plant
at the end of the experiment; atom %! Nya =atom
percent 1SN of the reference plants (seedlings that did
not receive PN tracer); atom %°Ng = atom %! N of
soil NO3™ or NHI at the end of the experiment. We
calculated uptake of N per unit plant biomass to get a
measure of plant demand for N that takes into account
differences in plant biomass among tree species. We
also calculated uptake of N per total soil NH4 and
NOs, to take into account differences in availability
of the two forms of N.

Statistical analyses

We conducted one-way analyses of variance (AN-
OVA) using SAS JMP software (Version 3.2.5, 1999)
with tree species as the main effect to examine plant
biomass, plant C, N and C:N, as well as soil NHZ and
NO3_ . To examine preference for NHZ or NO3_ , We
conducted an ANOVA within each tree species with
form of N (NHI vs NO3) as the main effect. All of the
data were log-transformed prior to statistical analysis.
A Kruskal-Wallis test was performed if the data were
not normally distributed after the log transformation.

Results

Plant uptake of nitrogen

Per unit plant biomass, total plant uptake of NH4-N
was significantly greater than uptake of NO3 N in east-
ern hemlock (p = 0.020) and sugar maple seedlings
(p = 0.0006; Figures 1 and 2). There was a signi-
ficantly greater amount of N derived from uptake of
15NH;x1r compared to 15NO3_ in all plant parts of sugar
maple, but only the roots (p = 0.0027) and stems
(p = 0.038) of eastern hemlock (Figure 1). While
all plant parts of red oak contained more N derived
from 'YNH; than SNO3 (Figures 1 and 2) there was
no significant difference between these two forms of
N. In contrast to the other three tree species, beech
took up more N as 1SNO3 than ’NH (p = 0.082;
Figures 1 and 2).
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Figure 1. Plant uptake and sequestration of NH4-N and NO3-N per
¢ plant biomass (n = 4 for beech and n = 5 for hemlock, red oak,
and sugar maple seedlings). Within a tree species, differences in
NH4-N vs NO; N uptake are denoted by the following: *p < 0.10,
**p < 0.05, ***p < 0.01, and **** p < 0.005.

When total soil NH4-N and NO3-N were taken
into account, beech seedlings still took up a greater
proportion of N as NO3-N than NH4-N (p = 0.022;
Figure 2). Sugar maple seedlings still took up a greater
proportion of N as NH4-N than NO3-N (p = 0.0005).
Hemlock and red oak seedlings both took up greater

7_
6
z 5
g 4
I3
‘2
1
0
Beech Hemlock Red Oak Sugar
Maple

Figure 2. Stippled bars show ratio of total plant uptake of
NH4-N:NO3-N per g plant biomass (n = 4 for beech and n = 5 for
hemlock, red oak and sugar maple seedlings). Solid black bars show
ratio of total plant uptake of NH4-N:NO3-N per g plant biomass per
total ug NH4-N/NO3-N in pot. Within a tree species, differences
in NHy vs NOj3 uptake are denoted by the following: *p < 0.1,
**p < 0.05, ***p < 0.01, and *** p < 0.005. Dotted line denotes
equal NH4-N and NOs3-N uptake. Error bars cannot be calculated
since values represent ratio of two groups.

amounts of NO3_ than NH, but the difference was
not significant.

In addition to variation in composition of N uptake,
tree species also varied in how much N they took up
per unit plant biomass. For example, sugar maple took
up over 6 times more NH4-N than eastern hemlock
and red oak, and over 180-times more NHy4-N than
beech seedlings (p < 0.05; Figure 1). Sugar maple
and red oak seedlings had similarly high amounts of
NO3 N uptake into their biomass compared to eastern
hemlock seedlings (p < 0.05).

Plant biomass, carbon and nitrogen

Seedling mass varied dramatically among species. The
mass of the roots and leaves of eastern hemlock were
over seven times larger than those of the other tree
species (p < 0.0001; Table 1). Sugar maple had sig-
nificantly lower root and stem mass than the other tree
species (p < 0.0001). The sugar maple stems had only
one thirteenth the mass of eastern hemlock seedlings.
Eastern hemlock had more than double the root:stem
ratio of all other tree species (p = 0.0437).

In addition to plant biomass, tree species varied in
their N and C concentrations. The roots, stems and
leaves of sugar maple had significantly higher % N
compared to the three other tree species (p < 0.05;
Table 2). However, sugar maple seedlings had the low-
est root and stem %C of the four tree species (p <



255

Table 1. Plant biomass (g) across tree species with standard error (n = 8 for beech
and n = 10 for hemlock, red oak and sugar maple seedlings). Values in parentheses
are p-values comparing tree species within each variable. Different letters above values
represent statistically significant differences at p < 0.05.

Tree Species  Roots Stems Leaves Root:Stem Ratio
Beech 0.60° £0.25 0.55*+0.14 0.11*+0.04 1.16* £0.15
Hemlock 461°+2.09 1.212+039 1.91°+0.57 3.49° +1.07
Red Oak 0.612+£020 0412+0.06 0.24°+0.08 1454 +£0.38
Sugar Maple  0.11°£0.02  0.09° £0.02  0.07°+0.01  1.20* £0.09
(<0.0001) (<0.0001) (<0.0001) (0.0437)

0.05; Table 2). The C:N ratio of the roots, stems and
leaves of sugar maple was significantly lower than the
other tree species (p < 0.05; Table 2).

Soil nitrogen

Soil concentrations of NHir did not vary significantly
across tree species at day 0 (p = 0.29; Table 3), al-
though there was a trend whereby red oak and sugar
maple had more than two times larger soil N HI con-
centrations compared to beech and eastern hemlock
(power=0.2312). At day 4, sugar maple had larger soil
pools of NHir than the other tree species, but the trend
was not significant (p = 0.23; Table 3). There was
a trend for greater NO; in sugar maple and red oak
soils than eastern hemlock soils at day 0 (p = 0.0939;
Table 3). Day 4 NO; pools were greatest in sugar
maple soils (p = 0.0014; Table 3).

The net change in soil NH;L'r and NO3' concentra-
tion over the 4-day experimental period did not vary
across tree species (p > 0.05; Table 3). There was
no significant net accumulation of NHZ or NO; dur-
ing the four-day experimental period across all tree
species (p > 0.05; Table 3). The ratio of NH;L'r to
NOj3 did not vary significantly among tree species at
day 0, but was significantly greater in eastern hem-
lock soils at day 4 compared to soils of red oak and
sugar maple (p = 0.014; Table 3). Averaged across
tree species, the ratio of NH;x1r to NO;™ did not differ
between the beginning and end of the experimental
period (p = 0.169; Table 3).

Discussion
Our results demonstrate that tree seedlings of four

dominant species of the Catskill Mountains, NY vary
in their capacity to take up NHZ and NO; . Sugar

maple seedlings took up on average 6 times more
N as NHA|r than NO;' into their biomass. When the
total amount of soil NHI and NO3  were taken into
account, these seedlings still took up approximately
5 times more NH; than NOJ into their biomass. The
similarity in NH;L'r preference by sugar maple seed-
lings of this study and excised roots of adult sugar
maple trees of another study (Rothstein et al., 1996)
suggests that we can use the seedlings of this study
as a model system for adult tree NHir or NO; prefer-
ence in the Catskill Mountains, NY. Eastern hemlock
seedlings shared a similar pattern with sugar maple;
they took up approximately five-times more N HI than
NOy3, but the difference was not significant once dif-
ferences in soil NH;¥1r and NOj3 availability were taken
into account. There was no significant difference in
NHI than NOj uptake by red oak seedlings. Beech
seedlings took up approximately five-times more N as
NOj than NHI. Once differences in soil NO; and
NHI concentrations were taken into account, the ratio
of NO3 to NHir uptake by beech seedlings increased
to ten.

In this study, we applied a method for measuring
plant uptake of N while the plants were intact and
remained in contact with their native surroundings, in-
cluding soil and associated microbial community. We
believe that this helped to minimize disturbance of
the plants’ normal physiology. We removed the plants
from their normal environment, but sought to minim-
ize disturbance effects by (1) over-wintering the plants
in a greenhouse before we began the experiment to
allow the plant and its associated soil to re-equilibrate
and (2) measuring plant uptake of N while the roots
were still attached and therefore plants were still in-
tact. Unlike other studies that look at plant uptake
of N at a variety of concentrations, we determined
plant uptake at a N concentration we considered to
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be large enough to encompass the maximum rate of
plant uptake, or Vmax, of the plant species we were
interested in. While our study does not describe all of
the possible kinetic rates of N uptake, we are able to
make comparisons of N uptake among different plant
species of the Catskill Mountains, NY.

Many factors could influence the amount of N
taken up by a plant. For example, plant biomass varied
significantly among tree species, with eastern hemlock
seedlings having larger root and leaf mass compared
to the other tree species, which is possibly attributable
to differences in age between the seedlings examined.
We do not try to interpret the differences among spe-
cies in the amount of N uptake because initial variation
in seedling mass among tree species could influence
these differences. Because we could not control for
initial plant size at the beginning of the experiment, we
weighted N uptake by plant biomass to correct for any
variation in biomass between tree species. We focus
our discussion on the form of N (e.g., NH;L'r vs. NO3)
taken up by plants.

We are aware of the possibility that microbial
transformation of N in soil during the 4-day experi-
ment could confuse our distinction between NHI and
NO3 uptake by plants. For example, if the added
15NH4 were nitrified and then taken up as NO3_ , it
would appear to us as NH;x1r uptake in this experi-
ment. We chose an experimental period of 4 days as
a compromise; a shorter period would minimize N
transformation in the soil and a longer period would
enhance our ability to detect uptake in the plants. We
do not believe that microbial transformations were a
significant problem in this experiment. For instance,
if nitrification was a significant problem we would ex-
pect to see it most in the sugar maple soils, which have
the highest net nitrification rates associated with it than
any of these species (Templer et al., 2003; Lovett et al.,
in press Biogeochemistry). If the added 15NHZ were
being nitrified and taken up as NO;', we would expect
to observe an equally vigorous uptake of 15NO3_ by
sugar maple plants, but we did not. In the opposite
extreme, if the 15NO3_ added to beech pots was im-
mobilized by microbes, re-mineralized, and taken up
as NHI, we would expect to observe an equally vig-
orous uptake of added 15NHI, but again we did not.
This leads us to believe that our experimental proced-
ure accurately assessed the relative uptake of N HI and
NOj by these plants.

On average, the amount of N available to the seed-
lings of this experiment was approximately five times
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greater than that observed in Catskill Mountain forest
soils (Templer et al., in press Ecosystems). The lar-
ger N pools could have resulted from N addition
or the stimulation of microbial processes during the
collection and potting of the soils and plants. Because
of this, the inorganic N available for all plant spe-
cies was less limiting compared to field conditions.
Howeyver, the relative amounts of N available to the
different tree species were similar to field conditions.
For example, soil NO; concentrations were consist-
ently greater within sugar maple soils and lower in
hemlock soils compared to the other plant species.
Also, soil NHir was consistently greatest in sugar
maple soils in both the field and this experiment.

Comparison among tree species

It is not surprising that sugar maple took up more
NHI than NOj5 given that it is a shade-tolerant species
(Godman et al., 1990), and shade tolerance has been
associated with greater NHZ than NO; uptake (Fre-
deen and Field, 1992; Stewart et al., 1992). The sugar
maple seedlings of this experiment took up approxim-
ately 6 times more NHI than NOy5 . This ratio of NHy-
N:NOs3-N uptake is intermediate in value between
other studies which have examined inorganic N uptake
by sugar maple seedlings. For example, BassiriRad
et al., (1999) examined intact roots using the N de-
pletion method and found sugar maple roots to take
up approximately two times more NH;L'r than NO3'.
However, Rothstein et al., (1996) examined excised
roots of sugar maple seedlings and found substantially
greater ratios of NH4-N:NO3-N uptake compared to
both BassiriRad et al., (1999) and our experiment. The
Vmax and Km values for NHI uptake of their sugar
maple seedlings were at least 10 times greater than the
Vmax and Km values for NO; uptake.

Similar to the sugar maple seedlings, it is not sur-
prising that the eastern hemlock seedlings took up
more NHI than NO5 given that they too are a shade
tolerant species (Martin, 1959) and many conifers tend
to reduce NO; within their roots rather than their
shoots (Sarjala, 1991). Having NO3 reductase primar-
ily located in roots has been associated with larger
NHI than NO3_ uptake (Gutschick, 1981). However, it
appears that the hemlock seedlings in this study were
taking up greater amounts of N in the form that was
present, rather than discriminating between the two
forms. The significant difference in form of N uptake
disappears once the amount of NH;L'r and NOj' is taken
into account. Therefore, it appears that hemlock does
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not have a preference for either form of N, but rather
takes up greater amounts of NHir because its availab-
ility exceeds that of NO; . We are unaware of other
studies that have examined inorganic N preference by
eastern hemlock plants, but studies of western hem-
lock (Tsuga heterophylla) show that they take up N HI
faster than NO;™ (Knoepp et al., 1993).

The decrease in soil NO; concentration in eastern
hemlock soils over time is surprising given that rates of
net nitrification are often detectable in soil associated
with this tree species (Templer et al., 2003; Lovett
et al., in press Biogeochemistry). It is not clear what
the complete fate of NO;™ was in the eastern hemlock
soils in our experiment. The hemlock seedlings took
up less than 2% of the standing NO3 pool. Some of
the remaining NO; could have been directly incor-
porated into soil organic matter via abiotic reactions
(Johnson, 1992; Magill et al., 1997; Aber et al., 1998;
Berntson and Aber, 2000; Dail et al., 2000; Johnson
et al., 2000; Fitzhugh et al., 2003; Fitzhugh et al., in
press Global Change Biology). Soil microbes could
have taken up some of the NO;', but they usually take
up more NHI than NO; (Wickramasinghe et al. 1985;
Rice and Tiedje, 1989; Recous et al., 1990; Puri and
Ashman, 1999), even when NO;' is readily available
(Puri and Ashman, 1999). Whatever the fate of NO3
was in eastern hemlock soils, the seedlings had access
to amounts of NO;™ similar to those observed in the
field, but ultimately took up more NHI.

It is possible that because the sugar maple and
eastern hemlock seedlings of this experiment were ex-
posed to high NH4/NO3 ratios in soil solution, that
they may have been less likely to take up NO; in
a short-term experiment like this one because it was
not advantageous to produce NOj3 reductase, which
is necessary for assimilating this form of N. However,
nitrate reductase is an inducible enzyme at very low
external NO; concentrations in many plant species
(Tischner, 2000). Induction of NOj3 reductase activ-
ity can occur within hours of exposing plants to NO5
for the first time (Min et al., 1998). We therefore
believe that four days represents a sufficient time to
induce NOj reductase and assert that the significantly
greater uptake of NHZ than NO5 in eastern hemlock
and sugar maple seedlings was indeed reflecting true
differences in uptake of different forms of N.

There was no significant difference in form of N
uptake by the red oak seedlings. The lack of a strong
preference for NO; by red oak seedlings is expected
given that they too are a shade tolerant tree species

(Sander, 1990) and may have NO; reductase loc-
ated in their roots (Gharbi and Hipkin, 1984). Red
oak stands tend to have relatively small amounts of
N leaching compared to sugar maple stands (Templer,
2001; Templer et al., in press Ecosystems), but it is
not clear whether uptake of N into plant biomass is a
strong retention mechanism.

The fact that beech seedlings tended to have greater
NO;3 than NHI uptake is surprising given that they
are generally considered to be a shade tolerant spe-
cies (Tubbs and Houston, 1990) and to be associated
with low soil NO3_ concentrations (Lovett and Rueth,
1999; Templer et al., 2003, in press Ecosystems). In
addition, other tree species of their family (Fagaceae)
have NOj' reductase located in their roots (Gharbi and
Hipkin, 1984). All of these factors would lead one to
expect beech seedlings to take up more NHZ since it
would be less energetically expensive than taking up
NO3 and reducing it within their plant tissue. Fur-
thermore, another beech species, Fagus sylvatica, has
been shown to take up more NHZ than NO;™ (Gessler
et al., 1998). In one experiment, the presence of NHI
significantly reduced NO3 uptake, especially at ratios
of NO3 :NHI less than 4. In this study, NO3 :NHI
ratios in beech soils were always less than 4, yet NO5
uptake surpassed NHZ uptake. It is possible that the
relatively low magnitude of total N uptake by beech
seedlings in this experiment was due to these seedlings
meeting the bulk of their N demand from stored N
reserves. This could have obscured the ratio of NHI
to NO5 uptake usually experienced in the field. Ad-
ditional research examining constraints on NHZ and
NO;3 uptake by beech trees needs to be undertaken.

Implications for forest nitrogen dynamics

Variation in the form of N taken up by plants, in con-
junction with previous work examining soil microbial
activity among tree species (Templer et al., 2003), may
explain some of the variation in N retention and loss
among Catskill Mountain watersheds. Forests dom-
inated by sugar maple have greater N leaching and
smaller N retention compared to forests dominated
by red oak (Templer, 2001; Templer et al., in press
Ecosystems). This could be due to a combination of
processes that occur in the soils and in plant biomass
of these forest stands. For example, soils beneath sugar
maple stands have relatively high rates of net nitri-
fication (Zak and Pregitzer, 1990; Finzi et al., 1998;
Lovett and Rueth, 1999; Templer et al., 2003; Lovett



et al., in press Biogeochemistry), yet the ability of
sugar maple to take up NO; compared to NHI is low
(Figures 1 and 2; Rothstein et al., 1996; BassiriRad
et al.,, 1999). The combination of a large production
of NO; and the lack of uptake by the dominant tree
species may explain why forests dominated by sugar
maple have a relatively large amount of NOj leaching
and smaller N retention compared to other tree spe-
cies of the Catskill Mountains (Templer, 2001; Lovett
et al., 2002; Templer et al., in press Ecosystems).
Sugar maple does not take up a large amount of the
form of N that is most likely to leach from their stands
and therefore the plant biomass may not act as an
immediate retentive mechanism for the added NO; .

Forest sinks for nitrogen

Atmospheric N deposition to the forests of the Cat-
skills is primarily in the form of NO3 (Lovett and
Rueth, 1999). The results of this study suggest that, of
the species studied, only beech could be a significant
sink for the deposited NO; . Nitrate not taken up by
plants can be denitrified, and lost in gaseous forms, or
lost from the system by leaching. Alternatively, NO;
may be taken up by microbes and re-mineralized to
NHI, which would then be available for uptake by
most of the species studied here.

Understanding the form of N preferred by dom-
inant tree species may help us to predict the ability
of northern hardwood forests to tolerate excess N de-
position, especially when other factors such as climate
change (Vitousek, 1994) and introduced plant diseases
(Houston et al., 1979; Orwig and Foster, 1998) are
altering tree species composition. For instance, beech
bark disease is responsible for the increasing rate of
beech tree mortality throughout the Catskill Moun-
tains (Griffin et al., 2003). The disease is caused by
the Nectria fungus, which enters the bark of beech
trees through fissures produced by an introduced scale
insect (Cryptococcus fagisuga Lind.). This can even-
tually girdle and kill the tree (Houston et al., 1979).
No matter which species replaces the dying beech, the
N economy of the forest could change, because all
of the other species take up greater amounts of NH;x1r
than NO;. Thus, such a species shift would lower
the ecosystem retention of atmospherically deposited
NOj3 and could lead to either greater N leaching or
gas loss. If sugar maple, which is the current domin-
ant species in these forests, replaces beech, the NO3_
export could accelerate even more because of the high
nitrification rate of sugar maple soils (Templer et al.,
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2003; Lovett et al., in press Biogeochemistry) and
the high level of discrimination against NOj uptake.
Leaching of N might be further enhanced by sugar
maple’s ability to mobilize nutrients more efficiently
via hydraulic lift (e.g., water loss from roots; Dawson,
1993, 1996, 1998). Longer-term studies need to incor-
porate soil microbial and plant processing of N sim-
ultaneously to better understand how changes in tree
species composition could affect forest N retention or
loss.

Acknowledgements

Support was provided by the National Science Found-
ation funded Biogeochemistry and Environmental
Change RTG Program at Cornell University and a
National Science Foundation funded Human Accel-
erated Environmental Change graduate fellowship to
P. Templer. We appreciate the laboratory assistance
provided by Megan Kell and the comments provided
by Wendy Chou, Stuart Findlay, Gary Lovett, Megan
McGroddy and Whendee Silver on earlier drafts of
this manuscript.

References

Aber J, Nadelhoffer K J, Steudler P and Melillo J M 1989 Nitrogen
saturation in northern forest ecosystems. BioScience 39, 378—
386.

Aber J, McDowell W, Nadelhoffer K, Magill A, Berntson G, Ka-
makea M, McNulty S, Currie W, Rustad L and Fernandez I. 1998
Nitrogen saturation in temperate forest ecosystems. Hypotheses
revisited. BioScience 48, 921-934.

Agren G I and Bosatta E 1988 Nitrogen saturation of terrestrial
ecosystems. Environmental Pollution 54, 185-197.

BassiriRad H, Prior S A, Norby R J and Rogers H H 1999 A field
method of determining NHI and NOj;" uptake kinetics in intact
roots: Effects of CO; enrichment on trees and crop species. Plant
and Soil 217, 195-204.

Berntson G M and Aber J D 2000 Fast nitrate immobilization in N
saturated temperate forest soils. Soil Biology and Biochemistry
32, 151-156.

Bloom A J and Caldwell R M 1988 Root excision decreases nutrient
absorption and gas fluxes. Plant Physiology 87, 794-796.

Crabtree R C and Bazazz F A 1993 Tree seedling response of four
birch species to simulated nitrogen deposition: Ammonium vs
nitrate. Ecological Applications 3, 315-321.

Dail D B, Davidson E A and Chorover J 2000 Rapid abiotic trans-
formation of nitrate in an acid forest soil. Biogeochemistry 54,
131-146.

Dawson T E 1993 Hydraulic lift and water use by plants: Implic-
ations for water balance, performance, and plant-plant interac-
tions. Oecologia 95, 565-574.

Dawson T E 1996 Determining water use by trees and forests from
isotopic, energy balance, and transpiration analyses: The role of
tree size and hydraulic lift. Tree Physiology 16, 263-272.



260

Dawson T E 1998 Water loss from tree roots influences soil water
and nutrient status and plant performance. In Radical Biology:
Advances and Perspectives in the Function of Plant Roots. Eds.
H E Flores, J P Lynch and D M Eissenstat. Current Topics in
Plant Physiology, Vol. 18. pp. 235-250. American Society of
Plant Physiologists, Rockville, MD, USA.

Finzi A C, Van Breemen N and Canham C D 1998 Canopy tree-
soil interactions within temperate forests: Species effects on soil
carbon and nitrogen. Ecological Applications 8, 440-446.

Fitzhugh R D, Christenson L M and Lovett G M 2003 The fate of
15NO§ tracer in soils under different tree species of the Catskill
Mountains, New York. Soil Science Society of America Journal
67, 1257-1265.

Fitzhugh R D, Lovett G M and Venterea R T Biotic and abiotic
immobilization of nitrogen in soils developed under different
tree species in the Catskill Mountains, New York, USA. Global
Change Biology, in press.

Freeden A L and Field C B 1992 Ammonium and nitrate uptake
in gap, generalist and understory species of the genus Piper.
Oecologia 92, 207-214.

Gessler A, Schneider S, von Sengbusch D, Weber P, Hanemann U,
Huber C, Rothe A, Kreutzer K and Rennenberg H 1998 Field and
laboratory experiments on net uptake of nitrate and ammonium
by the roots of spruce (Picea abies) and beech (Fagus sylvatica)
trees. New Phytologist 138, 275-286.

Gharbi A and Hipkin C 1984 Studies on nitrate reductase in Brit-
ish angiosperms. I. A comparison of nitrate reductase activity in
ruderal, woodland-edge and woody species. New Phytology 97,
629-639.

Godman R M, Yawney H W and Tubbs C H 1990 Acer saccharum
Marsh. Sugar Maple. In Silvics of North America, Vol. 2, Hard-
woods. Eds. R M Burns and B H Honkala. Forest Service, United
States Department of Agriculture, Washington, DC.

Griffin J M, Lovett G M, Arthur M A and Weathers K C 2003
The distribution and severity of beech bark disease in the Cat-
skill Mountains, NY. Canadian Journal of Forest Research 33,
1754-1760.

Gutschick V P 1981 Evolved strategies in nitrogen acquisition by
plants. American Naturalist 118, 607-637.

Horsley S B 1988 Nitrogen species preference of Prunus-serotina
Ehrh. and Betula alleghaniensis Britt. Seedlings. American
Journal of Botany. 1988 Annual Meeting of the Botanical Society
of America, Davis, California, USA, 1418 August, 1988.

Houston D R, Parker E J and Lonsdale D 1979 Beech bark dis-
ease: Patterns of spread and development of the initiating agent
Crptococcus fagisuga. Canadian Journal of Forest Research 9,
336-344.

Johnson D W 1992 Nitrogen retention in forest soils. Journal of
Environmental Quality 21, 1-12.

Johnson D H, Cheng W and Burke I C 2000 Biotic and abiotic ni-
trogen retention in a variety of forest soils. Soil Science Society
of America Journal 64, 1503-1514.

Knoepp J D, Turner D P and Tingey D T 1993 Effects of am-
monium and nitrate on nutrient uptake and activity of nitrogen
assimilating enzymes in western hemlock. Forest Ecology and
Management 59, 179-191.

Larcher W 1995 Physiological Plant Ecology. Springer, Berlin.

Lovett G M and Tobiessen P 1993 Carbon and nitrogen assimilation
in red oaks (Quercus rubra L.) subject to defoliation and nitrogen
stress. Tree Physiology 12, 259-269.

Lovett G M and Rueth H 1999 Soil nitrogen transformations in
beech and maple stands along a nitrogen deposition gradient.
Ecological Applications 9, 1330-1344.

Lovett G M, Weathers K C and Sobczak W V 2000 Nitrogen
saturation and retention in forested watersheds of the Catskill
Mountains, New York. Ecological Applications 10, 73-84.

Lovett G M, Weathers K C and Arthur M A 2002 Control of nitrogen
loss from forested watersheds by soil C:N ratio and tree species
composition. Ecosystems 5, 712-718.

Lovett G M, Weathers K C, Arthur M A and Schultz J C. Nitro-
gen cycling in a northern hardwood forest: Do species matter?
Biogeochemistry (in press).

Magill A H, Aber J D, Hendricks J J, Bowden R D, Melillo ] M
and Steudler P A 1997 Biogeochemical response of forest eco-
systems to simulated chronic nitrogen deposition. Ecological
Applications 7, 402-415.

Martin N D 1959 An analysis of forest succession in Algonquin
Park, Ontario. Ecological Monographs 29, 187-217.

Min X, Siddigi M Y, Guy R D, Glass A D M and Kronzucker H J
1998 Induction of nitrate uptake and nitrate reductase activity in
trembling aspen and lodgepole pine. Plant, Cell and Environment
21, 1039-1046.

Nadelhoffer K J, Downs M R and Fry B 1999 Sinks for I5N-
enriched additions to an oak forest and a red pine plantation.
Ecological Applications 9, 72-86.

Ollinger S V, Aber J D, Lovett G M, Millham S E and Lathrop
R G 1993 A spatial model of atmospheric deposition for the
northeastern United States. Ecological Applications 3, 459-472.

Orwig D A and Foster D R 1998 Forest response to the introduced
hemlock woolly adelgid in southern New England, USA. Journal
of the Torrey Botanical Society 125, 60-73.

Puri G and Ashman M R 1999 Microbial immobilization of !5N-
labelled ammonium and nitrate in a temperate woodland soil.
Soil Biology and Biochemistry 31, 929-931.

Recous S, Mary B and Faurie G 1990 Microbial immobilization
of ammonium and nitrate in cultivated soils. Soil Biology and
Biochemistry 22, 913-922.

Rennenberg H, Kreutzer K, Papen H and Weber P 1998 Con-
sequences of high loads of nitrogen for spurce (Picea abies) and
beech (Fagus sylvatica) forests. New Phytologist 139, 71-86.

Rennenberg H, Schneider S and Weber P 1996 Analysis of uptake
and allocation of nitrogen and sulphur compounds by trees in the
field. Journal of Experimental Botany 47, 1491-1498.

Rice C W and Tiedje J] M 1989 Regulation of nitrate assimilation
by ammonium in soils and in isolated soil microorganisms. Soil
Biology and Biochemistry 21, 597-602.

Rothstein D E, Zak D R and Pregitzer K S 1996 Nitrate deposition in
northern hardwood forests and the nitrogen metabolism of Acer
saccharum marsh. Oecologia 108, 338-344.

Sander I L 1990 Quercus rubra L. Northern red oak, in Silvics of
North America, Vol. 2, Hardwoods. Eds. R M Burns and B H
Honkala, pp. 727-733. Forest Service United States Department
of Agriculture, Washington, DC.

Sarjala T 1991 Effects of mycorrhiza and nitrate nutrition on nitrate
reductase activity in Scots pine seedlings. Physiologia Plantarum
81, 89-94.

Stark J M and Hart S C 1996 Diffusion technique for preparing salt
solutions, Kjeldhal digests, and persulfate digests for nitrogen-15
analysis. Soil Science Society of America Journal 60(6), 1846—
1855.

Stewart G R, Joly C A and Smirnoff N 1992 Partitioning of in-
organic nitrogen assimilation between the roots and shoots of
cerrado and forest trees of contrasting plant communities of
South East Brasil. Oecologia 91, 511-517.

Stoddard J L 1994 Long-term changes in watershed retention
of nitrogen. /n Environmental Chemistry of Lakes and Reser-



voirs, Advance in Chemistry Series, Vol. 237, Ed. L A Baker,
pp. 223-284. American Chemical Society, Washington, DC.

Templer P H 2001 Direct and indirect effects of tree species on
forest nitrogen retention in the Catskill Mountains, NY. PhD
Dissertation, Cornell University.

Templer P, Findlay S and Lovett G 2003 Soil microbial biomass and
nitrogen transformations among five tree species of the Catskill
Mountains, New York, USA. Soil Biology and Biochemistry 35,
607-613.

Templer P H, Lovett G, Weathers K, Findlay S and Dawson T In-
fluence of tree species on forest nitrogen retention in the Catskill
Mountains, New York, USA. Ecosystems (in press).

Tischner R 2000 Nitrate uptake and reduction in higher and lower
plants. Plant, Cell and Environment 23, 1005-1024.

261

Tubbs C H and Houston D R 1990 Fagaceae Beech Family, In
Silvics of North America. Vol. 2, Hardwoods, Eds. R M Burns
and B H Honkala, pp. 325-332. Forest Service, United States
Department of Agriculture, Washington, DC.

Vitousek P M 1994 Beyond global warming: Ecology and global
change. Ecology 75, 1861-1876.

Wickramasinghe K N, Rodgers G A and Jenkinson D S 1985
Transformations of nitrogen fertilizers in soil. Soil Biology and
Biochemistry 17, 625-630.

Zak D R and Pregitzer K S 1990 Spatial and temporal variability of
nitrogen cycling in Northern lower Michigan. Forest Science 36,
367-380.

Section editor: M.A. Adams



