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Abstract
Foliar traits can reflect fitness responses to environmental changes, such as changes in nutrient availability. Species may 
respond differently to these changes due to differences in traits and their plasticity. Traits and community composition 
together can influence forest nutrient cycling. We compared five traits—foliar N, foliar P, specific leaf area (SLA), leaf dry 
matter content (LDMC), and leaf carbon isotope ratio (δ13C)—in six northern hardwood tree species (Acer rubrum, Acer 
saccharum, Betula alleghaniensis, Betula papyrifera, Fagus grandifolia, and Prunus pensylvanica) in a nitrogen (N) and 
phosphorus (P) fertilization study across 10 mid- and late-successional forest stands in New Hampshire, USA. We also 
analyzed the response of tree growth to N and P addition. Nutrient addition shifted trait values towards the “acquisitive” 
side of the spectrum for all traits except δ13C, reflecting a tradeoff between water-use efficiency and nutrient-use efficiency. 
Treatment responses in relative basal area increment revealed that the Betula species were N-limited, but traits of all species 
responded to either or both N and P addition in ways that suggest N and P co-limitation. Two species displayed lower foliar 
P under N addition, and three species displayed lower foliar N under P addition, which also suggests co-limitation. These 
indications of co-limitation were reflected at the community level. Specific leaf area, LDMC, and δ13C differed with stand 
age within several species. Examining trait responses of tree species and communities to nutrient availability increases our 
understanding of biological mechanisms underlying the complex effects of nutrient availability on forests.
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Introduction

Foliar traits, or measurable characteristics of leaves, can pro-
vide insights into plant strategies (Violle et al. 2007; Reich 
2014). Most foliar traits align to some degree with the “leaf 
economics spectrum” (Wright et  al. 2004), with values 
associated with more “acquisitive”, fast-growing trees with 
short-lived leaves (higher specific leaf area (SLA), higher 

foliar nitrogen (N) and phosphorus (P) concentrations, 
greater photosynthetic capacity) to more “conservative”, 
slow-growing trees with long-lived leaves (lower SLA, lower 
foliar N and P concentrations, lower photosynthetic capac-
ity; Dìaz et al. 2004). The traits originally included in this 
spectrum were SLA, foliar N, foliar P, leaf lifespan, leaf dark 
respiration rate, and maximum photosynthetic rate, and sub-
sequent studies found that leaf dry matter content (LDMC) 
falls along this spectrum as well (e.g., Smart et al. 2017). 
This spectrum captures the idea that trait values tend to co-
vary in ways that reflect physiological tradeoffs coordinated 
within the whole plant: devoting resources into acquiring 
nutrients and growing quickly versus conserving nutrients 
and growing more slowly (Reich 2014; Dìaz et al. 2016). 
These traits and their plasticity are an important component 
of demographic and niche differentiation in plant communi-
ties and are key determinants of ecological processes such 
as succession and response to environmental change (Reich 
2014; Lichstein et al 2021).
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Trait variation within species can be influenced by 
genetics, the environment–light, water, nutrients (Reich 
2014)–and genetics x environment interactions (Bradshaw 
1965). In the context of nutrient-addition studies, which are 
commonly used to investigate nutrient limitation, measure-
ments of net primary production or plant biomass typically 
indicate whether a particular nutrient is limiting, but traits 
can provide insight into how plants anatomically and physi-
ologically respond to nutrient availability and limitation. For 
example, increases in nutrient concentrations with nutrient 
addition may also lead to increases in SLA and LDMC, 
reflecting a shift in plant trait values that signifies a more 
acquisitive strategy in response to a change in nutrient avail-
ability (Iturrate-Garcia et al. 2020).

Foliar traits that relate to gas exchange and water use, 
such as stable carbon isotope ratio (expressed as δ13C; 
Coplen 2011) can provide additional insight on how physi-
ological processes such as photosynthesis and transpiration 
change in response to nutrient availability. Stable isotope 
ratios of assimilated C are linearly related to intrinsic water-
use efficiency, or iWUE, the ratio of photosynthesis to sto-
matal conductance (Pérez-Harguindeguy et al. 2013); higher 
(less negative) δ13C values indicate greater iWUE. Leaves 
that have lower stomatal densities and stomata that open 
less often tend will therefore have higher δ13C values (Far-
quhar et al. 1982). Foliar δ13C reflects these processes over 
the lifespan of the leaf, weighted towards the early growing 
season when leaf mass increases quickly, with some possible 
contribution from carbohydrates stored the previous year. In 
this way, δ13C is a time-integrated metric reflecting the bal-
ance of physiological processes over time, unlike the other 
traits we analyzed which can directly affect these physiologi-
cal processes and whose plasticity may be part of an active, 
functional strategy.

While the leaf economics spectrum was developed to 
explain plant strategies for acquiring and allocating carbon 
and nutrients, more recent studies have shown that traits 
related to water use can fall along this same spectrum (Reich 
2014; Prieto et al. 2018). Since high iWUE reflects a con-
servative resource-use strategy (Prieto et al. 2018), we would 
expect high δ13C to fall along the more conservative end of 
the leaf economics spectrum. Associations of δ 13C with the 
leaf economics spectrum, however, may conflict with other 
tradeoffs in water-use efficiency and nutrient-use efficiency, 
potentially driven by the role of mass flow in nutrient uptake 
(Cramer et al. 2009). While we would expect most leaf eco-
nomics traits to shift to the more acquisitive side of the spec-
trum with nutrient addition, increasing nutrient availability 
could increase water-use efficiency, leading to an enrich-
ment in 13C with nutrient addition. Indeed, with nutrient 
addition, δ13C nearly always increases (Raven et al. 2004), 
suggesting that increased photosynthesis generally outpaces 
any increase in transpiration. Differences in responses to 

changing nutrient availability among traits may therefore 
complicate the interpretation of these traits falling along a 
single axis that represents plant strategy in the context of 
carbon, nutrient, and water use.

Species can differ in their growth and trait responses 
to changes in nutrient availability. Most of the research in 
temperate forests has investigated the effects of N addition. 
Recent studies have shown that northern hardwood species 
differ in response to N deposition, with some species such as 
Acer saccharum Marsh. (sugar maple) and Prunus serotina 
Ehrh. (black cherry) increasing in growth rate with N addi-
tion and others, such as Betula alleghaniensis Britton (yel-
low birch) and Fagus grandifolia Ehrh. (American beech), 
decreasing (Clark et al. 2023; Pardo et al. 2019), though dif-
ferences in site conditions, such as soil texture (Pulito et al. 
2015) and nutrient availability (Ostertag 2010), can also 
influence species’ response to nutrient addition. Species can 
differ in the magnitude to which their growth and trait val-
ues respond to environmental changes. For example, Prunus 
pensylvanica L.f. (pin cherry), a pioneer species, exhibited 
stronger growth and trait responses to complete, balanced 
nutrient addition than other species, such as Betula papyrif-
era (white birch; Fahey et al. 1998). Many other studies in 
this region have examined the effects of N on tree growth 
and traits to better understand the effects of anthropogenic N 
deposition. Less is known about the effects of P availability 
on temperate tree growth and leaf functional traits.

Differences in species-level responses to nutrient addi-
tion influence the community-level response to these traits. 
A community-weighted mean (CWM) of a trait, which is 
calculated by weighting the mean trait value with a rela-
tive abundance of species, can relate to environmental 
conditions. For example, CWM LDMC has been shown to 
decrease and CWM SLA to increase with increasing soil 
fertility (Daou et al. 2021), and local-scale factors such as 
soil conditions (e.g., nutrient availability) can significantly 
influence trait combinations and consequently trait CWMs 
(Siefert et al. 2014; Bruelheide et al. 2018). Forest commu-
nity demand for nutrients can also change over time due in 
part to species turnover during succession, changes in soil 
nutrient stoichiometry over time following disturbance (Ras-
tetter et al. 2013), and the changes in traits with height (Koch 
et al. 2004) as dominant trees in even-aged stands grow taller 
over time. Investigating how traits relate to each other, how 
they differ among species, how the response of these traits 
varies among species and at the community level and with 
stand age, and how these responses relate to the alleviation 
of nutrient limitations provides a more complete perspective 
of how forests respond to changes in nutrient availability.

We quantified differences in foliar traits in response to 
long-term experimental nutrient addition treatments among 
six northern hardwood species and at the community level 
in mid- and late-successional forest stands. We explored 
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relationships among five traits—four leaf economics spec-
trum traits (SLA, LDMC, foliar N, foliar P) and one gas-
exchange trait (δ13C) —to further investigate the role of gas-
exchange and water use in the leaf economics spectrum. Our 
research answers the following questions: (1) how do the 
selected traits relate to each other (2) how do species- and 
community-level foliar trait values vary with experimental 
nutrient addition and between mid- and late-successional 
stands, and (3) do the six hardwood tree species studied 
exhibit evidence of N or P limitation? The Multiple Element 
Limitation in Northern Hardwood Ecosystems (MELNHE) 
experiment in the White Mountains of New Hampshire 
serves as an ideal location for this investigation. MELNHE 
is among the longest-running N x P factorial fertilization 
studies in temperate deciduous forests; low doses of N and 
P fertilizer have been added to these forest stands since 
2011. We expected to see trait relationships consistent with 
the leaf economics spectrum and hypothesized that these 
traits would exhibit changes in response to nutrient addition 
(Table 1), but that species would differ in the magnitude of 
their response, reflecting differences in plant strategy.

Materials and methods

Site description

This study took place in 10 forest stands that are part of 
the MELNHE study in New Hampshire (Online Resource 
1; Yanai et al. 2022). Six stands (C1, C2, C4, C6, C8, C9) 

were located at Bartlett Experimental Forest (BEF) in Bart-
lett, NH (44°03′N, 71°17′W), two stands (HBM, HBO) were 
located at Hubbard Brook Experimental Forest in North 
Woodstock, NH (43°56′N, 71°44′W), and two stands (JBM, 
JBO) were located at Jeffers Brook in Benton, NH (44°02′N, 
71°53′W). Mean annual precipitation at Hubbard Brook is 
around 1,400 mm, evenly distributed throughout the year 
(Campbell et al. 2010). Mean air temperature in January 
is -9 °C and mean air temperature in July is 18 °C (USDA 
Forest Service 2022). These three sites differ in bedrock and 
parent material, with Jeffers Brook underlain by amphibo-
lite, Hubbard Brook by granodiorite and schist, and Bartlett 
by granite (Lyons et al 1997); we expected differences in 
parent material to influence site fertility with Bartlett being 
the least fertile (e.g., lowest soil base cation saturation), Jef-
fers Brook most fertile, and Hubbard Brook intermediate. 
Soils were predominantly well drained or moderately well 
drained Spodosols developed in glacial till (Vadeboncoeur 
et al. 2014).

Four of these stands (C8, C9, HBO, JBO) were late-
successional forests last harvested between 1883 and 1915, 
while six of these stands were additionally harvested more 
recently between 1970 and 1990 (Yanai et al. 2022). The 
mid-successional stands in this study at Bartlett had a mean 
canopy height of 15.2 ± 0.8 m in 2019, and late-successional 
stands at Bartlett had a mean canopy height of 23.0 ± 0.5 m 
(NEON 2022). Forests were dominated by typical northern 
hardwood species following patterns related to secondary 
succession (Leak 1991; Bormann and Likens 1994); late-
successional forests were dominated by Fagus grandifolia 

Table 1   Foliar traits measured in this study, what they represent, whether they are influenced by nutrients, light, and water, expected changes 
with N and P addition, and references to background literature

Trait Represents Influenced by Avail-
ability of

Expected Changes References

Nutrients Light Water

Foliar N Photosynthetic capacity, com-
munity productivity, competitive 
ability

X X X Increase with N addition, 
decrease with P addition if P 
is limiting

Bracken et al. 2015; Bruelheide 
et al. 2018; Wright et al. 2004; 
Young et al. 2023

Foliar P Nucleic acids, lipid membranes, 
bioenergetic molecules (e.g., 
ATP)

X X Increase with P addition, 
decrease with N addition if N 
is limiting

Bracken et al. 2015; Wright et al. 
2004; Young et al. 2023

Leaf dry 
matter 
content 
(LDMC)

Ratio of oven-dried to fresh mass. 
Negatively related to growth 
rate and decomposability, posi-
tively related to leaf lifespan

X X Decrease with nutrient addition Daou et al. 2021; Siefert & Ritchie 
2016; Tatarko & Knops 2018

Specific 
leaf area 
(SLA)

Area invested per unit mass 
of leaf. Relates positively to 
growth rate and photosynthetic 
capacity, negatively to leaf 
lifespan

X X X Increase with nutrient addition Iturrate-Garcia et al. 2020; Mo 
et al. 2020; Wright et al. 2004

δ13C Photosynthetic capacity, intrinsic 
water use efficiency

X X X Increase with nutrient addition Cernusak et al. 2013; Raven et al. 
2004
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Ehrh. (American beech), Acer saccharum Marsh. (sugar 
maple), and Betula alleghaniensis Ehrh. (yellow birch), 
while the youngest stands (C1 and C2) had more Prunus 
pensylvanica L.f. (pin cherry), Betula papyrifera Marsh. 
(white birch), and Acer rubrum L. (red maple). Stands C4, 
C6, HBM, and JBM were dominated by a mix of these 
species.

Each stand had four plots, which consisted of a 
30 m × 30-m inner measurement area with a 10-m buffer 
on each side (except for HBM and JBM plots, which had 
a 20 m × 20-m measurement area with a 5-m buffer). Plots 
were treated annually with N (as NH4NO3, 30 kg ha−1 yr−1), 
P (as NaH2PO4, 10 kg ha−1  yr−1), both N and P, or nei-
ther. The N application rate was more than three times the 
mean atmospheric N deposition rate at Hubbard Brook from 
2008 through 2022, which was about 9 kg ha−1 yr−1 (NADP 
2024). The 3:1 ratio of N to P added to these plots is much 
lower than N:P ratios typically seen in foliage (15:1 or 20:1), 
indicating that more P was added to the plots relative to plant 
demand, compared to N. This rate was chosen to account for 
the occlusion of P in iron- and aluminum-containing miner-
als, primarily in soil B horizons, which makes P unavailable 
to plants (Wood et al. 1984).

Foliar sampling

Foliage samples were collected from Jeffers Brook (JBM and 
JBO) and Hubbard Brook (HBO and HBM) between July 29 
and August 3, 2021. Samples were collected from Bartlett 
(C1, C2, C4, C6, C8, and C9) between July 22 and August 
2, 2022. We targeted three trees from the most abundant spe-
cies in each stand, though occasionally only one or two trees 
of a species were present in a plot, sampling the following 
tree species: A. saccharum, A. rubrum, B. alleghaniensis, 
B. papyrifera, F. grandifolia, and P. pensylvanica (Online 
Resource 1). P. pensylvanica was sampled only in C1 and 
C2, as nearly all the P. pensylvanica trees had died in the 
other stands by 2021. This effort captured at least 80% of 
the species composition by basal area for all stands except 
C4; 80% is recommended for species with relatively similar 
trait values (Pakeman and Quested 2007), which is true of 
northern hardwood overstory species. Stand C4, in which 
the sampled species represent 62% of basal area, has a large 
presence of quaking aspen (Populus tremuloides Michx.) 
and big-tooth aspen (Populus grandidentata Michx.), which 
were not sampled because they were not abundant in other 
study stands. One A. rubrum tree, the only one in stand 
HBO, was unintentionally sampled in the control plot; the 
foliage sampled from this tree was used to inform the com-
munity-weighted means in this plot but was not used in A. 
rubrum analyses.

Foliage samples were collected using a shotgun with steel 
shot from at least two sun-exposed portions of the canopy, 

and leaves were handled with gloves. Leaves were placed 
in gallon-sized plastic bags in the field with paper towels 
sprayed with distilled water to keep the samples hydrated 
until they were returned to the lab and refrigerated (Pérez-
Harguindeguy et al. 2013). In total, 156 trees were sampled 
in 2021 and 270 trees in 2022.

Trait measurements

Leaves that had little to no physical damage (from her-
bivory or steel shot) or disease were selected for trait meas-
urements. On average, 9 leaves were selected per tree. We 
took photographs of chosen leaves (Zukswert 2024) and 
took notes on the damage to aid interpretations of possi-
ble outliers. For a subset of 20 trees (at least three trees of 
each species sampled), we processed both a “damaged” and 
“undamaged” sample to compare damage effects on N, P, 
and leaf dry matter content (LDMC). Consistent effects of 
damage were not found, suggesting that including foliage 
with minor damage in the sample would yield small effects, 
if any, on these traits, and that there was little bias in choos-
ing “undamaged” samples (Online Resource 2). When it 
was necessary to select damaged leaves, leaves with minor 
herbivory damage and intact margins were preferred over 
leaves with skeletonization or significant disease presence. 
No leaves with insect galls were selected for analysis.

Fresh leaves were weighed and scanned using a flatbed 
scanner to produce binary images at 300 DPI, which were 
used to calculate leaf area in ImageJ (https://​imagej.​net/​ij/​
index.​html). Leaves were then oven-dried to constant mass 
at 60 °C. LDMC was calculated by dividing the dry mass 
by the fresh mass (Pérez-Harguindeguy et al. 2013). Spe-
cific leaf area (SLA) was calculated by dividing the leaf 
area (excluding holes and including petioles) by the dry 
mass (Pérez-Harguindeguy et al. 2013). These dried leaves 
were then ground using a Wiley mill with a 40-mesh screen 
or a mortar and pestle if the dry mass was less than 1.0 g 
to minimize sample loss during processing. Subsamples of 
ground foliage (3.5–4.5 mg) were analyzed for δ13C and %N 
analysis using an Isoprime isotope-ratio mass spectrometer 
coupled with a Pyrocube combustion analyzer. Thirty-three 
samples were run in triplicate. Due to equipment malfunc-
tion, 110 of 426 samples could not be run for δ13C, primarily 
from stands C2 and C6. Data from these two stands were 
consequently omitted from δ13C analyses. Other subsam-
ples of ground foliage (0.25 g) were microwave digested 
in 10 mL concentrated, trace metal-grade nitric acid using 
a MARS 6 microwave digestion system (CEM), diluted to 
20% with deionized water, and analyzed using inductively 
coupled plasma optical emission spectroscopy (ICP-OES; 
Optima 5300 DV, Perkin-Elmer) to obtain P concentrations. 
Concentrations of N and P in foliage are expressed on a unit 
mass basis in this report, though area-based concentrations 

https://imagej.net/ij/index.html
https://imagej.net/ij/index.html


Oecologia (2025) 207:23	 Page 5 of 20  23

were also analyzed. Duplicate samples were included with 
every acid digestion batch, and apple leaves (NIST 1515) 
were run as a tissue standard for N and P analyses.

For the NIST 1515 tissue standards, the mean absolute 
error of N was 2.4% and of P was 4%; recovery of N and P 
from all NIST 1515 tissue standards were between 90 and 
110% (Zukswert et al. 2024). Duplicates of N were within 
9.1% of each other, on average, and duplicates of P were 
within 3% of each other, on average; all duplicates except 
three N duplicates were within 20% of each other (Zukswert 
et al. 2024). NIST 1515 tissue standard δ13C values were 
within 0.09 ‰ of the certified value on average, within 0.25 
‰ for all 15 NIST 1515 samples run, and replicates were 
within 0.12 ‰ on average, 0.25 ‰ at most.

Tree growth measurements

All trees ≥ 10 cm in diameter at breast height (DBH) were 
inventoried in the MELNHE study in 2011 (after the first 
fertilization), 2015, and 2019 (Goswami et al. 2018; Blu-
menthal et al. in revision). To evaluate the annual relative 
basal area increment (RBAI) of the trees sampled for foliar 
traits in 2021 and 2022, we used the DBH measurements in 
2011 and 2019 (Fisk et al. 2022). We had DBH measure-
ments in both 2011 and 2019 for 343 of 426 trees or 81% 
of the trees–the remaining 19% of trees were excluded from 
the inventory protocol in 2011 (i.e., the diameter in 2011 
was less than 10 cm), or were found in the plot buffer and 
therefore not included in the inventory. Two trees did not 
have corresponding records in the tree inventory, likely due 
to data management errors.

RBAI was calculated for each tree as (BA2019/
BA2011)1/n—1, where BA2019 is the basal area of the stem in 
2019, BA2011 is the basal area of the stem in 2011, and n is 
the number of years between measurements. This equation 
describes geometric growth on an annual, not a continuous, 
basis.

Data analysis

To visualize relationships among traits, we performed a 
principal components analysis (PCA) using all species and 
all traits. This PCA was run in R version 4.2.2 (R Core Team 
2022) using the ‘prcomp’ function and visualized using the 
‘fviz_pca_biplot’ function of the ‘factoextra’ package (Kas-
sambara and Mundt 2016). Species and treatments were 
visualized in separate PCA biplots to show how species 
compared and how suites of traits changed with nutrient 
addition treatment.

To determine whether the growth of each tree species 
was limited more by N or P, we ran separate linear mixed-
effects models for RBAI for all species except for P. pen-
sylvanica, which did not have enough trees. Fixed effects 

were N-addition, P-addition, the interaction of N and P, 
stand age (mid-and late-successional), and site. Stand and 
plot within stand were included as random intercepts. Plot 
random intercepts were zero for F. grandifolia, A. rubrum, 
A. saccharum, and B. papyrifera, functionally resulting 
in the testing of N and P at the tree level, rather than plot 
level, which is a form of pseudoreplication (Hulbert 1984); 
significant effects were interpreted with caution for these 
species (Online Resource 3). Analyses were performed 
in R version 4.2.2 (R Core Team 2022) with the ‘lme4’ 
and ‘lmerTest’ packages (Bates et al. 2015; Kuznetsova 
et al. 2017) using the ‘lmer’ function and Type III sums of 
squares and Satterthwaite degrees of freedom.

To further explore the effects of N and P fertilization on 
foliar traits, we ran a linear mixed-effects model for each 
of five traits (N and P, SLA, LDMC, and δ13C) for each 
of six species, resulting in 30 models. Trait values at the 
tree level were used as response variables. Fixed effects 
were N addition, P addition, the interaction of N and P, 
stand age, and site. Site in these models served primarily 
as a blocking factor, as sites were sampled in different 
years and thereby the effects of sampling year and site 
were confounded. Site was considered a fixed effect, rather 
than a random effect because sites were selected based on 
differences in bedrock and, presumably, site productiv-
ity (see site description). Random effects were stand and 
plot within the stand. Response variables were log trans-
formed if necessary to meet assumptions of normality in 
the residuals (Gotelli and Ellison 2013). If assumptions 
could not be met (i.e., due to outliers), the models were 
run both with and without outliers; both sets of results are 
presented (Online Resource 4). Analyses were performed 
in R with the ‘lme4’ and ‘lmerTest’ packages (Bates et al. 
2015; Kuznetsova et al. 2017) using the ‘lmer’ function 
and Type III sums of squares and Satterthwaite degrees 
of freedom. Site was removed from overfit models when 
doing so removed the singularity or enabled conver-
gence; such models included foliar N for A. rubrum and 
B. alleghaniensis, LDMC for B. papyrifera, SLA for A. 
saccharum and B. alleghaniensis, and δ13C for A. rubrum 
and B. papyrifera (Online Resource 4). Significant differ-
ences were characterized by calculating the differences in 
least-squares means with the ‘difflsmeans()’ function in 
‘lmerTest’, using Satterthwaite degrees of freedom. The 
one A. rubrum tree in HBO was not included in the A. 
rubrum model because it was the only A. rubrum tree in 
that stand. These models were repeated using the subset of 
trees for which we had DBH measurements and could cal-
culate RBAI (Online Resource 5). This model results only 
differed in three cases: foliar N did not differ with P addi-
tion and foliar P did not differ with N addition in F. gran-
difolia in the model using the subset of trees with RBAI 
measurements, and foliar P decreased with N addition for 
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B. papyrifera (Online Resource 5). Otherwise, the model 
results were comparable between both subsets of data in 
terms of magnitude and significance.

For six of the 30 trait models, stand effects were zero, 
resulting in the testing of site and stand age at the plot level, 
rather than at the stand level. Site or stand age was signifi-
cant in only one of these models (δ13C for A. saccharum); 
this model was interpreted with caution. Similarly, plot 
effects were zero in six of 30 models, which constitutes 
pseudoreplication for tests of N, P, and the N x P interac-
tion, testing significance at the tree level rather than plot 
level. These models include foliar LDMC and SLA for A. 
rubrum, LDMC for B. papyrifera, SLA for P. pensylvanica, 
δ13C for B. alleghaniensis, and foliar N for A. saccharum; 
these results were interpreted with caution. Removing mark-
edly high or low values, determined visually, remedied this 
issue for SLA in B. papyrifera and foliar N in A. saccharum, 
which in the case of B. papyrifera also eliminated the sig-
nificance of a P-addition effect. Results were presented with 
and without the removed values.

Linear mixed-effects models with the same fixed effects 
described above were run for each trait at the commu-
nity level using CWMs of each trait. CWMs for each plot 
(CWMTotal) were calculated using:

where n is the number of species, p is the proportion of basal 
that species i occupies in “community” (plot) j, and x is the 
mean trait value of species i in plot j. Fixed effects of these 
models were N, P, the interaction of N and P, stand age, and 
site. Stand was a random effect. CWM SLA was logarithm-
transformed to meet assumptions of normality. Due to miss-
ing data, CWM δ13C was not calculated in stands C2 and C6.

To explore whether differences in CWMs with nutrient 
addition and stand age were due to species composition or 
within-species variability, these models were run using inter-
specific CWM values (CWMInter) and the contribution of 
intraspecific variability to CWMTotal (CWMIntra; Lepš et al. 
2011). CWMInter was calculated the same way as CWMTotal 
except that a study-wide mean trait value for each species 
was used instead of a plot-specific mean. This produced one 
mean for each species, with differences among CWMInter 
attributed to differences in species abundance across plots. 
CWMIntra was calculated by subtracting CWMInter from 
CWMTotal (Lepš et al. 2011).

Results from all linear mixed-effects models run were 
considered statistically significant if p < α = 0.05 and mar-
ginally significant if p < α = 0.10. We interpreted significant 
and marginally significant results. In all, we repeated five 
models excluding extreme values, determined visually, and 
reported the results of these models with and without these 
values.

CWM =

∑n

1
pijxij

Results

Relationships among foliar traits

Foliar N, foliar P, SLA, and LDMC strongly co-varied, all 
contributing most strongly to the first principal component 
axis (PC1), which explained 36% of variance in the data 
(Fig. 1). In particular, foliar N and P were highly positively 
correlated with each other, and foliar N, P, and SLA were 
negatively correlated with LDMC (Fig. 1). The second prin-
cipal component axis (PC2) explained 27% of the variance 
and was most strongly explained by SLA and δ13C, which 
were negatively correlated with each other (Fig. 1). Carbon 

Fig. 1   Principal components analysis using five foliar traits in 426 
trees from six northern hardwood species located across 10 stands 
in a long-term N x P fertilization experiment, distinguished by spe-
cies (A) and treatment (B). Ellipses show a 95% confidence region. 
Centroids for each species or treatment group correspond in color 
and are slightly larger than individual tree points. Dimension 1 (PC1) 
explained 37% of the variability in trait values and Dimension 2 
(PC2) explained 27%
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isotope ratio was not strongly correlated with PC1, but was 
slightly, positively correlated with LDMC and negatively 
correlated with foliar N and P (Fig. 1). Acer saccharum, A. 
rubrum, and F. grandifolia clustered together in the PCA, 
indicating similarity in trait space; the centroids of these 
species clustered closer to high LDMC values and lower 
foliar N and P values, meaning that these three species all 
tended to have relatively high LDMC and low foliar N and P. 
Prunus pensylvanica was located the farthest from the other 
species, in a trait space indicating high values of foliar N and 
P and low values of LDMC (Fig. 1A). Betula papyrifera and 
B. alleghaniensis were located between P. pensylvanica and 
the other species (Fig. 1A).

Treatment centroids were very similar to each other, but 
the control centroid was located closer to the high LDMC 
end of PC1 than the P and N + P treatments, suggesting that 
the control trees were more likely to have high LDMC than 

P-addition treatments. The N and N + P addition treatments 
were located closer to the higher δ13C end of PC2 (Fig. 1B).

Tree growth response to N and P addition and stand 
age

Only Betula species showed a significant response to nutri-
ent treatments. The mean annual relative basal area incre-
ment (RBAI, expressed in % per year) was 41% higher 
with N addition for B. alleghaniensis (RBAI = 3.64% per 
year with N addition, 2.58% per year without N addition; 
p < 0.01) and 23% higher with N addition for B. papyrifera 
(3.98% per year with N addition, 3.23% per year without N 
addition; p = 0.03; Fig. 2, Online Resource 3). RBAI was 
202% higher on average in mid-successional stands than 
late-successional stands for A. saccharum (254% without 
outlier; p < 0.01, p = 0.05 without outlier), 192% higher 

Fig. 2   Relative basal area increment (% per year) in individual trees 
of six species in plots that have received N (blue), P (red), N and 
P (purple), or neither N and P (gray) in mid- and late-successional 
forest stands. Tree species include Acer rubrum (ACRU), Acer sac-

charum (ACSA3), Betula alleghaniensis (BEAL2), Betula papyrif-
era (BEPA), Fagus grandifolia (FAGR), and Prunus pensylvanica 
(PRPE2)
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on average in mid-successional stands for F. grandifolia 
(RBAI = 5.67% per year in mid-successional stands, 1.94% 
per year in late-successional stands; p = 0.04), and 117% 
higher in mid-successional stands for B. alleghaniensis 
(RBAI = 4.25% per year in mid-successional stands, 1.96% 
per year in late-successional stands; p = 0.05, Fig. 2, Online 
Resource 3).

Trait response to N and P addition

As expected, foliar N was higher with N addition and 
foliar P was higher with P addition for nearly every spe-
cies (p ≤ 0.04; Figs. 3 and 4, Online Resource 4); the only 
exception was A. rubrum, for which we did not detect an 
increase of N with N addition (p = 0.44; Online Resource 
4). For F. grandifolia, P. pensylvanica, A. rubrum, and 
B. alleghaniensis, foliar N was lower with P addition 
(p = 0.09, 0.07, 0.046, and 0.01, respectively; Online 

Resource 4); foliar N did not consistently vary with P addi-
tion for A. saccharum or B. papyrifera (p ≥ 0.20; Fig. 3, 
Online Resource 4). For F. grandifolia, P. pensylvanica, 
and B. alleghaniensis, foliar P was lower with N addi-
tion (p ≤ 0.045; Fig. 5, Online Resource 4). Foliar P did 
not consistently vary with N addition for A. rubrum or 
B. papyrifera (p ≥ 0.12) and was actually slightly higher 
with N addition for A. saccharum (p = 0.02; Fig. 4, Online 
Resource 4). For two species (A. saccharum and B. allegh-
aniensis), the interaction between N and P was signifi-
cant (p = 0.02 and 0.049, respectively; Online Resource 
4); foliar P was lower with N + P addition than with P 
addition alone, and foliar P was even lower for the control 
and N-addition treatments, but the control and N-addition 
treatments did not differ from each other (Fig. 4, Online 
Resource 4). We did not observe consistent effects of 
stand age or site on either foliar N or P. Analyses with 
area-based concentrations of foliar N and P, instead of 

Fig. 3   Foliar N concentrations (mg g−1) in individual trees of six spe-
cies in plots that have received N (blue), P (red), N and P (purple), or 
neither N and P (gray) in mid- and late-successional stands. Tree spe-

cies include Acer rubrum (ACRU), Acer saccharum (ACSA3), Betula 
alleghaniensis (BEAL2), Betula papyrifera (BEPA), Fagus grandifo-
lia (FAGR), and Prunus pensylvanica (PRPE2)
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mass-based concentrations, gave similar results, but with 
fewer statistically significant findings (Online Resource 6).

Consistent with effects on individual species, commu-
nity-weighted foliar N increased by 2.7 ± 0.6 mg g−1 with N 
addition (p < 0.01) and decreased by 1.1 ± 0.6 mg g−1 with 
P addition (p = 0.06; Fig. 5, Online Resource 4). Commu-
nity-weighted foliar P was 0.73 ± 0.05 mg g−1 higher with P 
addition than without (p < 0.01), and was 0.30 ± 0.07 mg g−1 
lower with N + P addition than P addition alone (t = 4.36, 
p < 0.01), but did not differ between the control and N addi-
tion treatments (difference in means = 0.01 ± 0.07 mg g−1, 
t = 0.11, p = 092). These patterns were also detected for 
CWMIntra (p ≤ 0.02) but not CWMInter (p ≥ 0.18; Online 
Resource 4).

LDMC was influenced by nutrient addition at the spe-
cies level, but SLA was not (Fig. 6, Fig. 7). LDMC was 
29 ± 11 mg g−1 lower on average with P addition for A. 

saccharum (p = 0.02), and 28 ± 7 mg g−1 lower for P. pen-
sylvanica after removing an outlier (p = 0.03; Fig. 6, Online 
Resource 4). Neither community-weighted LDMC nor SLA 
differed among plots with N or P addition (p ≥ 0.49, Online 
Resource 4).

Enrichment of 13C increased with N addition for B. 
papyrifera and A. saccharum, indicated by an increase in 
δ13C by 0.57 ± 0.28 ‰ for B. papyrifera (p = 0.07) and by 
0.39 ± 0.22 ‰ for A. saccharum (p = 0.09; Fig. 8, Online 
Resource 4). CWM δ13C did not differ from controls with N 
or P addition (p ≥ 0.13; Fig. 5, Online Resource 4). CWMIntra 
δ13C was 0.28 ± 0.14 ‰ higher with N addition (p = 0.053 
for the main effect of N; Fig. 5, Online Resource 4), but 
CWMInter δ13C did not differ (p = -0.57; Online Resource 
4), suggesting that these differences in δ13C were driven by 
differences within species. CWMInter δ13C was 0.09 ± 0.04 
‰ greater with P addition (p = 0.046 for the main effect 

Fig. 4   Foliar P concentrations (mg g−1) in individual trees of six spe-
cies in plots that have received N (blue), P (red), N and P (purple), or 
neither N and P (gray) in mid- and late-successional stands. Tree spe-

cies include Acer rubrum (ACRU), Acer saccharum (ACSA3), Betula 
alleghaniensis (BEAL2), Betula papyrifera (BEPA), Fagus grandifo-
lia (FAGR), and Prunus pensylvanica (PRPE2)
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of P in ANOVA), but CWMIntra was not (p = 0.63; Online 
Resource 4), suggesting that the differences in δ13C were due 
to plot differences in species abundance, not within-species 
variability.

Effects of stand age and site

Physical traits of foliage (SLA and LDMC) differed by 
stand age, with 28 ± 12 mg g−1 higher LDMC on average 

in late-successional than mid-successional stands for F. 
grandifolia (p = 0.06) and 28.9 ± 9.7 mg g−1 higher LDMC 
on average in late-successional stands for B. alleghaniensis 
(p = 0.03; Fig. 6, Online Resource 4). LDMC was also higher 
at Hubbard Brook and Jeffers Brook than at Bartlett for F. 
grandifolia and B. alleghaniensis (p = 0.09 and 0.07 for F. 
grandifolia and B. alleghaniensis; Fig. 6, Online Resource 
4). SLA was 3.78 ± 1.28 m2 kg−1 lower in late-successional 
than mid-successional stands for A. saccharum (p = 0.047) 

Fig. 5   Community-weighted means of foliar N (a), P, (b), leaf dry matter content (LDMC, c), specific leaf area (SLA, d), and carbon-isotope 
ratio (δ13C, e) in forest plots receiving N addition (blue), P addition (red), N and P addition (purple), or no nutrients (control, gray)
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and was 2.62 ± 1.02 m2 kg−1 lower in late-successional than 
mid-successional stands for B. alleghaniensis (p = 0.03), but 
did not differ with stand age for F. grandifolia (p = 0.54; 
Fig. 7, Online Resource 4).

Community-weighted LDMC was 51.5 ± 9.4  mg  g−1 
higher on average in late-successional stands than in mid-
successional stands (p < 0.01), but SLA did not differ with 
stand age (p = 0.88, Fig. 5, Online Resource 4). Stand age 
was statistically significant for both CWMInter and CWMIntra 
LDMC, meaning that the higher LDMC in late-successional 
stands was due both to species composition differences 
between mid-and late-successional stands and within-spe-
cies variability (p ≤ 0.01; Online Resource 4). CWMIntra 
LDMC was higher at Hubbard Brook than at Jeffers Brook 
and Bartlett Experimental Forest (p = 0.02; Fig. 5, Online 
Resource 4). CWMInter SLA was 1.48 ± 0.41 m2 kg−1 higher 

in late-successional stands for SLA, reflecting species dif-
ferences (p = 0.01; Online Resource 4).

Enrichment of 13C was greater in late-successional stands 
than mid-successional for A. saccharum, indicated by a 
mean δ13C value that was 0.84 ± 0.26 ‰ higher (p < 0.01; 
Fig. 8, Online Resource 4), but did not differ with stand 
age in any other species. While CWMTotal δ13C did not dif-
fer with stand age, CWMInter δ13C was 0.53 ± 0.21‰ lower 
in late-successional stands than in mid-successional stands 
(p = 0.048), but CWMIntra δ13C was 0.56 ± 0.22‰ higher in 
late-successional stands (p = 0.06; Online Resource 4).

Community-weighted foliar N was 2.0 ± 0.9  mg  g−1 
higher in mid-successional stands than in late-successional 
stands (p = 0.07, Fig. 5, Online Resource 4). Foliar N did not 
differ by age in F. grandifolia, A. saccharum, or B. allegh-
aniensis, the three species found in both stand age classes 

Fig. 6   Foliar leaf dry matter content (LDMC, mg dry weight per g 
fresh weight) in individual trees of six species in plots that have 
received N (blue), P (red), N and P (purple), or neither N and P 
(gray) in mid-successional and late-successional stands. Tree spe-

cies include Acer rubrum (ACRU), Acer saccharum (ACSA3), Betula 
alleghaniensis (BEAL2), Betula papyrifera (BEPA), Fagus grandifo-
lia (FAGR), and Prunus pensylvanica (PRPE2)
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(p ≥ 0.22, Fig. 3, Online Resource 4). Community-weighted 
foliar P differed by site (p = 0.04; Fig. 5, Online Resource 4), 
being 0.25 ± 0.08 mg g−1 higher at Hubbard Brook than at 
Bartlett Experimental Forest and 0.31 ± 0.10 mg g−1 higher 
at Hubbard Brook than at Jeffers Brook. No other traits dif-
fered by site.

Discussion

Trait relationships and plant strategy

We evaluated the response of foliar traits in six northern 
hardwood tree species to low-level, long-term N and P addi-
tion to improve our understanding of the plasticity of these 
traits in response to changing nutrient limitations. The trait 

responses indicated an adherence to the leaf economics spec-
trum for four of the five traits, while δ13C was weakly corre-
lated with this spectrum overall. Four of these traits showed 
a shift to a more acquisitive resource strategy under nutrient 
addition; while δ13C increased, indicating that any increases 
in transpiration were less than proportional to increases in 
photosynthesis.

Relationships among foliar N, P, SLA, and LDMC were 
consistent with those predicted by the leaf economics spec-
trum, with high N, P, and SLA on one end and high LDMC 
on the other, as visualized in the first PCA axis. Other trait-
based studies have commonly found that the first PCA axis 
reflects the leaf economics spectrum (Wright et al. 2004; 
Zukswert and Prescott 2017; Hecking et al. 2022). Carbon 
isotope ratio (δ13C) did not correlate strongly with this axis, 
but fell on the same side of the leaf economics spectrum 

Fig. 7   Foliar specific leaf area (SLA, m2 per kg dry weight) in indi-
vidual trees of six species in plots that have received N (blue), P 
(red), N and P (purple), or neither N and P (gray) in mid- and late-
successional stands. Tree species include Acer rubrum (ACRU), Acer 

saccharum (ACSA3), Betula alleghaniensis (BEAL2), Betula papy-
rifera (BEPA), Fagus grandifolia (FAGR), and Prunus pensylvanica 
(PRPE2)
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axis as LDMC, suggesting that high δ13C, indicating high 
iWUE, was weakly associated with a more conservative 
overall strategy. Past studies associating δ13C with other 
traits in the leaf economics spectrum (e.g., Prieto et al. 2018; 
De La Riva et al. 2019) have found stronger associations in 
this direction, perhaps because they are from more water-
limited environments, where conservation of water is of 
greater importance than in the humid temperate forests we 
studied. δ13C was less strongly correlated with this axis than 
with the second axis, which suggested a negative relation-
ship between δ13C and SLA. A negative association between 
δ13C and SLA has previously been reported in Eucalyptus 
species in Australia, where a path analysis suggested that 
the effects of rainfall on SLA consequently influenced δ13C 
(i.e., greater rainfall lead to higher SLA and lower δ13C; 
Schulze et al. 2006).

The low correlation of δ13C with the PC1 axis, stronger 
correlation of δ13C with the PC2 axis, and increases of 

δ13C with N addition could reflect the fact that, unlike the 
other traits, nutrient addition does not shift δ13C towards 
the acquisitive end of the leaf economics spectrum. The 
response of δ13C to nutrient addition we observed has been 
widely reported and is more in line with a tradeoff between 
nutrient-use efficiency and water-use efficiency (Cramer 
et al. 2009), which complicates the interpretation of trait 
values following a single axis that represents plant strategies 
in response to carbon, nutrient, and water use and acquisi-
tion (e.g., Reich 2014). At a fundamental level, the tradeoff 
in nutrient-use and water-use efficiency can be explained by 
biochemical processes. For example, under increased water 
availability, plants have higher nutrient-use efficiency (i.e., 
more biomass per unit nutrient, Aerts and Chapin 2000), but 
also more open stomata and increased transpiration rates, 
and thereby lower water-use efficiency (Raven et al. 2004). 
Conversely, water-use efficiency increases with N addition 
due to a greater influence of N on photosynthetic rates than 

Fig. 8   Foliar stable carbon isotope ratio (δ13C, ‰) in individual 
trees of six species in plots that have received N (blue), P (red), N 
and P (purple), or neither N and P (gray) in mid- and late-succes-
sional stands. Tree species include Acer rubrum (ACRU), Acer sac-

charum (ACSA3), Betula alleghaniensis (BEAL2), Betula papyrif-
era (BEPA), Fagus grandifolia (FAGR), and Prunus pensylvanica 
(PRPE2)
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stomatal conductance (Ripullone et al. 2004), reflecting the 
key role of proteins such as RuBisCO in controlling pho-
tosynthesis rates. Ultimately, if photosynthesis is far more 
often limited by light and nutrient availability than by water, 
there is little advantage to strategies that actively increase 
water-use efficiency.

The distribution of leaf trait centroids associated with 
treatments showed that the control plots had the highest 
LDMC values and that the nutrient addition treatments 
tended to have higher foliar N and P, though the magnitude 
of these differences was small (Fig. 1B). This result suggests 
a shift in trait values from conservative to more acquisitive 
following nutrient addition, particularly for traits associated 
carbon and nutrient acquisition and use, which is consistent 
with observations of shifts in trait values following fertilizer 
addition in Arctic tundra shrubs (Iturrate-Garcia et al. 2020). 
Beyond the effect of iWUE on δ13C of plant tissues, addi-
tional variation can be introduced by post-photosynthetic 
fractionation, which may vary among trees with differing 
allocation to respiration versus the synthesis of compounds 
via various fractionating biochemical pathways, though such 
differences among species are poorly characterized (Badeck 
et al. 2005; Brüggemann et al. 2011; Ma et al. 2023).

The PCA illustrated how species differed from each 
other in terms of foliar traits, suggesting that, based on their 
positions along the PC1 axis, A. saccharum, F. grandifolia, 
and A. rubrum were conservative species, followed by B. 
alleghaniensis and B. papyrifera, with P. pensylvanica being 
acquisitive (Fig. 1A). This spectrum from relatively conserv-
ative to more acquisitive species aligns with the relative 
shade tolerance of these species, with F. grandifolia and A. 
saccharum being highly shade tolerant while P. pensylvan-
ica is extremely shade intolerant, and B. alleghaniensis, B. 
papyrifera, and A. rubrum are intermediate species (Burns 
and Honkala 1990). This ordering of species along the PC1 
axis provides more support for the association between the 
leaf economics spectrum and shade tolerance and is consist-
ent with a previous fertilization study in this region suggest-
ing that P. pensylvanica is particularly acquisitive (Fahey 
et al. 1998; Hallik et al. 2009). Acer rubrum appears to be 
a possible exception, as it clustered near the conservative 
end of the spectrum but is often classified as intermediate 
in tolerance (Burns and Honkala 1990); notably, this species 
is exceptionally plastic (Abrams 1998), and our evaluation 
may provide information about its behavior in one part of 
its range.

Traits and nutrient limitation

While our tree growth results indicated primarily N limita-
tion, our trait results also indicated differential and syn-
ergistic responses to N and P addition as well as some 
evidence of N and P co-limitation, at the species and the 

community level. By evaluating the response of individual 
species and the community as a whole and separating out 
the intraspecific variation from interspecific variation in 
community-weighted means, we can better understand 
what drives the differential responses to N and P addition 
at the community level. Trait responses to nutrient addi-
tion within species seem to drive trait differences at the 
community level, which could reflect a scaling up of the 
influence of nutrient addition on biochemical and physi-
ological processes.

For B. alleghaniensis and B. papyrifera, we detected 
N limitation based on a response of RBAI to N addition. 
Results for B. papyrifera, however, may be accentuated by 
pseudoreplication: while the effects of N and P should be 
tested at the plot level, they were tested at the tree level in 
B. papyrifera, which increases the probability of obtaining 
a false positive result. Nitrogen limitation is consistent with 
an earlier study in MELNHE by Hong et al. (2022), who 
also found in their analysis of RBAI from 2011 to 2015 that 
trees in these stands responded to N but not P. Many of the 
trees analyzed by Hong et al. (2022) were also included in 
this current study. N limitation is common in this region 
and in temperate forests in general (Vitousek and Howarth 
1991; Finzi 2009; Vadeboncoeur 2010). After decades of N 
deposition in this area (Likens et al. 2021), foliar and soil 
N availability at Hubbard Brook, among other areas of the 
northeastern United States, have now been decreasing over 
time. This decline in N availability is perhaps as a result 
of declining N deposition in recent decades and increased 
carbon flux to soils, promoting N limitation (Groffman 
et al. 2018; Mason et al. 2022). The first analysis of RBAI 
in MELNHE from 2011 to 2015 using all inventoried trees 
showed P limitation (Goswami et al. 2018); these results 
were dominated by small trees. More recent measurements 
(2019) show a greater response to N and P addition together 
than to either alone, suggesting N and P co-limitation (Blu-
menthal et al. in revision). Our current analyses of a sub-
set of these trees provide evidence of N limitation, but also 
potential co-limitation of N and P, as indicated by foliar N 
and P concentrations, as discussed below.

Foliar N and P concentrations in our stands demonstrated 
evidence of N and P co-limitation at both the species level 
and the community level. Co-limitation in communities 
and populations is evident when the concentration of one 
nutrient in autotrophic tissues (e.g., foliage) decreases in 
the presence of the other, and vice versa; this suggests that 
different species or individuals within species are limited by 
different nutrients (Bracken et al. 2015). Either no change or 
an increase in one nutrient with the addition of the other can 
indicate biochemically dependent co-limitation (Saito et al. 
2008; Bracken et al. 2015), which occurs when the addition 
of one nutrient synergistically increases the availability of 
the other.
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At the species level, half of the species (B. alleghaniensis, 
F. grandifolia, and P. pensylvanica) exhibited a decrease in 
foliar N following P addition and vice versa, which suggests 
co-limitation. Among the other species, B. papyrifera did 
not exhibit any measurable decreases in foliar N or P with 
the addition of the other nutrient, which could be evidence of 
biochemically dependent co-limitation or that B. papyrifera 
is more strongly limited by another resource. However, when 
only the trees for which we have RBAI measurements were 
analyzed, foliar P exhibited a decline with N addition, which 
is consistent with the observation that N addition increased 
RBAI in B. papyrifera (Online Resource 5).

Both Acer species provided evidence of possible bio-
chemically dependent co-limitation (Bracken et al. 2015). 
Acer rubrum exhibited a decrease in foliar N with P addi-
tion but no change in foliar P with N addition, which could 
suggest P limitation, but could also suggest biochemically 
dependent co-limitation, if N addition led to a consequent 
increase in P availability that offset an expected decrease 
with N addition. This may be especially true for A. saccha-
rum, for which foliar N did not change with P addition but 
foliar P measurably increased with N addition, consistent 
with observed increases in foliar P with increasing N depo-
sition (Crowley et al. 2012). It is possible that N addition 
increased the production of phosphatase by roots and myc-
orrhizae, which would increase P availability, offsetting the 
expected decrease in foliar P with N addition and resulting 
in no net change in foliar P (Marklein and Houlton 2012). 
Indeed, in these same forest stands prior to fertilization, 
phosphatase production increased with soil N availability 
(Ratliff and Fisk 2016). In this way, both Acer species could 
be co-limited by N and P, and perhaps more so than the other 
species, i.e., N addition might have stimulated a greater 
production of phosphatases by their roots and mycorrhizae. 
While most of the tree genera in our study plots are ectomy-
corrhizal, Acer (and Prunus) trees form relationships exclu-
sively with arbuscular mycorrhizae (Brundrett and Tedersoo 
2020), and this mycorrhizal type has been associated with 
increased acid phosphatase activity relative to ectomycor-
rhizal trees (Ma et al. 2021), which lends further support for 
this interpretation. Ectomycorrhizal fungi, in contrast, are far 
more taxonomically and functionally diverse (Agerer 2001), 
include taxa that produce proteolytic enzymes to acquire N 
(Pelletier and Zak 2017; Wang et al. 2020), and have been 
found to decline in abundance with N fertilization (Morrison 
et al. 2016; Bashian-Victoroff et al. 2025).

These diverse foliar responses to N and P at the species 
level, which indicate P limitation or co-limitation, suggest 
community-level co-limitation. Community-weighted foliar 
N decreased with P addition, and foliar P was lower with 
N + P addition than with P alone, but there was no differ-
ence between the control and the N addition treatments. 
We observed the same relationships in CWMIntra (but not 

CWMInter) for both nutrients, verifying that these responses 
to N and P addition are due primarily to within-species dif-
ferences among plots, rather than pre-existing or develop-
ing differences in species composition among plots. In one 
sense, this could suggest P limitation, in that P addition sup-
pressed concentrations of N, but N alone did not suppress 
foliar P. The interaction between N and P, however, more 
likely indicates co-limitation, in that N addition may have 
suppressed foliar P concentrations when both N and P were 
added due to a dilution effect (Jarrell and Beverly 1981) 
resulting from greater tree growth with both N and P than 
with P alone (Ostertag and DiManno 2016). The lack of 
difference between the control and N treatments could be 
a sign of increased P availability with N addition, through 
phosphatase production (Marklein and Houlton 2012) or 
increased fine root production and turnover (Ma et al. 2021). 
Notably, in three late-successional stands of the MELNHE 
study, N addition caused increased root growth especially in 
mineral soil, presumably promoting increased access to soil 
P (Shan et al. 2022). These responses could indicate a cou-
pling of N and P and potential co-limitation; this interpreta-
tion is corroborated by evidence for both N and P limitation 
among species. More research is needed to further elucidate 
mechanisms for an N-induced increase in P availability.

We had initially predicted that we would see a decrease 
in LDMC with the addition of a limiting nutrient (Online 
Resource 1). We observed decreases in LDMC with P addi-
tion (but not N addition) for P. pensylvanica and A. saccha-
rum. These results suggest a limiting role for P in at least P. 
pensylvanica and A. saccharum, in that greater P leads to a 
reduction in LDMC, which reflects a more acquisitive strat-
egy and greater photosynthetic rate. In observational studies, 
plants with lower LDMC have been observed in areas with 
high soil P (Cui et al. 2022). In fertilization studies, LDMC 
has been observed to decrease with P addition in some cases, 
such as in an alpine plant community in Tibet (Liu et al. 
2017). LDMC has been observed to decrease with increasing 
foliar P as well (Wu et al. 2020). These correlations could be 
due to biochemical relationships between leaf water content 
and P, as P accumulates in cells as inorganic P solutes, which 
could lead to the increase of free and bound water in leaves, 
thereby lowering LDMC (Singh et al. 2006). The majority 
of N in leaves, however, is bound into proteins, with an esti-
mated 50 to 80% of N in leaves in chloroplasts, incorporated 
into chlorophyll and proteins such as RuBisCO (Makino and 
Osmond 1991; Estiarte et al. 2022), which are involved in 
carbon assimilation. The observed change in LDMC with P 
addition and not N, therefore, could be due to differences in 
N and P biochemistry within leaves, rather than the degree 
of nutrient limitation, as an increase in N may not have the 
same osmotic effect as an increase in P.

We observed an increase in δ13C with N addition in 
B. papyrifera and A. saccharum, which could suggest N 
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limitation in those species if it indicates an increase in 
production with N addition. Betula papyrifera also dem-
onstrated an increase in RBAI with N addition, perhaps 
reflecting an increase in biochemical capacity for photo-
synthesis, which would decrease the inter-cellular concen-
trations of CO2 fixed during photosynthesis for the same 
stomatal conductance (Raven et al. 2004). δ13C has also 
been shown to increase with tree height (Vadeboncoeur 
et al. 2020); thus, an increase in tree growth and in δ13C 
with N addition could in part reflect an increase in tree 
height. Higher CWMInter δ13C with P addition, but lack of 
detectable change in CWMIntra δ13C or CWMTotal δ13C with 
P addition, suggests that this P-addition result may be due 
to differences in species composition among plots, rather 
than within-species differences in δ13C.

Traits and stand age

Stand age differences were observed for SLA, LDMC, 
foliar N, and δ13C. These effects were most clear and con-
sistent for LDMC. The late-successional stands are domi-
nated more by F. grandifolia and A. saccharum, relatively 
conservative species, and do not have any P. pensylvanica 
or B. papyrifera, the most acquisitive species in our study. 
This difference in species composition explains the higher 
CWMintra LDMC, higher SLA, and lower foliar N in late-
successional stands, as SLA was lower in B. papyrifera 
and P. pensylvanica than the other species and foliar N 
was higher in P. pensylvanica than several of the species 
found in late-successional stands (Fig. 3, Fig. 7). Com-
munity-weighted δ13C did not differ with stand age, but 
CWMInter of δ13C was lower in late-successional stands 
while CWMIntra was higher. The lower CWMInter of δ13C 
in late-successional stands is likely due to the absence of 
P. pensylvanica, which had the highest δ13C of all spe-
cies studied (Fig. 8). At the species level, lower SLA in 
late-successional stands for B. alleghaniensis and A. sac-
charum, and higher δ13C in late-successional stands for 
A. saccharum are all consistent with past studies demon-
strating changes in traits with tree height (Falster et al. 
2018; Vadeboncoeur et al. 2020). Because trees in the late-
successional stands are taller, on average than those in the 
mid-successional stands (NEON 2022), differences in tree 
height could in part explain differences in traits with stand 
age. If the 8 m of mean canopy height difference between 
the mid- and late-successional stands were to explain the 
stand age effect on δ13C (e.g. 0.84 ‰ for sugar maple), 
that would require an effect of 0.1‰ per meter. This is 
within the range of variation reported for temperate angio-
sperms (McDowell et al. 2011; Vadeboncoeur et al 2020), 
though reported effects can vary widely among sites and 
species (Vadeboncoeur et al 2020).

Conclusion

Relationships among leaf economics traits and δ13C, a gas-
exchange trait associated with water-use efficiency, are less 
consistent with the hypothesis that these traits lie along a sin-
gle resource-use axis and are more consistent with a trade-
off between nutrient-use efficiency and water-use efficiency. 
Traits differed in their responses to N and P, and these 
responses differed among species, but in general, changes 
in trait values with N and P addition were consistent with 
changes towards a more acquisitive resource strategy–higher 
foliar nutrient values, lower LDMC, and higher SLA–with 
the exception of δ13C. Community-level differences in trait 
values with nutrient addition were driven less by differences 
in species composition and more by changes within species 
with nutrient addition. Our results support hypotheses that 
N and P are co-limiting within these northern hardwood 
forest communities, although they provide more direct evi-
dence for N limitation of tree growth in Betula species. The 
effects of changes in N and P on traits can differ due to their 
different and multiple roles in plant biology, complicating 
comparisons between these two limiting nutrients. This 
study provides insights to further explore relating to species 
differences in response to nutrient addition and how these 
differences contribute to community-level changes.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00442-​025-​05664-w.

Acknowledgements  G. Wilson, I. Halm, D. Clark, C. Costello, and 
M. Yamasaki assisted with field work coordination. T. Frost, A. Wild, 
and I. Roter shot foliage, and E. Cornell, A. Zee, S. Dai, J. Beidler, F. 
O’Connor, T. Zhu, and K. Gilhooly helped collect leaves. C. Schirmer, 
D. Driscoll, K. Baillageon, and B. Harlow were critical for laboratory 
work, and E. Cornell, N. Do, A. Fessenden, A. McGarry, A. Carter, M. 
Gelbart, and R. Rubin processed samples. M. Fisk and N. Blumenthal 
shared tree-growth data. A. Young shared canopy height estimates from 
NEON data.

Author contribution statement  JZ and RD had the idea, JZ and MV 
collected the data, and JZ analyzed the data and drafted the manuscript. 
All authors reviewed and approved the final version of the manuscript.

Funding  Funding was provided by the USDA National Institute of 
Food and Agriculture grant 2019–67019-29464, NSF Long-Term 
Ecological Research grant DEB-1637685, and an Edna B. Sussman 
Fellowship awarded to Jenna Zukswert.

Data availability  The data are published in the following EDI data 
package: Zukswert, J.M., S.D. Hong, K.E. Gonzales, C.R. See, and 
R.D. Yanai. 2024. Multiple Element Limitation in Northeast Hard-
wood Ecosystems (MELNHE): Foliar Chemistry 2008–2022 in Bar-
tlett, Hubbard Brook, and Jeffers Brook ver 3. Environmental Data 
Initiative. https://​doi.​org/https://​doi.​org/​10.​6073/​pasta/​cdf7e​7456a​
8fd43​a4e77​3ad28​6e4a2​ff.

Code availability  R code and supporting files are available on GitHub 
at the following link: https://​github.​com/​jenna​mz48/​Zuksw​ert_​etal_​
MELNHE_​foliar_​traits_​NP.

https://doi.org/10.1007/s00442-025-05664-w
https://doi.org/
https://doi.org/10.6073/pasta/cdf7e7456a8fd43a4e773ad286e4a2ff
https://doi.org/10.6073/pasta/cdf7e7456a8fd43a4e773ad286e4a2ff
https://github.com/jennamz48/Zukswert_etal_MELNHE_foliar_traits_NP
https://github.com/jennamz48/Zukswert_etal_MELNHE_foliar_traits_NP


Oecologia (2025) 207:23	 Page 17 of 20  23

Declarations 

Conflict of interest  There are no conflicts of interest to disclose.

Ethics approval  Not applicable.

Consent to participate  Not applicable.

Consent for publication  Not applicable.

References

Abrams MD (1998) The red maple paradox. Bioscience 48(3):355–364. 
https://​doi.​org/​10.​2307/​13133​74

Aerts R, Chapin F III (2000) The mineral nutrition of wild plants 
revisited: a re-evaluation of processes and patterns. Adv Ecol 
Res 30:1–67

Agerer R (2001) Exploration types of ectomycorrhizae: A proposal 
to classify ectomycorrhizal mycelial systems according to their 
patterns of differentiation and putative ecological importance. 
Mycorrhiza 11:107–114. https://​doi.​org/​10.​1007/​s0057​20100​108

Badeck FW, Tcherkez G, Nogues S, Piel C, Ghashghaie J (2005) Post-
photosynthetic fractionation of stable carbon isotopes between 
plant organs–a widespread phenomenon. Rapid Commun Mass 
Spectrom 19(11):1381–1391. https://​doi.​org/​10.​1002/​rcm.​1912

Bashian-Victoroff C, Yanai RD, Horton TR, Lamit LJ (2025) Nitrogen 
and phosphorus addition affect fruiting of ectomycorrhizal fungi 
in a temperate hardwood forest. Fungal Ecol 73:101388. https://​
doi.​org/​10.​1016/j.​funeco.​2024.​101388

Bates D, Mächler M, Bolker B, Walker S (2015) Fitting linear mixed-
effects models using lme4. J Stat Softw. https://​doi.​org/​10.​18637/​
jss.​v067.​i01

Blumenthal N, Stevens H, Goswami S, Yanai R, Fahey T, Fisk M (in 
revision) N and P co-limitation of tree growth in northern hard-
wood forests. Ecology

Bormann FH, Likens GE (1994) Pattern and Process in a Forested 
Ecosystem, 2nd edn. Springer, New York

Bracken MES, Hillebrand H, Borer ET, Seabloom EW, Cebrian J, Cle-
land EE, Gruner DS, Harpole WS, Ngai JT, Smith JE (2015) Sig-
natures of nutrient limitation and co-limitation: responses of auto-
troph internal nutrient concentrations to nitrogen and phosphorus 
additions. Oikos 124:113–121. https://​doi.​org/​10.​1111/​oik.​01215

Bradshaw AD (1965) Evolutionary significance of phenotypic plastic-
ity in plants. In: Advances in genetics. Elsevier, pp 115–155

Bruelheide H, Dengler J, Purschke O, Lenoir J, Jiménez-Alfaro B, 
Hennekens SM, Botta-Dukát Z, Chytrý M, Field R, Jansen F, 
Kattge J, Pillar VD, Schrodt F, Mahecha MD, Peet RK, Sandel B, 
Van Bodegom P, Altman J, Alvarez-Dávila E, Arfin Khan MAS, 
Attorre F, Aubin I, Baraloto C, Barroso JG, Bauters M, Berg-
meier E, Biurrun I, Bjorkman AD, Blonder B, Čarni A, Cayuela 
L, Černý T, Cornelissen JHC, Craven D, Dainese M, Derroire 
G, De Sanctis M, Díaz S, Doležal J, Farfan-Rios W, Feldpausch 
TR, Fenton NJ, Garnier E, Guerin GR, Gutiérrez AG, Haider S, 
Hattab T, Henry G, Hérault B, Higuchi P, Hölzel N, Homeier J, 
Jentsch A, Jürgens N, Kącki Z, Karger DN, Kessler M, Kleyer M, 
Knollová I, Korolyuk AY, Kühn I, Laughlin DC, Lens F, Loos J, 
Louault F, Lyubenova MI, Malhi Y, Marcenò C, Mencuccini M, 
Müller JV, Munzinger J, Myers-Smith IH, Neill DA, Niinemets 
Ü, Orwin KH, Ozinga WA, Penuelas J, Pérez-Haase A, Petřík P, 
Phillips OL, Pärtel M, Reich PB, Römermann C, Rodrigues AV, 
Sabatini FM, Sardans J, Schmidt M, Seidler G, Silva Espejo JE, 
Silveira M, Smyth A, Sporbert M, Svenning J-C, Tang Z, Thomas 
R, Tsiripidis I, Vassilev K, Violle C, Virtanen R, Weiher E, Welk 

E, Wesche K, Winter M, Wirth C, Jandt U (2018) Global trait–
environment relationships of plant communities. Nat Ecol Evol 
2(12):1906–1917. https://​doi.​org/​10.​1038/​s41559-​018-​0699-8

Brüggemann N, Gessler A, Kayler Z, Keel SG, Badeck F, Barthel M, 
Boeckx P, Buchmann N, Brugnoli E, Esperschütz J, Gavrichk-
ova O (2011) Carbon allocation and carbon isotope fluxes in 
the plant-soil-atmosphere continuum: a review. Biogeosciences 
8(11):3457–3489

Burns RM, Honkala BH (1990) Silvics of North America. United 
States Department of Agriculture, Forest Service, Washington, 
DC

Campbell JL, Ollinger SV, Flerchinger GN, Wicklein H, Hayhoe K, 
Bailey AS (2010) Past and projected future changes in snowpack 
and soil frost at the Hubbard Brook Experimental Forest, New 
Hampshire, USA. Hydrol Process 24:2465–2480. https://​doi.​org/​
10.​1002/​hyp.​7666

Cernusak LA, Ubierna N, Winter K, Holtum JAM, Marshall JD, Far-
quhar GD (2013) Environmental and physiological determinants 
of carbon isotope discrimination in terrestrial plants. New Phytol 
200(4):950–965. https://​doi.​org/​10.​1111/​nph.​12423

Clark CM, Thomas RQ, Horn KJ (2023) Above-ground tree carbon 
storage in response to nitrogen deposition in the U.S. is heteroge-
neous and may have weakened. Commun Earth Environ 4(1):35. 
https://​doi.​org/​10.​1038/​s43247-​023-​00677-w

Coplen TB (2011) Guidelines and recommended terms for expression 
of stable-isotope-ratio and gas-ratio measurement results. Rapid 
Commun Mass Spectrom 25:2538–2560

Cramer MD, Hawkins H-J, Verboom GA (2009) The importance of 
nutritional regulation of plant water flux. Oecologia 161:15–24. 
https://​doi.​org/​10.​1007/​s00442-​009-​1364-3

Crowley KF, McNeil BE, Lovett GM, Canham CD, Driscoll CT, Rustad 
LE, Denny E, Hallett RA, Arthur MA, Boggs JL, Goodale CL, 
Kahl JS, McNulty SG, Ollinger SV, Pardo LH, Schaberg PG, Stod-
dard JL, Weand MP, Weathers KC (2012) Do nutrient limitation 
patterns shift from nitrogen toward phosphorus with increasing 
nitrogen deposition across the northeastern United States? Ecosys-
tems 15(6):940–957. https://​doi.​org/​10.​1007/​s10021-​012-​9550-2

Cui E, Lu R, Xu X, Sun H, Qiao Y, Ping J, Qiu S, Lin Y, Bao J, Yong 
Y, Zheng Z, Yan E, Xia J (2022) Soil phosphorus drives plant 
trait variations in a mature subtropical forest. Glob Change Biol 
28(10):3310–3320. https://​doi.​org/​10.​1111/​gcb.​16148

Daou L, Garnier É, Shipley B (2021) Quantifying the relationship link-
ing the community-weighted means of plant traits and soil fertil-
ity. Ecology. https://​doi.​org/​10.​1002/​ecy.​3454

De La Riva EG, Prieto I, Villar R (2019) The leaf economic spec-
trum drives leaf litter decomposition in Mediterranean for-
ests. Plant Soil 435(1–2):353–366. https://​doi.​org/​10.​1007/​
s11104-​018-​3883-3

Dìaz S, Hodgson JG, Thompson K, Cabido M, Cornelissen JHC, 
Jalili A, Montserrat-Martí G, Grime JP, Zarrinkamar F, Asri Y, 
Band SR, Basconcelo S, Castro-Díez P, Funes G, Hamzehee B, 
Khoshnevi M, Pérez-Harguindeguy N, Pérez-Rontomé MC, Shir-
vany FA, Vendramini F, Yazdani S, Abbas-Azimi R, Bogaard A, 
Boustani S, Charles M, Dehghan M, Torres-Espuny L, Falczuk V, 
Guerrero-Campo J, Hynd A, Jones G, Kowsary E, Kazemi-Saeed 
F, Maestro-Martínez M, Romo-Díez A, Shaw S, Siavash B, Villar-
Salvador P, Zak MR (2004) The plant traits that drive ecosystems: 
evidence from three continents. J Veg Sci 15(3):295–304. https://​
doi.​org/​10.​1111/j.​1654-​1103.​2004.​tb022​66.x

Díaz S, Kattge J, Cornelissen JHC, Wright IJ, Lavorel S, Dray S, 
Reu B, Kleyer M, Wirth C, Prentice IC, Garnier E, Bönisch G, 
Westoby M, Poorter H, Reich PB, Moles AT, Dickie J, Gillison 
AN, Zanne AE, Chave J, Wright SJ, Sheremet’ev SN, Jactel H, 
Baraloto C, Gorné LD (2016) The global spectrum of plant form 
and function. Nature 529:167–171. https://​doi.​org/​10.​1038/​natur​
e16489

https://doi.org/10.2307/1313374
https://doi.org/10.1007/s005720100108
https://doi.org/10.1002/rcm.1912
https://doi.org/10.1016/j.funeco.2024.101388
https://doi.org/10.1016/j.funeco.2024.101388
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/oik.01215
https://doi.org/10.1038/s41559-018-0699-8
https://doi.org/10.1002/hyp.7666
https://doi.org/10.1002/hyp.7666
https://doi.org/10.1111/nph.12423
https://doi.org/10.1038/s43247-023-00677-w
https://doi.org/10.1007/s00442-009-1364-3
https://doi.org/10.1007/s10021-012-9550-2
https://doi.org/10.1111/gcb.16148
https://doi.org/10.1002/ecy.3454
https://doi.org/10.1007/s11104-018-3883-3
https://doi.org/10.1007/s11104-018-3883-3
https://doi.org/10.1111/j.1654-1103.2004.tb02266.x
https://doi.org/10.1111/j.1654-1103.2004.tb02266.x
https://doi.org/10.1038/nature16489
https://doi.org/10.1038/nature16489


	 Oecologia (2025) 207:2323  Page 18 of 20

Dìaz S, Kattge J, Cornelissen JHC, Wright IJ, Lavorel S, Dray S, 
Reu B, Kleyer M, Wirth C, Prentice CI, Garnier E, Bönisch G, 
Westoby M, Poorter H, Reich PB, Moles AT, Dickie J, Gillison 
AN, Zanne AE, Chave J, Wright SJ, Sheremet’ev SN, Jactel H, 
Baraloto C, Cerabolini B, Pierce S, Shipley B, Kirup D, Casan-
oves F, Josqig JS, Günter A, Falczuk V, Rüger N, Mahecha MD, 
Gorne LD (2016) The global spectrum of plant form and func-
tion. Nature 529:167–171. https://​doi.​org/​10.​1038/​natur​e16489

Estiarte M, Campiolli M, Mayol M, Penuelas J (2022) Variability 
and limits in resorption of nitrogen and phosphorus during foliar 
senescence. Plant Commun. https://​doi.​org/​10.​1016/j.​xplc.​2022.​
100503

Fahey TJ, Battles JJ, Wilson GF (1998) Responses of early succes-
sional northern hardwood forests to changes in nutrient avail-
ability. Ecol Monogr 68(2):183–212. https://​doi.​org/​10.​1890/​
0012-​9615(1998)​068[0183:​ROESNH]​2.0.​CO;2

Falster DS, Duursma RA, FitzJohn RG (2018) How functional traits 
influence plant growth and shade tolerance across the life cycle. 
Proc Natl Acad Sci. https://​doi.​org/​10.​1073/​pnas.​17140​44115

Farquhar G, O’Leary M, Berry J (1982) On the relationship between 
carbon isotope discrimination and the intercellular carbon diox-
ide concentration in leaves. Funct Plant Biol 9(2):121. https://​
doi.​org/​10.​1071/​PP982​0121

Finzi AC (2009) Decades of atmospheric deposition have not resulted 
in widespread phosphorus limitation or saturation of tree 
demand for nitrogen in southern New England. Biogeochemis-
try 92(3):217–229. https://​doi.​org/​10.​1007/​s10533-​009-​9286-z

      Fisk MC, Yanai RD, Fahey TJ (2022) Tree DBH response to 
nitrogen and phosphorus fertilization in the MELNHE study, 
Hubbard Brook Experimental Forest, Bartlett Experimental 
Forest, and Jeffers Brook ver 1. Environmental Data Initiative. 
https://​doi.​org/​10.​6073/​pasta/​377b1​fd44b​d88a5​8e965​4ab20​
7e507​06

Goswami S, Fisk MC, Vadeboncoeur MA, Garrison-Johnston M, Yanai 
RD, Fahey TJ (2018) Phosphorus limitation of aboveground pro-
duction in northern hardwood forests. Ecology 99(2):438–449. 
https://​doi.​org/​10.​1002/​ecy.​2100

Gotelli NJ, Ellison AM (2013) Managing and curating data. A primer 
of ecological statistics, 2nd edn. Sinaeur Associates Inc, Sunder-
land, MA, pp 208–236

Groffman PM, Driscoll CT, Durán J, Campbell JL, Christenson LM, 
Fahey TJ, Fisk MC, Fuss C, Likens GE, Lovett G, Rustad L, Tem-
pler PH (2018) Nitrogen oligotrophication in northern hardwood 
forests. Biogeochemistry 141(3):523–539. https://​doi.​org/​10.​
1007/​s10533-​018-​0445-y

Hallik L, Niinemets Ü, Wright IJ (2009) Are species shade and drought 
tolerance reflected in leaf-level structural and functional differ-
entiation in Northern Hemisphere temperate woody flora? New 
Phytol 184(1):257–274. https://​doi.​org/​10.​1111/j.​1469-​8137.​
2009.​02918.x

Hecking MJ, Zukswert JM, Drake JE, Dovciak M, Burton JI (2022) 
Montane temperate-boreal forests retain the leaf economic spec-
trum despite intraspecific variability. Front for Glob Change 
4:754063. https://​doi.​org/​10.​3389/​ffgc.​2021.​754063

Hong DS, Gonzales KE, Fahey TJ, Yanai RD (2022) Foliar nutrient 
concentrations of six northern hardwood species responded to 
nitrogen and phosphorus fertilization but did not predict tree 
growth. PeerJ 10:e13193. https://​doi.​org/​10.​7717/​peerj.​13193

Hurlbert SH (1984) Pseudoreplication and the design of ecological 
field experiments. Ecol Monogr 54(2):187–211. https://​doi.​org/​
10.​2307/​19426​61

Iturrate-Garcia M, Heijmans MMPD, Cornelissen JHC, Schwein-
gruber FH, Niklaus PA, Schaepman-Strub G (2020) Plant trait 
response of tundra shrubs to permafrost thaw and nutrient addi-
tion. Biogeosciences 17(20):4981–4998. https://​doi.​org/​10.​5194/​
bg-​17-​4981-​2020

Jarrell WM, Beverly RB (1981) The dilution effect in plant nutrition 
studies. In: Advances in agronomy. Elsevier, pp 197–224

Kassambara A, Mundt F (2016) Package “factoextra”: Extract and visu-
alize the results of multivariate data analyses. https://​rpkgs.​datan​
ovia.​com/​facto​extra/​index.​html

Koch GW, Sillett SC, Jennings GM, Davis SD (2004) The limits to tree 
height. Nature 428:851–854. https://​doi.​org/​10.​1038/​natur​e02417

Kuznetsova A, Brockhoff PB, Christensen RHB (2017) lmerTest pack-
age: tests in linear mixed effects models. J Stat Softw. https://​doi.​
org/​10.​18637/​jss.​v082.​i13

Leak WB (1991) Secondary forest succession in New Hampshire, 
USA. For Ecol Manag 43(1–2):69–86. https://​doi.​org/​10.​1016/​
0378-​1127(91)​90077-9

Lepš J, de Bello F, Šmilauer P, Doležal J (2011) Community trait 
response to environment: disentangling species turnover vs 
intraspecific trait variability effects. Ecography 34(5):856–863. 
https://​doi.​org/​10.​1111/j.​1600-​0587.​2010.​06904.x

Lichstein JW, Peterson BT, Langebrake J, McKinley SA (2021) 
Leaf economics of early-and late-successional plants. Am Nat 
198(3):347–359

Likens GE, Butler TJ, Claybrooke R, Vermeylen F, Larson R (2021) 
Long-term monitoring of precipitation chemistry in the US: 
Insights into changes and condition. Atmos Environ 245:118031

Liu H, Li Y, Ren F, Lin L, Zhu W, He J-S, Niu K (2017) Trait-abun-
dance relation in response to nutrient addition in a Tibetan alpine 
meadow: The importance of species trade-off in resource conser-
vation and acquisition. Ecol Evol 7(24):10575–10581. https://​doi.​
org/​10.​1002/​ece3.​3439

Lyons JB, Bothner WA, Moench RH, Thompson JB (1997) Bedrock 
Geologic Map of New Hampshire. US Geological Survey, Res-
ton, VA

Ma X, Zhu B, Nie Y, Liu Y, Kuzyakov Y (2021) Root and mycorrhizal 
strategies for nutrient acquisition in forests under nitrogen deposi-
tion: A meta-analysis. Soil Biol Biochem 163:108418. https://​doi.​
org/​10.​1016/j.​soilb​io.​2021.​108418

Ma WT, Yu YZ, Wang X, Gong XY (2023) Estimation of intrinsic 
water-use efficiency from δ13C signature of C3 leaves: assump-
tions and uncertainty. Front Plant Sci 13:1037972

Makino A, Osmond B (1991) Effects of nitrogen nutrition on nitrogen 
partitioning between chloroplasts and mitochondria in pea and 
wheat. Plant Physiol 96(2):355–362. https://​doi.​org/​10.​1104/​pp.​
96.2.​355

Marklein AR, Houlton BZ (2012) Nitrogen inputs accelerate phospho-
rus cycling rates across a wide variety of terrestrial ecosystems. 
New Phytol 193(3):696–704. https://​doi.​org/​10.​1111/j.​1469-​8137.​
2011.​03967.x

Mason RE, Craine JM, Lany NK, Jonard M, Ollinger SV, Groffman 
PM, Fulweiler RW, Angerer J, Read QD, Reich PB, Templer 
PH, Elmore AJ (2022) Evidence, causes, and consequences of 
declining nitrogen availability in terrestrial ecosystems. Science 
376(6590):eabh3767. https://​doi.​org/​10.​1126/​scien​ce.​abh37​67

McDowell NG, Bond BJ, Dickman LT, Ryan MG, Whitehead D (2011) 
Relationships Between Tree Height and Carbon Isotope Discrimi-
nation, in: Meinzer, F.C., Lachenbruch, B., Dawson, T.E. (Eds.), 
Size- and Age-Related Changes in Tree Structure and Function. 
Springer, Dordrecht, pp. 255–286. https://​doi.​org/​10.​1007/​978-​
94-​007-​1242-3_​10

Mo Q, Wang W, Chen Y, Peng Z, Zhou Q (2020) Response of foliar 
functional traits to experimental N and P addition among over-
story and understory species in a tropical secondary forest. Glob 
Ecol Conserv 23:e01109. https://​doi.​org/​10.​1016/j.​gecco.​2020.​
e01109

Morrison EW, Frey SD, Sadowsky JJ, van Diepen TWK, Pringle A 
(2016) Chronic nitrogen additions fundamentally restructure the 
soil fungal community in a temperate forest. Fungal Ecol 23:48–
57. https://​doi.​org/​10.​1016/j.​funeco.​2016.​05.​011

https://doi.org/10.1038/nature16489
https://doi.org/10.1016/j.xplc.2022.100503
https://doi.org/10.1016/j.xplc.2022.100503
https://doi.org/10.1890/0012-9615(1998)068[0183:ROESNH]2.0.CO;2
https://doi.org/10.1890/0012-9615(1998)068[0183:ROESNH]2.0.CO;2
https://doi.org/10.1073/pnas.1714044115
https://doi.org/10.1071/PP9820121
https://doi.org/10.1071/PP9820121
https://doi.org/10.1007/s10533-009-9286-z
https://doi.org/10.6073/pasta/377b1fd44bd88a58e9654ab207e50706
https://doi.org/10.6073/pasta/377b1fd44bd88a58e9654ab207e50706
https://doi.org/10.1002/ecy.2100
https://doi.org/10.1007/s10533-018-0445-y
https://doi.org/10.1007/s10533-018-0445-y
https://doi.org/10.1111/j.1469-8137.2009.02918.x
https://doi.org/10.1111/j.1469-8137.2009.02918.x
https://doi.org/10.3389/ffgc.2021.754063
https://doi.org/10.7717/peerj.13193
https://doi.org/10.2307/1942661
https://doi.org/10.2307/1942661
https://doi.org/10.5194/bg-17-4981-2020
https://doi.org/10.5194/bg-17-4981-2020
https://rpkgs.datanovia.com/factoextra/index.html
https://rpkgs.datanovia.com/factoextra/index.html
https://doi.org/10.1038/nature02417
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1016/0378-1127(91)90077-9
https://doi.org/10.1016/0378-1127(91)90077-9
https://doi.org/10.1111/j.1600-0587.2010.06904.x
https://doi.org/10.1002/ece3.3439
https://doi.org/10.1002/ece3.3439
https://doi.org/10.1016/j.soilbio.2021.108418
https://doi.org/10.1016/j.soilbio.2021.108418
https://doi.org/10.1104/pp.96.2.355
https://doi.org/10.1104/pp.96.2.355
https://doi.org/10.1111/j.1469-8137.2011.03967.x
https://doi.org/10.1111/j.1469-8137.2011.03967.x
https://doi.org/10.1126/science.abh3767
https://doi.org/10.1007/978-94-007-1242-3_10
https://doi.org/10.1007/978-94-007-1242-3_10
https://doi.org/10.1016/j.gecco.2020.e01109
https://doi.org/10.1016/j.gecco.2020.e01109
https://doi.org/10.1016/j.funeco.2016.05.011


Oecologia (2025) 207:23	 Page 19 of 20  23

NADP (National Atmospheric Deposition Program). 2024: Dataset 
accessed from https://​nadp.​slh.​wisc.​edu/​netwo​rks/​natio​nal-​trends-​
netwo​rk/ in November 2024.

NEON (National Ecological Observatory Network). Ecosystem struc-
ture (DP3.30015.001), provisional data. Dataset accessed from 
https://​data.​neons​cience.​org/​data-​produ​cts/​DP3.​30015.​001 in 
July 2022.

Ostertag R (2010) Foliar nitrogen and phosphorus accumulation 
responses after fertilization: An example from nutrient-limited 
Hawaiian forests. Plant Soil 334:85–98. https://​doi.​org/​10.​1007/​
s11104-​010-​0281-x

Ostertag R, DiManno NM (2016) Detecting terrestrial nutrient limi-
tation: A global meta-analysis of foliar nutrient concentrations 
after fertilization. Front Earth Sci. https://​doi.​org/​10.​3389/​feart.​
2016.​00023

Pakeman RJ, Quested HM (2007) Sampling plant functional traits: 
What proportion of the species need to be measured? Appl Veg 
Sci 10(1):91–96. https://​doi.​org/​10.​1111/j.​1654-​109X.​2007.​tb005​
07.x

Pardo LH, Coombs JA, Robin-Abbott MJ, Pontius JH, D’Amato AW 
(2019) Tree species at risk from nitrogen deposition in the north-
eastern United States: A geospatial analysis of effects of multi-
ple stressors using exceedance of critical loads. For Ecol Manag 
454:117528. https://​doi.​org/​10.​1016/j.​foreco.​2019.​117528

Pelletier PT, Zak DR (2017) Ectomycorrhizal fungi and the enzymatic 
liberation of nitrogen from soil organic matter: why evolution-
ary history matters. New Phytol 217(1):68–73. https://​doi.​org/​10.​
1111/​nph.​14598

Pérez-Harguindeguy N, Díaz S, Garnier E, Lavorel S, Poorter H, Jau-
reguiberry P, Bret-Harte MS, Cornwell WK, Craine JM, Gurvich 
DE, Urcelay C, Veneklaas EJ, Reich PB, Poorter L, Wright IJ, 
Ray P, Enrico L, Pausas JG, de Vos AC, Buchmann N, Funes G, 
Quétier F, Hodgson JG, Thompson K, Morgan HD, ter Steege H, 
Sack L, Blonder B, Poschlod P, Vaieretti MV, Conti G, Staver AC, 
Aquino S, Cornelissen JHC (2013) New handbook for standard-
ised measurement of plant functional traits worldwide. Aust J Bot 
61(3):167. https://​doi.​org/​10.​1071/​BT122​25

Prieto I, Querejeta JI, Segrestin J, Volaire F, Roumet C (2018) Leaf 
carbon and oxygen isotopes are coordinated with the leaf eco-
nomics spectrum in Mediterranean rangeland species. Funct Ecol 
32(3):612–625. https://​doi.​org/​10.​1111/​1365-​2435.​13025

Pulito AP, Gonçalves JL, Smethurst PJ, Arthur Junior JC, Alvares CA, 
Rocha JH, Hübner A, Moraes LF, Miranda AC, Kamogawa MY, 
Gava JL (2015) Available nitrogen and responses to nitrogen fer-
tilizer in Brazilian eucalypt plantations on soils of contrasting 
texture. Forests 6(4):973–991. https://​doi.​org/​10.​3390/​f6040​973

R Core Team (2022) R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, Aus-
tria. https://​www.R-​proje​ct.​org/

Rastetter EB, Yanai RD, Thomas Q, Vadeboncoeur MA, Fahey TJ, Fisk 
MC, Kwiatkowski BL, Hamburg SP (2013) Recovery from dis-
turbance requires resynchronization of ecosystem nutrient cycles. 
Ecol Appl 23(3):621–642. https://​doi.​org/​10.​1890/​12-​0751.1

Ratliff TJ, Fisk MC (2016) Phosphatase activity is related to N avail-
ability but not P availability across hardwood forests in the north-
eastern United States. Soil Biol Biochem 94:61–69. https://​doi.​
org/​10.​1016/j.​soilb​io.​2015.​11.​009

Raven JA, Handley LL, Wollenweber B (2004) Plant nutrition and 
water use efficiency. In: Water use efficiency in plant biology. 
Wiley

Reich PB (2014) The world-wide ‘fast-slow’ plant economics spec-
trum: a traits manifesto. J Ecol 102(2):275–301. https://​doi.​org/​
10.​1111/​1365-​2745.​12211

Ripullone F, Lauteri M, Grassi G, Amato M, Borghetti M (2004) 
Variation in nitrogen supply changes water-use efficiency 
of Pseudotsuga menziesii and Populus x euroamericana; a 

comparison of three approaches to determine water-use effi-
ciency. Tree Physiol 24(6):671–769

Saito MA, Goepfert TJ, Ritt JT (2008) Some thoughts on the concept 
of colimitation: Three definitions and the importance of bio-
availability. Limnol Oceanogr 53(1):276–290. https://​doi.​org/​
10.​4319/​lo.​2008.​53.1.​0276

Schulze E-D, Turner NC, Nicolle D, Schumacher J (2006) Leaf and 
wood carbon isotope ratios, specific leaf areas and wood growth 
of Eucalyptus species across a rainfall gradient in Australia. 
Tree Physiol 26(4):479–492. https://​doi.​org/​10.​1093/​treep​hys/​
26.4.​479

Shan S, Devens H, Fahey TJ, Yanai RD, Fisk MC (2022) Fine root 
growth increases in response to nitrogen addition in phosphorus-
limited northern hardwood forests. Ecosystems 25:1589–1600. 
https://​doi.​org/​10.​1007/​s10021-​021-​00735-4

Siefert A, Ritchie ME (2016) Intraspecific trait variation drives 
functional responses of old-field plant communities to nutrient 
enrichment. Oecologia 181(1):245–255. https://​doi.​org/​10.​1007/​
s00442-​016-​3563-z

Siefert A, Fridley JD, Ritchie ME (2014) Community functional 
responses to soil and climate at multiple spatial scales: When 
does intraspecific variation matter? PLoS ONE 9(10):e111189. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​01111​89

Singh V, Pallaghy CK, Singh D (2006) Phosphorus nutrition and toler-
ance of cotton to water stress II Water relations, free and bound 
water and leaf expansion rate. Field Crops Res 96:199–206. 
https://​doi.​org/​10.​1016/j.​fcr.​2005.​06.​011

Smart SM, Glanville HC, Blanes MC, Mercado LM, Emmett BA, Jones 
DL, Cosby BJ, Marrs RH, Butler A, Marshall MR, Reinsch S, 
Herrero-Jáuregui C, Hodgson JG (2017) Leaf dry matter content 
is better at predicting above-ground net primary production than 
specific leaf area. Funct Ecol 31(6):1336–1344. https://​doi.​org/​
10.​1111/​1365-​2435.​12832

Tatarko AR, Knops JMH (2018) Nitrogen addition and ecosystem func-
tioning: Both species abundances and traits alter community struc-
ture and function. Ecosphere. https://​doi.​org/​10.​1002/​ecs2.​2087

    USDA Forest Service NRS (2022) Hubbard brook experimental 
forest: daily temperature record, 1955 – present ver 11. Environ-
mental Data Initiative. https://​doi.​org/​10.​6073/​pasta/​e51ee​820bb​
04aac​e06fa​35c00​946b0​50

Vadeboncoeur MA (2010) Meta-analysis of fertilization experiments 
indicates multiple limiting nutrients in northeastern deciduous 
forests. Can J for Res 40(9):1766–1780. https://​doi.​org/​10.​1139/​
X10-​127

Vadeboncoeur MA, Hamburg SP, Yanai RD, Blum JD (2014) Rates of 
sustainable forest harvest depend on rotation length and weather-
ing of soil minerals. For Ecol Manag 318:194–205. https://​doi.​
org/​10.​1016/j.​foreco.​2014.​01.​012

Vadeboncoeur MA, Jennings KA, Ouimette AP, Asbjornsen H (2020) 
Correcting tree-ring δ13C time series for tree-size effects in eight 
temperate tree species. Tree Physiol 40(3):333–349. https://​doi.​
org/​10.​1093/​treep​hys/​tpz138

Violle C, Navas M-L, Vile D, Kazakou E, Fortunel C, Hummel I, 
Garnier E (2007) Let the concept of trait be functional! Oikos 
116(5):882–892. https://​doi.​org/​10.​1111/j.​0030-​1299.​2007.​
15559.x

Vitousek PM, Howarth RW (1991) Nitrogen limitation on land and in 
the sea: How can it occur? Biogeochemistry. https://​doi.​org/​10.​
1007/​BF000​02772

Wang T, Tian Z, Tunlid A, Persson P (2020) Nitrogen acquisition from 
mineral-associated proteins by an ectomycorrhizal fungus. New 
Phytol 228(2):697–711. https://​doi.​org/​10.​1111/​nph.​16596

Wood T, Bormann FH, Voigt GK (1984) Phosphorus cycling in a 
northern hardwood forest: biological and chemical control. Sci-
ence 223(4634):391–393. https://​doi.​org/​10.​1126/​scien​ce.​223.​
4634.​391

https://nadp.slh.wisc.edu/networks/national-trends-network/
https://nadp.slh.wisc.edu/networks/national-trends-network/
https://data.neonscience.org/data-products/DP3.30015.001
https://doi.org/10.1007/s11104-010-0281-x
https://doi.org/10.1007/s11104-010-0281-x
https://doi.org/10.3389/feart.2016.00023
https://doi.org/10.3389/feart.2016.00023
https://doi.org/10.1111/j.1654-109X.2007.tb00507.x
https://doi.org/10.1111/j.1654-109X.2007.tb00507.x
https://doi.org/10.1016/j.foreco.2019.117528
https://doi.org/10.1111/nph.14598
https://doi.org/10.1111/nph.14598
https://doi.org/10.1071/BT12225
https://doi.org/10.1111/1365-2435.13025
https://doi.org/10.3390/f6040973
https://www.R-project.org/
https://doi.org/10.1890/12-0751.1
https://doi.org/10.1016/j.soilbio.2015.11.009
https://doi.org/10.1016/j.soilbio.2015.11.009
https://doi.org/10.1111/1365-2745.12211
https://doi.org/10.1111/1365-2745.12211
https://doi.org/10.4319/lo.2008.53.1.0276
https://doi.org/10.4319/lo.2008.53.1.0276
https://doi.org/10.1093/treephys/26.4.479
https://doi.org/10.1093/treephys/26.4.479
https://doi.org/10.1007/s10021-021-00735-4
https://doi.org/10.1007/s00442-016-3563-z
https://doi.org/10.1007/s00442-016-3563-z
https://doi.org/10.1371/journal.pone.0111189
https://doi.org/10.1016/j.fcr.2005.06.011
https://doi.org/10.1111/1365-2435.12832
https://doi.org/10.1111/1365-2435.12832
https://doi.org/10.1002/ecs2.2087
https://doi.org/10.6073/pasta/e51ee820bb04aace06fa35c00946b050
https://doi.org/10.6073/pasta/e51ee820bb04aace06fa35c00946b050
https://doi.org/10.1139/X10-127
https://doi.org/10.1139/X10-127
https://doi.org/10.1016/j.foreco.2014.01.012
https://doi.org/10.1016/j.foreco.2014.01.012
https://doi.org/10.1093/treephys/tpz138
https://doi.org/10.1093/treephys/tpz138
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1111/j.0030-1299.2007.15559.x
https://doi.org/10.1007/BF00002772
https://doi.org/10.1007/BF00002772
https://doi.org/10.1111/nph.16596
https://doi.org/10.1126/science.223.4634.391
https://doi.org/10.1126/science.223.4634.391


	 Oecologia (2025) 207:2323  Page 20 of 20

Wright IJ, Reich PB, Westoby M, Ackerly DD, Baruch Z, Bongers F, 
Cavender-Bares J, Chapin T, Cornelissen JHC, Diemer M, Flexas 
J, Garnier E, Groom PK, Gulias J, Hikosaka K, Lamont BB, Lee 
T, Lee W, Lusk C, Midgley JJ, Navas M-L, Niinemets Ü, Oleksyn 
J, Osada N, Poorter H, Poot P, Prior L, Pyankov VI, Roumet C, 
Thomas SC, Tjoelker MG, Veneklaas EJ, Villar R (2004) The 
worldwide leaf economics spectrum. Nature 428(6985):821–827. 
https://​doi.​org/​10.​1038/​natur​e02403

Wu H, Xiang W, Ouyang S, Xiao W, Li S, Chen L, Lei P, Deng X, 
Zeng Y, Zeng L, Peng C (2020) Tree growth rate and soil nutrient 
status determine the shift in nutrient-use strategy of Chinese fir 
plantations along a chronosequence. For Ecol Manag 460:117896. 
https://​doi.​org/​10.​1016/j.​foreco.​2020.​117896

Yanai RD, Fisk M, Fahey T (2022) Multiple Element Limitation in 
Northeast Hardwood Ecosystems (MELNHE): Project descrip-
tion, plot characteristics and design ver. 1. Environmental Data 
Initiative. https://​doi.​org/​10.​6073/​pasta/​bcfc6​28d26​e78b3​dff64​
8c34a​33da1​a3

Young AR, Minocha R, Long S, Drake JE, Yanai RD (2023) Patterns of 
physical, chemical, and metabolic characteristics of sugar maple 
leaves with depth in the crown and in response to nitrogen and 

phosphorus addition. Tree Phys 43:118–129. https://​doi.​org/​10.​
1093/​treep​hys/​tpad0​43

Zukswert JM (2024) Multiple element limitation in northern hardwood 
ecosystems (MELNHE): Foliage scans and photographs ver 2. 
Environmental Data Initiative. https://​doi.​org/​10.​6073/​pasta/​
7d93f​50f9f​2e848​805b4​aac9e​d2468​9c

Zukswert JM, Prescott CE (2017) Relationships among leaf functional 
traits, litter traits, and mass loss during early phases of leaf litter 
decomposition in 12 woody plant species. Oecologia 185(2):305–
316. https://​doi.​org/​10.​1007/​s00442-​017-​3951-z

        Zukswert JM, Hong SD, Gonzales KE, See CR, Yanai RD (2024) 
Multiple element limitation in northeast hardwood ecosystems 
(MELNHE): foliar chemistry 2008–2022 in Bartlett, Hubbard 
Brook, and Jeffers Brook ver 3. Environ Data Initiative. https://​
doi.​org/​10.​6073/​pasta/​cdf7e​7456a​8fd43​a4e77​3ad28​6e4a2​ff

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1038/nature02403
https://doi.org/10.1016/j.foreco.2020.117896
https://doi.org/10.6073/pasta/bcfc628d26e78b3dff648c34a33da1a3
https://doi.org/10.6073/pasta/bcfc628d26e78b3dff648c34a33da1a3
https://doi.org/10.1093/treephys/tpad043
https://doi.org/10.1093/treephys/tpad043
https://doi.org/10.6073/pasta/7d93f50f9f2e848805b4aac9ed24689c
https://doi.org/10.6073/pasta/7d93f50f9f2e848805b4aac9ed24689c
https://doi.org/10.1007/s00442-017-3951-z
https://doi.org/10.6073/pasta/cdf7e7456a8fd43a4e773ad286e4a2ff
https://doi.org/10.6073/pasta/cdf7e7456a8fd43a4e773ad286e4a2ff

	Treatment effects of nitrogen and phosphorus addition on foliar traits in six northern hardwood tree species
	Abstract
	Introduction
	Materials and methods
	Site description
	Foliar sampling
	Trait measurements
	Tree growth measurements
	Data analysis

	Results
	Relationships among foliar traits
	Tree growth response to N and P addition and stand age
	Trait response to N and P addition
	Effects of stand age and site

	Discussion
	Trait relationships and plant strategy
	Traits and nutrient limitation
	Traits and stand age
	Conclusion

	Acknowledgements 
	References


