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Abstract Stable isotopes of nitrogen (N) in plants
are increasingly used to evaluate ecosystem N cycling
patterns. A basic assumption in this research is that
plant §'°N reflects the 6'°N of the N source. Recent
evidence suggests that plants may fractionate on
uptake, transport, or transformation of N. If the
dominant source of plant N is via roots, a difference
in 6'°N by tissue type would suggest fractionation on
transport and assimilation of N. In order to evaluate
differences between species and plant parts, we
measured 6'°N in root, stem, and leaf tissues of
individual sugar maple (Acer saccharum; SM) and
American beech (Fagus grandifolia; BE) plants
ranging in age from germinants to mature trees at
the Hubbard Brook Experimental Forest, New Hamp-
shire (USA). For SM, root 6"°N > stem 6'°N > leaf
5N for BE seedlings, root 6N > stem 0'°N and
root 8'°N > leaf §'°N. These differences suggest that
fractionation occurs during plant transport and assim-
ilation of N. Beech 6'°N (root, stem, and leaf) was
consistently higher than SM 8N for 1-7 year-old
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seedlings. At one site, we found no differences with
age in foliar 6'°N (range: 4.1-4.8 %o) for seedlings,
saplings, and trees which suggests that it may be
possible to compare foliar 5'°N of plants of different
ages at some sites. However, at another site, foliar and
root 6'°N were higher for trees than 1-2 year-old
seedlings. This study suggests that physiological
differences in N assimilation and transport processes
that differ by species likely control plant §'°N.

Keywords Stable isotopes - Isotopic fractionation -
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Introduction

Nitrogen (N) plays a key role in biogeochemical
cycling within forests. Among the many factors that
regulate N cycling in temperate forest ecosystems,
species composition has been shown to be an impor-
tant determinant of ecosystem N cycling dynamics
(Finzi et al. 1998; Lovett et al. 2004; Templer et al.
2007). In the northeastern US, for example, species
composition has been shown to influence soil C:N,
rates of nitrification, and NOs;~ loss in northern
hardwood forests (Lovett and Rueth 1999; Lovett
et al. 2004). However, many questions remain about
the factors that influence and are influenced by species
patterns in N content and cycling. Interpreting
observed species patterns could help elucidate some
of these controls on N cycling dynamics.
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Over the past decade, stable N isotopes have been
increasingly utilized to assess ecosystem N cycling
and status, including responses to disturbance (Evans
2007; Pardo et al. 2006). They have also been used to
explore species differences. Variation in tissue 6'°N
by tree species has been reported for northeastern
North America (Pardo et al. 2006; Templer et al.
2007). For example, at over 50 plots from Ontario,
Canada to Maine, USA where both sugar maple (Acer
saccharum; SM) and American beech (Fagus grandi-
folia; BE) were growing, foliar 6'°N was consistently
higher for BE than for SM (Pardo et al. 2006). In
boreal and tundra ecosystems, functional differences
in nutritional strategy (Chapin et al. 1993; McKane
et al. 2002) appear to explain species differences in
6"°N (Nadelhoffer et al. 1996).

Patterns in N isotopes are ultimately the result of
isotopic fractionations that lead to the creation of pools
within an ecosystem with distinct isotopic signatures
(Nadelhoffer and Fry 1994; Pardo and Nadelhoffer
2009). Isotopic fractionation occurs during physical,
enzymatic, and other biological processes that dis-
criminate against the heavier '°N and in favor of the
lighter "*N when chemical bonds are broken (Mariotti
et al. 1982; Nadelhoffer and Fry 1994). Therefore,
SN:'N ratios of reaction products are typically lower
than ratios of substrates, leading to higher ">N:'*N, or
N enrichment, of residual substrates in relation to
°N depletion of products (Mariotti et al. 1981;
Robinson 2001; Shearer and Kohl 1986). When the
depleted product is removed from the system (via
leaching, gaseous losses etc.), the residual N pools
(soil, vegetation and inorganic N pools—NH," and
NO; ™) become enriched in '°N. For example, follow-
ing nitrification, if 15N-enriched NH," is retained in
the soil and '*N-depleted NO;~ is leached from the
ecosystem, the net effect of nitrification is to enrich the
soil in '°N (Hogberg 1997; Nadelhoffer and Fry 1994;
Shearer and Kohl 1986). These processes typically
lead to a pattern of increasing soil 6'°N with depth
(Evans 2007; Mariotti et al. 1980; Nadelhoffer and Fry
1988; Pardo et al. 2002). The '°N of plant-available
N, thus, may vary as a function of the form of N and
these transformations and soil processes.

Stable N isotopes represent a potentially powerful
tool for unraveling the complexities of the N cycle in
forest ecosystems. They have been shown to record
elevated nitrification and denitrification (Piccolo et al.
1994; 1996), N saturation (Emmett et al. 1998; Pardo
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et al. 2006), precipitation volume (Austin and Vito-
usek 1998; Handley et al. 1999), climate and precip-
itation driven changes in source 6'°N (Houlton et al.
2007), and disturbance from clear-cutting (Pardo et al.
2002). Yet, within the sometimes striking patterns
observed in plant tissue 5N, there is often tremen-
dous variability which can make interpretation diffi-
cult (Pardo and Nadelhoffer 2009). This variability
may be caused by measurable controlling factors. For
example, variation in soil moisture in Scottish sites
was associated with variation in foliar 5'°N across the
growing season (Handley et al. 1999). In contrast,
prior research at the Hubbard Brook Experimental
Forest (HBEF) suggests little variation over the
growing season (Pardo et al. 2002). In order to
correctly interpret plant '°N data, it is essential to
better understand the extent of variation in plant tissue
0"N and, where possible, to identify causes of
systematic variation.

A number of other factors may influence the '°N
of plant tissue: 515N, form, and concentration of N
source; site characteristics including rate of N cycling;
species; mycorrhizal association; and prior land use
history (Evans 2001; Evans et al. 1996; Pardo and
Nadelhoffer 2009; Pritchard and Guy 2005; Yoney-
ama and Kaneko 1989; Yoneyama et al. 1991).
Different N forms (ON, NH, ", or NO;~) may have
different isotopic signatures because of the isotopic
fractionations that occur during N transformations
(Mariotti et al. 1982; Nadelhoffer and Fry 1994).
During nitrification, for example, the NO3;™ produced
is depleted in '°N relative to the NH," substrate
(Handley and Raven 1992), similarly, during denitri-
fication, "N of the residual NO;~ pool (the substrate)
will increase. Thus, in an ecosystem with high
nitrification and negligible denitrification, it would
be expected that NH, " in soil solution would have a
higher 5'°N than NO;~ in solution [although few
studies have gathered the data necessary to compare
"N of N O;~ and NH,* of plant-available N in forest
soils (Garten 1993; Koopmans et al. 1997; Koba et al.
1998)]. Consequently, for such an ecosystem, plants
that preferentially take up NO5;~ should be depleted
relative to plants that preferentially take up NH,". Ina
broad analysis of over 30 sites across the northeastern
US, Pardo et al. (2006) proposed that a likely cause for
species differences in foliar 6'°N (higher 4'°N in BE
compared to SM) was differences in rooting depth.
Since soil ¢'°N increases with depth at the HBEF
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(Pardo et al. 2001, 2002), it is expected that the '°N of
available soil N would also increase with depth and
cause plants that get their N from deeper horizons,
such as BE to have higher tissue 6'°N than SM, which
is more shallow rooted (Yanai et al. 2008). Little is
known about how §'°N varies with plant age from
germination to maturity. It is possible that as seedlings
mature to trees and rooting depth increases, that foliar
0'>N will also increase.

A fundamental assumption often made is that plant
0"°N reflects the 5'°N of the N source (Mariotti et al.
1982; Nadelhoffer and Fry 1994). Inherent in this
assumption is that there is no fractionation on uptake,
storage, transport, and retranslocation of N (Nadelh-
offer and Fry 1994). If the assumption is correct, then,
for a plant with a single N source, the different plant
tissues would all have the same 5'°N. A simple way to
test whether there is fractionation on within-plant
transport of N is to measure the 6'°N of the different
plant parts. The most robust way to do this is to
measure the 6'°N in different parts within a single
plant (preferably using the whole plant), rather than
comparing the mean root 6'°N of several plants to the
mean leaf 6'°N, because there is considerable vari-
ability in the 6'°N values for a given species within a
given site (Pardo et al. 2006; Templer et al. 2007).
Recent work (Emmerton et al. 2001a, b; Kolb and
Evans 2003; Pritchard and Guy 2005; Yoneyama et al.
2001, 2003) has called into question the previously
held view that plants do not fractionate on uptake/
assimilation of N (Evans et al. 1996; Hogberg 1997;
Mariotti et al. 1982; Nadelhoffer and Fry 1994), by
showing that in some cases, fractionation on uptake or
assimilation may occur. The question then becomes
how specific factors (species, site conditions, etc.)
influence the occurrence and extent of fractionation.
As "N is used more routinely in terrestrial ecosystems
to evaluate N cycling dynamics, it is critical to refine
our understanding of what determines foliar or plant
6"°N so that misinterpretation of ecosystem N cycling
is avoided. A better understanding of the factors that
influence the isotopic signature of plant tissue could
potentially facilitate prediction of the form or timing
of N uptake which could be useful in evaluating stand
level N dynamics.

The main objectives of this study were to evaluate
whether there is fractionation on within-plant N
transport and to assess the extent of species differences
and variation in d'°N among tissues of the dominant

trees in a northern hardwood forest. We used a novel
approach: we measured 0'°N in root, stem, and leaf
tissues of individual SM and BE plants ranging in age
from germinants to mature trees in order to evaluate
differences between species and plant parts. Because
we measured the 6'°N within individual plants,
analyzed many samples, evaluated plants of different
ages and for the young plants, measured the whole
plant, we were better able to observe patterns. Prior
work has typically only compared means of roots to
means of shoots. We hypothesized that:

(1) there would be no differences in 6'°N among
tissues within a plant,

(2) root and stem 0'°N in BE would be greater than
root and stem 6'°N in SM (as is leaf '°N),

3) 6"N in plant tissue would increase with age (as
rooting depth increased), and

(4) plant 5N would not change across the growing
season.

Materials and methods
Site description

The study was conducted at the HBEF, in the White
Mountains of central New Hampshire (43°56'N,
71°45'W). The HBEEF is a northern hardwood forest
which extends over 3,160 ha; the south-facing water-
sheds, where most prior research has been conducted,
range in elevation from 500-800 m (Likens et al.
1977). The climate is predominantly humid continen-
tal; mean annual precipitation is approximately
1,400 mm. The dominant tree species in the south-
facing watersheds are SM (~ 35 % of basal area), BE
(~35 %), and yellow birch (Betula allegheniensis;
~20 %) (Siccama “unpublished data”, http://www.
hubbardbrook.org/data/dataset_search.php). Soils are
well-drained spodosols, Typic, Aquic, and Lithic
Haplorthods with little clay and a sandy loam texture
(Lawrence et al. 1986). Soils are acidic with mineral
soil pH values about 4.5 or less, and are approximately
60 cm deep (Johnson 1995) with a 3—15 cm forest
floor (Huntington et al. 1988; Likens et al. 1977). The
bedrock is medium to coarse-grained Sillimanite
schist of the Rangely formation.

The study was conducted at two sites at the HBEF:
the TDE plot (43°56'N, 71°45'W) with an elevation of
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486 m, is 20 m in diameter and dominated by SM and
BE. The NuPert site, situated 300-900 m west of
watershed 6 (the reference watershed), ranges in
elevation from 700 to 760 m; SM represent 70-85 %
of stems (Berger et al. 2001). The NuPert site can be
wetter than the TDE site (Berger et al. 2001). For this
study, we sampled only trees from four (45 x 45 m?)
control plots. The NuPert site was included in the
study because it provided the opportunity to collect
root and foliar samples from the same tree (a highly
destructive process not possible in most research
sites). We expected that the differences in elevation
would not affect the foliar §'°N , because we have not
observed differences with elevation across a gradient
from 540 to 770 m in our long-term monitoring of
foliar 0'°N at this site (Pardo et al. 2002; Pardo
“unpublished data™).

Table 1 Number of samples collected by age, date, and site

The region was settled by Europeans in the late
1800s and selectively logged from about 1900 to 1917
(Whittaker et al. 1974). After an ice-storm on January
1998, some trees were damaged, resulting in broken
branches or the collapse of tree trunks due to heavy ice
loads (Jones and Mulherin 1998; Rhoads et al. 2002).
Atthe HBEF, for the first year after the ice storm, nitrate
leaching increased in damaged areas (Houlton et al.
2003). At the NuPert site, a damage survey of 340 trees
showed that 66 % of trees were damaged (Huggett et al.
2007). The area around the TDE plot was not damaged.

Sample collection
Samples of SM and BE of different ages were collected

randomly at the sites on different dates in June—August
2008 (Table 1). About 10 x 10 cm? of soil around the

Plant tissue

Species Site Date Age group Leaf Root Shoot Stem Number of plants
BE NuPert 10 June 08 3-7% years 2 2 2 2
Tree 1 1
TDE 29 July 08 1-2 years 10 10 10 10
3-7% years 14 13 14 15
Sapling 5
20 August 08 Tree 4
SM NuPert 9 June 08 1-2 years 1
10 June 08 1-2 years 5 6 6 6
22 July 08 Tree 20 20
21 August 08 Tree 20 20
TDE 19 June 08 Germinant 2 3 3
1-2 years 17 17 15 17
3-7" years 2 2
26 June 08 Germinant 9 9
1-2 years 16 16 17 17
3-7% years 4 7 6 7
Sapling 3 3 3
Tree 4 4
29 July 08 Germinant 9 7 9
1-2 years 17 18 17 18
3-77 years 12 3 11 12
Sapling 5 1 5
20 August 08 Tree 4 4

Species sampled were Fagus grandifolia (BE) and Acer saccharum (SM)
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seedlings was excavated by hand to ensure that the
entire root system was removed. Germinants were
separated into shoot and root. Seedlings were separated
into three parts (leaf, stem, and root) in the laboratory.
We aged each seedling by counting terminal bud scars.
From mature trees, fine roots (diameter < 2 mm) were
collected from five randomly chosen dominant SM
trees per NuPert plot on 22 July 2008 by following a
root from the trunk until we reached fine roots. Leaves
from the same trees were collected on 21 August 2008.
Leaves were also collected from mature BE and SM
trees at the TDE site on 21 August 2008. For mature
trees and saplings, we collected a sub-sample of foliage
and fine roots. Based on our previous work at this site,
and the very low overall variability in foliar 5'°N over
the 17 years that it has been monitored (Pardo et al.
2002; Pardo “unpublished data), it appears that the
sub-samples we collect represent the patterns observed
at the site. Additionally, over the monitoring period at
this site, we have not observed changes in foliar SN
across the growing season or between green leaves and
fresh litter. In this study, we also did not observe
patterns in foliar 6'°N across the growing season. Thus,
we do not expect the separation of foliar and root
collection to alter the interpretation of 3'°N data in this
study. In order to further investigate patterns with age,
we collected 10 plants each of seedlings (age class 2),
saplings, and trees in July and August 2009 from both
NuPert and TDE plots. All leaf samples from mature
trees were collected from the upper, sunlit canopy
using a shotgun.

Sample analysis

Tissue samples were oven-dried at 65 °C, pulverized
in a shatterbox (SPEX Chemical and Sample Prep,
model 8500, Metuchen, NJ, USA), oven-dried at
65 °C, and loaded into a capsule for isotope analysis.
Samples were analyzed for N content and N stable
isotope ratios at the Center for Stable Isotope
Biogeochemistry at University of California, Berkeley
(CSIB) via a CE Instruments 1500 elemental analyzer
(Wigan, UK) coupled with a Finnigan MAT Delta™*
XL isotope ratio mass spectrometer in continuous flow
(Thermo Scientific, Bremen, Germany). We report all
isotope data as 0'°N values, which represent the per
mil (%o) difference between the isotopic composition
of the sample and that of atmospheric dinitrogen
(which is defined as 0 %o):

5]5N = [(Rsample/Rstandard> - ]] x 1000 (1)

where Rgample represents the sample isotope ratio
(N/MN), and Ryandara is ©°N/N for atmospheric N»,
or 0.0036765.

The standard deviation of the 8.3 % of samples
analyzed in triplicate was 0.10 %o; the precision of
apple leaf standard, NIST 1515, was 0.09 %o (mean
0"°N = 0.69 %o).

Statistical analysis

We analyzed the patterns in individual plants in order
to increase the statistical power of our analysis. We
separated seedlings into three age classes: age class
1 = 1-2 years; age class 2 = 3-7 years; age class
3 > 7 years. We grouped plants into age classes
because of the uneven age distribution of sugar maple
seedlings that results from uneven mast events (every
3-5 years: Godman et al. 1990). Because the ages and
distribution of seedlings were not uniform, it was
therefore difficult to collect equal numbers of samples
which resulted in unequal samples sizes. To assess
differences among plant parts, we used restricted
maximum likelihood via PROC MIXED on the
difference in 6'°N between the parts in individual
plants. Analogous to conducting paired ¢ tests, this
approach provided greater statistical power for testing
the consistency of differences in 6'°N among plant
parts and helped to account for tree-to-tree differences
associated with the heterogeneity of soils within a site.
Plant parts were fixed effects in the model. The
Kenward—Rodgers denominator degree of freedom
method was employed. Differences in plant parts were
assessed via least squares means using the Tukey-—
Kramer adjustment. For 515N, the effects of site,
species, and plant part were tested using restricted
maximum likelihood or pseudo-maximum likelihood,
depending on the distribution of the response variable.
We used the Shapiro-Wilk W test for normality. In
cases where the response variable was normally
distributed we used PROC MIXED. In cases where
the response variable was not normally distributed we
used PROC GLIMMIX with a gamma distribution and
alog link function to account for the right skewed data.
The Kenward—Rogers denominator degrees of free-
dom method was used with both procedures. Site,
species, and plant part and were fixed effects in the
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models. Differences in 6'°N were assessed via least
squares means using the Tukey—Kramer adjustment.
Within each site for each species for §'°N, the effects
of age and plant part were tested using methods
described above for 6'°N. Site, species, and plant part
were fixed effects in the models. Differences between
plant parts in the same plant were defined as AS'°N,
for example AS" Nyoorteat = 0" Nyoot — 0" Nijear. For
AN, the effects of site, species and age were tested
using methods described above for 5'°N. Site, species
and age were fixed effects in the models. All statistical
analyses were performed using SAS software (Version
11.0) and an alpha level of 0.05.

Fig. 1 Root versus leaf 6'°N

Sugar Maple

Results
Differences among plant parts

In general, in an individual plant, root SN was
significantly higher than shoot 6'°N for both SM and
BE (Fig. 1). For SM germinants, root 6'°N > shoot
5"N; for SM seedlings, root 3N > stem 8"°N > leaf
5'5N; and for SM trees, root 5'°N > leaf 6'°N (Fig. 2;
Table 2). All differences were significant. For BE
seedlings, root 6N >stem ¢'°N and root
0"°N > leaf §'°N (Fig. 2); there was no significant
difference between stem 6'°N and leaf 5'°N (Table 2).
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Fig. 2 Root, stem, leaf and shoot SN for individual plants of
a sugar maple (SM) paired shoot and root of germinants and
1-2 years old seedlings, b SM 3-7+ years old seedlings, ¢ SM
saplings, d SM trees, e BE 1-2 years old seedlings, f BE

Table 2 Statistical results: differences between plant part

SN

Mean A 6'°N n P
SM
Root-leaf 2.1 87 <.0001
Root-shoot 1.0 18 <.0001
Root-stem 1.1 63 <.0001
Stem-leaf 0.58 76 <.0001
BE
Root-leaf 0.8 24 <.0001
Root-stem 0.77 24 <.0001
Stem-leaf 0.08 26 0.47

Individual Plants

3-7+ years old seedlings, g American beech (BE) saplings,
h BE trees. Points to the right of the dashed lineare from the
NuPert plot; all other points are from the TDE plot

Comparison of A5"°N between species

We evaluated the differences in 5'°N between plant
parts (Fig. 1). The largest differences (AJd'°N)
reported were between root d'°N and leaf 6'°N. All
AS"Ns were consistently greater in SM than BE
(Table 3).

Differences by site
Generally, SM foliage and root 6'°N was higher at
the NuPert site than at the TDE site. For SM, mean

foliar "N for age class 1 (1-2 years) and for trees
was higher at the NuPert site than at the TDE site

@ Springer



282

Biogeochemistry (2013) 112:275-291

Table 3 Statistical results: comparison of plant part 5'°N by
species

BE SM n P
TDE
N
Root -.20 —2.90 82 <.0001
Stem —1.06 —4.10 95 <.0001
Leaf —-0.92 —4.70 82 <.0001
AS"N
Root-leaf .84 1.70 81 <.0001
Root-stem 5 1.15 78 .0017
Stem-leaf 15 0.60 85 0.0008

(Fig. 2a, d; Table 4). Similarly, for age class 1, root
and stem 0'°N were higher at the NuPert site than at
the TDE site (Fig. 2a, d; Table 4). For BE, we were
able to compare only age class 2 (3—7 years) at the
NuPert and TDE sites and found no significant
differences between the sites for root, stem, or leaf
5'5N (Table 4).

Patterns with age

We evaluated patterns with age for each species and
site. At the TDE plot, SM foliar §'°N was higher for
germinants than for age classes 1-3, saplings or trees,
which were not different from each other (Fig. 2;
Table 5). At the TDE plot, SM root 6'°N was higher
for germinants than for age class 2, which was higher
than age class 1; all differences were significant. There

were no significant differences in SM stem 6'°N
between age classes 1 and 2 at the TDE plot. In
contrast, at the NuPert plot, 3'°N of SM foliage and
roots for trees was significantly higher than for age
class 1 (Table 5).

For BE at the TDE plot, foliar 5'°N for age class 1
(—0.5 %0) was significantly greater than for age
classes 2 and 3, and age class 3 was significantly
lower than saplings and trees; there were no other
significant differences among age classes (Table 5).
There were no significant differences in root §'°N,
which ranged from —0.8 to 0 %0 among age classes
1-3. Stem §'°N for age class 1 was significantly
greater than age class 3, whereas age class 2 was not
significantly different from the other age classes.

Patterns in A5"°N with age

For SM, A(SlSNmm_leaf was higher for older plants.
Aélstot_leaf was higher for trees than age class 1
seedlings in NuPert, and higher for age class 2 than age
class 1 seedlings than germinants at the TDE plot
(Table 5). Similarly, at the TDE plot, A" N,oorstem
was higher for age 2 than age 1. Differences by age for
AN, oortear and ASN,oor sem for BE and for
A8 Nyem_tear for SM were not significant. For BE,
in the TDE plot, Aélsttem_leaf for age 2 was greater
than for age 1; other differences among age classes
1-3 were not significant. There were no differences in
A" N values between sites for age class 1 (Table 5).

Table 4 Statistical results:

comparison of plant part Age class NuPert TDE n P
SN by site 515N
SM
Root 1 —1.4 -3.07 58 <.0001
Stem 1 -23 —4.1 56 <.0001
Leaf 1 -33 —4.7 56 <.0001
Leaf Tree —2.41 —4.07 28 <.0001
BE
Root 2 —.34 -39 10 .92
Stem 2 —1.4 —.96 9 43
Leaf 2 —0.74 —1.51 9 13
AN
SM
Root-leaf 1 1.86 1.6 56 .26
Root-stem 1 91 1.07 54 .36
Stem-leaf 1 94 .53 54 .06
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Table 5 Statistical results: comparison of plant part 5'°N by age
Germinant Agel Age2 Age3 Sapling Tree P
TDE
5PN
SM
Root —1.54 -3.07 —-2.17 84 <.0001
Stem —4.13 —3.87 64 17
Leaf/shoot —-2.69 —4.66 —4.82 —4.01 —4.10 —4.07 103 <.0001
BE
Root —.05 -39 —.78 23 .06
Stem -.73 —.96 —1.63 24 .013
Leaf -.50 —1.51 —-1.92 —1.20 —.66 33 0.0015
AS"N
SM
Root-leaf 1.00 1.59 2.34 59 .0008
Root-stem 1.07 1.64 56 .0006
Stem-leaf 0.53 0.86 61 0.05
Agel Tree n P
NuPert
SM
5PN
Root —1.40 0.66 26 <.0001
Leaf —-3.26 —-2.41 26 0.0012
AS®N
Root-leaf 1.86 3.07 26 .0023

Differences by species and patterns with sampling
date

Beech 6'°N was consistently higher than SM 6'°N for
age classes 1 and 2 within the TDE plot for leaf, stem,
and root tissues (Fig. 3; Table 3). There were no
differences by date among germinant, 1-3 year-old
SM seedlings for root, stem, or leaf 5"N for the three
sampling dates (Table 1).

Discussion

Patterns with plant part

Our approach had several advantages over prior mean-
based 0'°N studies: (1) by measuring differences

within individual plants, we reduced variation caused
by soil and plant heterogeneity and we had more

power to detect differences, and (2) for seedlings, we
reduced biases that could occur from sub-sampling by
measuring entire plants.

When roots and leaves have the same N source (e.g.
soil solution), a difference in their N isotopic compo-
sition would reflect a fractionation during transforma-
tion and transport within the plant. Our results (root
0"°N > leaf §'°N) suggest a pattern of fractionation
during N transformation and transport which leads to
assimilation of '’N-enriched N in roots and of ’N-
depleted N in leaves.

Our data, which showed a difference of 2.1 %o
(0.09 %o std. dev.) between root and leaf S'5N for SM
and of 0.8 %o (0.14 %o std. dev.) between root and leaf
for BE, were similar to previous studies in the
northeastern US which suggested that root 6'°N is
greater than leaf 6'°N in trees (Table 6). In single
species plots of SM, BE, red oak (Quercus rubra), and
Eastern hemlock (Tsuga canadensis) in the Catskill
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Fig. 3 Comparison of American beech (BE) versus sugar
maple (SM) root, stem, leaf and shoot 8N fora 1-2 years old
seedlings, b 3—74 years old seedlings, ¢ saplings, d trees

Mountains, New York, plot mean root 8">N was found
to be higher than mean leaf 5'°N (Templer et al. 2007;
Table 6). At Harvard Forest, Massachusetts, in an oak-
dominated hardwood plot, fine root d'°N of all species
combined was —1.6 %o while foliar 5'°N was lower
for the individual species (red oak, birch (Betula), red
maple (A. rubrum), and BE) and ranged from —3.9 to
—2.3 %o; in a red pine plot, fine root 5N in the forest
floor was —1.2 %o and foliage was —1.8 %o (Nadelh-
offer et al. 1999; Table 6), again supporting the pattern
of greater root d'°N than leaf '°N we observed in this
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study. Similarly, at the Bear Brook Watershed, Maine,
fine root 6'°N of BE and SM combined was 0.18 %o
while mean foliar 6'°N was —2.1 %o (Nadelhoffer
et al. 1995; Nadelhoffer “unpublished data”). Fur-
thermore, in a seedling experiment, root SN was
greater than leaf 8'5N, with differences of 1.5 %o for
Q. rubra and 2.3 %o for Q. alba observed (Kolb and
Evans 2003). Similar patterns are reported for other
tree species (Table 6).

In some other regions, the pattern of greater root
0'°N than leaf 6'°N has been observed less consis-
tently. In Sweden, for Picea abies at Gardsjon
(Emmett et al. 1998) and Pinus sylvestris at Norrliden
(Hogberg et al. 1996), root 5'°N > leaf §'°N. How-
ever, for other European forests, the opposite pattern
was observed; for P. abies at Klosterhede in Denmark
and P. sitchensis at Aber in the UK, (Emmett et al.
1998) root '°N < leaf 8'"°N. When root §'°N < leaf
8N for trees, in some cases the differences reported
were small, while in other cases the magnitude of the
difference was not reported (see Table 6).

One important factor influencing the 6'°N of plants
is mycorrhizal association. Hobbie and Colpaert
(2003) found that when tree species were infected in
the lab, root 6'°N was greater than leaf 5N, while
plants without mycorrhizal infection have the opposite
pattern. For ectomycorrhizal (ECM) species, strong
fractionation during fungal uptake and transfer of '>N-
depleted N to the plant has been shown to cause this
pattern (Hobbie and Hobbie 2006). However, we note
that, although SM is associated with arbuscular
mycorrhizal (AM) fungi, we observed a larger differ-
ence between root and leaf than for BE. Similarly,
foliar 5'°N of BE was higher than that for sugar maple,
in contrast to the expected pattern the foliar 6'°N
AM > ECM (Nadelhoffer et al. 1996).

One possible explanation for differences in root and
leaf 6'°N within an individual plant is different
sources of N for the root compared to the leaf. If
roots took up their N from the soil solution, whereas
leaves took up their N directly from deposition, then
these tissues could have different 6'°N values without
any fractionation occurring within the plant. Germi-
nants get a good deal of their N from the seed and most
of the rest via roots. Thus, the fact that root
3N > shoot 6'°N in germinants, as was observed
for older plants, suggests that foliar uptake alone is not
what drives differences in '°N between plant parts. It
seems unlikely that canopy uptake at the HBEF could
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Reference
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o ISNroot -
0 Nleaf

15
0 Nlcaf

<15
0 Nroot

Mycorrhizal
status®

Field
or lab
study

Common name

Table 6 continued

Species
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Hobbie and Colpaert (2003)

Hogberg et al. (1996)

1.97 £ 0.10 —0.62

1.35 £ 0.12

NM
ECM

Scots pine

Pinus sylvestris

Scots pine

Pinus sylvestris

F field experiments, L lab experiments

2 Mycorrhizal status is noted when reported: M unspecified mycorrhizal association, ECM ectomycorrhizal, NM-non-mycorrhizal. Entries without 5'°N data were included when

only root '°N to leaf 6'°N pattern was reported

provide enough input at a different enough 6'°N value
to account for the difference we observed in root and
leaf 6'°N, given that the amount of N mineralized in
the soil is one to two orders of magnitude greater
(Venterea et al. 2003) than that available during the
growing season via deposition (~1kg N ha™'
yearfl; Likens et al. 2005). There have been few
studies that directly assessed the fraction of N taken up
via the canopy in forests in the northeastern US,
particularly in northern hardwood forests. In a spruce-
fir stand in Maine that received about 6 kg N ha™'
year ' ambient deposition, more than 70 % of N
applied aerially (18-20 kg N ha™' year™' as NH,NO3)
was retained by the forest canopy (Gaige et al. 2007).
However, because this application of relatively high N
input compared to ambient deposition occurred over the
growing season, canopy uptake may have been max-
imized. Furthermore, spruce-fir stands intercept and
retain considerably more deposition N in the canopy
(Gaige et al. 2007; Lovett and Lindberg 1993) than
hardwood stands. Thus, we expect at the HBEF that the
dominant source of N nutrition for BE and SM is the
soil solution.

Another possible explanation for differences in
root and leaf §'°N within an individual plant is that
different forms of N may be assimilated in roots
compared to leaves. For example, NO;~ may be
reduced and assimilated in the roots and the '°N-
enriched residual NO;3;~ assimilated in the leaves
(Evans 2001; Evans et al. 1996). Finally, the form
of the N taken up may itself influence the extent of
fractionation (Gessler et al. 1998; Kreuzwieser et al.
1997; Marschner et al. 1991; Serna et al. 1992). For
example, a recent study by Ariz et al. (2011) found
consistently higher root and shoot §'°N values for
seven herbaceous and two tree species that were fed
with a single N source of NOj3~ than those fed
solely with NH,*. However, root SN was lower
than shoot 6'°N for carob (Ceratonia siliqua sp.)
when fed with NH," (Ariz et al. 2011, supplemental
files).

Because we did not measure the 0'°N of the N
plants took up, we are not able to assess whether
fractionation occurred on uptake. Based on 10 SM
seedlings collected in 2009 at both the TDE and
NuPert plots, we found variation of 1-2 %o in whole
plant "N values (i.e., a weighted mean based on plant
part 5'°N and mass). If there were no fractionation on
uptake and source 6'°N did not vary spatially or
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temporally, one would expect a constant whole plant
5N value.

In summary, because of the assumption that there is
no fractionation on uptake/assimilation, it has often
been asserted that foliar 9'°N reflects the '°N of the
inorganic N taken up by plants (Falkengren-Grerup
et al. 2004; Boeckx et al. 2006). If there is fraction-
ation on uptake or within-plant transport or transfor-
mation, the relationship between the 6'°N of plant-
available N and that of the plant may be more
complex. Although dramatic shifts in the 5'°N of the
source N should still be reflected by shifts in plant
0N, our study shows that caution needs to be
exercised in assuming that plant 5'°N is equivalent to
that of its source.

Patterns with age

We expected plant 5'°N to increase with age as root
depth increased, because soil 8N increases with
depth at this site (Pardo et al. 2002) and root 6"°N in
the mineral soil (at 50 cm depth) was higher than that
in the forest floor (Pardo et al. 2006). Thus, we
assumed that as rooting depth increased from seed-
lings to trees, the deeper roots would have access to
inorganic N that would be more enriched in '°N. At the
NuPert plots in 2008, we observed higher 6N in SM
foliage and roots for trees compared to seedlings in age
class 1; at the TDE plot, we observed higher 8N in
SM roots for age class 2 compared to age class 1.
However, we found no difference in 5N between
seedling and tree foliage in the NuPert plots in samples
collected from 10 plants each of seedlings (age class
2), saplings, and trees in July and August 2009.
Sapling foliar 6'°N in 2009 in the NuPert plots was
significantly greater than seedling or tree foliar '°N.
At the TDE plot, SM foliar §'°N was very consistent
across all age classes from 1 to trees (ranging from 4.1
to 4.8 %o), which suggests that, at some sites, it may be
appropriate to compare foliar 0'°N of plants of
different ages. It is possible that at the NuPert site, if
more age classes had been represented and sample
sizes had been larger, that the same pattern would have
been observed. It is also plausible that site differences
between NuPert and the TDE plot may have contrib-
uted to the pattern of increased 6'°N with age. The
increase in Ad"N,oortear and AS N oo stem for SM
with age was observed both at the TDE and NuPert
plots. This pattern suggests that whatever the

mechanism controlling the difference in 5'°N between
roots and leaves, this difference increases with
age—whether this is a function of transport length or
serial fractionation and transport/assimilation cycles is
not known. The site characteristics that differ between
the two sites—the NuPert site is higher in elevation,
significantly wetter at times due to springs/seeps
(Berger et al. 2001), and may have differences in
nitrification rate or % nitrification—might affect the
0'°N values at the site. Such factors have been
reported to affect SN (Garten 1993; Pardo et al.
2006). In order to evaluate whether wetness increased
foliar 515N, in 2009, we collected leaves from 10
seedlings in the TDE plot in dry areas and 10 seedlings
in a wet, near-stream area. We found no significant
difference in foliar '°N (o = 0.05). We assume that
the 1998 ice storm did not alter 6'°N in tissue samples
collected in 2008; in fact, samples collected in the
growing season after ice storm damage elsewhere at
the HBEF did not show any response in foliar 6'°N
following this disturbance (Pardo et al. 2002), which
does not appear to have altered nitrification rates
(Houlton et al. 2003).

The elevated 6'°N value of germinant roots and
shoots in SM at the TDE site may be attributable to the
15N in the seed, rather than soil sources of N. We did
not measure germinants at the NuPert site, so we
cannot evaluate whether the pattern of germinants
8"°N being higher than seedlings would exist there as
well.

Patterns with date

In contrast to studies that have reported variation in
foliar 6'°N across the growing season (Handley et al.
1999), we did not observe variation over time in any
plant part. This is not surprising, given the low
variation in mean 6'°N from litter and leaf samples
combined, which were collected at slightly different
points during the growing season each year at this site
over 10 years (SE = 0.08 %o0; Pardo et al. 2002,
2006). It has been suggested that variation in 6'°N
across the growing season may be most pronounced
when water availability varies (Handley et al. 1999),
although others have not observed this pattern (Jung
etal. 1997). Precipitation at the HBEF is spread evenly
across the growing season (Likens et al. 1977). There
were no differences between fresh litter and leaf 6'°N
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at this site (Pardo et al. 2002), which suggests that
there is no significant fractionation on resorption.

Patterns with species

In an earlier study, Pardo et al. (2006) ruled out the
following explanations for the higher 5'°N in BE than
SM: (1) NH, " vs. NO5 ™~ preference would not explain
the pattern that we observed, given the prior observa-
tion that NH, ™ 6'°N > NO;~ 0'°N and that BE prefer
NO;~ while SM prefer NH, " (Rothstein et al. 1996;
Templer and Dawson 2004, Socci and Templer 2011.
(2) Nitrification rate should lead to the opposite pattern
(SM > BE) to that observed, because soil around SM
should have higher nitrification rates, which, when
NO;™~ leaching occurs should cause the plant-avail-
able inorganic N to be "N enriched (Lovett et al.
2004). (3) Mycorrhizal association should not lead to
the pattern that we observed, as BE is ECM and SM is
AM, and prior studies have shown that foliage in
plants associated with ectomycorrhizal fungi (ECM)
have a lower 0'°N than those associated with arbus-
cular fungi (AM) (Michelsen et al. 1998; Schmidt and
Stewart 2003).

It was suggested that the factors that were more
likely to have affected foliar 6'°N were rooting depth
or physiological factors such as phenology (Pardo
et al. 2006) (For example, an earlier leaf out date might
give one species access to an N pool that was
systematically different, perhaps more depleted, rel-
ative to a species that leafed out later). Based on our
data for SM and BE in the TDE site, it does not appear
that rooting depth drives foliar '°N. If rooting depth
were an important factor, one would expect that the
difference between BE (deeper rooted) and SM would
increase with age, because tree roots would have the
potential to access deeper soil pools that were enriched
in '°N. However, the difference between BE and SM
leaves did not vary much from seedlings (4.2 %o) to
trees (3.4 %o; Table 4). There is an increase >2 %o
between the Oie and Oa horizon at this site (Pardo
et al. 2002), which may be the cause of the increase in
SM root 5'°N between age classes 1 and 2 at the TDE
plot. The difference between the Oie and Bs horizons
(~8 %o) is considerably greater than that observed,
for example, in foliar 6'°N between trees and
1-2 years old seedlings in the NuPert plots.

One explanation for differences between SM and
BE '°N may be that the assumptions in some of the
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above explanations do not hold. For example, if BE
prefer NH4* and SM prefer NO; ™ or if plant-available
NH," is not consistently enriched relative to NO3 ™,
we would expect that the 6'°N of the N source was
regulating the plant 6'°N. However, the most likely
explanation for differences between SM and BE §'°N
is physiological differences in the uptake, transport,
and assimilation of N between these species. The
results of Ariz et al. (2011) suggest that the form of N
taken up is the major control on plant §'°N, but that
species, N concentration of source and transport
mechanism affect plant 5'°N as well. Previous studies
have led to the suggestion that internal processes were
more important in controlling plant '°N than external
factors including source 8'5N (Kolb and Evans 2003).
Our within-plant analyses are consistent with this
suggestion.

Conclusions

This paper presents, to our knowledge, the first
extensive measurements of 6'°N in different plant
parts of the same plant for tree species. By demon-
strating systematic differences between roots and
shoots in over 200 individual plants of sugar maple
and American beech of different ages, we make a
significant contribution to understanding the factors
that regulate foliar 5'°N. We observe that root 5'°N is
consistently higher than shoot 5'°N, with stem 6'°N
typically falling between root and shoot. Rooting
depth appears not to be a significant factor controlling
foliar 6'°N. We report that all plant parts of American
beech have a higher 6'°N than sugar maple. We show
that fractionation likely occurs on transport/assimila-
tion, thus providing evidence that foliar 6'°N is not
likely to directly reflect the 6'°N of the N source. This
has significant implications for the increasing number
of studies utilizing foliar 5'°N in order to interpret N
cycling dynamics.

Further refining understanding of the mechanisms
that control the differences in tissue 6'°N in SM and
BE could advance understanding of their respective
roles in stand level N cycling dynamics. If the
response of these two species to the various factors
that can influence plant SN (form, concentration,
relative abundance of NH, 1 vs. NO3; ™) were known,
it could be possible to make better predictions of
stand level N retention or loss. For example, if the
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isotopic values indicate higher nitrate use by BE
than by SM, stand level shifts away from BE (e.g.,
as a result of beech bark disease) would be expected
to lead to increased nitrate leaching. If the relative
6"°N values of SM and BE in the same stand are a
function of differences in timing of uptake (pheno-
logical stage can influence the plant '°N (Ariz et al.
2011)), these relative differences might be expected
to shift under changing climatic conditions. Several
lines of future research could help unravel the
questions remaining about the factors controlling
plant 6'°N values: (1) better quantification of 6'°N
in sources of plant N (NH4t, NO;~, DON), (2)
controlled experiments to identify whether there is
fractionation on uptake, in particular evaluating
whether form of N affects fractionation in these
species, and (3) measurement of the fractionation
involved in N transformations and transport within
plants of different species.
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