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Effects of nitrogen deposition on nitrate leaching from forests
of the northeastern United States will change with tree species
composition

Katherine F. Crowley and Gary M. Lovett

Abstract: Astree species composition in forests of the northeastern United States changes due to invasive forest pests, climate
change, or other stressors, the extent to which forests will retain or release N from atmospheric deposition remains uncertain.
We used a species-specific,dynamic forest ecosystem model (Spe-CN) to investigate hownitrate (NG, ) leaching mayvary among
stands dominated by dilferent species, receivingvaried atmospheric Ninputs , or undergoing species change due to an invasive
forest pest (emerald ash borer; EAB). In model simulations, NO-; leaching varied widely among stands dominated by
12 northeastern North American tree species. Nitrate leaching increased with N deposition or forest age, generally with greater
magnitude for deciduous (except red oak) than coniferous species. Species with lowest baseline leaching rates (e.g., red spruce,
eastern hemlock, red oak) showed threshold responses to N de position. EAB effects on leaching depended on the species
replacing white ash: after 100 years, predicted leaching increased 73% if sugar maple replaced ash but decreased 55% if red oak
replaced ash. This analysis suggests that theeffectsof tree species change on NO-; leaching over timemay be largeand variable
and should be incorporated into predictions of effectsof N deposition on leaching from forested landscapes.

Key words: nitrogen deposition, tree species, forest ecosystem model, nitrate leaching, critical load.

Resume : A mesure que la composition en especes d'arbres change dans les for ts du nord-est des Etats-Unis & cause des
ravageurs forestiers envahissants, du changement climatique ou d'autressourcesde stress,on ne sait pasdans quelle mesure les
for tsvont retenir ou liberer 1'azote(N) provenant desdepotsatmospheriques.Nousavons utilise un modelede la dynamique de
I'ecosysteme forestier propre & chaque espece (Spe-CN) pour etudier de quelle fai;on le lessivage du nitrate (NO) peut varier
parmi des peuplements domines par dilferentes especes et qui rei;oivent dilferentes quantites de N atmospherique, ou qui
subissent un changement d'espece cause par un ravageur forestier envahissant (agrile du fr ne; AF). Dans les simulations du
modele, lelessivagedu NO,- variait beaucoup parmilespeuplementsdomines par12especesd'arbres dunord-estde ' Amerique
du Nord. Lelessivage du NO-, augmentait en fonction desdepots de N ou de I'age de la for t. generalement avec plus d'ampleur
dans le casdes feuillus(saufle ch ne rouge)que des coniferes. Lesespecesdontle taux de lessivage de reference est le plusfaible
(p. ex., I'epinette rouge, la pruche du Canada et le ch ne rouge) avaient des reactions dseuilaux depots de N. Les effets de I'AF
sur le lessivage dependaient de I'espece qui prenait la placedufr neblanc. Apres100 ans, le modele prevoyait une augmentation
du lessivage de 73% si I'erable asucre remplai;:ait le fr ne mais une diminution de 55% si c'etait le ch nerouge. Cette analyse
indique qu'avec le tempsles effets du changement d'especed'arbresur le lessivage du NO ,- peuvent tre importants et variables
et qu'ils devraient tre integres aux predictions des effets des depOts de N sur le lessivage dans les paysages forestiers. (Traduit
par laRedaction)

Mots-dis : depOt d'azote, espece d'arbre , modele d'ecosysteme forestier, lessivage du nitrate, charge critique.

Introduction watersheds of the northeastern United States (US) (van Breemen

et al. 2002). Leachin g of NO-; from forests varies considerably,
however, because of factors such as land use history (Goodale and
Aber 2001; Goodale et al. 2000) and dominance by different tree
species (Lovett et al. 2004 ). Forexample, foreststands dominated

Elevated atmospheric nitrogen (N) deposition from fossil fuel
combustion or agricultural activities may cause N saturation in
forest ecosystems, ultimately resulting in greater leaching of ni-

trate (NO-3 from forests to surface waters (Aberet al. 1998; Agren by different species can vary more than 600% in NO; export to
and Bosatta 1988; Lovettand Goodale2011). Highamountsof N0 surface waters (Lovett et al. 2002 ). In the Catskill Mountains of
enteringaquaticsystems can result in acidification of streams and southeastern New York State, sugar maple(Acer saccharum Marsh.)

lakes and eutrophication of estuaries and coastal waters (e.g.,
Driscoll et al. 2003). Limiting N deposition to levels that prevent
ecosystem harm from this added NO-;requires deternlining to

stands exhibited high measures of nitrification and extractable
NOsin soil relative to other tree species, suggestin g higher leach-
ing (Lovett et al. 2004 , 2013a). In contrast, low rates of nitiification

what extent elevated levels of N deposition will increase N0 and N0 leaching have been observed in standsdominated by red

leaching loss from forests and over what time scale. oak (QuerrusrubraL.)(Lovett et al. 2004 ,2013a). Anumber of stud-
Forests are key regulators ofN pollution, denitrifying or retain- ies have found similar relationships between tree species compo-

ing in vegetation and soils about 75% of N deposited in major sition and variables associated with NO; production and loss
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Fig. 1. Structure ofthe Spe-CN forest ecosystem model. Dotted, dashed, and solid lines show movement ofC, N, or both Cand N, respectively.
Carbon and N move among pools in the atmosphere, vegetation (species-specificfoliage, root, finewood, and coarse wood pools), coarse

woody debris (CWD), forest floor (litter and humus), and upper mineral soil
into a mycorrhizal N pool (MycoN). Mineralized N released as NH, + may
of the system if not taken up by vegetation. Changes in tree species compo

(active and passive SOM). A fraction of mineralized N also moves
be used by plants, immobilized in soil, or nitrified; NO-, leaches out
sition, harvest, other disturbance, or N deposition are imposed by

the user. Sp, species; [A, lignin-associated; NIA, non-lignin-associated. Further detail is provided in Crowley et al. (2016).
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(Finzi et al. 1998 ; Lewis and Likens 2000 ; Lovett et al. 2002, 2004,
2013a; Ollinger et al. 2002 ; Ross et al. 2009 ). Given this species-
driven variation among stands experiencing the same N deposi-
tion regime. levels of N deposition that elevate NOsleaching
from forests may also vary across forests dominated by different
tree specie.s

Because movement of NO,- varies with treespecies, tree species
change due to stressors such as invasive pests could substantially
alter N cycling and ultimately N loss from forests to adjacent
waterways(e.g., Lovett et al. 2006 ). In field studies, replacement of
one tree species with another due to invasive insects or disease
has been associated with increases in extractable soil NO, NO;
in soil solution, or nitJ.ification rates (Cobb et al. 2013; Jenkins
etal.1999; Lovettet al. 2010), suggesting increased leaching from
these invaded forests. Our prior modeling simulations of pest-
induced tJ.-eespecies transitions caused by three distinctinvasive
forest pestsalso predicted increased NOs leachingafterinvasion.
with the timing and duration of the leaching peak dependent on
speciesidentity (Crowley et al. 2016). Tree species composition is
changing due to invasive pest activity, as well as other factors,
particularly in the northeastern US(Aukema et al. 2010; Llebhold
etal.2013).and the effectsof'specieschangeson lossof NO;- from
forests are potentially large.

We used a recently introduced, species-specific,dynamic forest
ecosystem model called Spe-CN (Crowley et al. 2016) to run new
simulations investigating the extent to which No-; leaching be-
low the rooting zone might vary anlong forest stands dominated
by different tree species and receiving a range of N deposition
inputs. We also examined changes in leaching attributable to
different tJ.-ee species replacements caused by the sanle invasive

forest pest, under a consistent N deposition regime. Ultimately ,
our goalwas to investigate the extent to whichtreespecieschange
mightinfluence NQ; leaching from forests. Relationships among
species, forest age, N deposition, and leaching then provide a
framework for identifying N deposition levels at which NO-4
leaching from forests could exceed defined leaching thresholds
due to changing species composition across northeastern US
forests.

Materials and methods

Mode | description

Spe-CN is a dynamic forest ecosystem model that simulates C
and N cycling in single- and mixed-species forest stands as tJ.-ee
species composition changes (Crowley et al. 2016 ). We developed
Spe-CN for application in the northeastern US, using available
field data and field-based empirical relationships wherever possi-
ble. We also adapted relevant algorithms from ecosystem models
such as PnEf-CN (Aber and Federer 1992 ; Aber et al. 1997) and
CENTURY (Parton et al. 1987 , 1988 ) for use in a species-specific
context. As with other forest C and N cycling models, Spe-CN
incorporates the processes of net primary productivity (NPP), tree
N uptake , litter production, decomposition,and soil organic mat-
ter (SOM) formation (Fig.1; Crowley et al. 2016 ). The Spe-CN model
differs from other models primarily by including individual tJ.-ee
species such that the user can simulate forest stands that change
in treespeciescomposition overtime. Spe-CN simulates poolsofC
and N in plant structures (foliage, finewood, coarse wood, roots)
for individual species and plays out the long-term consequences
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of user-specifiedtrends in species composition for Cand N cycling
in the forest.

In the Spe-CN mo del, many of the processes transfening C and
N among vegetation and soil pools are governed by species-
specific traits. Key parameters include minimum and range of
N concentrations in foliage, fine wood, coarse wood, and roots;
foliarturnover;allocationto foliage vs.wood; fractionof Nresorbed
from foliage before litterfall; tissue lignin and cellulose concentra-
tions: the slope of the relationship between litter N concentration
and mass loss (NML;Aberet al.1990);and maximum biomass attain-
able in pure stands (Appendix A, Tables Al and A2; Crowley et al.
2016).These plant traits differentially influence productivity, nu-
trient uptake, turnover, and decomposition such that changing
species composition will gradually alter C and N cycling on the
site. Because these parameter values represent averages across
available data for the northeastern U.S., the model simulates a
mean condition associated witheach tree species, averaged across
vaiiability in site-specific character istics such as soil texture, hy-
drology, or unknown aspectsofsite history.Adetai led description
of how these species-specifictraits govern process rates and move-
mentof C and N between pools, detai led testing of model output,
a sensitivity analysis for model paraineters, and a discussion of
uncertainties in model development are included in Crowley et al.
(2016).

In the mode 1, total NOsleaching reflects cumulative species-
specific effects on C and N cycling processes. Productivity, nutri-
ent uptake, and decomposition processes interact to determine
the amount of Nosth at is leached rather than retained in vege-
tation, downedwood, or soils. Nitroge n mineralized fromorganic
or mineral soil poolsor CWD has several possible fates: it may be
nitrified, as a function of soil C:N (for species other than redoak;
Lovett et al. 2004) and plant demand for N (Aber et al. 1997);
immobilized in soil; moved intoa mycorrhizal N pool to contrib-
ute to plant N upta ke; or moved into inorganic soil ammonium
(NH +) pools available for direct philt upta ke (Fig. 1). Soil NQ; is
also available for plant uptake, and any remaining NO; leaches
fromthe system. TheSpe-CNmodelsimulates NO;leaching from
beneath the soil rooting zone for an individual stand. Leaching
estimates thus do not necessarily represent surface watervalues,
due to additional N processing that may occur as water moves
fromthe rooting zone to the stream. Henceforth, we refer to loss of
NO, from beneath the soil rooting zone in a forest stand as NO,
leachingand NOs lossfroma watershed via the streanlasstrean]
NQ, export . In the current version of the model, the only N loss
from the system is NOs leaching; dissolved organic N (DON)
leachingand denitrification are not sinmlated. Leaching of DON is
a minor N loss mechanism for most watersheds in our focal study
area of the Catskill Mountains (Lovett et al. 2000 ).Although deni-
trification may be inlportant in some locations (e.g., Morse et al.
2015),including seeps,toeslopes, and stream edgesin the Catskills
(Ashby et al.1998), we assume that denitrificationis unlikely to be
an importan t flux in our study area's aerobic, well-drained soils
(Crowley et al. 2016). The model may overestimate NOjleaching
below the rooting zone somewhat, however, due to the lack of
gaseous N losses.

For the analyses presented here, we updated four paraineters
that influence nitrification or leaching rates, relative to previous
work (Crowleyet al. 2016). First, we updated the No-; fraction of
total (NO,,+ NH,+) N deposition (NDepNO3frac = 0.6) to better
correspond to recent measured values,although simulated leach-
ing showed low sensitivity to changes in this value, so it is held
constant throughout each model nm (Crowley et al. 2016). The NO,
fraction of total N deposition is calculated as the mean 2010 value
(for 2007-2013) from National Atmospheric Deposition Pro- grain
National Trends Network NADPNTN: NY68, NH02, ABT147)
and Clean Air Status and Trends Network (CASTNET: CAT175,
ABT147, WST109; htt p://java.epa.gov/castnetfclearsession.do )data
from three model testing subregions: the Catskill Mountains in
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NewYork,the White Mountain National Forestin New Hampshire
(WMNF), and the Great Mountain Forestin Connecticut (GMF).
Formerly, this value was derived from the ClimCalc model
(Ollinger et al. 1993). Second, we updated the fractions of
NO;--N and NH, +-Nfrom deposition that move into soil pools
(NdepNO3Soi!Frac = 0.5; NdepNH4Soi!Frac = 0.75, respectively )
to better reflect rapid soil inllnobilization of NOs and NH4 +
(Berntson and Aber 2000; Lewis et al. 2014; Templer et al. 2005).
Finally, for red oak, we modified the nitrification fraction (Nitfrac-
tion) to equal the ratio of nitrification to N mineralization mea-
sured in oak-dominated plots in the Catskills (Lovett et al. 2004).
For other tree species, we were able to use a linear relationship
with soil C:N to predict Nitf raction (Crowley et al. 2016). In con-
trast, for red oak, Nitfraction remained low (near zero) regardless
of C:N, suggesting that nitrification may be inhibited in redoak
stands (Lovett et al. 2002, 2004). Further work is needed to inves-
tigate how nitrification might be inhibited in stands dominated
by red oak.

Study area

While the model is applicable in the northeastern US and po-
tent ially in raeas of adjacent Canada with similar forest types, we
focused thisstudy on the Catskill Mountains in southeastern New
York. We chose this area because Catskill forests receive N depo-
sition levels among the highest in the northeastern US (Ollinger
etal. 1993) ai.ld are threatened by multiple invasive forest pests
that are changing forest composition (Liebhold et al. 2013; Lovett
et al. 2013b), and extensive data were available for model para-
meterization and testing (Lovett et al. 2002, 2004, 2013a; Templer
et al. 2005). We ran model scenarios for a single focal area to
emphasize responses to tree species change, rather than factors
such as climate that vary across the larger region. Model runs
were pai-aineterized with Catskill tempe rature reco rds, foliar N
co ncentrations, and N deposition estimates (Crowleyet al. 2016).
Simulated tree species included American beech (Fagus grandifolia
Ehrh.), balsam fir (Abiesbalsamea (L.) Mill.), black birch (Betulalenta
L.),easternhemlock (Tsuga canadensis(L.)Carr.), paper birch(Betula
papyrifera Marsh.), red maple (Acerrum-um L.), red oak, red spruce
(Picearubens Sarg.),sugar maple, white ash (Fraxinus americanal..),
white pine (Pinus strobusL.), and yellow birch (Betulaalleghaniensis
Britt .), whi ch occur frequently in Catskill forests and across the
region.

Model testin g

In Crowley et al. (2016), Spe-CN model simulations were tested
against available field data including C and N pools and C:N ratios
for the Oe + Oa (henceforth refen-ed to as OeOa) horizons in the
forest floor, wood C, foliar N nitrification fraction in the OeOa,
and abovegrotmd NPP. Field testing data were from species-
dominant plots in the Catskills (Lovett et al. 2002, 2004, 2013a;
Templer et al. 2005), the WMNF (Goodaleand Aber 2001; Ollinger
et al. 2002),and the GMF(Finzi et al.1998). With the modifications
to the model described above, we re-tested model simulations
against these field data; the updated tests differed little from
those presented in Crowley et al. (2016) (data not shown).

For the present analysis, we further tested the ability of the
Spe-CN modelto simulate NOgleaching from foreststandsdom-
inated by different tree speciesusing independent field data (not
used to parameterize the model) from species-dominai.1tplots in
the Catskills (Lovett et al. 2013a). Spe-CN model estimates of NO,
leaching corresponded linearly to NOsflux estimates from ten-
sion lysimeters installed in field plots dominated by sugar maple,
Americanbeedl,red oak,yellow birch, oreastern hemlock (Fig.2).
The Spe-CN model slightly (but not significantly) underestimated
the observed NO-; leaching flux, particularly at high levels of
NOsleaching, suggesting that model estinlates of NO;  leaching
may be conservative.
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Fig. 2. Relationship between mean NQ, fluxestimates from
species-dominant Catskill plotsand Spe-CN model estimates of NOg
leaching. Each point represents the mean tension lysimeter flux in
the B horizon (n = 4) across plots dominated by a single species
(sugar maple, American beech,yellow birch, eastern hemlock, or
red oak); error barsare +SE. Predicted NOQ,--N=(0.6267 x observed
NO,--N)+ 0.0499 . The relationship is linear( [=13.57,p=0.03,
r2=0.82) with a slope not significantly different from1 (§;3,=4.81,
p=0.12).
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We were unable to test Spe-CN leaching estinlates directly
against field dataforall tree speciesabundant in the Catskillstudy
area because of the paucity of data for No-3 leaching below the
rooting zone for single-species stands. We therefore considered
modelsimulationsofalternative variablesthatcorresponded em-
pirically to NOgleaching and for which more field data were
available. Inthe Catskills. stream NO5concentrationshave been

shown to decrease as the OeOa C:N ina -eased across13watersheds

(Lovett et al. 2002). Sinlilarly but at the stand scale, across Catskill
plots dominated by single tree species, NO-; flux below the root-
ing zone also decreased as OeOa C:N increased (Fig. 3; data from
Lovett et al. 2013a). Soil C:N ratios have been shown to vary in
relation to the identity of dominant tree species in forested stands
of the northeastern US(Finzi et al.1998 ; Lovett et al. 2004; Ollinger
et al. 2002; Ross et al. 2011). and the Spe-CN model was able to
simulate this variation for species typical of the region (Crowley
et al. 2016). Predicted OeOa C:N had a nearlyl:1 relationship with
observed C:N across species-dominant stands from the Catskills,
the WMNF, and the GMF (Fig. 4). Because the model was able to
predict OeOa C:N (Fig. 4). which is correlated with NOsleachin g
both in the model and in the field data (Fig. 3), we would expect
Spe-CN predictions of differences in NO, leaching among tree
species to be reasonable for the broader set of tree species mod-
eled in this paper. Measured NO5 fluxes were highly variable
(Fig. 2). and individual model predictions also have uncertainty
associated with them due to variation in model parameters
(Crowley et al. 2016). Additionally, model predictions for the sub-
set of species with regional parameterization but without re-
gional testing data (balsamfir, white pine, black birch) should be
interpreted with caution. However. our testing results suggest
that we can usethe Spe-CN model to predict broad patterns in
NGQ; leachingamong tree species and to obtain conservative es-
timates of NOy leaching from stands dominated by species typi-
cal of the Catskill Mountains.

Tests of simulated NO-; leaching employed data from Catskill
single-species plots approximately 90 years in age (Love tt et al.
2004 ). We are unaware of data sets appropriate for testing simu-
lated changes in leaching below the rooting zone for stands in

can.J. For. Res. Vol. 47,2017

Fig.3. Relationship between OcOaC:Nand NO; flux for Catskill
plots dominated by single tree species.Each point represents the
mean tension lysimeter flux in the Bhorizon (n=4) and mean OeOa
C:N(n=>5) across plots dominated by a single species (sugar maple,
American beech, yellow birch, eastern hemlock, or red oak); err or
barsare +SE. NO,--Nflux =-0.0318 x OeOa C:N+ 0.9269 (Fp.3,=7.74,
p=0.07,r2=0.72).
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Fig. 4. Relationship between Spe-CNmodel predictions and mean
OeOa C:N across plots dominated by nine treespecies occurringin
the Catskills, the WMNF. or the GMF.Minimum relative basal area
for the dominant species in each plot was 70%. Each point
represents the mean OeOa C:N for a given species within a given
subregion and forest age (second growth or old growth. simulated at
90 or 300years after disturbance, respectively);error bars are +SE.
Predicted OeOaC:N=(0.7920x observed OcOaC:N)+4.2685.The
relationship is strongly linear (F 25, = 62.47, p < 0.0001,1r2= 0.74),
with a slopeslightly lessthan 1 (F; 5,=4.31,p=0.05).
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which tree species composition has changed over time.In a chro-
nosequence of plotswith increasing impact by beech bark disease
(BBD), Lovettet al. (2010) found greater NO; concentrationsin soil

solution as BBD impact (and, correspondingly,sugar maple abun-

dance) increased, but measured NO5fluxes are not available for
testing model predictions of changes in leachingover tinle. Direct
comparisons between long-term stream NOgdata sets and simu-
lated leaching below the rooting zoneare not appropriate because
additional NO; processing occurs between the rooting zone and
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the stream. This may include soil adsorption, assimilation, or

transformation in the stream, which may result in very different
NGQ; flux estimates at the stand level vs. the stream level. Addi-

tionally, Spe-CN does notyet include the waterdynanlics required

to simulate seasonal or annual variation in stream NQO; fluxes.
Rather, the Spe-CN model simulates mean effects over multiyear,
decadal time scales, which are primarily controlled by factors
such as species change, land use, climate, or N deposition. Model
testing of C and N cycling processes for second-growth vs. old-
growth stands across the northeastern US gives us confidence in
broad predicted patterns for stands of different species composi-
tion and age (Crowleyet al. 2016.

Mode Iscenarios

To investigate how NOxleaching might vaiy with tree species,
we used the Spe-CN model to simulate (i) single-speciesstands in
which tree species differed anlong stands but remained constant

over time and (ii) tree species replacements in which one domi-
nantspecieswas replaced by another due to invasive pest activity.
Followinga model spin-up period starting in year 0, each model

simulation included a forest harvest in 1910 (80% harvest , 90%
removal of aboveground biomass, 10% forest floor loss). This ap-
proximates the disturbance history of the Catskill region, where

many forestswereharvested in the early 1900s (Kudish 2000), and
establishes an appropriate starting condition for the stand, in-
cluding factors such as forest age, plant Cand N pools, and soil C
and N pools. Model sinlUlations that changed tree species or N
deposition werethen imposed on the re-growing forest. The base-
line N deposition regime wasset to Catskill levels,increasing from
alowlevel through 1940(0.2 g N-m--2 year t, wet plus drydeposi-
tion) to a peakin 1990 (1.11g N-m-year !). and thendeclining to
amean2010level (0.67 g N,m--? year ') and held constant thereaf-
ter. TheN deposition reginle was based on data from NADP and
CASTNET and is further desctibed in Crowley et al. (2016). To
emphasize the effects of tree species and N deposition on leach-
ing, we held climate to 30-year averages of mean monthly temper-
ature for the Catskill Mountains, using data from the National
Oceanic and Atmospheric Administration National Clinlatic Data
Center's Climate Data Online (htt ps:/fwww.ncdc.noaa.gov/cdo-
web/; see Crowley et al. (2016) for more detail). Within this frame-
work, we ran sinlUlations to evaluate the following questions.

How does N deposition affect NO-3 leaching from stands of

various treespecies? .
We simulated forest stands dominated byeach of12 frequently

occurring tree species in the catskill Mountains and across the

region, with composition held constant throughout each run. Ni-

trogen deposition followed the Catskill N deposition regime de-

scribed above, but total N deposition stabilized at a range of six

hypothetical 20101eve,ls from0.25t0 1.25g N-m-->yeai-! (Fig. Sa).
We then evaluated NO4 leachingforeachtreespeciesand levelof
final N deposition for a 100- or 300-year-old stand (i.e., years 2010
or 2210). By holding tree species constant in each run and varying
the final level of N deposition, we could use the model both to
assess vaiiability in leaching among tree species at a specific de-
position level and to identify how differences in N deposition
trajectoly affected leaching from stands dominated by different
tree species and at different stand ages.

How does NOs Jeaching respond to changing tree species
composition under a consistent N deposition regime?

In addition to sinlUlating single -species stands that remained
constant in composition over tinle, we also simulated forest
stands that changed in species composition over time due to in-
vasive insect activity but for which the N deposition trajectory
remained constant during the species change (followi ng the
Catskill N deposition trajectory described above; Fig. Sb). We used
as an exainple the loss of white ash due to the invasive insect pest
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Fig. 5. Simulated N deposition trajectories: (a) for Catskill
Mountains simulations of12 frequently occurring tree species,
baseline Ndeposition increased from 0.2 g-m-? year ' tllrough 1940
to 1.11g-m-2 year-! in 1990 and men transitioned to each of six
hypometical mean 2010 levels; (b) for Catskill simulations of tree
species change due to EAB, N deposition stabilized at the measured
mean Catskill 2010 N deposition level 0f0.67 g-m= year ': and (¢) for
simulations ofme northeastern USN deposition gradient, baseline
N deposition increased from 0.2 g-m-?year ! tllrough 1940to each
of'six1990 deposition levels corresponding to me gradient assessed
in Aber et al. (2003).
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emerald ash borer (EAB; Agrilus planipennis Fairmaire). Since its
introduction in the Detroit, Michigan, area in the early1990s,EAB
has spread throughout the northeastern, central, and Rocky
Mountain states of the US and the provinces of Ontario and Que-
bec in Canada, where it causes the rapid death of ash trees and
their replacement by neighboring species (Lovett et al. 2016 ;
Poland and McCullough 2006). White ash can be abundant in the
Catskills, aild Lovettet al. (2013b) ident ified the three most com-
mon co-dominants in catskillwhite ash stands to be sugar maple,
redoak,and Ametican beech.Toexplore the effects of treespecies
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change on NQO, leaching, we simulated the invasion of a hypo-
thetical 110-year-old whiteash forest(80%ash, 20%replacing spe-
cies) by EAB such that white ash was replaced over a 20-year
period (2020-2040) by sugar maple, red oak, or American beech.
We then evaluated NOyleaching foreach replacement scenaiio
100 years following invasion (i.e.. year 2120). By holding N deposi-
tion constant while varying final tree species composition , we
could usethe model to investigate how thesealternative scenarios
of treespecies replacement might influence No-; leaching.

How do patterns of NO-5 leaching from stands of different tree
species vary across a regional N deposition gradient?

Aber et al. (2003) reported a pattern of greater NOyexport in
streamwater with increasing N deposition across a spatial gra-
dient spanning the northeastern US: sites below about 0.7-
0.8 gnr?year ! of N from deposition had little NOs export ,
whereas sites above that threshold had elevated export in some
cases but not in others. We asked ifthe Spe-CN model could sim-
ulate this observed threshold and how much of the observed vari-
ation in stream NOsexport at higher N deposition levels could
potentially be caused by variation in tree species composition
among sites.To do this,we simulated second-growth forests (har-
vested in 1910, as above) dominated by a set of tree species abun-
dant in the northeastern US. For each simulation, we increased
total N deposition (from a baseline of 0.2 g N-m--? year !, as
above) to a range of N deposition levels consistent with the
northeastern US N deposition gradient (Aber et al 2003; Ollinger
et al. 1993). These target deposition levels, ranging from 0.25 to
1.5 g N-m=2 year \ were achieved in 1990 and then held constant
(Fig. Sc). Simulated NO-; leaching below the rooting zone was
evaluated in1998,consistent withthe period of mostofthe data in
Ehe Aber et al. (2003) analysis (mid- to late-1 99032. While stand-

evel NQ leaching and stream NO.3 export are not directly com-
parabledue to NOyprocessing between the stand and the streanl,
thiscomparison between simulated and observed values indicates
the potential magnitude ofthe contribution oftree species to the
valiability in stream NO5 export observed across the region.

Results

Howdoes Ndeposition affect NO-; leaching from stands of
different treespecies?

For a given level of N deposition, simulated NOgleaching for
the Catskill Mountains varied widely among12 tree species abun-
dant in forestsofthe northeastern USand adjacentCanada (Fig. 6).
Nitrate leachingwas generally predicted to increase with increas-
ing N deposition or forest age, but the magnitude of increase in
leaching varied by species (Fig. 6). Forinstance, fora 100-year-old
forest, sinmlated leaching was consistently higher (at any given
levelofN deposition) for species such as sugar mapleor red maple
than for species such as red spmce or red oak (Fig. 6a). As N
deposition or forest age increased, corresponding increases in
leaching were considerably greater for most deciduous species
than for coniferous species or red oak (Fig. 6). Further more, the
range in leaching across species also increased with increasing N
deposition or forest age: for a 300-yeai--old forest , the leaching
difference between species with the highest leaching rates and
those with the lowest leaching rateswas 4.5timesgreater (0.55 vs.
0.12 g N-m--? year ')when the 2010 N deposition level was set to
1.25 vs. 0.25 g-m-2year ! (Fig.6b).

In Spe-CN model simulations, species with the lowest baseline
leaching rates showed a threshold response to increased N depo-
sition: i.e., beyond a threshold deposition level, leaching increases
wereabruptly larger in magnitude. Forexample, for al 00-year-old
red spruce stand, increases in leaching with increasing N deposi-
tion were larger once N deposition exceeded 0.85 g-m- 2-year !
(Fig. 6a). Additional species reached suchleaching thresholdsin a
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Fig.6. Nitrateleaching predicted by the Spe-CN model from forest
stands dominated by eachof12 tree species at (a)100 years and
(b)300years of age. Foreach model run, Ndeposition was held
constant at 0.2 g-m-2-year-' ofN through1940, increased to
1.11g-m-2 year- by1990, and stabilized at a finallevel ranging from
0.25 to 1.25 g-m-? year! ofN in 2010 and thereafter (Fig.Sa). Each
symbol on the graph represents a single 2010 N deposition level
across all species considered. Stabilization at 0.65g-m-*year-!
represen ts the approxima te N deposition trajectory for the
Catskill Mountains (actual mean 2010 Catskill N deposition was
0.67 g-m-? year-'). WP, white pine; BF, balsam fir; RO, red oak;
EH, eastern hemlock; RS, red spruce; WA, white ash; YB, yellow
birch; BB, black birch; AB, American beech; PB, paper birch;

SM, sugar maple; RM. red maple.
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300-year-old stand relative to al 00-year-old stand (e.g.,white pine,
balsam fir, eastern hemlock, red oak; Fig. 6b).

How does N0z leaching respond to changing tree species
composition under a consistent N deposition regime?
Spe-CN model simulations indicated that changes in tree spe-
cies composition due to invasive pest activity could alter rates of
NOgleaching, even when N deposition was held constant dllling
the invasion. In sinmlations in which white ash was replaced by
sugar maple, red oak. or American beech due to EAB, the magni-
tude and direction of effect (increased or decreased leaching) de-
pended on the identity of the species replacing ash. Replacement
of white ash with sugar maple caused an immediate increase in
predicted nitrate leaching relative to an uninvaded ash-maple
stand (155%increase49yearsafterinvasionbegan(peak leaching);
73% increase 100 years following invasion; Fig. 7a). In contrast,
replacement of white ashwith redoakcaused predicted leaching
to fall below that of a corresponding uninvaded ash-oak stand
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Fig.7. Comparison of Spe-CN model predictions of NO, leaching
between an uninvaded stand dominated by white ash and a stand in
which FAB causes death ofash trees, with replacement by (a)sugar
maple, (b)red oak,or (c) American beech. Initial stand composition
is 80% ash, 20% replacing species. Changes over time are in
response to an 80% harvest in 1910; an increase in N deposition
from0.2to 1.11g-m-2 year ! of N from1940 to 1990, followed by a
decrease to 0.67 g-m-? year' ofN by 2010 (Fig. Sb);and a transition
fromash to sugar maple, red oak. or beech from 2020 to 2040.
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(55% decrease 100 years following invasion; Fig. 7b). As a result,
100 years following invasion, predicted leaching was 3.7 times
higher when white ash was replaced by sugar maple rather than
red oak. Ifwhite ash was instead replaced by America n beech,
however, leaching was predicted to differ much less between an
invaded and correspond ing uninvaded stand (Fig. 7c). Nitr ogen
depositio n was consistent across the three invasion - stand re-
sponse scenarios.

How do patterns of N0; leaching from stands of different

tree species vary across a regional N deposition gradient?
Varying tree species composition only, the Spe-CNmodel was

able to reproduce much of the variability in measured stream
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Fig.8. Simulated NQ, leaching for eight tree species abundant in
forests spanning the northeastern US N deposition gradienL. Each
symbol-line represents simulated leaching for a single tree species
across the deposition gradient. Each point represents 1998 leaching
from a single model run in which N deposition increased from a
baseline level through1940 (0.2-g m-2-year') to one of six 1990 N
deposition levels(from 0.25to 1.5 g-m->-year ! of N), consistent with
the gradient in Aber et al (2003), and was held constant thereafter
(Fig.Sc).BF,balsam fir; RO, red oak; EH, eastern hemlock; RS, red
spruce; WA, white ash; YB, yellow birch; AB, American beech;
SM, sugar maple.
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NOgz export observed at higher levels of N deposit ion across
the northeastern US deposition gradient. At N de pos it i0o n of
0.75g-m-? year 1, the simulated range in NO; leachin g below the
rooting zone aa-oss tree species was 0.10- 0.24 g-m—?year ! of
NO;--N (Fig. 8) compared with a range in measured stream NO4
export of approximately 0.03-0.2 g-n=2yera ! of NOs3- -N (Aber
et al. 2003). For a deposition level of1.25 g-nr-2 year 1, the sim u-
lated range in NO-; leaching across tree species was 0.18-

0.42 g-m--2 year ' of NO;--N as opposed to 0.05-0.55 g-nr2year !
of NO3--N in measured stream export. Thus, the simulated range
in NQ; leaching across species was approximately 50%-75% of

the observed range in stream No-;  export.

Whilethe Spe-CNmodelsinlulated muchofthe field variability
observed at higher levels of N deposition, it was not able to cap-
ture the negligibe stream NO, export measured at Ndeposition
below 0.7 g,;m-?year ! (Aber et al. 2003). Below this threshold, the
modd simulated arange in NO; leaching acrosstreespecies from
0.04 to 0.14 g-nr *year ' of NO3--N (Fig. 8). Additional ly, when N
deposition exceeded 0.7-g nr-2year 1, the model did not capture
the lowest (near -zero) levels of measured stream NO-;  ex port;
minimum predicted NO-; leaching was 0.10 -g m- ?yeai- ' of
NO3--N.This baseline leaching level simulated by Spe-CN repre-
sented loss of a fraction of atmospherically deposited N during
wintertime.

Discussion

The model simulations presented here suggest that tree species
changes caused by factors such as invasive forest pests have the
potential to alter NOsleaching from forests to downstream wa-
terways. The magnitude and direction of change in NOsleaching
will vaiy with the identity of the declining and replacing tree
species, the age of the forest following distur bance, and the
amount of atmospheric N deposited over time. Effects of tree
specieschangemay be largebutai-e predic table based on chai-ac-
teristics of the declining tree species and the neighboring species
that replace them. Because different tree species affect NO-;
leaching very differently, the effects ofN deposition on leaching
from forests can be expected to change as tree species composi-
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Fig.9. Nitrogensinksand losses simulated by the Spe-CN model for
forest stands dominated by (a)sugar mapleand (b)red spruce.
Nitrogen deposition followed the scenarios outlined in Fig. Sc,
representing the N deposition gradient spanning the northeastern
US, and N sinks and losseswere evaluated for 1998.
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tion changes across the landscape over time. Dynamic ecosystem
models should therefore incorporateshifts in treespecies compo-
sition in projecting the effects ofN deposition or changes in other
environmental factors on leaching from forest stands.

Mechanisms of species response

In Spe-CN model simulations, stands dominated by different
tree species varied in NOsleaching due to species-specific traits
governing storage ofN relative to leaching losses. The main sinks
for N entering a forest includevegetation, downed wood, and soil
pools; losses are gaseous or hydrnlogic (i.e.. NOsleaching ) (e.g.,
Lovettand Goodale 2011). Forthis analysis, we have assumed neg-
ligible gaseous N loss from the generally aerobic, well-drained
soils of the Catskill Mountains, although gaseous losses could be
inlportant in some locations (Ashby et al. 1998; Fitzhugh et al.
2003; Morse et al. 2015).

In Spe-CN sim ulations, standsdominated byindividual treespe-
cies varied in N sink strengths, which drove variation in N leach-
ing losses in response to different N deposition levels (Figs,.8 9).
For example, for the N depos ition gradient spanning the north-
eastern US, the model simulated high N leaching losses for sugar
maple relative to other species. A sugar maple stand showed con-
sistent increases in all N sink and loss terms (again, not consider-
ing gaseous losses) with increasing N deposition across the
gradient (Fig. 9a). Where N deposition was low, the plant N sink
wasgreater than either the soil N sink or N leaching losses; with
increasing N de pos ition, the soil N sink and N lea ching rate in-
creased to ultinlately match the vegetation N sink . This demon-
strated that a sugar maple stand receiving high N deposition was

can.J. For. Res.Vol. 47,2017

in a stateofkinetic N saturation (continuing to store N but with N
input greater than N sinks; Lovett and Goodale 2011)with N inputs
approximately evenly distributed among tlle vegetation N sink,
the soil N sink, and N leaching losses (Fig.9a) (thecontribution to
CWD was minimal relative to other fates of N). These patterns
reflected traits characteristic of sugar maple, including (i) low
tissue N concentrations and slow growth rates relative to other
deciduous species, which caused the plant N sink to increase
slowly with added N, (ii) high maxinmm biomass such that the
plant N sinkwas ultimately large, (iii) low lignin concentrations in
litter, resulting in fastsoil turnover and therefore linliting the soil
N sink, and (iv) low soil C:N ratios, which were associated with
high nitrification rates and therefore high leaching (Appendix A,
Tables Al and A2; Crowley et al. 2016).

In contrast , red spruce was among the species with the lowest
sim ulated leaching levels at low levels ofN deposition, but in the
regional sinlulations, leaching losses increased abruptly when N
deposition inputs exceeded 1.0 g N-m--?year ! (Figs. 8, 9b). The
abrupt leachingincrease reflected a stabilization and tl1en slight
decline of the plant N sink as the red spruce stand approached
both maximmn growth rate and maximum tissue N concentra-
tions (Fig. 9b). A red spruce stand was also in a state of kinetic
saturation overall, with most N storage in the soil. At N inputs
greater tllan 1.0 g N-m--year- !, the plant N poo 1 began to ap-
proach its maximum N storage rate,and higher N inputs caused a
jump in NO; leaching (Fig. 9b). These patterns reflected traits
characteristicof red spruce, including (i)very low tissue Nconcen-
trations, slowgrowth rate, and lower maxinuun biomass relative
to sugar maple, which limited the plant N sink, (ii) high lignin
concentrations in litter resulting in slow decomposition and a
strong soil N'sink . and (iii) high C:Nratios, which were associated
with low nit:J.ification rates and low leaclling until sinks were
exceeded by inputs (Appendix A, Tables Aland A2). In general,
other species were sinlilar to or intermediate between sugar ma-

ple and red spruce in the allocation ofN inputs to sinksvs. losses.
Whetller or not the model simulates an accurate leaching
threshold fora 100-year-old red spruce stand is difficult to evalu-
ate.In a studyof'spruce-fir standsacross an N deposition gradient
in the northeastern US, potential net nitrification (measured in
lab incubations) increased abruptly once forest floor N concentra-
tion exceeded 1.5%, which occurred at total N deposition of ap-
proximately 0.85 g N-m--? year- ' (McNulty et al. 1991; Boggset al.
2007). Because these studies did not measure NQ; leaching, we
cannot compare their data directly with model output. but the
observed nitrification thr eshold approached the sinmlated leach-
ingthresholdat 1.0gN-nr-?year ' of deposition. Wewouldthere-
fore hypothesize thatadecline in the plant Nsink.assimulated by
the model, could be one cause of greater leaching from spruce
stands subject to increasing N inputs.

Species-specific patterns

Driven by the species-specific mechanisms described above,
modeled variation in leaching among second- and old-growth
stands dominated by different tree species generally corre-
sponded to patterns in field data.Simulated leaching NO5  fluxes
from second-growth,single-speciesstands, using Catskill Ndepo-
sition levels(seeFig. 6a; 2010 Ndeposition=0.65g N-nr-? year 1),
declined in the order sugar maple > (beech, yellow birch) > (hem-
lock, red oak).This order was consistent with expectations based
on NOs fluxes from Catskill plots dominated by these species
(Lovett et al. 2013a ). Prior mode 1 simulations captured a generally
similar relationship among species based on the ratioof nitrifica-
tion to N nlineralization (nitrification fraction) in the OeOa
(Crowleyet al. 2016; Lovett et al. 2002, 2004, 2010; Finzi et al.1998;
Ollinger et al. 2002), which correlates with NO, leaching. Ross
et al. (2009) also found greater nitrification rates from deciduous
plots than from coniferous plots across the northeastern US,
although at the species level. sugar maple and yellow birch
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togetherwere stronger predictorsofhigh nitrification than maple
alone. Forolder forests, higher simulated leaching from 300-year-old
stands than from 100-year-old stands was consistent with higher
nitrification rates and greater measured NOsexport from old-
growth standsthan from second-growth (burned or logged)stands
and watersheds in the WMNF (Goodaleand Aber 2001; Goodale
et al. 2000; Ollinger et al. 2002).

Simulated NO5 leaching fromash-dominated standswaslower
thanexpected basedon field estimates of nitrification (Finziet al.
1998; note that no NO4 flux data were available from ash stands).
Sinmlated ash stands have high N demand because of their high
tissue N concentrations and high growth rates. The model sug-
gests that high nitrification rates in the soil of ash stands do not
necessarily lead to high leaching rates because of tree N uptake ;
unfortunately , we do not knowof any data to test this hypothesis.
Differences between sinmlated and measured values (for ash or
otherspecies) alsomay derivein partfrom very high variability in
field measurements of nitrification or leaching, both within and
among stands and over time.

Simulated NO-; leaching from beech-dominated stands was
alsolowerthan expected based on Catskill NO, fluxdata(Lovett
etal. 2013a),although it corresponded well to beech's lower nitri-
fication rates relative to species such as maple (Finzi et al. 1998;
Lovett et al. 2013a). Beech litter is higher in lignin than that ofash
or sugarmaple, resulting in lower simulated rates of litter decom-
position, and forest floor C:N is higher, resulting in lower simu-
lated rates of nitrification and therefore leaching. In Catskill
field plots, however, NOy fluxes from beech-dominated plots
were nearly as high as those from sugar maple plots, possibly due
to beech bark disease and the subsequent death of beech trees
(Lovett et al. 2010, 2013a).

Responses to pest invasion

Model simulations of the replacement of white ash by sugar
maple, red oak, or American beech due to EAB suggest that long-
term effects of invasive forest pests on NOgloss from forests will
be large and highly dependenton the identity ofthe declining and
replacing tree species. We are unaware of studies specifically as-
sessing the impacts of EAB on forest N cycling via loss of ash or
replacement with other tree species. For other invasive pests cur-
rently affecting the northeastern USsuch as beech bark disease or
hemlock woolly adelg,id loss of a host treespecies or replacement
with a neighboring species has been shown to increase variables
suchasextractablesoil NO;, NO; in soil solution, nitrification
rates, or NOgfluxes, particularly over the short term, suggesting
increased leaching from these invaded forests Oenkins et al.1999;
Lovett et al. 2010; Orwig et al. 2008; Yorks et al. 2003). Our prior
modeling simulations of these species transitions also predicted
greater leaching from invaded relative to uninvaded stands, with
the timing and duration of leaching dependent on species iden-
tity (Crowleyet al. 20169. The EAB simulations presented here
extend these field observations and predictions of invasive pest
impacts to include a broader range of possible long-tenn leach-
ing responses - with a difference in leaching of greater than
3.5timesduetotllesanleinvader, 100years following invasion -
associated specifically with tree species characteristicsthat deter-
minelong-tennresponses. These characteristicsinclude the ability
of the forest to take up and store Nin biomass and to create soil
organic matter with the capacity to immobilize N. This suggests
that management efforts to reduce NOgenteringwaterways will
need to incorporate the net effects of tree species change across
forested landscapes.

Tree species as a source of variability in stream NO-; export

In simulating the northeastern US N deposition gradient, we
asked to what extent variation in tree species composition might
contribute to variability in measured stream No-3 export (Aber
etal. 2003). In model simulations in which the only source of
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variation in NQ, leaching at a given level of N deposition was
variation in treespecies composition, tlle Spe-CN model was able
to reproduce 50%-75% of the range in measured stream NO-; ex-
port, above a threshold N deposition level of 0.7 g-m--? year-'.
Thus, these simulations aligned with Aber et al.-s (2003) conclu-
sionthata portionof'the largevariability in NO5 export at a given
N deposition level could be driven by differences in species com-
position. Note that forour simulations, we chose a set of species
that are comm.on in the watersheds used in the Aberet al. (2003)
study, but we do not know the actual species composition oftl1ese
watersheds. Additionally, the Spe-CN model simulated NO,
leaching below the rooting zone ratller than stream NO5export
and therefore may overestimate tlle Aber et al. (2003) values.
Other factors that probably contributed to variation in No-3
export in the field data include forest disturbance history, stand
age, hydrologic flow patlls, clinlate parameters , and the physical
character of the catcluuents (Aber et al. 2003; Goodale and Aber
2001; Goodale et al. 2000; Watmough et al. 2004). Thus, our con-
clusion is not that tree species explain all of the variation ob-
served in tlle data reported by Aber et al. (2003) but rather that
differences in tree species could explain a portion of it, and the
variation is predictable based on properties of the species.

The largest discrepancy between simulated NO,leaching and
measured streanl NO; export was the model's inability to simu-
late near-zero leaclling at the low N deposition levels reported by
Aber et al. (2003). A portion of this discrepancy may result from
the additional processing of NOsbetween a forest stand and the
streanl. Additionally, the model predicts little retention of depos-
ited Nin the dormant season, evenat low Ndepositio,n because of
a lack of dormant-season sinks in the system. This could indicate
a need to better simulate either a rapid-uptake soil pool that
would retain incoming N deposition (Berntson and Aber 2000;
Colman et al. 2008; Fitzhugh et al. 2003; Lewis et al 2014) or
wintertime microbial activity that would retain N when N is lim-
iting (Groffman et al. 2009). If denitrification or other processes
are a meaningful component of N loss in Catskill watersheds
(Ashby et al. 1998; Fitzhugh et al. 2003; Morse et al. 2015), then
incorporation ofgaseous N lossescould reduce model estimates of
NOsleaching.Addition of water dynanlicsto Spe-CN could result
in greater forest N retention duringdryor cold periods when No-3
would be less mobile, therefore reducing leaching in some in-
stances. More exact knowledge of pastland use history (e.g., multiple
harvests , other disturbances) might also lower minimum simu-

lated leaching values to correspond more closely to measured
NO-3 export.

Implications

If changes in tree species composition alter the response to N
deposition of No-; leaching from northeastern US forests as
model simulations suggest, thiswill have several implications for
protecting waterways from added No-3. One approach to protec-
tion is to determine tlle critical load of N deposition that will
increase leachingabove an ecologically important threshold and
use this value to inform air pollution policy and standards , an
approach that is currently used in Europe and Canada and is
gaining ground in tlle US (Ahern e and Posch 2013; Burns et al.
2008; Lovett et al. 2009; Pardo et al. 201] Porter et al. 2005). A
critical load is "tl1e quantitative exposure to one or more pollut-
ants below which significant harmful effects on sensitive ele-
ments of the environment do not occur, according to present
knowledge" (Nilsson and Grennfelt 1988). For the northeastern
US, Pardo et al. (2011) suggested an empirical critical load (i.e.,
determined from observations of harmful responses to known N
inputs ) of 0.8-g nr-2 year ! of atmospherically deposited N based
on the threshold in strean1 NOsexport reported by Aber et al
(2003). Critical loads can also be set or evaluated for exceedance
using steady-state mass balance modeling approaches, which as-
sume no changes in forest N fluxes over time, or dynamic models,
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which incorporate time-dependent changes in N pools and fluxes
(e.g., Ouinlet et al. 2006 ; Whitfield et al. 2007; Wu and Driscoll
2010; Zhou et al. 2015). For sugar maple - beech - yellow birch
forests in the northeastern US, simulations using the dynanlic
ForSAFE-Veg model showed that NO-sleaching could only ap-
proach historical valueswhen N and S deposition were reduced to
preindustrial levels (Phelan et al. 2016). The Spe-CN model simu-
lations presented here suggest that in addition to such direct
effects of deposition, changes in tree species composition may
also alter the amount of N from deposition that would elevate
NO., leaching. Thus, managers may need to reevaluate previously
established empirical critical loads when species composition
changes markedly over time across a broad spatial scale. Only
extensive species compositional changes could be expected to
affect the regional empirical critical load estimate, which already
incorporates current variabilityin treespecies composition across
the region. For example, regionalspecies compositional shiftsare
predicted to occur as a result of climate change. If an oak-
dominated forest replaces a maple- beech-birch forest in the
northeastern U.S. (Iverson et al. 2008 ), Spe-CN would predict a
corresponding increase in the N deposition level that would ele-
vate leaching relative to the current threshold (Fig.8) due to the
loss of the forest type that contributes most to elevated leaching
at lower N deposition levels. Furthermore, dynamic models used
to project when nitrate leaching might change markedly for a
given location should take tree species change into account.

Together, the analyses presented here suggest thatchanges in
tree species composition across the landscape overtime may in-
teractwithchanginglevelsofN depositiontoincrease ordecrease
NO-; leaching from forests. These interactions will be mediated
bythe verydifferent waysin whichindividual treespeciestake up
and process added N. in turn influencing movement of N into
plant, downedwood, or soil pools or No-; leaching losses.Thus, as
treespecies composition changes due toinvasiveinsectsand dis-
ease, climate change, or other environmental stressors, the
amountofN depositionthatwill causeelevatedleaching froman
area willalso change. Inversely, larger reductions in N depos ition
may beneededtoreduce NO-; leaching fromstands dominated by
some tree species than by others: forexample, from stands dom-
inated by maple or beed1vs. conifer species or red oak. Emerald
ash borer simulations indicated that even at a constant level of N
deposition, changes in tree species composition could elevate or
reduce leaching substantially. Dynamic ecosystem models should
therefore incorporate treespecieschangein projecting the effects
of N deposition or other environmental stressors on leaching
from forestedlandscapes.
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Appendix A. Species-specific parameters used in the Spe-CN model

In the Spe-CN model, many of the processes transferring C and N among vegetation and soil pools are governed by species-specific
tr aits. Key par ameters include minimum and range of N concentrations in foliage. fine wood, coarse wood, and roots; foliar turnover;
allocation to foliage vs. wood; fraction of N resorbed from foliage before litterfall; tissue lignin and cellulose concentrations; the slope
of the relationship between litter N concentration and mass loss (N mass loss or NML; Aber et al. 1990); and maximum biomass
attainable in pure stands (TablesAl, A2; Crowley et al. 2016). These plant traits differentiallyinfluence productivity, nutrient uptake,
turnover, and decomposition processes such that changing species composition will gradually alter C and N cycling on the site . A
detailed description of how these species-specific traits govern process rates and movement of C and N between pools is included

in Crowley et al. (2016).
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Table At. Descriptionsand sourcesforspecies-specificparameters for blackbirch,balsamfir,paperbirch,redspruce,whiteash,and whitepine.

Parameter Description References
MinFolNCon Mininlum foliar N (%) = 10th percentile (P10) in Northeastern Ecosystem Research Cooperative (NERC) 2010
NERC foliar chemistry database
FoINConRange Fractional range in foliar N (%) from10th to 90th NERC 2010
percentile ((P90- P10)/P10)
MinRootNCon Mininlum root N (%) = 80%o0f mean value Aberet al. 1990; Fahey et al. 1988; Mcclaugherty et al. 1982, 1984;
Templer et al.2005
MinFineWoodNcon Minimum finewood N (%)= 80% of mean value Pare et al. 2013
MinCoarseWood Neon ~ Minimum coarsewood N (%)= 80%of meanvalue  Albanand Pastor1993;Faheyet al. 1988; Foster and Lang1982;
Lambert et al.1980; Templer et al. 2005
NomMaxWoodC Maximum wood C (gim-2) (mean of highest three  Baskerville 1965; Goodale and Aber 2001; Magill et al. 2004; Park
available values for each species) et al. 2008; Sprugel1984; USFS 2013
FolTumover Foliar turnover (year ! Aber et al. 1995
CoarseWoodk Decomposition constant for coarse woody debris  Fahey et al. 1988; Fosterand Lang1982; Lambertet al. 1980; Smith
(CWD) (year ! et al.2007
FolLigCon Mean foliar liner lignin concentration (%) Aber et al. 1990; Downs et al. 1996; Magill and Aber1998; Melillo
et al. 1982
RootLigCon Mean root lignin concentration (%) Aber et al.1990; Fahey et al. 1988; McClaugherty et al. 1982, 1984

FineWoodligCon
CoarseWoodligCon
FolLigCell

FoINML

RootNML
FineWoodNML
CoarseWoodNML

Resorp

HumusSpk

Hum usNGR
MycoNFrac

Mean finewood lignin concentration (%)

Mean coarse wood lignin concentration (%)

Foliar lignin to cellulose ratio

Slope of the relationship between liner N (%) and
mass loss (%) for foliar liner

Slope of the relationship between liner N (%) and
mass loss (%) for fine roots

Slope of the relationship between liner N (%) and
mass loss (%) for finewood

Slope of the relationship between liner N (%) and
mass loss (%) for coarse wood

Ratio between mean foliar liner N(%) and foliar
N(%)

Decomposition constant for humus (year')
Ratio of net to gross N mineralization in humus

Fraction of Nmineralized fromhumus that moves
into the mvcorrhizal N pool

Alban and Pastor 1993; Macmillan1988

Alban and Pastor1993; Macmillan1988

NERC 2010

Aber et al.1990; Bockheim et al. 1991; Cobb 2010; Demers et al. 2007,
Lovenet al. 2016; Magilland Aber 1998; Melilloetal. 1982; Parsons
et al. 2008; Rustad1994; Strukeljet al. 2012

Aber et al. 1990; McClaugherty et al. 1984

Foster and Lang1982
Foster and Lang1982

Aberetal.1990; Bockheim et al. 1991; Cobb 2010; Downs et al.1996;
Gower and Son 1992; Magilland Aber1998; Melillo et al.1982; NERC
2010; Parsons et al.2008; Rustad1994; Templeret al.2005

Estimated based on Parton et al. (1988,)Olsson et al. (2012), and
Tonino et al. (2014)

Estimated to reproduce range of'soil C:Nunder Catskill treespecies

Estimated value

Note:Parameter values forthesespeciesare provided in Table A2. Unitsare givenwithin the parameter descriptions, except where parameters are dimensionless.
Sources for parameters forAmerican beech, eastern hemlock. red oak. red maple, sugar maple, and yellow birch are included in Crowley et al. (2016).

Table A2. Species-specific parameter estimates for balsam fir, black birch, paper birch, red spruce, white ash, and white pine.

Parameter (units) Balsam fir Black birch Paper birch Redspruce White ash White pine
NE US MinFoINCon (%) 1.25 2.14 1.83 0.85 2.01 1.10
Catskills MinFolNCon (%) 1.27 2.34 2.08 0.898 2.17 1.25
WMNF MinFoINCon (%) 1.28 2.14 1.91 0.86 1.975 1.1
NE US FolNConRange 0.43 0.32 0.50 0.50 0.32 0.38
Catskills FoINConRange 0.38 0.25 0.26 0.50 0.32 0.32
WMNF FolNConRange 0.41 0.32 0.48 0.42 0.33 0.38
MinRootNCon (%) 0.78 1.38 1.38 0.78 1.36 0.74
MinFineWoodNcon (%) 0.30 0.35 0.32 0.22 0.27 0.33
MinCoarseWoodNcon (%) 0.10 0.20 0.20 0.09 0.19 0.10
NomMaxWoodC (g C-m-?) 6590 6549 10000 12160 14086 13366
Fo!Tumover (year ') 0.25 1 1 0.25 1 0.44
CoarseWoodk (year ') 0.025 0.06 0.06 0.025 0.06 0.025
FolLigCon (%) 29 .9 21.2 17.6 29.9 12.2 22.5
RootLigCon (%) 23 .8 26.8 26.8 23.8 26.8 238
FineWoodLlgCon (%) 28.8 16.2 16.2 28.8 16.2 28.8
CoarseWoodLlgCon (%) 28.8 16.2 16.2 28.8 16.2 28.8
FolLigCell 0.77 0.52 0.59 0.61 0.31 0.68
FoINML 0.0168 0.0271 0.0249 0.0168 0.0291 0.0165
RootNML 0.02 0.019 0.019 0.02 0.019 0.02
FineWoodNML 0.005 0.005 0.005 0.005 0.005 0.005
CoarseWoodNML 0.005 0.005 0.005 0.005 0.005 0.005
Resorp 0.53 0.41 0.45 0.61 0.38 0.42
Hum usSpk (year ') 0.015 0.045 0.045 0.015 0.045 0.015
HumusNGR 0.8 0.8 0.8 0.8 0.7 0.8
MycoNFrac 0.75 0.75 0.75 0.75 0.25 0.75

Note:For parameter descriptions and sources for these species,seeTable Al. Parameters without unitsare dimensionless. Parameters forAmerican beech,eastern
hemlock, red oak, red maple, sugar maple,and yellow birchare induded in Crowley et al. (2016).
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