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ABSTRACT

Conceptual models of nutrient retention in
ecosystems suggest that mature forests receiving
chronically elevated atmospheric nitrogen (N)
deposition should experience increased nitrate
(NO5 ™) losses to streams. However, at the Hubbard
Brook Experimental Forest (New Hampshire,
USA), recent stream NOjz~ concentrations have
been unexpectedly low in mature watersheds.
Poorly understood retention of NO3™ -N in soil or-
ganic matter (SOM) may explain this discrepancy.
The relative availability of C and N in SOM influ-
ences NO; -N retention and may vary during
succession due to processes of N mining and re-
accumulation. To evaluate the strength of the SOM
sink for NO5~-N, we applied a '>’NO; ™~ tracer to the
mineral soil in eight stands spanning a forest
chronosequence from about 20 years to old growth
(> 200 years). We tracked '°N recovery in SOM

fractions in the upper 10 cm of B horizon over 5
weeks. Overall, forest age did not directly control
the 5-week recovery of '°N, but it had an indirect
effect via its influence on SOM properties such as
C/N. Old-growth forest soils had the lowest C/N,
implying closer proximity to effective N saturation.
Across sites, both the particulate- and mineral-as-
sociated SOM fractions rapidly incorporated '°N,
but recovery in each fraction generally declined
with time, reflecting the dynamic nature of SOM.
These results indicate that mineral horizons can
provide an important N sink through the short
term in forests of all ages, but that SOM-N remains
subject to active cycling and potential loss from the
soil pool over the longer term.
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HIGHLIGHTS

e Low N losses from forests may be due to poorly
understood soil retention.

e Nitrate is quickly retained in both particulate and
mineral-associated soil organic matter.

e Ecosystem models should better consider con-
trols on soil-microbial N retention.


https://doi.org/10.1007/s10021-018-0328-z
http://crossmark.crossref.org/dialog/?doi=10.1007/s10021-018-0328-z&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10021-018-0328-z&amp;domain=pdf

C. B. Fuss and others

INTRODUCTION

Human industrial and agricultural activities have
greatly increased the quantity of actively cycling
nitrogen (N) globally and its deposition to terres-
trial ecosystems (for example, Galloway and others
2008). Although anthropogenic N deposition can
initially increase plant productivity in N-limited
terrestrial ecosystems (LeBauer and Treseder
2008), chronic N deposition in excess of biotic de-
mand can lead to plant nutrient imbalances, soil
and surface water acidification, and downstream
eutrophication (Driscoll and others 2003). This
phenomenon is of particular concern in the
northeastern USA, which has a history of elevated
N deposition (Driscoll and others 2003) and has
large areas of forests reaching mature age (Pan and
others 2011), and therefore would be expected to
have declining net N accumulation in biomass. At
the Hubbard Brook Experimental Forest (HBEF) in
New Hampshire, aboveground biomass has been
relatively stable since the forest reached maturity in
the mid-1980s (Fahey and others 2005). Although
biogeochemical models generally predict increased
NO;~ leaching from soils in response to decreased
plant demand and continued elevated deposition
(Aber and others 2002; Gbondo-Tugbawa and
Driscoll 2002; Pourmokhtarian and others 2012),
stream NO;5~ losses have markedly declined during
this period (Likens 2013; Fuss and others 2015).

Microbial immobilization is important in the
immediate retention of deposited NO5;~ (for
example, Stark and Hart 1997; Tahovska and others
2013; Weitzman and Kaye 2016), but microbial N
turnover times are a few weeks or less (for exam-
ple, Seely and Lajtha 1997; Zogg and others 2000,
Perakis and Hedin 2001). Given that changes in
microbial biomass are small on an interannual
timescale (Holmes and Zak 1994), it is unlikely that
microbial biomass directly provides a long-term N
sink in mature forests. However, microbial N up-
take could lead to a significant long-term sink for N
in forests if that N is subsequently transferred to
stable soil organic matter (SOM) (Zogg and others
2000; Curtis and others 2011).

Combined insights from watershed-scale N bud-
get monitoring (Likens 2013; Yanai and others
2013) and biogeochemical modeling (Aber and
Driscoll 1997) do indeed suggest that poorly
understood mechanisms of soil N retention may be
contributing to the pattern of low NO;~ losses in
forests like Hubbard Brook. Yanai and others
(2013) specifically suggested that the mineral soil
likely accounted for an undetermined N sink in
recent years after repeated measurements indicated

that forest floor N accumulation could only explain
a small fraction of the measured N imbalance, al-
though the rate of N accumulation in the forest
floor is subject to considerable uncertainty. Mineral
horizon SOM is typically a large pool of N in tem-
perate forests. At Hubbard Brook, this N pool has
been estimated to be 5900 4+ 730 kg N/ha (Hunt-
ington and others 1988), or more than 70% of all N
in the forest ecosystem (Yanai and others 2013).
Consequently, detecting changes in soil N stocks
over time is difficult due to the large size and
heterogeneity of the soil pool. So although changes
in SOM-N stocks cannot easily be quantified on the
timescale of years or several decades, other meth-
ods point to a likely soil sink for N in temperate
forests, including isotopic tracer studies (Nadel-
hotfer and others 2004; Hagedorn and others 2005;
Goodale 2017), measurements of dissolved N fluxes
with depth in the soil profile (Dittman and others
2007), and models of long-term recovery from
historical disturbance (Bernal and others 2012).
This increased awareness of mineral soil accumu-
lation of N inputs in stable pools (Kaye and others
2003) ties into a recent recognition of the dyna-
mic—rather than static—nature of SOM (Lehmann
and Kleber 2015). The dynamic nature of SOM is
reflected in variable C/N and natural abundance
enrichment of '>C and '°N, both of which depend
on the composition of organic matter inputs from
plants and the degree of microbial processing
(Nadelhoffer and Fry 1988; Hogberg 1997; Rumpel
and Kogel-Knabner 2011; Craine and others 2015).
Additional insights into SOM cycling have been
gained from analyzing SOM fractions separated
physically based on soil particle size (for example,
Hagedorn and others 2005; Castellano and others
2012) or density (for example, Sollins and others
2006; Wagai and others 2015; Kramer and others
2017; Pries and others 2017), where findings gen-
erally suggest that particulate or light fractions of
SOM are more labile and accessible to microbes,
whereas the mineral-associated or heavy fractions
of SOM are more stable over a longer term. Con-
sequently, SOM fractions may influence soil bio-
geochemical cycling at different timescales.
Although much of the increased attention to SOM
dynamics is due to interest in controls on soil car-
bon (C) sequestration and stability (for example,
Schrumpf and others 2013; Beare and others 2014;
Keiluweit and others 2016), it also recognizes the
importance of soil for N storage (Castellano and
others 2012; Kopacek and others 2013; Bingham
and Cotrufo 2016).

Accumulation of N in mineral soils may help
explain why anticipated N saturation effects,
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including increased inorganic N leaching, have not
occurred in many forests with historically elevated
N deposition (Aber and others 2003). The concep-
tual model of N saturation by Lovett and Goodale
(2011) emphasizes that added N can simultane-
ously flow to sinks in the vegetation or soil, as well
as to leaching or gaseous losses. This model differ-
entiates between kinetic and capacity saturation and
suggests that the relative importance of N flows
depends on the proximity of the sinks to capacity
saturation and the levels of N inputs relative to
uptake kinetics. The balance of N sinks and path-
ways is likely to vary as a function of net plant N
demand (that is, biomass accumulation during
forest succession, Vitousek and Reiners 1975) and
microbial N demand in part determined by soil C/N
(Riha and others 1986; Tahovska and others 2013).

Our primary objectives in this study were to
evaluate the strength of the shallow mineral hori-
zon SOM sink for NO3;™ -N and determine the ex-
tent to which retention is influenced by SOM
characteristics that may depend on forest age and
plant-microbe dynamics, such as C/N ratio and the
natural abundance of '>C and '°N. Lovett and
others (2018) recently presented a conceptual
model of N retention over the course of forest
succession (the ““N Bank hypothesis”’) and sug-
gested that processes of N mining from mineral soil
during forest regrowth followed by re-accumula-
tion upon maturing would lead to an enhanced
SOM sink for N in recently mature forests relative
to old growth. Our study tests whether patterns of
soil NO5; -N retention are consistent with that
theory. We hypothesized that the retention of
NO5 -N in old-growth forest soil would be lower
than in soil of recently mature forests. The N Bank
model also suggests that rapid accumulation of N in
biomass should limit the amount of N retained in
the soil of aggrading forests due to strong plant
uptake and N mining. We consequently hypothe-
sized that net retention of NO; -N in SOM would
be low in young stands. An additional objective of
our study was to determine how much of the '°N
tracer was retained in stable vs. labile fractions of
the mineral soil over a 5-week period. We
hypothesized that initially the '°N tracer recovery
would be highest in the relatively labile particulate
organic matter (POM) fraction and would gradually
move into the more stable mineral-associated or-
ganic matter (MAOM) due to microbial turnover
and SOM stabilization. We tested our hypotheses
by measuring NO5~ retention through the use of
'>N-labeled isotopic tracer in a chronosequence of
eight northern hardwood forest stands that ranged
in age from just over 20 years to old growth.

METHODS
Site Description

This study was conducted in the western White
Mountain region of New Hampshire, USA, within
and near the Hubbard Brook Experimental Forest
(Figure 1). The forest composition of this region is
dominated by northern hardwood species, includ-
ing sugar maple (Acer saccharum Marsh.), American
beech (Fagus grandifolia Ehrh.), and yellow birch
(Betula alleghaniensis Britt.). Other common species
found in this region and within our plots are red
maple (Acer rubrum L.), white ash (Fraxinus ameri-
cana L.), aspen (Populus grandidentata Michx. or
Populus tremuloides Michx.), paper birch (Betula pa-
pyrifera var. cordifolia Marsh), and the occasional
conifers red spruce (Picea rubens Sarg.) and balsam
fir (Abies balsamea (L.) Mill). In the youngest stand,
the early successional species pin cherry (Prunus
pensylvanica L.1.) is common. The climate is cool-
temperate and humid continental, with mean July
and January temperatures of 18.8 and — 8.5°C,
respectively (at the HBEF, 450 m elevation). An-
nual precipitation averages approximately
1400 mm and is distributed nearly evenly
throughout the year. The soils of this region are
largely Spodosols (Haplorthods) derived from gla-
cial basal till and covered by a relatively thick (3—
15 cm) forest floor (Likens 2013). The typical
horizonation of mineral soils consists of an eluvi-
ated (E) horizon up to several cm thick, underlain
by spodic horizons (Bhs and Bs), which are char-
acterized by an accumulation of organic matter and
iron and aluminum oxides (Johnson and others
1991). A thin A horizon is sometimes present at the
top of the mineral soil, especially where E horizons
have not fully developed. The thickness and
development of soil horizons are highly variable
spatially (Bailey and others 2014).

To study NO;~ retention in mineral soils of dif-
ferently aged forest stands, we used an eight-plot
chronosequence, with two 900 m? plots in each of
four age classes: early successional (very young)
20-30-year-old stands, mid-successional (young)
40-50-year-old stands, late successional (recently
mature) approximately 100-year-old stands, and
old-growth stands older than 200 years old (Ta-
ble 1). The successional forests had been clearcut
harvested, whereas the old-growth forests have no
record of major disturbance (Goodale and others
2000). To estimate the ages of the two sites for
which conclusive historical records were not
available (CR, RL; Table 1), several of the largest
early successional trees (aspen, paper birch) were
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Figure 1. Location of study sites in the western White Mountain region of New Hampshire (NH), USA.

Table 1. Site Descriptions

Site name Age (in 2015) Age class Location (lat-long) Elevation (m) Aspect
Moosilauke Young (MY) 21 Very Young N44.0018°, W71.8631° 726 W
Cabin Road (CR) 27 Very Young N43.9634°, W71.8146° 517 NW
HB-W4 (W4) 43 Young N43.9544°, W71.7300° 568 S
Ravine Lodge (RL) 45 Young N43.9776°, W71.8130° 646 SE
HB-West W6 (W6) 100 Mature N43.9496°, W71.7405° 635 SE
HB-Wedge (WD) 100 Mature N43.9517°, W71.7318° 574 S
Moosilauke Old (MO) > 200 Old Growth N44.0008°, W71.8591° 823 w
Lafayette Brook (LB) > 200 Old Growth N44.1818°, W71.6848° 668 NW

cored with an increment borer and their age was
determined by counting the growth rings, under
the assumption that the trees sprouted or germi-

nated immediately after the harvest.

Field and Laboratory Methods

In August, 2015, nine mineral soil ‘““microplots”

were

established within

each plot

of the

chronosequence, in three groups of three micro-
plots. One microplot in each group of three was
pre-designated for sampling at each of three col-
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lection times (2, 9, and 35 days) after tracer addi-
tion. For each microplot, a 15 x 15 cm block of
forest floor was cut and lifted to expose the upper
surface of the mineral soil. Because the tracer was
added to the top of the B horizon, the A and E
horizons were removed if they were present. For
most of the microplots, the E horizon was not
developed or was relatively thin (1-3 cm). To
facilitate tracer application and subsequent sam-
pling, a square section of window screen was
placed on top of the mineral soil before the block of
forest floor was replaced.

The isotopic tracer was applied as potassium ni-
trate (K'°NOs3, 99% atom percentage excess) at a
rate of 100 mg '’NO; -N m™? to the top of the B
horizon on the 18 and 19 August 2015 (4 sites per
day). This addition was equivalent to approxi-
mately 20% of annual N deposition for this area in
recent years. After removing the forest floor blocks,
45 ml of 3.33 mM K'°NOj; solution was dripped
from a syringe evenly across each 15x15 cm mi-
croplot. This application was equivalent to 2 mm of
solution depth, an amount chosen to ensure both
infiltration into the soil and an even spatial appli-
cation. The experiment was timed so that the tracer
application and initial soil sampling would be
completed at all sites prior to any rain.

Sampling was conducted over the course of
5 weeks and consisted of two methods—small soil
cores taken at various intervals to provide infor-
mation about how the '°N tracer was distributed by
depth and between SOM fractions with time, and a
quantitative removal of soil beneath microplots at
the end of the experiment to provide an accurate
measure of total >N recovery in SOM. Soil cores of
2 cm diameter were collected from two depths in
the upper B horizon (0-3 cm and 3-10 c¢m) at each
sampling interval: 0 days (from unlabeled soil just
prior to tracer addition), 2 days, 9 days, and
35 days. The first 10 cm of B horizon soil was of
interest both because it is a zone of high organic
matter accumulation in Spodosols (Buurman and
Jongmans 2005) and has a relatively high density
of roots (Fahey and others 1988). Thus, we con-
sidered these surface mineral soil layers to be those
most likely to reflect differences in SOM-N
dynamics over successional timescales. For the 0-,
2-, and 9-day sample collections, the soil cores from
each of the three replicate microplots were com-
posited in the field to yield one sample per site per
collection at each depth. The cores from microplots
for the 35-day collection were kept and analyzed
separately (3 samples per site per depth). This
sampling design reduced the number of samples for
the earlier collections where we were most inter-

ested in tracking the average movement of tracer to
depth and association with soil fractions. The sep-
arate replicates from the final collection allowed for
characterization of variability between microplots.
On the 35th day after tracer application, three
microplots at each site were quantitatively sampled
by collecting the soil for the entire 15x15 c¢m block
at both depth intervals.

After collection, the soil samples were dried at
60°C until they reached a constant weight. The
soils were passed through a 2-mm sieve to remove
rocks and roots. Soil core samples were physically
fractionated into two organic matter pools: POM
associated with the sand size class (> 53 um) and
MAOM associated with clay and silt classes
(< 53 um) (Castellano and others 2012). Approx-
imately 4 g of dry soil was vigorously agitated in
deionized water and poured onto a 53-um sieve
placed over a collection tray. The soil slurry on the
sieve was alternatively rinsed with a stream of
deionized water and massaged by hand to disrupt
soil macroaggregates and allow the MAOM fraction
to pass through the sieve. This process was con-
tinued until the water flowing through the sieve
appeared clear against a white background.
The < 53 pm fraction was centrifuged to concen-
trate the mineral particles, and the excess rinse
water was discarded. Both fractions were redried at
60°C and weighed to determine the proportions of
each size fraction in the whole soil. The > 53 pm
fraction containing the POM was ground with a
ball mill (Kleco) to a fine powder prior to analysis.
Similarly, the samples for total '°N tracer recovery
(at 35 days), consisting of all the soil in each depth
increment from the 15 x 15 cm microplot, were
subsampled and ground with the ball mill.

Isotopic and elemental analyses were conducted
at the University of New Hampshire Stable Isotope
Lab using an Elementar Americas Pyrocube ele-
mental analyzer coupled to a GeoVision isotope
ratio mass spectrometer. The C and N isotope
composition was expressed in standard delta nota-
tion (6'°C, 6'°N) in per mil (%,) relative to V-PDB
standard for C and atmospheric N, for N (see sup-
plementary material for a detailed protocol of iso-
tope analysis).

Computational Methods and Statistical
Analyses

The recovery of tracer '’N in SOM fractions from
the small soil core samples from each collection was
computed by first determining the atom% of '°N
coming from the tracer (atom% '’Niyacer) in each
size fraction (> 53 pm or < 53 pm) through sub-
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traction of the atom% '°N of the fraction’s natural
abundance '°N (atom% 15Nprc) from the total
atom% '°N in the soil fraction sample (atom%
15Np(,st) (equation 1), and then multiplying that
value by the total %N of the soil size fraction, and
dividing it by the size fraction’s proportion of total
soil mass (Msoi1 fraction/Msoit) and multiplying it by
10> to express the value in mg '°Niacer/g soil found
in each SOM fraction (equation 2). The soil con-
centrations of tracer in each size fraction from
Equation (2) were then multiplied by the total <
2 mm soil mass for each depth, divided by the
mass of the initial '>N tracer application, and
multiplied by 100 to express tracer recovery as a
percent of the total added (equation 3).

15
atom% °N tracer/SOM fraction

1)
= (atom%"’Npost — atom%">Npre ) (
-1
15]\]tracer/SOl\/I fraction (mg g soil )
= (atom% P Ntracer/SOM fraction (2)

X %Nsoil fraction/(Msoil fraction/Msoil)) X 103

" NRec/SOM fraction (%)
= (" Niracer/SOM fraction X Msoil/M15nadded) X 100
®)
The total recovery of tracer N in SOM after
35 days was calculated by multiplying the N mass

of each soil depth increment by the increase in
measured atom% '°N after 35 days relative to the

Table 2. Soil Characteristics by Site and Depth

natural abundance values for the given depth at
each site (Table 2), dividing the mass of the tracer
addition (M;snaddeqs Mg °N/m?), and then multi-
plying by 100 (equation 4) (Nadelhoffer and others
2004; Goodale 2017).

" Nree(%) = ((atom%"® Npost — atom%"> Nopre )
><]V[poolN/]V[ISNaddecI) x 100

4)

Paired t tests were used to compare the elemental
and isotopic composition of the POM and MAOM
fractions. Linear mixed-model analysis was used to
explore relationships between final (35 days) '°N
tracer recovery and fixed-effect soil characteristics
such as C/N, %N, %C, background SN, and '3C,
with site as a random effect. These soil variables for
the total 0-10 cm depth were calculated as the
mass-weighted average of the values from the 0-
3 cm and 3-10 cm depths. Values for total N and
total C were also tested as predictors of '’N tracer
retention in case soil bulk density variability
masked relationships with %N or %C. To test the
hypothesis that the SOM sink for NO5;™-N in old-
growth forests is lower than in aggrading or re-
cently mature forests, a planned contrast one-way
ANOVA was used to test a linear mixed-effects
model in which forest age was a fixed effect and site
was a random effect. Student’s t tests were used to
test specific hypotheses regarding whether SOM
composition (C/N, 6'°N, and §'°C) differed be-
tween recently mature forests and old-growth
stands.

Site Age class Depth (cm) Bulk density %C %N C:N oC (%) SN (%)
(< 2 mm; g/cm’)
MY Very young 0-3 0.63 5.56 0.38 14.5 — 26.3 5.4
3-10 0.66 5.11 0.31 16.3 — 26.0 6.3
CR Very young 0-3 0.45 9.31 0.43 21.7 — 26.6 4.9
3-10 0.46 7.32 0.30 24.3 — 26.1 6.5
w4 Young 0-3 0.44 5.71 0.29 194 — 264 6.2
3-10 0.64 3.80 0.24 15.8 — 264 6.5
RL Young 0-3 0.44 8.84 0.48 18.6 — 26.8 5.4
3-10 0.60 5.34 0.26 20.2 — 26.2 6.5
Wé6 Mature 0-3 0.35 6.03 0.30 20.0 — 26.1 6.3
3-10 0.50 5.05 0.25 20.1 — 26.1 6.6
WD Mature 0-3 0.41 6.16 0.31 20.2 — 26.8 6.5
3-10 0.67 5.37 0.23 233 — 259 7.0
MO 0Old growth 0-3 0.59 7.06 0.52 13.6 — 259 6.1
3-10 0.60 5.77 0.41 13.9 — 25.8 6.8
LB 0Old growth 0-3 0.65 3.72 0.26 14.4 — 26.0 7.1
3-10 0.98 2.44 0.18 13.8 — 258 8.1
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REsuLTs
Pretreatment Characteristics of Soils

Characteristics of B horizon SOM varied with forest
age, with higher concentrations of N in the old-
growth forest compared to younger-aged stands.
The overall concentration of organic matter in soil
(as %C) did not vary significantly with forest age.
The C/N of SOM at both 0-3 and 3-10 cm depths
decreased approximately 25% from the youngest
sites to the oldest, while the natural abundance
0'"°N increased by a similar magnitude with
increasing stand age (Figure 2, Table 2). The soil C/
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Figure 2. Mineral soil organic matter A C/N, B 6N,
and C 6°C by depth in B horizon in four forest age
classes. Vertical bars indicate standard errors (n = 2 sites
per age class).

N was lower in the old-growth forests compared to
recently mature forests at both depths (0-3 cm:
P < 0.02; 3-10 cm: P < 0.005). Natural abun-
dance isotopic values were not significantly differ-
ent between soils of old-growth forests and recently
mature forests in either depth for §'°N (0-3 cm,
P > 0.51; 3-10 cm: P > 0.45) or ¢ °C (0-3 cm:
P > 0.16; 3-10 cm: P > 0.26).

The > 53 pm fraction of the soil (sand + POM)
accounted for an average of 82% of the soil mass
and varied minimally (80-86%) across sites. The
POM contained in the > 53 pum fraction accounted
for the majority of total SOM (mean of 70% of C in
the 0-3 cm layer and 60% in the 3-10 cm layer),
with the remaining 30-40% classified as MAOM in
the < 53 pum fraction. The MAOM fraction had a
lower C/N ratio (mean £ SE = 17.6 &+ 0.9) than
the POM fraction (C/N = 19.9 4+ 1.1) (P < 0.0004;
Table 3). The MAOM fraction was also more en-
riched in the heavy isotopes for both C (6'°C = -
26.0 + 0.1%, for MAOM; §'°C = -26.4 £ 0.1%, for
POM, P < 0.003; Table 3) and N (6"°N=6.9 +
0.2%, for MAOM; 6'°N = 5.7 £ 0.2%, for POM,
P < 0.00001; Table 3).

Patterns of '°N Recovery in SOM
Fractions with Depth and Time

The "N tracer recovery was highest in the 0-3-cm
layer at the initial 2-day sample collection and was
detectable in both the POM and MAOM fractions,
with roughly 75% of the recovered tracer (6-22% of
the applied tracer) found in the POM fraction and the
remainder recovered in the MAOM (1-6% of ap-
plied) (Figure 3). Overall, the depth and temporal
patterns of '°N tracer recovery were similar across
the chronosequence. The distribution of the tracer
between the soil size fractions remained relatively
constant with time (Figure 3) and was nearly pro-
portional to the distribution of total SOM among the
fractions. The tracer recovery in the 0-3 cm depth
was highest at the 2-day collection and declined
overall with time. Among the forest age classes, the
mean recovery of tracer '’Nin the 0-3 cm layer after
2 daysranged from 6.1 to 14.7% in the POM fraction
and 2.0 to 4.3% in the MAOM fraction (Figure 3).
Nine days after tracer application, the recovery of
tracer '°N in the 0—3-cm layer’s composited samples
declined in each age class, with means ranging from
3.11t0 8.6% in POM (30-49% reductions) and 0.7 to
2.4% in the MAOM (40-65% reductions). At the
same time, the recovery of tracer '°N in the 3—-10-cm
layer increased from a mean of 5.2 to 15.0% in POM
and 1.6-3.5% in MAOM, indicating a movement of
some of the tracer from the shallower to deeper
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Table 3. Soil C and N Characteristics in the > 53 pm and < 53 pm Fractions
Site Age class Depth (cm) %C %N C:N 53C (%) N (%)
(a) > 53 ym (sand + POM)
MY Very young 0-3 5.80 0.35 16.7 — 26.2 5.2
3-10 4.59 0.23 20.3 — 259 5.8
CR Very young 0-3 7.55 0.33 22.8 —27.0 4.2
3-10 5.57 0.20 28.3 — 273 5.0
W4 Young 0-3 4.54 0.28 16.1 — 26.8 5.5
3-10 2.20 0.13 16.6 — 26.5 6.2
RL Young 0-3 6.77 0.32 21.5 — 274 4.6
3-10 1.74 0.07 25.7 — 26.7 4.8
Weé Mature 0-3 4.52 0.22 20.3 — 26.1 6.3
3-10 3.96 0.18 21.8 — 26.0 6.7
WD Mature 0-3 2.63 0.13 20.9 — 26.8 5.2
3-10 3.50 0.13 27.0 — 264 6.2
MO 0Old growth 0-3 7.91 0.53 14.9 — 26.2 5.7
3-10 5.40 0.37 14.6 — 25.8 6.6
LB Old growth 0-3 1.76 0.21 14.0 — 255 6.5
3-10 0.98 0.17 16.6 — 257 7.1
(b) < 53 pm (clay + silt + MAOM)
MY Very young 0-3 7.01 0.45 15.5 — 26.2 6.1
3-10 7.54 0.46 16.5 — 259 6.5
CR Very young 0-3 11.53 0.58 19.8 — 26.5 6.4
3-10 13.13 0.56 235 — 26.1 6.8
W4 Young 0-3 7.60 0.49 15.6 — 264 6.7
3-10 6.87 0.42 16.5 — 26.1 7.1
RL Young 0-3 11.31 0.64 17.6 — 26.6 6.2
3-10 9.83 0.49 19.9 — 26.1 7.3
Wé6 Mature 0-3 9.44 0.47 20.2 — 26.2 6.3
3-10 10.64 0.47 22.4 — 259 7.1
WD Mature 0-3 9.71 0.50 19.3 — 263 6.7
3-10 10.22 0.45 22.8 — 26.0 7.3
MO 0Old growth 0-3 7.48 0.56 13.4 — 25.6 7.1
3-10 7.08 0.50 14.1 — 25.5 7.4
LB 0Old growth 0-3 8.67 0.69 12.5 — 259 7.9
3-10 9.24 0.71 12.9 — 25.2 8.4

depth during the week between samplings. Between
the 9-day and 35-day sample collections, the con-
centration of the '°N tracer was generally stable in
the 0-3-cm layer, while concentrations declined in
the 3-10-cm layer. The '°N tracer recovery in small
soil cores was highly variable among the microplots,
as evidenced by the 35-day collection of replicate soil
cores (Figure 3).

Overall Recovery of >N in SOM

After 5 weeks, the total recovery of tracer '’N in
individual microplots ranged from a low of 7.2% in
one microplot in the MO old-growth stand to 37.8%
in one microplot in the recently mature stand WD.
Retention of the >’NO5™ tracer in the combined 0—
10 cm depth was not correlated with soil %N
(P > 0.48), total N (%N x soil mass, P > 0.91), or
natural abundance 6'°N (P > 0.86), but trended

toward an increase with %C (P > 0.077) and total C
(P > 0.11), and was significantly positively corre-
lated with the soil C/N (P < 0.051; Figure 4), and
negatively correlated with 6'°C (P < 0.008). The
mean rate of '>NO;~-N retention in SOM was 46 %
lower in the old-growth stands than in the recently
mature stands, but variability among microplots
meant that the difference was not statistically sig-
nificant (P > 0.17; Figure 5).

DiscussioN

Factors Affecting NO3; -N Retention
in SOM

Our initial prediction that forest successional status
would control the retention of >NO5;™-N in the
upper B horizon (that SOM would provide an en-
hanced N sink in recently mature forests) was not
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per site). Dashed line is the fit from a linear mixed-effects
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strongly supported by the evidence: The old-
growth stands retained roughly half the '°N as the
mature stands, but this result was not statistically
significant because of variability in '°’N recovery
among samples within the same plot. However, we
did find that SOM properties such as C/N and
natural abundance §'>C were important predictors
of '°N retention and those properties correlated
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Figure 5. Total retention of added nitrate in the SOM
pool of the top 10 cm of B horizon soil (excavated
15 x 15 cm blocks) after 35 days (P > 0.17, planned
contrast ANOVA). Vertical bars represent standard errors
(n = 2 sites per age class).

with forest age, thus lending support to the notion
that forest succession may control soil N retention
indirectly.
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Higher retention of '’NO;™-N occurred in soils
with higher C/N (Figure 4) and those with lighter
13C. Our results are largely consistent with the
findings of other '°N tracer studies. A meta-analysis
of terrestrial ecosystem '°N tracer experiments re-
vealed that total recovery of '°N is strongly and
positively correlated with mineral soil C/N in the
both short term (< 1 week) and long term (3—
18 months) and negatively correlated with mineral
soil '’N natural abundance in the short term
(Templer and others 2012). We found considerably
higher soil C/N ratios in the three successional age
classes compared to the old-growth stands (Fig-
ure 2). The higher C availability in these soils of
younger forests should lead to enhanced N reten-
tion by microbes (Evans and others 2006; Curtis
and others 2011; Tahovska and others 2013; Lewis
and others 2014, Groffman and others 2018),
especially when net plant demand for N is low
(Kuzyakov and Xu 2013). Additionally, we found a
negative correlation between '°N tracer retention
and the §'>C of SOM, which may suggest that
plant-derived C that is less processed by microbes
(Nadelhoffer and Fry 1988; Bostrém and others
2007) was an important factor determining reten-
tion of NO3; -N.

Our total recovery of '’N in SOM of the top
10 cm of mineral soil after 5 weeks ranged from
approximately 10-30%. These recovery rates are
consistent with other studies that involved addition
of '>NO5~ to mineral soils. In a central Pennsyl-
vania forest, '’NO;~ was applied by syringe into
the 0-15-cm mineral soil layer and approximately
17% of >N was recovered in either stable or labile
fractions of the SOM pool after 20 days (Weitzman
and Kaye 2016). Following '>’NO;~ addition to a
sugar maple-dominated forest in Michigan, less
than 20% of >N was recovered in SOM or micro-
bial pools after 4 weeks (Zogg and others 2000).
Our results underscore the potential of mineral
soils to serve as a strong sink for N in forests. While
the 10-30% recovery in SOM may not appear
particularly high, we note it is only in the top
10 cm of mineral soil. We applied the '>NO5™ at a
relatively high concentration, and it is likely that
the uptake capacity was exceeded initially and a
substantial amount of the tracer remained as
'>’NO;~ when rain fell shortly after the 2-day
sample collection, leading it to be flushed it deeper
into the soil profile. Forest soils in this region have
large amounts of C-rich soil deeper than 10 cm
(Huntington and others 1988), so we presume total
recovery would be greater if deeper soils were ac-
counted for. Although we did not measure tracer
recovery in roots or aboveground plant parts, we

speculate that root retention was high, further
explaining the relatively low SOM recovery. Most
tracer studies have found relatively low recovery of
>N in roots (typically < 15%; Lamontagne and
others 2000; Perakis and Hedin 2001; Nadelhoffer
and others 2004; Templer and others 2005; Good-
ale and others 2015), but these studies have traced
'>NO;~ that was applied to the forest floor where
immobilization is high due to an abundance of
microbes and labile C. Probably the most analogous
study to our mineral soil '’NO5~ addition was re-
ported by Weitzman and Kaye (2016), who found
that roots in the upper 15 cm of mineral soil re-
tained up to 50% or more of the '’NO; -N after
20 days. Over a longer term (several years), we
would expect tracer '°N in roots to decline due to
turnover while concentrations in the mineral soil
would potentially increase (Goodale 2017).

We did not find a significant effect of forest age
on soil '’NO;™-N retention, but we did find that
retention was correlated with SOM properties like
C/N and 6'°C, and those properties were generally
correlated with forest age (Figure 2), including the
C/N ratio (negative correlation) and natural abun-
dances of >N and '°C (positive correlations). The
SOM with lowest C/N and highest background
5'°N was found at the old-growth stands (Figure 2,
Tables 2-3). While the patterns of C/N and back-
ground 6'°N in SOM with forest age were evident,
the reasons for such a relationship are not com-
pletely clear. However, multiple documented pro-
cesses could help drive these patterns. Mineral soil
N concentrations can decrease in younger succes-
sional stands due to N mining in support of plant
growth (Richter and others 2000; Lovett and others
2018), and mineral soil C concentrations can in-
crease from recent clearcuts to mid-successional to
mature hardwood forests (Tang and others 2009).
The low C/N and high 6'°N of SOM in the old-
growth forests could also be a manifestation of in-
creased microbial processing of SOM (Sollins and
others 2006) in the absence of strong plant de-
mands associated with net biomass accrual.

Distribution of >N Recovery Between
SOM Fractions, with Depth and Time

Although we predicted that the POM pool would
be the dominant initial sink for >N in SOM be-
cause of its presumed greater accessibility to mi-
crobes compared to MAOM, we found a substantial
fraction of the tracer (~ 25% of the fraction
recovered) in the MAOM pool, within 2 days after
the tracer application. This relative distribution of
tracer fate mirrored the relative distribution of
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POM and MAOM in soil, as our fractionations
indicate that approximately 30-40% of soil N is
found in the MAOM. This result emphasizes that
SOM associated with clay or silt particles is an
important initial sink for N. Similarly, using density
fractionation to separate SOM pools and track '°N
fates in the soil of an Oregon conifer forest, Holub
and Lajtha (2004) found a strong initial sink for
tracer >N (from ammonium, DON, and tannin-
complexed organic N) in the heavy fraction, which
is typically considered to be a less active and more
recalcitrant pool of organic matter. Likewise,
Goodale and others (2015) found slightly higher
recovery of a '"’N-NO; ™ tracer in the heavy fraction
than in the light fraction of a deciduous hardwood
forest soil (Arnot Forest, New York), within 1 day
of tracer application. In contrast, a >NO;~ tracer
study at Harvard Forest in Massachusetts found
that a smaller portion (< 5%) of the tracer was
recovered in the heavy fraction after 18 h, whereas
17% was found in the light fraction (Compton and
Boone 2002). It is unclear exactly what drives these
differences in tracer recovery between SOM frac-
tions, but could be related to variations in soil
texture, water, and microbial communities. In
general, '°N tracer studies show that more tracer
rapidly goes to “inert” SOM (heavy or MAOM
fractions) than would be expected based on pre-
sumed microbial C availability.

Several studies have suggested that rapid abiotic
immobilization of NO3;~ can be an important
mechanism of N addition to stable SOM (for
example, Dail and others 2001; Davidson and
others 2003; Fitzhugh and others 2003), although
others contend that abiotic immobilization is un-
likely to occur or is ecologically insignificant (Col-
man and others 2008; Schmidt and Matzner 2009;
Morier and others 2010). Because our earliest
sampling point was two days after '>NO5~ appli-
cation, a time when we could not differentiate
between biotic and abiotic immobilizations, we
cannot speculate on whether abiotic immobiliza-
tion could have influenced our results.

Retention of '’NO;~ in POM and MAOM fol-
lowed similar temporal patterns (Figure 3), sug-
gesting that both pools provide transient sinks for
actively cycling N. We had initially hypothesized
that the sink for '’N in MAOM would increase in
importance with time as residues and byproducts
resulting from microbial decomposition in the POM
fraction became stabilized in MAOM. Separation of
POM and MAOM is a coarse fractionation and is
likely subject to some confounding issues. Al-
though organic matter associated with the clay and
silt size fraction of soil is thought to represent or-

ganic matter sorbed to minerals or physically pro-
tected in microaggregates (Jastrow and others
1996; Six and others 2002; Schrumpf and others
2013), it also could include a portion of active
microbial biomass if microbes pass through the 53-
pm sieve and are not discarded with the rinse wa-
ter. Inclusion of a small amount of '’N-labeled
microbes could artificially inflate our estimate of
tracer in the ““mineral-associated’”” pool, especially
in the days immediately following tracer addition.

There is also good reason to believe that the
similar temporal patterns between '°N in the POM
and MAOM truly indicate that both fractions con-
tain actively cycling SOM-N. Although SOM asso-
ciated with minerals has traditionally been
considered older and more stable (Eusterhues and
others 2003; Kleber and others 2005; von Liitzow
and others 2006), Swanston and others (2005)
were able to trace a pulse of "*C (from industrially
released '*CO, taken up by plants) to rapid incor-
poration into the strongly mineral-associated dense
fraction following turnover of labeled roots and leaf
litter. They reasoned this represented a fast-cycling
C pool in MAOM. The MAOM fraction consists of
organic matter adsorbed to mineral surfaces (Has-
sink 1997), although new organic matter adsorp-
tion largely occurs where organic matter is already
present (Vogel and others 2014), and is found in
layers (Sollins and others 2006; Kleber and others
2007). Evidence suggests the outer layers of organic
matter may be involved in active cycling (Swan-
ston and others 2005). Holub and Lajtha (2004)
found >N moved from the heavy to the light
fraction with time and suggested that microbes may
transport the N from the heavy fraction to use in
decomposition of plant material in the light frac-
tion. We propose that both the MAOM and POM
fractions both contain rapidly cycling pools that are
subject to turnover and loss (through leaching or
root uptake).

The decrease in >N we recovered in SOM with
time is consistent with other N tracer studies (Seely
and Lajtha 1997; Zogg and others 2000; Weitzman
and Kaye 2016) and suggests that a considerable
portion of the SOM is subject to active cycling ra-
ther than in a form stable over the long term.
Similarly, while a substantial portion of the tracer
was retained in the shallow 0-3-cm layer after
2 days, much of that moved deeper in subsequent
days as the shallow soil '’N concentration de-
creased and the 3-10 cm '’N concentration in-
creased (Figure 3). This movement can be
explained by multiple processes, including rapid
assimilation followed by fast remineralization
(Curtis and others 2011), hydrologic transport of
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soluble microbially derived compounds (Kalbitz
and others 2003; Kaiser and Kalbitz 2012), or
microbially derived N-rich hydrophilic organic
compounds displaced from weak sorption by plant-
derived DOM (Scott and Rothstein 2014). Inter-
estingly, in most of our soils the 0-3-cm layer '°N
recovery appeared to stabilize or even increase
between nine and 35 days (Figure 3). This may be
due to increased sequestration of N in SOM frac-
tions with longer-term stability or reflect a near net
balance of downward hydrologic N transport and
upward transport by fungal hyphae, as is the case
with N found in decomposing surface leaf litter
(Hart and Firestone 1991; Fahey and others 2011).

Relevance to Conceptual
and Quantitative Ecosystem Models

Vitousek and Reiners (1975) hypothesized that
forest succession should tightly control losses of a
limiting nutrient such as N, with high retention of
the nutrient in aggrading stands, and higher losses
in old-growth forests that have lower rates of net
biomass accumulation. In the case of N, these pat-
terns should be expressed in the losses of plant-
available inorganic N, though continued losses of
plant-unavailable dissolved organic N (DON) can
theoretically maintain ecosystem N limitation over
long periods, especially in unpolluted ecosystems
(Perakis and Hedin 2002). In the northeastern
USA, where atmospheric N deposition has been
chronically elevated, inorganic N leaching has been
high in old-growth forests relative to younger for-
ests (Vitousek and Reiners 1975; Gorham and
others 1979; Goodale and others 2000, 2003). In
contrast, Fisk and others (2002) did not observe
elevated inorganic N leaching from old-growth
stands compared to mature second-growth stands
in the western Upper Peninsula of Michigan, where
N deposition has historically been lower than in the
Northeast.

Lovett and others (2018) proposed a revision of
the Vitousek and Reiners (1975) hypothesis, sug-
gesting that aggrading forests with N demands
exceeding inputs must “mine” N from SOM, cre-
ating a relative deficit of N in the soil. Later in
succession, as plant biomass accrual rates decline
and net plant N accumulation approaches zero, N
will re-accumulate in the mineral soil until it is
closer to capacity and inorganic N leaching in-
creases. The Lovett and others (2018) model (the N
Bank hypothesis) proposes that the mineral soil
would provide an enhanced sink for N in recently
mature forests that would not be present in old-
growth forest soils. This pattern could at least partly

explain the current low leaching losses of N in
mature forests such as the reference watershed at
the HBEF. Additionally, the N Bank hypothesis
leads to the expectation that in young forests the N
sink in SOM would reflect a balance between a
deficit in SOM-N created by recent N mining and
strong vegetation sink due to rapid biomass accu-
mulation. While we did not find statistically sig-
nificant differences in soil '’NO5~ retention among
the forest age classes, our results qualitatively fol-
low the expected pattern, with the highest NO5™
retention in mature forests and the lowest in old-
growth forests (Figure 5), and thus provide some
support for the Lovett and others” (2018) model.
We note that chronosequence studies are notori-
ously challenging in mixed forests on heteroge-
neous landscapes (Yanai and others 2000), and our
study only represented a five-week trace, which
may or may not correspond to net retention pat-
terns over a longer term.

The results of our study suggest the need for
quantitative simulation models to better address
the factors affecting SOM accumulation or stability
during all stages of forest succession (Kaye and
others 2003), as well as how they may change over
the course of succession. It is possible that SOM
provides both short- and long-term sinks for N that
increases in importance as forests mature (Lovett
and others 2018), but the ability of current models
to simulate this may be limited by factors such as
the quality of the parameters describing C/N effects
on N turnover, estimates of total SOM accumula-
tion and its partitioning into fractions of differing
stability, controls on DON leaching, or their lack of
processes of SOM-N mining or direct representa-
tion of microbial N cycling. In particular, our results
relating NO5 ™ -N retention to mineral soil C/N and
SOM fractions can be used to help test or parame-
terize models in their simulation of NO5;~ retention
in mineral horizons. The similar temporal patterns
of "N recovery in POM and MAOM fractions
emphasize the need to study in more detail the
longer-term dynamics of N in various soil fractions
and how that relates to the active and passive SOM
pools in simulation models.

SuMMARY AND CONCLUSIONS

Our results suggest that SOM in the upper mineral
horizon can be an important sink for N in tem-
perate northern forests throughout succession. We
also demonstrate the importance of both particu-
late- and mineral-associated SOM as dynamic sinks
for N. In mature forests at the HBEF, inorganic N
leaching losses have been consistently lower than
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expected based on traditional theory and current
models. Retention of N in mineral soil likely ex-
plains some of this mismatch, but more extensive
or longer-term studies are needed to determine
whether the SOM sink for N is indeed stronger in
recently mature forests before declining in old-
growth forests. Short-term '°N tracer studies like
ours cannot quantify net ecosystem N balances, but
they do provide usetul tools for tracking the fate of
N over particular timescales (Lovett and Goodale
2011) and can aid models designed to predict N
balances over longer periods.
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