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ABSTRACT

Nutrient cycling in forest ecosystems can be sensitive to disturbances that change the availability of one nutrient
relative to others, altering the synchrony in nutrient cycles that is expected to develop in undisturbed systems.
We asked whether the relative availabilities of nitrogen (N) and phosphorus (P) differ with forest successional
age after harvest, and tested effects of adding one nutrient on availability and recycling of the other, in a factorial
nitrogen (N) x phosphorus (P) fertilization study in multiple early- and mid-successional and mature northern
hardwood forest stands in central NH, USA. We did not find effects of forest age on resin-available N:P ratios,
which varied widely among successional forest stands and were related to net N mineralization potentials in the
forest floor of each stand. P addition suppressed resin-N availability by 31 % and lowered litterfall N recycling by
10 %, but we detected no effects on net N mineralization potentials. P addition also increased nitrification po-
tentials in the organic horizon by up to 60 %, mostly in combination with added N. The effects of added N
depended on P; lower resin-P in mature stands and lower litterfall P recycling in stands of all ages were detected
only when P was added with N. We conclude that P limitation influences N recycling across forest age classes in
these northern hardwoods, with some indication of stronger effects in successional stands. However, net N
mineralization potentials better predicted the resin-N response to added P than did stand age. Our results suggest
that alleviating P limitation promotes N limitation over time, especially in more rapidly growing successional
forests, by increasing biotic demand for N, reducing its recycling in litterfall, and potentially by reducing net N

mineralization.

1. Introduction

Availabilities of essential nutrients can interact to influence uptake
and recycling processes in forest ecosystems (Townsend et al., 2011;
Vitousek et al., 2010), in ways that are thought to promote synchrony in
cycling between nutrients such and N and P (Finzi et al., 2011; Rastetter
et al., 2013). Central to this synchrony is that organisms require ele-
ments in stoichiometric proportion and are expected to take up and
recycle nutrients in proportions that maintain balanced nutrition
(Agren, 2008; Sterner and Elser, 2002). Such balance can develop
through controls by limiting nutrients on nutrient mineralization pro-
cesses, on nutrient demand by plants and microbes, and on the associ-
ated feedbacks that could both accelerate (Vitousek, 2004) and lower
(Fisk and Fahey, 2001) the availabilities of N and P. Recovery from any
disruption of nutrient cycles, for instance by nutrient or CO3 enrichment
or large-scale disturbance such as forest harvest, depends on the net
outcomes of the processes mediating the balance of nutrient supply and
demand. Yet, predicting effects of the availability of one potentially
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limiting nutrient on the recycling of another remains difficult without a
better understanding of N and P interactions in individual ecosystems.

Greater availability of one nutrient can affect available pools and
recycling of another by promoting its uptake. Alleviating limitation by N
or P can increase growth of plants or soil microbes, increasing demand
for the other nutrient to maintain nutritional balance (Davidson and
Howarth, 2007), and adding N or P has been found to promote uptake of
the other nutrient and its sequestration in plant pools in many studies
across ecosystems (Deng et al., 2017; Schleuss et al., 2020; Wang et al.,
2022; Xia et al., 2023; Xiao et al., 2022). Subsequent recycling of the
nutrient in greater demand can be slowed if its efficiency of use and
retention in biomass increase, especially in forest ecosystems (Gonzales
et al., 2023; Waring et al., 2015; You et al., 2018). For example, N
addition depleted P pools in the organic horizon in temperate deciduous
forest, and P mineralization declined in one of the two ecosystems
studied (Heuck et al., 2018). Thus, increased P demand by plants
following N addition could promote P limitation over time (Deng et al.,
2017), perpetuating the imbalance in nutrient recycling. Alleviating P
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limitation could have similar effects on N cycling.

An imbalance between N and P cycling could be offset over time if
alleviating limitation by one nutrient increases the supply of the other.
Greater availability of either N or P have been found to promote activity
of the enzymes that mineralize the other (Allison et al., 2011; Marklein
and Houlton, 2012; Olander and Vitousek, 2000; Schleuss et al., 2020,
Treseder and Vitousek, 2001), but effects on nutrient supply are less
consistent across ecosystems. For example, greater phosphatase activity
in response to N addition was sufficient to increase P mineralization in
one temperate deciduous forest ecosystem, but not in another in which P
mineralization declined (Heuck et al., 2018). Meta-analyses have found
that P addition increased net N mineralization (Sun et al., 2022), espe-
cially in forest systems and low pH soils (Xia et al., 2023). However,
meta-analysis has also shown that P addition did not increase net N
mineralization, in forest and other ecosystems, despite higher rates of
gross mineralization in many cases (Wang et al., 2022). The lack of
consistent outcomes suggests that ecosystem-specific work is needed to
identify the contexts in which predictable N and P interactions occur.

Harvest and successional history can be important controls of
nutrient cycles in forest ecosystems. Post-harvest N losses can be large
(Bormann et al., 1968; Vitousek and Melillo, 1979) and can be dispro-
portionate to those of P (Davidson et al., 2007). Following forest harvest,
the immobilization of N in harvest residues can be an important nutrient
sink (Vitousek and Matson, 1984), retaining N in the ecosystem but
slowing its recycling. In northern hardwood forests the low N:P ratios of
the branches and twigs comprising these residues and even lower N:P
ratios of dead root systems (Whittaker et al., 1979) suggest that this
nutrient sink should be stronger for N than for P. These combined effects
are predicted by the Multiple-Element Limitation model to lower the
availability of N relative to that of P early in northern hardwood forest
succession, causing changes over time in recycling and limitation as N
and P cycles resynchronize (Rastetter et al., 2013). Empirical tests of
these predictions are needed to improve our understanding of succes-
sional variation in N relative to P cycling in forest systems, especially in
the managed landscapes of the northern hardwoods experiencing
ongoing environmental change.

We examined interactions between N and P availability at different
successional stages in an extensive long-term N x P fertilization exper-
iment, the Multiple Element Limitation in Northern Hardwood Ecosys-
tems (MELNHE) study. This experiment includes eight successional and
five mature forest stands, located in three sites that vary widely in N and
P availabilities in central New Hampshire, USA (Ratliff and Fisk, 2016;
See et al., 2015). Simulations with the Multiple Element Limitation
model predicted change from N limitation of forest growth in young
successional forests to P limitation in mid-age successional and maturing
forests, and eventually to N-P co-limitation of productivity in the older
mature northern hardwood ecosystems (Rastetter et al., 2013). These
changes in the model were driven by shifting imbalances between the N:
P ratio of nutrient supplies and that of tree demand, with low N relative
to P availability following harvest, transitioning to low P relative to N
availability in mid-succession, and eventually to the balanced N and P
recycling in the mature forests (Rastetter et al., 2013). Tree growth re-
sponses measured after the first four years of nutrient treatments in the
MELNHE study were mostly consistent with model predictions: Gos-
wami et al. (2018) found that the diameter growth rates of trees in these
forests increased somewhat in response to elevated N in young forests
and primarily in response to elevated P in mid-successional and mature
forests, with some mature stands responding to N.

In this study we tested the general hypotheses that the availability of
N relative to P differs over successional time following harvest, and that
alleviating limitation by one nutrient lowers the available pools and
recycling of the other, over the first ten years of N x P fertilization in the
MELNHE study. In the first year of fertilizing, Fisk et al. (2014) found no
effects of one nutrient on resin-availability of the other but did show that
adding N+P together increased the resin-available N pool more so than
adding N alone. We continued to examine responses over time after this
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very early finding. We predicted that, independent of nutrient treat-
ments, the ratio of available N:P is lowest in young stands, greatest in
mid-age stands, and intermediate in mature stands, based on the idea
that more N than P is lost immediately following forest harvest, and on
model simulations (Rastetter et al., 2013) and tree growth responses to
added nutrients (Goswami et al., 2018). Expecting that alleviating lim-
itation by one nutrient increases demand for the other by trees and
microbes, we also predicted that effects of adding one nutrient on the
other are stronger where the added nutrient is in lower relative supply: i.
e. N effects are greatest where available N:P is lowest, and P effects are
greatest where available N:P is highest. We used resin-available N and P
as our measures of nutrient availability, which should represent a bal-
ance between input via nutrient mineralization and removal via plant or
microbial uptake or losses. Increased uptake by plants and microbes is
expected to lower the resin-availability of a nutrient, assuming that
plant roots and microbes are more competitive than resin strips in
nutrient adsorption. A decline in nutrient mineralization should also
lower resin-availability, whereas less uptake or greater mineralization
would increase resin-available nutrients in the soil.

2. Methods
2.1. Site description

We studied 13 northern hardwood forest stands at three different
sites located in central New Hampshire, USA; nine at the Bartlett
Experimental Forest (BEF; elevation 250-500 m) and two each at Hub-
bard Brook Experimental Forest (HBEF; elevation 500 m) and Jeffers
Brook (JB; elevation 730 m). Climate in the study region is humid con-
tinental with the mean temperatures of —9 °C in (January) and 19 °C in
(July) (at 450 m elevation). The mean annual precipitation is approxi-
mately 140 cm evenly distributed throughout the year. Soils are Typic
and Aquic Haplorthods overlying glacial drift originating primarily from
granitic rock. The soils have thick surface organic horizons and low pH,
varying from 4.2 — 4.9 in the top 10 cm of the mineral soil in the different
forest stands (Ratliff and Fisk, 2016).

These 13 forests stands included three each of young-successional
(young; 21-25yr), mid-successional (mid-age; 30-40 yr) and mature
(>100 yr) forests at BEF and one mid-age and one mature each in HBEF
and JB (Table 1; ages given as the time between clear-cut harvest and
treatment initiation). Young, mid-age, and mature forest ages were
chosen to represent different stages of stand development in which
supplies of N relative to P might differ (Rastetter et al., 2013).

Forest composition is typical of northern hardwood stands in each
age class, mature forests having an overstory dominated by sugar maple
(Acer saccharum Marsh.), American beech (Fagus grandifolia Ehrh.) and
yellow birch (Betula alleghniensis Britton), with occasional white ash
(Fraxinus americana L.), white birch (Betula papyrifera Marsh.) and red
maple (Acer rubrum L.). Mid-age forests were generally dominated by
white birch, yellow birch, American beech, followed by pin cherry
(Prunus pensylvanica L.f.), red maple and bigtooth aspen (Populus gran-
didentata Michx.). Pin cherry, white birch and red maple dominated the
young forests (Goswami et al., 2018). Species composition of northern
hardwood forests in this region varies owing to differences in native soil
fertility associated with mineralogy and texture of glacial tills and
variation in hydrology and soil development (Leak, 1991), as well as to
past management (Vadeboncoeur et al., 2012).

Four 50 x 50m plots were established in each stand with the
exception of the mid-age stands at HBEF and JB, which were 30 x 30 m.
Plots were randomly assigned to control, N, P, and N+P fertilizer
treatments within each stand. Fertilizer was applied to the entire plot
area; measurements were made in the inner 30 x 30 m area (20 x 20 m
for mid-age stands at HBEF and JB). Nutrient additions began in spring
of 2011. N was added at a rate of 30kgha™! year ! as pelletized
ammonium nitrate (NH4NO3) and P was added at a rate of 10 kg ha!
year™! as powdered or granulated sodium monophosphate (NaH,PO,).
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Table 1
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Characteristics of 13 northern hardwood forest stands in the Bartlett Experimental Forest (BEF), Hubbard Brook Experimental Forest (HBEF) and Jeffers Brook (JB) in
central New Hampshire, USA. SOM (soil organic matter) and pH were in the surface 10 cm of mineral soil; Net N mineralization (Np;,) potentials and Nitrification (Nj)
as a percent of net N mineralization were in the organic horizon (forest floor). Soil and nutrient variables are control plot averages over time.

Site Stand Age Year Elevation SOM pH Niin Nir Resin N Resin P Resin
class clearcut (m) (%) (mg/mz/d) (% of Npin) (ug/d) (ug/d) N:P
BEF Cl young 1990 570 9.0 4.44 82 0.1 4.4 0.50 14.8
Cc2 young 1988 340 7.8 4.44 29 0.6 3.2 0.36 11.0
C3 young ~1982-1985 590 9.1 4.14 118 16.6 10.2 0.19 75.9
C4 mid-age 1979 410 8.6 4.14 29 0.4 3.5 0.56 13.6
Cc5 mid-age 1976 550 7.0 4.38 75 3.6 8.9 0.36 33.2
C6 mid-age 1975 460 10.4 4.28 76 9.9 9.0 0.38 33.6
Cc7 mature 1890 440 9.0 4.75 42 2.3 4.5 0.51 11.4
Cc8 mature 1883 330 7.3 4.67 27 0.0 3.8 0.90 4.9
Cc9 mature 1890 440 7.9 4.65 48 8.4 6.0 0.78 16.8
HBEF HBM mid-age 1970 500 11.4 3.85 73 36.5 4.9 0.21 25.1
HBO mature 1911 500 14.5 3.86 73 21.2 3.9 0.22 20.1
JB JBM mid-age ~1975 730 10.8 4.85 33 80.4 4.2 0.10 101.2
JBO mature 1915 730 10.7 4.56 74 68.5 7.0 0.34 20.6

N and P amendments were applied twice (early June and mid-July) in
each of the first three years and once (early June) each year thereafter.
Fertilizer was pre-weighed for 2.5 x 10 m sub-plots and spread evenly
by hand. Four soil-sampling locations (approx. 5 x 5m each) were
delineated in each plot to minimize the potential over time for inter-
preting spatial variation as temporal variation.

2.2. Resin-available nutrients

Post-treatment inorganic soil N and P availability were tested using
ion-exchange resin strips incubated in the organic horizon for approxi-
mately two weeks in summers of 2012 (the second year of treatment),
2014, 2015, 2016, 2017, 2019, and 2021 in at least six of the 13 forest
stands, always including at least two each of young, mid-age and mature
stands at BEF. The annual sampling period of July was chosen to be as
close as possible to the peak period of N mineralization in northern
hardwoods (Bohlen et al., 2001), and to allow enough time for fertilizers
to dissolve and be incorporated into soil following the application. Ions
from soil solution are adsorbed as they come in contact with the surface
of the resins in the strip, providing comparable indices of soil solution N
and P available for uptake by plant roots and microbes.

We used anion exchange resin strips (Ionics AR-204-SZRA; Maltz
Sales) to quantify available PO and NOs3, and cation exchange resin
strips (Ionics CR67-HMR; Maltz Sales) to quantify available NHJ in soils.
Resin strips (2 x 6cm) were prepared by rinsing in weak HCl and
deionized HO and then soaking in 1 M NacCl (cation strips and anion
strips for NO3) or alternating rinses in deionized H5O and 0.5 M NaHCOg3
(anion strips for POZ). All strips were rinsed with deionized H,O
immediately prior to placement in the field. We deployed resin strips by
inserting them under the blade of a knife used to cut the surface organic
horizon at a 30-45 angle. Eight strips per plot (2 per soil sampling
location) were deployed for each nutrient. Strips were retrieved after
approximately 14 days and rinsed in deionized H2O prior to extraction
for nutrient analyses. Anion exchange resins were extracted by shaking
rinsed strips in 30 mL of 1 M KCl for (NO3) and 30 mL of 0.5 M HCI (PO%)
for 1 hour each. Cation strips (NH4) were extracted by shaking rinsed
strips in 30 mL of 1 M KCl for 1 hour. Resin-N refers to the sum of NHJ
and NO3. We used a phenolate-hypochlorite method to quantify NH}
(method 351.2, US EPA 1983) and a cadmium reduction method to
quantify NO3 (method 353.2, US EPA, 1983) in extracts. Extract POy
concentration (resin-P) was analyzed by the ammonium-
molybdate-ascorbic acid method (Murphy and Riley, 1962).

2.3. Litter nutrients

Leaf litter was collected approximately weekly from five baskets
(0.234 m? each) per plot in each stand, throughout the autumn litterfall

seasons of 2012, 2016, and 2018. Litter from each basket was oven dried
(60 degrees C) and weighed for each collection time. For nutrient
analysis, individual litter collections were composited over time (from
late September to early November) into one single sample per basket in
2012 and were composited over two approximately equal time periods,
for two samples per basket, in 2018. In 2016 we did not composite litter
over time, to permit a time-sequence of nutrient analysis.

After compositing (if applicable), litter samples were finely ground,
N concentrations were quantified on a Leico CHN analyzer, and P con-
centrations were quantified by ICP-OS following dry ash digestion in
nitric acid. N and P concentration in 2018 were each averaged between
the two composite samples per basket according to the fraction of total
litter mass in each of the two composited samples. In 2016, nutrients
were analyzed only for the collection from 15 to 22 October because of
sample losses in an oven fire prior to analysis, and no litter from young
stands was analyzed for P. As a consequence, 2016 litter was omitted
from statistical analysis. Litter nutrient concentrations (Table S1) were
multiplied by annual litterfall mass for each basket in each collection
year to estimate litterfall nutrient recycling (g N or P per m? per year).

2.4. Soil N transformations

Net N mineralization and nitrification potentials were quantified in
soil samples collected from all four plots per stand in all 13 stands in the
first week of July 2012, 2014, and 2017. We extracted 3-4 soil cores
(2 cm diameter) in each of the four soil sampling locations in each plot,
from the forest floor in 2012 and to a depth of 10 cm in the mineral
horizon in 2014 and 2017. We separated the core samples into Oe, Oa,
and mineral horizons in the field using visual criteria. Decaying plant
matter that appeared fibrous and reddish- to dark brown in color was
considered Oe horizon and non-fibrous amorphous organic matter that
was dark to black in color, with occasional mineral flecks, was identified
as Oa horizon. The remaining soil was identified as the mineral horizon.
Cores from the four sampling locations were pooled by horizons for one
composite sample per horizon in each plot. Samples were homogenized
and inorganic N was extracted from an initial subsample (t;) within a day
of collection and from a final subsample (tf) after 21 days of incubation
in the laboratory at 18-20 °C. Subsamples were shaken in 2 M KCl and
the resulting solution was filtered through Whatman #1 qualitative
grade paper and stored at 4°C until analysis.

We used a phenolate-hypochlorite method to quantify NHJ (method
351.2, US EPA, 1983) and a cadmium reduction method to quantify NO3
(method 353.2, US EPA, 1983) in KCl extracts. Net N mineralization was
estimated as the difference in KCl-extractable NH; and NO3 between
initial and final incubated soil subsamples and net nitrification potential
was estimated as the difference in KCl-extractable NO3 between initial
and final incubated soil subsamples. Values were transformed from
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concentrations (mg/g soil) to an area basis (mg/m?) by multiplying by
the mass of each horizon and summing Oe and Oa horizons for forest
floor totals. Concentrations are provided in Table S2.

2.5. Data analysis

Effects of forest age on resin-N and P availability were tested in
control plots over the 10-year study period. We tested effects of forest
age classes (young, mid-age, and mature) on the response variables
resin-available N (NO3 + NHJ), P, and N:P, using a linear mixed effects
model in the nlme package in R (Pinheiro et al., 2016). Forest age class
and year were fixed effects and plots were nested within forest stands as
random effects. Only stands in the BEF site were included in this analysis
because of the lack of young stands at HBEF or JB. We also used cor-
relation analysis in the ggpubr package in R to test the relationships of
resin-available nutrients and litterfall nutrient recycling with ages of
individual forest stands and with net N mineralization in the forest floor
horizon. We used stand-level means of control plots over the entire study
period to best represent spatial variation.

Effects of fertilization treatments on resin, soil, and litter variables
were tested using a linear mixed effects model in the nlme package in R.
Fixed effects included treatment (N or P addition), forest age class
(young, mid-age, or mature), and year. Plots were nested within stands
and stands were nested within sites as random effects. Response vari-
ables included resin-available N (NO3 + NHJ) and P, net N minerali-
zation, net nitrification, leaf litter N and P concentrations, and leaf litter
N and P recycling (g m~2 year1). N or P effects were inferred if response
variables in plots receiving a nutrient differed from those in plots not
receiving that nutrient. This factorial approach compares response
variables in plots with N addition (i.e., N and N+P plots) to those with no
N addition (i.e., control and P plots) and plots with P addition to those
with no P addition and tests the interaction between N and P additions.
Contrast analyses were used to test pairwise differences between indi-
vidual treatments (control vs N or P; N or P vs N+-P). Resin-available N
and P values were log-transformed to meet the assumptions of normality
of the residuals. We also calculated responses to treatments as (treat-
ment — control) for resin N and P each year in each stand, averaged those
stand-level responses over time, and tested their relationships with
control plot net N-mineralization in the forest floor horizon, also aver-
aged over time.

Forest stands in the HBEF and JB sites were sampled only in 2-3 of
the six years, and did not include stands in the young age class. There-
fore, in addition to the above analyses of treatment effects including all
sites, we analyzed stands in the BEF site only using the above model
without site as a random effect. Including HBEF and JB data does not
appear to introduce bias; statistical outcomes with and without these
sites were virtually the same and are presented in the Supplementary
information (Tables S3, S4, S5). We present results from all sites in the
main text.

3. Results

The only evidence of forest age class effects on available nutrients
was greater resin-P availability in mature than successional stands (ef-
fects of age class, p = 0.04; Table 1 and S1), and a positive relationship
between resin-P and the age of individual stands (r = 0.54, p = 0.05; Fig.
S1A). We did not detect effects of forest age class on resin-N or N:P (p >
0.36 for effects of age class). The range of variation in resin-N among
individual young-successional stands completely overlapped with and
exceeded that of mid-successional or mature stands (Table 1), and
neither resin N:P or N were related to the age of individual stands (p =
0.48 for resin-N; p = 0.26 for resin N:P; Fig. S1B and C). Litter N and P
recycling also did not differ among forest age classes (p > 0.84 for age
class effects; Table S1) and were not related to age of individual stands
(p > 0.20; data not shown).

Nutrient availability and recycling were more closely related to net N
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mineralization than to forest age across our 13 forest stands. Both resin
N:P and resin-N were positively related to forest floor net N minerali-
zation potential across stands (r = 0.85, p = 0.0002 for resin N:P; r =
0.74, p = 0.003 for resin-N; Fig. 1A and B), whereas resin-available P
tended to decline in relation to forest floor net N mineralization (r =
—0.46, p = 0.11; Fig, 1 C). Litterfall N recycling was positively related to
forest floor net N mineralization potentials (r = 0.57, p = 0.04), but
litterfall P recycling (r = 0.09, p = 0.78) and litterfall NP (r = 0.35, p =
0.23) were not (data not shown).

Fertilization increased the resin-availability of the added nutrient as
expected (Figs. 2 and 3, Table S3), and altered that of the other nutrient,
depending on stand age and time. Adding P lowered resin-available N (p
<0.0001 for main effects of P), on average 31 % in plots receiving P vs
those receiving no P, over the entire study period. P effects were most
consistent in successional stands and depended on N addition in some
years (N x P x age x year, p = 0.0001; Fig. 2). Resin-N was significantly
lower in P compared with control plots in five of the seven years
measured in successional stands, but only in two years in mature stands,
and was lower in N+P compared with N in three years in successional
stands and one year in the mature stands (Fig. 2). The resin-N response
to added P (i.e. P plot resin N — control plot resin N) was significantly
negatively related to forest floor net N mineralization potentials across
stands (r = —0.54, p = 0.05; Fig. S2A).

Effects of added N on resin-P were detected only in a few of the
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sample years and were less consistent than those of added P on N. Added
N lowered resin-P availability only in mature stands and only when
added in combination with P, by an average of 26 % over the entire
study period. In contrast, adding N+P together increased resin-P more
so than adding P alone in mid-age and young stands (N x P x age x year,
p < 0.02; Fig. 3). The resin-P response to added N was not related to
forest floor net N mineralization potentials across stands (Fig. S2B)
Litter N concentration increased in response to N addition and
declined in response to P addition (p < 0.0001 for main effects of each
nutrient), with effects depending on stand age and year (P x age, p =
0.01; N x age, p = 0.08; N x year, p <0.0001, Tables S1, S4). Sup-
pression of litter N concentration by P addition was greater in young
than in mid-age or mature stands in all years. In the last year measured
(2018) litter N concentration was lower in plots receiving P than those
receiving no P by 14.2 % in young, 7.6 % in mid-age, and 9.2 % in
mature stands. Similar to concentrations, litter N recycling (total annual
litterfall N; g m 2yr~!) increased in response to N and declined in
response to P (Fig. 4A-C). We detected main effects of N and P on litter N
recycling (p < 0.0001 for both), but we detected no interactions with age
or year (Table S4). Litter N recycling in 2018 was lower in plots
receiving P than those receiving no P by an average of 9.5 % (13.7 % in

young, 9.6 % in mid-age, and 11.3 % in mature stands).

Litter P concentration increased in response to P addition (main ef-
fects of P, p < 0.0001), but less so when N was added in combination
with P (N x P interaction, p = 0.0004; Tables S1, S4). Litter P concen-
tration was 8 % lower in N+P than P plots in 2012 and 24 % lower in
2018. Litter P recycling (g P m~2yr~!) also increased in response to P (p
<0.0001) and added N suppressed that response to P (N x P interaction
p = 0.0007; Fig. 4D-F), by 20 % in the final year measured (2018). The
reduction in litter P recycling in N+P compared with P plots was
strongest in young and mature stands, but we did not detectan N x P x
age interaction (Table S4).

Soil N transformations in the forest floor increased over time in
response to N addition (N x year interactions p <0.0001; Table S5). Net
nitrification was more responsive than net N mineralization to N
fertilization (75 % vs 24 % greater in N vs no N plots in 2017, the final
year measured; Figs. 5A and 6A). We detected no effects of P on net N
mineralization, whereas net nitrification was greater in plots receiving P
than those receiving no P (Table S5; p = 0.0007 for main effects of P).
Although we detected no N x P interaction, effects of both N and P on
forest floor nitrification appeared to be driven mostly by greater nitri-
fication in N+P plots compared with those fertilized with N or P alone
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(Fig. 6A). In 2017, nitrification in N+P plots was 96 % greater than in N
plots, whereas it was only 18 % greater in P plots than controls, and
30 % greater in N plots than controls.

In mineral soil, N mineralization did not respond to N (main effects of
N, p = 0.87), and declined somewhat in response to P (main effects of P,
p = 0.10), mostly in 2014 in N+P compared with N plots (Fig. 5B).
Nitrification in mineral soil increased in response to N (main effects of N,
p = 0.01; N x year interaction, p = 0.07; Fig. 6B; Table S6) but did not
respond to P.

4. Discussion

Added P influenced N cycling in successional and mature northern
hardwood forest by reducing resin-available N and litterfall N recycling
(Figs. 2, 4). Surprisingly, effects of N addition also appeared to be
controlled by added P: litterfall P recycling in stands of all ages declined
in response to N only when added in combination with P (Fig. 4D-F), and
the same was true of resin-available P in mature stands (Fig. 3). Thus,
support for our general hypothesis that adding one nutrient lowers
recycling of the other points mostly to the importance of P. This finding
adds support for the idea that P controls N processes in the northern
hardwoods (Gonzales et al., 2023; Salvino et al., 2019; Tatariw et al.,

2018) and emphasizes that studies of N cycling in this region could
benefit from simultaneously considering P as a potentially interacting
limiting nutrient. Our results also are consistent with the suppression of
inorganic N availability by P addition that has been noted in studies
conducted in other regions and ecosystems (Chen et al., 2017; Sun et al.,
2022; Xia et al., 2023). However, unlike those studies, we found no
increase in net N mineralization or acceleration of N cycling in response
to elevated P.

We did not find the predicted successional pattern of resin N:P, or
any relationship with forest age. Instead, the most obvious trend was
wide variation among young and mid-successional stands (Table 1). The
relationship between resin N:P and forest floor net N mineralization
suggests that forest site N status contributes to a stand-level variation in
the balance of N and P availability. Using chronosequences to detect age-
related patterns in soil processes can be problematic in northern hard-
woods because of forest site variation (Fisk and Fahey, 1990); tracking
changes in individual stands over the long-term would be needed to
verify whether available N:P follows a systematic pattern as forests age.
Nevertheless, any changes with forest age are likely to be small relative
to site-level variation across these forested landscapes.

The suppression of resin-N availability by added P increased in
relation to resin-available N:P, as predicted. Furthermore, it was related
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to net N mineralization, thereby indicating the importance of forest site
N status. Chen et al. (2017) concluded that P controlled N processes in
N-saturated but not N-limited forest, and it is noteworthy that the
variation in N availability or total soil N within our region (Bae et al.,
2015; Ratliff and Fisk, 2016; See et al., 2015) is wide enough to influ-
ence the effects of P. However, the effects of added P on N also depended
on forest age class, suggesting that P is more limiting than N in suc-
cessional stands compared with mature stands. This result agrees with
greater P limitation of tree diameter growth in mid-successional stands
compared with mature stands, but not with the lack of evidence of P

limitation in young-successional stands (Goswami et al., 2018). Thus,
successional changes following forest harvest do influence N and P in-
teractions, partly in agreement with the tree growth responses, but
appear to be of secondary importance to forest site N status.

Litter nutrient responses to treatments show a feedback to elevated P
that could slow N cycling, whereas the effects of elevated N were limited
by P. Reduction of annual litterfall N recycling by P addition indicates
some combination of lower N uptake into foliage or greater N resorption
from foliage prior to senescence. Other MELNHE studies confirm that
foliar N concentration was reduced by P addition in stands of all age
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classes (Gonzales and Yanai, 2019, Gonzales et al., 2023, Hong et al.,
2022), whereas N resorption increased in response to added P only in
young stands (Gonzales and Yanai, 2019). That litterfall P was sensitive
to N only when added in combination with P is also consistent with
findings of lower foliar P (Hong et al., 2022), and with greater P
resorption (Gonzales and Yanai, 2019) in response to addition of N and P
together than to P alone. This control by P of the effects of added N
suggest that foliar P and the resorption of P from senescing foliage are
already close to a maximum under the ambient conditions in many of
our forest stands, with little potential to increase even if added N en-
hances demand for P.

Net N mineralization increased as expected with added N, but the
response to P was not as clear. The lack of stimulation of N minerali-
zation by added P contrasts with the more common finding that added P
increases net N mineralization (Chen et al., 2017; Sun et al., 2022; Xia
et al., 2023). N-mineralizing enzyme activities in the forest floor
increased in response to added P in our study sites (Shan, 2020), which
could be expected to increase the mineralization of N. However, the high
organic content of the forest floor in our northern hardwood stands may
promote N immobilization when microbial P limitation is alleviated. For
instance, Fisk and Fahey (2001) found lower net N mineralization owing
to greater N immobilization in nearby young forest stands that had been
fertilized for eight years with a balanced mix of plant macronutrients. In
the current study, although we did not detect effects of P on net N
mineralization in the forest floor, it was on average 44 % greater in P
plots than controls in the first year (2012), but 17 % lower in P plots in
the last year measured (2017; Fig. 5A). The possibility that this pattern is
showing the beginning of N cycling feedbacks, either from greater mi-
crobial N immobilization and sequestration in organic matter or from
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lower litterfall N recycling, warrants continued attention over time.

Net nitrification in the forest floor increased in response to P as well
as to N. P limitation of nitrification agrees with the previous work in
which added P increased gross nitrification in our HBEF site (Minick
et al., 2011), and net nitrification in Ohio hardwoods (DeForest and
Otuya, 2020). Additionally, we found that nitrification increased more
in response to N+P together than to either nutrient alone, indicating
co-limitation. Thus, high availability of both N and P together may
maximize the potential for nitrification-related N losses, via leaching or
through gaseous forms. Effects of P on N3O emissions and NO3 leaching
are mixed (Chen et al., 2022; Cheng et al., 2018; Wang et al., 2022; Yu
et al., 2017), in part because of pH effects, with suppression of N2O
production by P evident below pH 4.5 (Xia et al., 2023). At our HBEF
site, where ambient N availability and nitrification are already some-
what high relative to the BEF stands (Table 1), strong soil retention of
added NO3 (Fuss et al.,, 2018) and exceptionally low NO3 levels in
streamwater (Fakhraei et al., 2020) argue against any large leaching
losses in response to P, even if in combination with high N. However,
gaseous losses deserve further attention as a possible consequence of
elevated P in the ecosystem.

Together, our resin, litter, and soil results suggest that alleviating P
limitation increased plant or microbial demand for N and decreased N
recycling in litterfall, likely promoting N limitation over time. N
mineralization was not reduced by added P in the initial years of the
study, leaving plant or microbial uptake as a more likely explanation for
the suppression of resin-N during that time. The lower foliar N in
response to P found in other MELNHE studies (Gonzales et al., 2023,
Hong et al., 2022), could indicate greater limitation and less uptake by
trees. However, it could also indicate greater N allocation to non-leaf
biomass, especially in smaller trees that can allocate preferentially to
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woody growth relative to foliage (Li et al., 2018), and sequestration of N
in the aggrading biomass of successional forests would be expected to
accompany the diameter growth response to added P found by Goswami
et al. (2018).

In addition to aboveground storage, evidence of microbial P limita-
tion and N-P colimitation of root growth in our sites points to important
N sinks belowground. Scarcity of available N relative to P has been
found to reduce the transfer of N from mycorrhizal associates to trees
(Hasselquist et al., 2016; Nasholm et al., 2013), and the need for
balanced nutrition in roots and mycorrhizal fungi is known to increase N
accumulation in these pools when P is added (Blanes et al., 2012).
Hence, in our system, adding P should increase N use for construction of
roots or mycorrhizae, potentially lowering nutrient supply to foliage and
increasing nutrient resorption. This is especially true in successional
stands where root growth increased in response to P and more so to N+P
together, suggesting that elevated P availability substantially intensified
N demand (Butt et al., unpublished; Li et al., 2024). Greater microbial N
uptake and turnover in response to P, found in northern hardwoods in
Maine (Tatariw et al., 2018), would suggest a further reduction in N
availability. In the MELNHE study, the idea that adding P induces N
demand by microbes is supported by microbial respiratory response to
added P (Fisk et al., 2015) and also by vector analysis of C, N, and P
acquiring enzymes (i.e. Moorhead et al., 2016), which indicated that the
activity of decomposer microbes is sequentially P- and then N-limited
(Shan, 2020). The question of whether P addition increases N accumu-
lation by soil microbes, mycorrhizae, roots, or tree biomass, deserves
further attention because these sinks differ in turnover times and thus in
their longer-term effects on N recycling.

In conclusion, our findings show that P limitation influences nutrient
cycling in these northern hardwood forests. They also emphasize that
the availability of P relative to N and the effects of elevated P are more
sensitive to site N status than to the legacy of forest harvest. We suggest
that alleviating P limitation increases N uptake by plants and microbes
and sequesters N in biomass and organic matter, contributing to N
limitation, which may be intensified over time by plant or microbial
feedbacks to N mineralization. These effects are consistent with the idea
that sequential N and P co-limitation occurs in this ecosystem (Goswami
et al., 2018), and identifying the pools in which sequestered N is
retained will be important for explaining long-term effects on the
cycling of N relative to P.
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