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Abstract

Few previous studies have described the patterns of leaf characteristics in response to nutrient
availability and depth in the crown. Sugar maple has been studied for both sensitivity to light, as a
shade-tolerant species, and sensitivity to soil nutrient availability, as a species in decline due to
acid rain. To explore leaf characteristics from the top to bottom of the canopy, we collected leaves
along a vertical gradient within mature sugar maple crowns in a full-factorial nitrogen (N) by
phosphorus (P) addition experiment in three forest stands in central New Hampshire, USA. Thirty-
two of the 44 leaf characteristics had significant relationships with depth in the crown, with the
effect of depth in the crown strongest for leaf area, photosynthetic pigments and polyamines.
Nitrogen addition had a strong impact on the concentration of foliar N, chlorophyll, carotenoids,
alanine and glutamate. For several other elements and amino acids, N addition changed patterns
with depth in the crown. Phosphorus addition increased foliar P and boron (B); it also caused a
steeper increase of P and B with depth in the crown. Since most of these leaf characteristics play a
direct or indirect role in photosynthesis, metabolic regulation or cell division, studies that ignore

the vertical gradient may not accurately represent whole-canopy performance.
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Introduction

Leaves in forest canopies experience heterogeneous light environments that influence physical,
chemical and metabolic leaf characteristics (Evans and Poorter 2001, Niinemets et al. 2015).
Leaves at the tops of crowns shade leaves lower in crowns, reducing the light available for
photosynthesis (Hirose and Bazzaz 1998, Le Roux et al. 2001). In response to gradients in light,
temperature and humidity, leaves at the tops of crowns are small and thick, while leaves at the
bottom are large and thin (Reich et al. 1997, Coble and Cavaleri 2017). Nutrient availability also

affects leaf characteristics (Cramer et al. 2000), but whether these effects differ with crown



position is unknown.

Most tree foliage studies have focused on collecting and comparing sunlit leaves from the tops
of crowns, even though the majority of leaves in the crown are partially shaded (Stark et al. 2012,
Keenan and Niinemets 2016). Studies that examine within-crown variation in leaf characteristics
provide information on the plasticity of leaf traits (Baldocchi and Harley 1995, Bonan et al. 2012,
Raabe et al. 2015). Of these traits, the variation in leaf area, leaf mass and leaf nitrogen (N) reflects
a trade-off between light interception and resource investment per leaf (Peltoniemi et al. 2012).
Shade-tolerant species, in particular, have high plasticity in leaf area (Poorter et al. 2009). Ignoring
the seasonal and vertical gradient of N in a late-successional, shade-tolerant species, sugar maple
(Acer saccharum Marsh.) led to a ~60% underestimate of whole crown photosynthesis across a

growing season (Coble et al. 2016).

Although soil nutrients and leaf characteristics have been used extensively to indicate tree
health (Wargo et al. 2002Long et al. 2002; St Clair et al. 2005), the extent to which soil nutrients
affect the patterns of leaf characteristics with depth in the crown has never been assessed. The
distribution of photosynthetic pigments in leaves is related to light interception (Hollinger 1996),
but photosynthetic pigment concentrations are also a consequence of soil nutrient availability
(Hikosaka and Terashima 1995). Soil resource availability also impacts cellular metabolism
(Minocha et al. 2010, Minocha et al. 2015, 2019). Evaluating leaf metabolites alongside leaf
chemistry and physical leaf characteristics will advance our understanding of these processes and

improve the estimates of whole-canopy photosynthesis (Diaz and Cabido 2001, Smith et al. 2019).

In this recently deglaciated region with young parent materials, N could be expected to be
relatively more limiting than phosphorus (P) (Walker and Syers 1976). A meta-analysis of studies
in the region reported greater forest growth responses to N than to P (Vadeboncoeur 2010), but no
single study had tested growth responses to both N and P. To test the relative importance of N and
P limitation, we implemented a study of Multiple Element Limitation in Northern Hardwood
Ecosystems (MELNHE), adding low levels of N and P in a full factorial design beginning in 2011.
These treatments elevated the availability of N and P in soils (Fisk et al. 2014, Fisk 2022). Foliar
chemistry reflected the addition of each of the nutrients and predominantly indicated P limitation
(Gonzales and Yanai 2019, Hong et al. 2022, Gonzales et al. in press). After 4 years of treatment,
the relative<<Query: Since coloured text is not used in tables, please indicate the positive and negat
ive effects another way, such as with bold type. Ans: rdyanai@syr.edu: We used red and black, fol
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re (positive effects in italics), and an underline for what was black (negative effects in underlin
€)?>> diameter growth of the average tree was greater under P addition (Goswami et al. 2018) but

the large trees grew more in response to N addition (Hong et al. 2022).

Changes in N and P availability may alter foliar chemistry and metabolites, serving as early
warning signals of changes in growth (Minocha et al. 2014, Singh et al. 2018). For example,
elevated concentrations of a few amino acids, particularly arginine, proline, alanine and y-
aminobutyric acid), indicate elevated N availability within cells because these amino acids can
salvage, store and redistribute excess N (Ericsson 1995, Nésholm et al. 1997, Minocha et al. 2015,
2019, Chen et al. 2017). Amino acids are also known for their role in protein synthesis, growth and
development, nutrition and stress responses (Hildebrandt et al. 2015). However, more recently, the
metabolism of amino acids has also been linked to energy release during carbon starvation, carbon
(C) and N budgets, lipid metabolism, photorespiration, hormone and secondary metabolite

production (e.g., polyamines, alkaloids and phytoalexins) and stress modulation (Yang et al. 2020).

Polyamines are aliphatic amines that mediate C and N metabolism within cells (Handa et al.
2018) and play a critical role in coordinating responses to stress or promoting growth (Minocha
et al. 2014, Singh et al. 2018). Polyamines confer stress tolerance by lowering ammonium toxicity
and scavenging free radicals (Minocha et al. 2014). The concentration of polyamines also
facilitates carbon dioxide transport to Rubisco, suggesting an indirect involvement in C

assimilation (Yasumoto et al. 2018).

The goal of this research was to describe the relationships of physical, chemical and metabolic
leaf characteristics as a function of depth within tree crowns and in response to N and P addition.
We measured the leaf characteristics of mature sugar maples in the Bartlett Experimental Forest in
the White Mountains of central New Hampshire, USA, in the seventh year of the MELNHE
nutrient treatments. We hypothesized that leaf characteristics would differ substantially with depth

in tree crowns, and we tested for the effects of N and P addition on these relationships.

Materials and methods
Field site and sample collection

Trees in this study were located in three mature forest stands in the Bartlett Experimental Forest
(44.06, —71.28). These stands regenerated following harvest in ~1890 and are dominated by
American beech (Fagus grandifolia Ehrh.), sugar maple and yellow birch (Betula alleghaniensis

Michx.; Goswami et al. 2018). Soils are well drained Spodosols formed in granitic glacial drift



(Vadeboncoeur et al. 2012, Vadeboncoeur et al. 2014). These forests have a history of acid
deposition, including substantial N deposition (Galloway et al. 2003). The regional climate is

humid continental with average annual precipitation of 130 cm and an average annual temperature
of 4.4 °C (Bailey 2003).

Twelve mature sugar maple trees were studied, one in each of four treatment plots in three
stands (Table 1). Since 2011, annual additions of N (30 kg ha ! NH4NO3) and P (10 kg ha !
NaH2PO4) and a combined treatment of N + P at the same concentrations were applied to
experimental treatment plots (Fisk et al. 2014). Control plots did not receive N or P. The selected
trees were in dominant or codominant canopy positions, free of disease or decay and located at

least 10 m from the edge of nutrient addition plots.



Table 1 Characteristics of the three forest stands and 12 trees used in this study. These mature stands in the Bartlett Experimental Forest, NH, are part of a study of Multiple
Element Limitation in Northern Hardwood Ecosystems (MELNHE). Treatments are control (C) and the additions of nitrogen (N), phosphorus (P) and combined nitrogen and
phosphorus (N + P). Tree diameter was measured at breast height (1.37 m).

Stand

C7

C8

C9

Year clearcut

1890

1883

1890

Elevation (m)
440
330

440

Aspect
ENE
NE

NE

Slope (%)
5-10
5-35

10-35

Tree diameter (cm)
C N P

593 426 645
50.7 40.8 495

55.7 44 59.8

N+P

49.3

52.9

53.8

Tree height (m)
C N P

24 20 24
25 23 24
25 24 23

N+P

20

22

Crown depth (m)
C N P N+P
14 8 8 6

10 6 10 10

10 12 10 12



Branches were collected on 31 July and 1 August, 2017 using a pole pruner and minimally
invasive rope access techniques (Jespon 2000, Anderson et al. 2015). Foliar samples were
collected in a vertical transect within 1 m of the climbing rope that went over a branch close to the
top of the tree and followed the main stem to the base of the tree. Leaves free of herbivory and
physical damage were collected by cutting branches every 2 m from the top to the bottom of each
tree crown. From the pool of leaves collected from a branch, 2-3 leaves were used for metabolites,
10 leaves were used for physical measurements, and the rest were ground for elemental analysis.
The trees in this study ranged in height from 20 to 25 m and in crown depth from 6 to 14 m,
resulting in 3—7 branches collected per tree for a total of 60 samples. The trees in this study ranged
in height from 20 to 25 m and in crown depth from 6 to 14 m, resulting in 3—7 branches collected

per tree for a total of 60 samples.

Sample processing
Physical leaf characteristics

Ten leaves from each branch were prepared in a standard leaf press for 2 days and then imaged as a
high-resolution TIFF at a constant distance, including a ruler for scale, with an OLYMPUS TG4
camera (Center Valley, PA, USA). ImageJ software (https://imagej.nih.gov/ij/) was used to convert
the image of leaves on a white background to a binary black to assess the number of leaf pixels and
thus quantify leaf surface area (Chianucci et al. 2019). After imaging, these same 10 leaves were
oven-dried at 60 °C to constant mass. Leaf surface area and leaf dry mass are reported as the
average of these leaves for each branch. Specific leaf area (SLA) is calculated as the average leaf

surface area divided by the average leaf mass.

Total leaf element concentrations

Additional leaves from each branch were pooled, dried and ground using a Wiley mill through a
40-mesh screen. Leaf C and N concentrations were quantified using a CN analyzer (FlashEA 1112
analyzer, Thermo Fisher Scientific, Inc Waltham, MA, USA). National Institute of Standards and
Technology standard reference material 1515, 1545 and 1575 were run as standards. Total P,
calcium (Ca), magnesium (Mg), manganese (Mn), aluminium (Al), boron (B) and zinc (Zn) were
measured by microwave digestion (MARS6 Microwave digestion system CEM Corporation,
Matthews, NC, USA) using ~ 0.25 g of oven-dried leaf tissue in 10 ml of 15.8 N nitric acid,
brought to 50 ml with DI water and then quantified using inductively coupled plasma optical
emission spectroscopy (ICP-OES, Optima 5300 DV, Perkin-Elmer, Inc. Waltham, MA, USA). One

duplicate sample, one blank and two replicates of standard reference material were processed with



each group of 25-36 samples. During ICP-OES, a calibration blank and in-house quality control
were run after every five samples. We recalibrated the machine if drift exceeded 5% of the in-
house quality control. Tissue standard and recovery values were within 4% of the certified values
for Ca (average recovery 100%), 10% for N (average recovery 94%), 17% for Mg (average 88%),
7% for Mn (average recovery 76%), 28% for Al (average recovery 76%), 11% for P (average
recovery 93%), 14% for B (average recovery 101%) and 12% for Zn (average recovery 93%)
(Young et al. 2020).

Polyamines, amino acids, chlorophyll, carotenoids and soluble protein

We used a 6-mm hole punch, avoiding leaf veins, to collect leaf material from two to three leaves
from each branch. These were stored in a cooler with ice in the field, refrigerated overnight and

then transported in a cooler to the laboratory. Subsamples were used for the following analyses.

Each 0.2-g subsample was placed in a 2-ml microfuge tube with 1 ml of cold 5% perchloric
acid to extract polyamines and amino acids, stored at —20 °C, then thawed and frozen three times
to break cellular membranes and centrifuged at 14,000 x g for 10 min. The supernatants were used
to determine the concentrations of polyamines (putrescine, spermidine and spermine) and amino
acids (Minocha et al. 2000). Polyamines and amino acids were dansylated (Minocha and Long
2004) with modifications described here. Samples were incubated at 60 °C for 30 min, cooled for 3
min and then microcentrifuged at 14,000 x g for 30 s. Dansylation was terminated by the addition
of 45 pl of glacial acetic acid. Sample tubes were kept open for 3 min under a flow hood to allow
CO2 to escape. Filtered HPLC-grade methanol was added to bring the final volume to 2 ml. A
Perkin Elmer (Waltham, MA, USA) series 200 HPLC system fitted with a fluorescence detector
was used to separate and quantify polyamines and amino acids in standards and samples. Data

were processed using Perkin Elmer TotalChrom software (version 6.2.1).

To determine the concentrations of chlorophyll a, chlorophyll b and carotenoid pigments, 5-10
mg of thawed leaf tissue was incubated in 1 ml of 95% ethanol in the dark at 65 °C for 16 h and
then centrifuged at 13,000 x g. Chlorophyll a, chlorophyll b and carotenoids were analyzed using a
Hitachi U2010 spectrophotometer (Tokyo, Japan) by scanning absorbances in the range of
350-710 nm and then quantified using equations found in Lichtenthaler (1987) and Minocha et al.
(2009).

Soluble protein was extracted from 50 mg of thawed leaf tissue in 500 pl of extraction buffer
(Jones et al. 1989) by three cycles of freezing and thawing and quantified (Bradford 1976) using a
Bio-Rad (Hercules, CA, USA) protein dye reagent based on absorbance recorded at 595 nm using



a Hitachi U2010 spectrophotometer and UV solutions software (v. 2.0).

Data analysis

A total of 44 leaf characteristics were examined in this study. The response variables related to
physical leaf characteristics were leaf area, leaf mass and SLA. Photosynthetic pigments were the
concentrations of chlorophyll (chlorophyll A and B were combined for analysis) and carotenoids.
The metabolic characteristics examined were the concentrations of polyamines (putrescine,
spermidine and spermine) and amino acids (glutamic acid, arginine, alanine, y-aminobutyric acid
and valine). The response variables related to leaf chemistry were the total concentrations of leaf
N, P, Ca, Mg, Mn, Al, B, Zn and iron (Fe).

Several decisions were made for the statistical analysis of leaf characteristics. In this within-
crown study, we scaled the depth in the crown from 0 to 1 (0 being the top and 1 being the bottom)
because models that used the scaled depth in the crown had lower AIC values compared with
models that used depth in the crown in units of meters. We chose to examine foliar concentrations
per unit mass, as mass-normalized units are the most commonly reported in the literature (Wright
et al. 2004) and because previous work indicates strong vertical gradients of sugar maple leaf
thickness and density (Coble and Cavaleri 2014). We recognize that variation in SLA across the
global flora is associated with area-proportional variation due to leaf structure and leaf lifespan

(John et al. 2017, Osnas et al. 2018), but we focus on mass-normalized traits here.

The experimental units for the analyses were the 12 trees, which were used as a random effect
in a randomized block design linear mixed-effect model (nlme package in R; Pinheiro et al. 2016).
The blocks were the three replicate stands (Bates et al. 2015). The model included the main effects
of N addition, P addition and depth in the crown and all their interactions. The coefficients for the
main effects and interaction terms were compared to assess the direction of the effects for each leaf
characteristic. For Figure 2, we normalized the effect sizes across response variables by dividing
the model coefficient by the mean effect size for each response variable to allow the comparisons

of variables with different units.

We used R version 3.5.1 (R Core Team 2018): the R package ggplot2 (Wickham 2016) for data

visualization.

Statistical results for leaf characteristics not reported here, namely, C; sulfur (S); potassium
(K); strontium (Sr); the ratio of N:P, lysine; proline; aspartic acid; isoleucine; leucine; chlorophyll

a; chlorophyll b; the ratio of chlorophyll a:b; and the concentrations of soluble ions Al, Ca, K, Mn,



P, Mg and Zn are presented in Supplemental information 1 available as Supplementary data at

Tree Physiology Online. Raw data are available in a data package (Young et al. 2020).

Results
Leaf characteristics as a function of depth in the crown

Many leaf characteristics differed with depth in the crown based on the leaves that were sampled
along the main stem of mature sugar maple trees in this closed-canopy forest. As expected, the

mass of individual leaves decreased with depth in the crown (P = 0.01, Figure 1) while the area of
individual leaves increased steeply with depth in the crown (P < 0.001, Figure 1). This resulted in
a strong increase in SLA with depth in the crown, with thick and small leaves at the top of crowns

and thin leaves with higher surface area at the bottom of tree crowns.
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Figure 1 Leaf area, leaf mass and SLA as a function of depth in the crown in control, N, P
and N + P treatment plots for mature sugar maple trees at the Bartlett Experimental Forest,
NH. Data points represent the characteristics of leaf samples collected through the crowns of
12 trees. Depth in the crown was scaled from the top of the crown (0) to the bottom (1). The
slopes of the lines represent the model estimates for the nutrient treatments; the intercepts are
fit for each of the trees. These three characteristics have P < 0.05 for the main effect of depth
(Table 2).

Of the 44 leaf characteristics included in this study, 32 had significant (P < 0.05) positive or



negative relationships with depth in the crown (Table 2, Appendix Table S1 available as
Supplementary data at Tree Physiology Online). In general, depth in the crown had the strongest
effect on physical characteristics and on the concentrations of polyamines putrescine, spermidine
and spermine, which all decreased with depth, significantly so for putrescine and spermidine
(Figure 2). Photosynthetic pigments and most amino acids increased considerably with depth in the
crown, as did a majority of the chemical characteristics. Each of these variables will be described
in detail below.



Table 2 P-values of the main effects (depth in the crown, N addition and P addition) and all their interactions in linear mixed-effect models of the 23 leaf characteristics

reported in the paper. Additional characteristics are reported in Appendix Table S1 available as Supplementary data at Tree Physiology Online.

N P
Leaf characteristic Depth! addition' addition' DepthN' DepthP' N'P' Depth N'P'
<<Query: Please check if the placement of footnote symbols provided in Table 2
is correct or make the necessary corrections. Ans: rdyanai@syr.edu: The placem
ent is fine. >>Physical characteristics
Mass 0.01 0.44 0.68 0.81 0.09 0.85 0.64
Area <0.001 0.59 0.61 0.69 0.02 0.49 0.60
SLA <0.001 0.23 0.61 0.88 0.03 0.37 0.80
Elements
N <0.001 0.01 0.53 0.91 0.07 035 0.71
P 0.01 0.32 <0.001  0.62 0.02 0.12 0.48
Ca <0.001 0.91 0.84 0.54 0.62 097 0.38
Mg <0.001 0.09 0.96 0.46 0.17 049 0.28
Mn 0.00 0.01 0.26 0.35 0.15 0.79 0.34

Al 0.78 0.01 0.55 0.38 0.05 042 0.70



Leaf characteristic

Amino acids and soluble protein

Polyamines

Fe
B

Zn

Glutamic acid
Arginine
Alanine
GABA

Valine

Protein

Putrescine
Spermidine

Spermine

Depth1
0.34
<0.001

<0.001

<0.001
0.01
0.09
0.003
0.01

<0.001

<0.001
0.05

0.52

N

addition' addition' Depth N’

0.01

0.21

0.65

0.06

0.28

0.01

0.20

0.09

0.88

0.82

0.33

0.75

P

0.75

0.001

0.86

0.32

0.37

0.62

0.66

0.31

0.32

0.84

0.51

0.40

0.84

0.91

0.06

0.03

0.003

0.003

0.01

0.004

0.52

0.21

0.83

0.004

Depth P! N'P!

0.03

0.003

0.21

0.76

0.24

0.48

0.30

0.22

0.61

0.81

0.34

0.42

0.94

0.09

0.74

0.57

0.51

0.80

0.51

0.62

0.60

0.50

0.79

0.28

Depth NP!
0.67
0.52

0.15

0.75
0.21
0.94
0.10
0.33

0.16

0.10
0.46

0.97



N P

Leaf characteristic Depth! addition' addition' Depth'N' DepthP' N'P' Depth NP’
Photosynthetic pigments
total_chl <0.001  0.02 0.37 0.69 0.31 0.73  0.55
carot <0.001 0.01 0.47 0.32 0.46 040 0.45

IPositive effects are underlinedshown in black text; negative effects are italicized.shown in red. A positive effect of N or P addition is a greater value under N or P addition; for
depth in the crown, a positive effect indicates greater values at the bottom of the crown. A positive interaction indicates that the trend with depth in the crown is amplified by
nutrient addition; a negative interaction indicates that the trend is dampened by nutrient addition.
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Figure 2 The direction and magnitude of the main effects and the interaction of depth in the
crown and N or P addition are shown for each leaf characteristic. There were no significant
three-way interactions of N, P and depth. The magnitude of the effect is represented by the
model coefficient divided by the mean coefficient for each leaf characteristic, to allow the

comparison of variables with different units.

Leaf characteristics respond to N and P addition
Nitrogen addition

The addition of N caused a strong increase in many chemical and metabolic leaf characteristics.
Trees that received added N had 23% higher foliar N (P < 0.01, Figure 3). Nitrogen addition
increased the concentrations of other elements in the leaves, resulting in 34% higher Fe (P = 0.01),
49% higher Mn (P = 0.1) and 34% higher Al (P = 0.01). Trees that received N had a steeper
increase in Zn with depth in the crown (P = 0.05 for the interaction of depth and N addition).
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Figure 3 The concentrations of foliar N, Mn, Al, Fe, Ca, P, B and Zn in mature sugar maple
leaves as a function of depth in the crown in control, N, P and N + P treatment plots for
mature sugar maple trees at the Bartlett Experimental Forest, NH. Data points represent the
concentrations of leaf samples collected through the crowns of 12 trees. Depth in the crown
was scaled from the top of the crown (0) to the bottom (1). Slopes of the lines represent the
model estimates for the nutrient treatments; the intercepts are fit for each of the trees. Solid
lines indicate P < 0.05 for the main effect of depth or the interaction of depth and N or P
addition (Table 2).

Most amino acids had higher concentrations at the top of the canopy and N addition commonly
increased the steepness of the decline with depth in the crown (Figure 4). The amino acid alanine
had a 37% increase with N addition (P = 0.01, the main effect of N addition) and a more rapid
decrease with depth in the crown with N addition (P < 0.01 for the interaction of depth by N
addition). This interaction of depth and N addition interaction was also seen in glutamic acid (P <
0.01), arginine (P < 0.01), y-aminobutyric acid (P < 0.01) and valine (P < 0.01).
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Figure 4 The concentration of glutamic acid (Glu), arginine (Arg), y-aminobutyric acid
(GABA), alanine (Ala), valine (Val) and soluble protein as a function of depth in the crown in
control, N, P and N + P treatment plots for mature sugar maple trees at the Bartlett
Experimental Forest, NH. Data points represent the concentrations of leaf samples collected
through the crowns of 12 trees. Depth in the crown was scaled from the top of the crown (0)
to the bottom (1). The slopes of the lines represent the model estimates for the nutrient
treatments; the intercepts are fit for each of the trees. Solid lines indicate P < 0.05 for the
main effect of depth or the interaction of depth and N or P addition. Dashed lines indicate leaf
characteristics that were P > 0.05 for the main effect of depth or interaction of depth and N or

P addition. Broken lines indicate missing data.

Surprisingly, none of the polyamines responded consistently to N addition (P > 0.33 for the
main effect of N) (Figure 5). The foliar concentrations of polyamines decreased steeply with depth
in the crown for putrescine (P < 0.01, main effect of depth) and for spermidine (P = 0.03, the main
effect of depth). For spermine, concentrations decreased with depth in the crown in the absence of
N addition but increased with depth in the crown under N addition (P = 0.01 for the interaction of
depth and N addition, Figure 5).
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Figure 5 The concentration of putrescine (Put), spermidine (Spd) and spermine (Spm) as a
function of depth in the crown in control, N, P and N + P treatment plots for mature sugar
maple trees at the Bartlett Experimental Forest, NH. Data points represent the concentrations
of leaf samples collected through the crowns of 12 trees. Depth in the crown was scaled from
the top of the crown (0) to the bottom (1). The slopes of the lines represent the model
estimates for the nutrient treatments; the intercepts are fit for each of the trees. Solid lines
indicate P < 0.05 for the main effect of depth or the interaction of depth and N or P addition.
Dashed lines indicate leaf characteristics that were P > 0.05 for the main effect of depth or

interaction of depth and N or P addition. Broken lines indicate missing data.

The concentrations of chlorophyll and carotenoids increased steeply with depth in the crown (P
=0.02 and P = 0.01, respectively, for the main effect of N addition, Table 2). The concentrations of
chlorophyll were 47% higher for trees that received N (P = 0.02 for the main effect of N addition,
Figure 5) and carotenoids were 33% higher for trees that received N (P = 0.01 for the main effect
of N addition, Figure 5). The pattern in photosynthetic pigment concentrations per unit mass of
leaf reflects the choice of units; top-crown leaves had the highest photosynthetic pigment
concentrations per unit leaf area, but when expressed per unit mass, top-crown leaves have the

lowest photosynthetic pigment concentrations.

Phosphorus addition

The addition of P affected relatively few of the leaf characteristics in this study (Table 2). When P
was added, the concentration of foliar P increased by 48% (P < 0.01, the main effect of P addition,
Figure 3) and foliar B increased by 36% (P < 0.01, the main effect of P addition, Figure 3).

There were several significant interactions of P addition with depth in the crown, meaning that



the addition of P caused a change in the vertical distribution of leaf characteristics. Trees that
received P had steeper increases with depth in the crown for concentrations of P (P =0.01), B (P <
0.01), A1 (P=0.05) and Fe (P =0.03, Figure 3). The relationship of increasing leaf area and SLA
with depth was less steep for trees that received P addition (Figure 1); trees receiving P did not
increase leaf area with depth in the crown as steeply as those that did not (P = 0.02 for the
interaction of depth and P addition). There was a concomitant interactive effect on SLA, in which
trees that received P had a less steep increase in SLA with depth in the crown (P = 0.03 for the
interaction of depth and P addition).

No significant interactions were observed between N and P or among depth, N and P for any

leaf characteristic.

Discussion

The patterns of leaf characteristics with both depth in the crown and nutrient availability have
rarely been reported in the literature. In this study of 12 mature sugar maple trees sampled
vertically through the crown in an N by P factorial nutrient manipulation study, many leaf
characteristics responded to depth in the crown, several responded to nutrient addition, and in a
few cases, the relationship of depth in the crown changed as a consequence of N and P addition
(Figure 2).

Light environment was more important to physical leaf characteristics, polyamines and
photosynthetic pigments than whether N or P was added. In contrast, nutrient addition was more

influential than depth in the crown for foliar elements and amino acids (Figure 2).

Within-crown plasticity in leaf characteristics

The most noticeable difference in leaf characteristics was the substantial increase in leaf area with
depth in the crown, which, combined with a slight decrease in leaf mass, resulted in the high SLA
values at the bottom of the crown (Figure 1). This variation in SLA has been well studied in sugar
maple (Coble and Cavaleri 2014, 2017, Coble et al. 2016) and is an important strategy for shade-
tolerant deciduous trees (Sack et al. 2006, Liu et al. 2016). The increase in SLA with depth in the
crown is consistent with leaves at the top of the crown being thicker than leaves at the bottom of
the crown, which are thinner and have higher surface area (Aranda et al. 2004, Coble and Cavaleri
2017, Osnas et al. 2018).

The increase in amino acids (glutamic acid, arginine, y-aminobutyric acid and valine) with



depth in the crown was accompanied by a decline in soluble proteins. It has been suggested that
the accumulation of proline, alanine, arginine and y-aminobutyric acid often indicates a
disequilibrium in C and N (Chen et al. 2017). At Harvard Forest Experimental Forest, MA
(Minocha et al. 2015) and Bear Brook Watershed, ME (Minocha et al. 2019), foliage accumulated
these amino acids under N addition, indicating the storage of this excess N in non-toxic organic
usable forms. These adjustments in the N metabolism might help re-establish C and N equilibrium

by using C from photosynthesis and glycolysis at a later stage (Chen et al. 2017).

Putrescine is a diamine known for its role in photosynthesis, cell division and response to
biotic and abiotic stress (Yasumoto et al. 2018, Seo et al. 2019, Alcéazar et al. 2020). The trend we
observed of putrescine decreasing with depth in the crown is consistent with its known functions
since stress from multiple environmental factors is often higher at the top of the crown and so is

the photosynthetic rate.

Chlorophyll and carotenoids were more strongly controlled by depth in the crown than by N
addition (Figure 6), suggesting that the leaves in tree crowns acclimate to their light environment
and proportionately distribute chlorophyll and N to maximize light-harvesting capacity (Kura-
Hotta et al. 1987, Lei et al. 1996).
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Figure 6 The concentrations of chlorophyll and carotenoids as a function of depth in the

crown in control, N, P and N + P treatment plots for mature sugar maple trees at the Bartlett
Experimental Forest, NH. Data points represent the concentrations of leaf samples collected
through the crowns of 12 trees. Depth in the crown was scaled from the top of the crown (0)

to the bottom (1). The slopes of the lines represent the model estimates for the nutrient




treatments; the intercepts are fit for each of the trees. Solid lines indicate P < 0.05 for the
main effect of depth or the interaction of depth and N or P addition. Dashed lines indicate leaf
characteristics that were P > 0.05 for the main effect of depth or interaction of depth and N or

P addition. Broken lines indicate missing data.

Effects of N addition

Trees that received N had higher foliar concentrations of photosynthetic pigments, several
elements and many amino acids than trees that did not receive N. Nitrogen addition increased the
foliar concentrations of glutamic acid, especially at the top of the crown. Glutamic acid is the first
organic metabolite synthesized from ammonia (Lea and Miflin 2018) and is a precursor for dozens
of metabolites including polyamines and several amino acids that are involved directly or
indirectly in the photosynthetic process (Young and Ajami 2000). Since these metabolites are
interconnected and many of them link major C and N metabolic pathways, a change in the
concentration of one metabolite often leads to shifts in the concentrations of other metabolites
(Mohapatra et al. 2010). The accumulation of amino acids at the top of the crown with N addition
(especially the ones that are known as salvage or storage amino acids) is evidence of a change in
upper canopy N metabolism. Rubisco and other stromal proteins are needed at this level because of

the higher photosynthetic capacity in the upper part of the crown (Johnson et al. 2010).

When trees experience excessive N associated with N saturation, elevated concentrations of
several N metabolites are often accompanied by a high concentration of putrescine (Minocha et al.
2000, Bauer et al. 2004). The stress indicator putrescine was not elevated under N addition in this
study. The concentrations of spermidine were not elevated with N addition, but its concentrations
are known to be more tightly controlled under stress and do not fluctuate as widely as those of
putrescine (Minocha et al. 2014). Along with putrescine and spermidine, spermine decreased with
depth in trees not receiving N, but when N was added, the concentrations of spermine increased
with depth in the crown, which may reveal a positive effect of N addition. Putrescine, spermidine
and spermine all play a role in cell division; thus, the effects of nutrient addition on polyamines

may relate to growth effects with N addition.

On the other hand, the addition of N raised the concentrations of foliar toxins Al and Mn for
the trees in this study, suggesting that the addition of N may not have been entirely positive.

Putrescine concentration was associated with high Al and Mn in unlimed compared with limed



sugar maple stands on the Allegheny Plateau (Wargo et al. 2002). Although we observed higher Al
and Mn in trees receiving N, this was not accompanied by an increase in putrescine, suggesting
that this change was within the tolerance range of sugar maple. We observed more leaf
characteristics to be sensitive to N addition than P addition, possibly because many of the leaf
characteristics we measured contain N, whereas P in plants is primarily in nucleic acids and

membrane phospholipids, which we did not measure.

Leaf response to P addition varied with depth in the crown

Phosphorus is critical to plant growth and plays an essential role in photosynthesis (Hammond and
White 2008) and cellular growth (Carstensen et al. 2018). Low P availability can lead to decreased
ATP synthase activity, causing reduced ATP production in the chloroplast stroma and decreased
COz fixation. This, in turn, reduces the flow of protons from the thylakoid lumen to the chloroplast
stroma causing lumen acidification and inhibition of linear electron flow, thus negatively affecting
the quantum yield of Photosystem II. Low P availability may also impair protein synthesis due to

the requirement for P in nucleic acids and ribosomes.

As expected, trees that received P had higher foliar P. Trees that received P also had higher
foliar B, perhaps due to their shared transport mechanism (Brown and Shelp 1997, Miihlbachova
et al. 2017). Boron plays an essential role in the structural and functional integrity of the cell wall
and membranes, ion fluxes across the membranes, N metabolism, carbohydrate transport and
phenol metabolism and transport (Shireen et al. 2018). An unexpected effect of P addition was a

decrease in the rate at which leaf area increased with crown depth.

The concentrations of foliar Zn have been linked to sugar maple health, with unhealthy sugar
maples having Zn concentrations <29 pug g_1 (Horsley et al. 2002, St Clair et al. 2005). In this
study, many trees had foliar Zn <29 g g_1 at the top of the crown. Trees that received P addition
had a steeper increase of Zn concentrations with depth in the crown, which is a treatment response

that we would have missed if we had observed leaves only high in the canopy.

Leaf sampling strategies

By prioritizing the sampling of sunlit leaves, previous studies have excluded a considerable
fraction of the foliage on the earth, which is shaded (Niinemets et al. 2015, Keenan and Niinemets
2016). The emphasis on sunlit leaves is understandable because the leaves at the top of the crown
typically have the highest photosynthetic activity, and their characteristics can be observed with

remotely sensed earth observation techniques. Collecting samples across the vertical gradient of



tree crowns allowed us to explore physical, chemical and metabolic leaf characteristics of mature
sugar maple trees. We found that the effect of nutrient addition on several amino acids and
photosynthetic pigments had an interaction with depth in the crown, such that sampling leaves
from only one canopy position could give misleading results. Research regarding physical,
photosynthetic, chemical and metabolic leaf characteristics throughout the crown of these trees

increases understanding of resource partitioning within tree crowns.

Acknowledgments

Chris Costello, Dan Hong, Alexandrea Rice, Claudia Victoroff and Trey Turnblacer assisted with
field collections. The Bartlett Experimental Forest is operated and maintained by the USDA Forest

Service, Madison, WI.

Supplementary data

Supplementary data for this article are available at 7Tree Physiology Online.

Data availability statement

The data are available in the Environmental Data Initiative repository: A.R. Young, R.D. Yanai, R.
Minocha, S. Long and J.E. Drake. 2020. https://doi.org/10.6073/pasta/3da4e463ebb199309a453e43
77d7b1f1 (accessed 28 April 20232-04-26, date last accessed).

Conflict of interest

None declared.

Funding

The USDA Forest Service, Northern Research Station, provided support for the metabolic analyses
conducted in Durham, NH. Steve Stehman improved our approach to data analysis. This paper is a
product of the Multiple Element Limitation in Northern Hardwood Ecosystems project, which is
funded by the National Institute of Food and Agriculture (2019-67019-29464) and the National
Science Foundation (DEB 0949324) and forms part of the Hubbard Brook LTER (Long Term
Ecological Research) Network, also funded by NSFNational Science Foundation (DEB 1633026).

) . .
Authors’ contributions
A.R.Y. and R.D.Y. planned and designed the research. A.R.Y. climbed the trees and collected the



leaves. A.R.Y. analyzed leaf physical and chemical characteristics; R.M. and S.L. analyzed leaf
metabolic characteristics. A.R.Y., R.D.Y. and J.E.D. analyzed the data. All the authors engaged in
interpreting the results and learned a lot from one another. A.R.Y. and R.D.Y. led the writing of the

manuscript with input from R.M.

References

Alcézar R, Fortes AM, Tiburcio AF (2020) Editorial: polyamines in plant biotechnology,
food nutrition, and human health. Front Plant Sci 11:120.<<Query: Please note that the ¢
itations Long et al. (2002), Wright et al. (2004), Gonzales and Yanai (2019) are not listed
in the reference list. Please add it to the list or delete the citations. Ans: rdyanai@syr.ed
u: Long et al. (2002) has been replaced by Wargo et al. (2002) and Wright et al. (2004) an
d Gonzales and Yanai (2019) has been added to the reference list. >>

Anderson DL, Koomjian W, French B, Altenhoff SR, Luce J (2015) Review of rope-based
access methods for the forest canopy: safe and unsafe practices in published information
sources and a summary of current methods. Methods Ecol Evol 6:865-872.

Aranda I, Pardo F, Gil L, Pardos J (2004) Anatomical basis of the change in leaf mass per
area and nitrogen investment with relative irradiance within the canopy of eight
temperate tree species. Acta Oecol 25:187—195.

Bailey AS (2003) US Department of Agriculture, Forest Service, Northeastern Research
Station. In: Hydrometeorological database for Hubbard Brook Experimental Forest,
1955-2000. USDA Forest Service, Newtown Square, PA.<<Query: Please provide the pu
blisher name and location for Bailey (2003). Ans: rdyanai@syr.edu: USDA Forest Servi
ce, Newtown Square, PA>>

Baldocchi D, Harley P (1995) Scaling carbon dioxide and water vapour exchange from leaf
to canopy in a deciduous forest. II. Model testing and application. Plant Cell Environ
18:1157-1173.

Bates D, Méachler M, Bolker B, Walker S (2015). Fitting linear mixed-effects models
Usinglmed4. J Stat Softw 67:1-48. https://doi.org/10.18637/jss.v067.101 <<Query: Please p
rovide the page number for Bates et al. (2015), Bonan et al. (2012), Handa et al. (2018),
Minocha et al. (2014). Ans: rdyanai@syr.edu: Bates D: 1-48. Bonan et al.: G2Handa: 10
Minocha: 175>>

Bauer GA, Bazzaz FA, Minocha R, Long S, Magill A, Aber J, Berntson GM (2004) Effects

of chronic N additions on tissue chemistry, photosynthetic capacity, and carbon



sequestration potential of a red pine (Pinus resinosa Ait.) stand in the NE United States.
For Ecol Manage 196:173—186.

Bonan GB, Oleson KW, Fisher RA, Lasslop G, Reichstein M (2012) Reconciling leaf
physiological traits and canopy flux data: use of the TRY and FLUXNET databases in
the community land model version 4. J Geophys Res 117(G2). 10.1029/2011JG001913.

Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem
72:248-254.

Brown PH, Shelp BJ (1997) Boron mobility in plants. Plant Soil 193:85-101.

Carstensen A, Herdean A, Schmidt SB, Sharma A, Spetea C, Pribil M, Husted S (2018)
The impacts of phosphorus deficiency on the photosynthetic electron transport chain.
Plant Physiol 177:271-284.

Chen H, Zheng Y, Zhan J, He C, Wang Q (2017) Comparative metabolic profiling of the
lipid-producing green microalga chlorella reveals that nitrogen and carbon metabolic
pathways contribute to lipid metabolism. Biotechnol Biofuels 10:153.

Chianucci F, Ferrara C, Pollastrini M, Corona P (2019) Development of digital
photographic approaches to assess leaf traits in broadleaf tree species. Ecol Indic
106:105547.

Coble AP, Cavaleri MA (2014) Light drives vertical gradients of leaf morphology in a
sugar maple (Acer saccharum) forest. Tree Physiol 34:146—158.

Coble AP, Cavaleri MA (2017) Vertical leaf mass per area gradient of mature sugar maple
reflects both height-driven increases in vascular tissue and light-driven increases in
palisade layer thickness. Tree Physiol 37:1337—-1351.

Coble AP, VanderWall B, Mau A, Cavaleri MA (2016) How vertical patterns in leaf traits
shift seasonally and the implications for modeling canopy photosynthesis in a temperate
deciduous forest. Tree Physiol 36:1077-1091.

Cramer J, Fahey T, Battles J (2000) Patterns of leaf mass, area and nitrogen in young
northern hardwood forests. Am Midl Nat 144:253-264.

Diaz S, Cabido M (2001) Vive la différence: plant functional diversity matters to ecosystem
processes. J Clim 16:646—655.

Ericsson T (1995) Growth and shoot: root ratio of seedlings in relation to nutrient
availability. In: LO Nilsson, RF Hiittl, UT Johansson (eds) Nutrient uptake and cycling
in forest ecosystems. Springer Netherlands, pp 205-214.<<Query: Please provide publish
er location and editor name(s) for Ericsson 1995. Ans: rdyanai@syr.edu: Ericsson T (19



95) Growth and shoot: root ratio of seedlings in relation to nutrient availability. In: LO Ni
Isson, RF Hiittl, UT Johansson (eds) Nutrient uptake and cycling in forest ecosystems. Sp
ringer Netherlands, pp 205-214.>>

Evans J, Poorter H (2001) Photosynthetic acclimation of plants to growth irradiance: the
relative importance of specific leaf area and nitrogen partitioning in maximizing carbon
gain. Plant Cell Environ 24:755-767.

Fisk M (2022) Soil properties in the MELNHE study at Hubbard Brook Experimental
Forest, Bartlett experimental Forest and Jeffers brook,<<Query: AQ: please check access
ed date is correct in corrected style (not 4 October?). Ans: rdyanai@syr.edu: (26 April 2
023, date last accessed)>> central NH USA, 2009 - present ver 3. Environmental Data
Initiative. https://doi.org/10.6073/pasta/275ad28a2f31356¢cf9¢c2648531al6a2b (1026
April 20223, date last accessed).<<Query: Please provide the updated details for Fisk (20
22) and Young et al. (2020). Ans: rdyanai@syr.edu: 26 April 2023>>

Fisk MC, Ratliff TJ, Goswami S, Yanai RD (2014) Synergistic soil response to nitrogen
plus phosphorus fertilization in hardwood forests. Biogeochemistry 118:195-204.

Galloway JN, Aber JD, Erisman JW, Seitzinger SP, Howarth RW, Cowling EB, Cosby BJ
(2003) The nitrogen cascade. Bioscience 53:341-356.

Goswami S, Fisk MC, Vadeboncoeur MA, Garrison-Johnston M, Yanai RD, Fahey TJ
(2018) Phosphorus limitation of aboveground production in northern hardwood forests.
Ecology 99:438-449.

Hammond JP, White PJ (2008) Sucrose transport in the phloem: integrating root responses
to phosphorus starvation. J Ex Bot 5§9:93-109.

Handa AK, Fatima T, Mattoo AK (2018) Polyamines: bio-molecules with diverse functions
in plant and human health and disease. Front Chem 6:10. 10.3389/fchem.2018.00010.
Hikosaka K, Terashima I (1995) A model of the acclimation of photosynthesis in the leaves
of C3 plants to sun and shade with respect to nitrogen use. Plant Cell Environ

18:605-618.

Hildebrandt TM, Nesi AN, Araujo WL, Braun H-P (2015) Amino acid catabolism in plants.
Mol Plan 8:1563—-1579.

Hirose T, Bazzaz F (1998) Trade-off between light-and nitrogen-use efficiency in canopy
photosynthesis. Ann Bot 82:195-202.

Hollinger D (1996) Optimality and nitrogen allocation in a tree canopy. Tree Physiol
16:627-634.

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:¢13193.

Horsley SB, Long RP, Bailey SW, Hallett RA, Wargo PM (2002) Health of Eastern North
American sugar maple forests and factors affecting decline. North J Appl For 19:34-44.

Jespon J (2000) The tree climber's companion. Beaver Tree Publishing, Longville, MN.

John GP, Scoffoni C, Buckley TN, Villar R, Poorter H, Sack L (2017) The anatomical and
compositional basis of leaf mass per area. Ecol Lett 20:412-425.

Johnson IR, Thornley JH, Frantz JM, Bugbee B (2010) A model of canopy photosynthesis
incorporating protein distribution through the canopy and its acclimation to light,
temperature and CO2. Ann Bot 106:735-749.

Jones CG, Daniel Hare J, Compton SJ (1989) Measuring plant protein with the Bradford
assay. J Chem Ecol 15:979-992.

Keenan TF, Niinemets U (2016) Global leaf trait estimates biased due to plasticity in the
shade. Nat Plants 3:16201.

Kura-Hotta R, Satoh K, Kato S (1987) Chlorophyll concentration and its changes in leaves
of spinach raised under different light levels. Plant Cell Physiol 87:12—19.

Le Roux X, Walcroft A, Daudet F-A, Sinoquet H, Chaves M, Rodrigues A, Osorio L
(2001) Photosynthetic light acclimation in peach leaves: importance of changes in mass:
area ratio, nitrogen concentration, and leaf nitrogen partitioning. Tree Physiol
21:377-386.

Lea PJ, Miflin BJ (2018) Nitrogen assimilation and its relevance to crop improvement.
Annu Plant Rev Online 42:1-40.<<Query: Please add volume number for Lea and Mifli
n. Ans: rdyanai@syr.edu: 42>>

Lei TT, Tabuchi R, Kitao M, Koike T (1996) Functional relationship between chlorophyll
content and leaf reflectance, and light-capturing efficiency of Japanese forest species.
Physiol Plant 96:411-418.

Lichtenthaler HK (1987) Chlorophylls and carotenoids: pigments of photosynthetic
biomembranes. Methods Enzymol 148:350-382.

Liu Y, Dawson W, Prati D, Haeuser E, Feng Y, van Kleunen M (2016) Does greater
specific leaf area plasticity help plants to maintain a high performance when shaded?
Ann Bot 118:1329-1336.

Minocha R, Long S (2004) Simultaneous separation and quantitation of amino acids and

polyamines of forest tree tissues and cell cultures within a single high-performance



liquid chromatography run using dansyl derivatization. J Chromatogr 1035:63—73.

Minocha R, Long S, Magill A, Aber J, McDowell W (2000) Foliar free polyamine and
inorganic ion content in relation to soil and soil solution chemistry in two fertilized forest
stands at the Harvard Forest, Massachusetts. Plant Soil 222:119-137.

Minocha R, Martinez G, Lyons B, Long S (2009) Development of a standardized
methodology for the quantification of total chlorophyll and carotenoids from foliage of
hardwood and conifer tree species. Can J For Res 39:849-861.

Minocha R, Long S, Thangavel P, Minocha SC, Eagar C, Driscoll CT (2010) Elevation
dependent sensitivity of northern hardwoods to Ca addition at Hubbard brook
experimental Forest, NH, USA. For Ecol Manage 260:2115-2125.

Minocha R, Majumdar R, Minocha SC (2014) Polyamines and abiotic stress in plants: a
complex relationship. Front Plant Sci 5:175. 10.3389/tpls.2014.00175.

Minocha R, Turlapati SA, Long S, McDowell WH, Minocha SC (2015) Long-term trends
of changes in pine and oak foliar nitrogen metabolism in response to chronic nitrogen
amendments at the Harvard Forest, MA. Tree Physiol 35:894-909.

Minocha R, Long S, Turlapati SA, Fernandez I (2019) Dynamic species-specific metabolic
changes in the trees exposed to chronic N+S additions at the bear brook watershed in
Maine, USA. Ann For Sci 76:25.

Mohapatra S, Minocha R, Long S, Minocha SC (2010) Transgenic manipulation of a single
polyamine in poplar cells affects the accumulation of all amino acids. Amino Acids
38:1117-1129.

Miihlbachova G, Cermak P, Vavera R, Ka$§ M, Pechova M, Markova K, Razek P, Hlusek J,
Losak T (2017) Boron availability and uptake under increasing phosphorus rates in a pot
experiment. Plant Soil Environ 483—490.

Nasholm T, Nordin A, Edfast AB, Hogberg P (1997) Identification of coniferous forests
with incipient nitrogen saturation through arginine and nitrogen-15 abundance in trees. J
Environ Qual 26:302-3009.

Niinemets U, Keenan TF, Hallik L (2015) A worldwide analysis of within-canopy
variations in leaf structural, chemical and physiological traits across plant functional
types. New Phytol 205:973-993.

Osnas JLD, Katabuchi M, Kitajima K ef al. (2018) Divergent drivers of leaf trait variation
within species, among species, and among functional groups. Proc Natl Acad Sci USA
115:5480-5485.

Peltoniemi MS, Duursma RA, Medlyn BE (2012) Co-optimal distribution of leaf nitrogen



and hydraulic conductance in plant canopies. Tree Physiol 32:510-519.

Pinheiro J, Bates D, DebRoy S, Sarkar D, R Core Team. (2016) nlme. linear and nonlinear
mixed effects models. R Package Version 3.1-127. Available at http://cran.r-project.org/pa
ckage=nlme.

Poorter H, Niinemets U, Poorter L, Wright 1J, Villar R (2009) Causes and consequences of
variation in leaf mass per area (LMA): a meta-analysis. New Phytol 182:565-588.

R Core Team (2018) R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria.

Raabe K, Pisek J, Sonnentag O, Annuk K (2015) Variations of leaf inclination angle
distribution with height over the growing season and light exposure for eight broadleaf
tree species. Agric For Meteorol 214:2—11.

Reich PB, Walters MB, Ellsworth DS (1997) From tropics to tundra: global convergence in
plant functioning. Proc Natl Acad Sci USA 94:13730—-13734.

Sack L, Melcher PJ, Liu WH, Middleton E, Pardee T (2006) How strong is intracanopy leaf
plasticity in temperate deciduous trees? Am J Bot 93:829-839.

Seo SY, Kim YJ, Park KY (2019) Increasing polyamine contents enhances the stress
tolerance via reinforcement of antioxidative properties. Front Plant Sci 10:1331.

Shireen F, Nawaz MA, Chen C et al. (2018) Boron: functions and approaches to enhance
its availability in plants for sustainable agriculture. Int J Mol Sci 19:1856.

Singh P, Basu S, Kumar G (2018) Chapter 3 - Polyamines metabolism: A way ahead for
abiotic stress tolerance in crop plants. In: Wani SH (ed) Biochemical, physiological and
molecular avenues for combating abiotic stress tolerance in plants. Academic Press,
Cambridge, MA , pp 39-55.<<Query: Please provide publisher location for Singh et al 20
18. Ans: rdyanai@syr.edu: Cambridge, MA>>

Smith MN, Stark SC, Taylor TC et al. (2019) Seasonal and drought-related changes in leaf
area profiles depend on height and light environment in an Amazon forest. New Phytol
222:1284-1297.

St Clair SB, Carlson JE, Lynch JP (2005) Evidence for oxidative stress in sugar maple
stands growing on acidic, nutrient imbalanced forest soils. Oecologia 145:257-268.

Stark SC, Leitold V, Wu JL et al. (2012) Amazon forest carbon dynamics predicted by
profiles of canopy leaf area and light environment. Ecol Lett 15:1406—1414.

Vadeboncoeur MA, Hamburg SP, Blum JD, Pennino MJ, Yanai RD, Johnson CE (2012)

The quantitative soil pit method for measuring belowground carbon and nitrogen stocks.



Soil Sci Soc Am J 76:2241-2255.

Vadeboncoeur MA, Hamburg SP, Yanai RD, Blum JD (2014) Rates of sustainable forest
harvest depend on rotation length and weathering of soil minerals. For Ecol Manage
318:194-205.

Vadeboncoeur MA (2010). Meta-analysis of fertilization experiments indicates multiple
limiting nutrients in northeastern deciduous forests. Can J For Res 40:1766—1780.

Walker TW, Syers JK. (1976). The fate of phosphorus during pedogenesis. Geoderma
15:1-19

Wargo PM, Minocha R, Wong BL, Long RP, Horsley SB, Hall TJ (2002) Measuring
changes in stress and vitality indicators in limed sugar maple on the Allegheny plateau in
north-Central Pennsylvania. Can J For Res 32:629-641.

Wickham H (2016) ggplot2: Elegant graphics for data analysis. Springer International
Publishing, Switzerland, p 260.<<Query: Please provide the publisher location for Wickh
am (2016). Ans: rdyanai@syr.edu: Switzerland>>

Yang Q, Zhao D, Liu Q (2020) Connections between amino acid metabolisms in plants:
lysine as an example. Front Plant Sci 11:928.

Yasumoto K, Sakata T, Yasumoto J, Yasumoto-Hirose M, Sato SI, Mori-Yasumoto K,
Jimbo M, Kusumi T, Watabe S (2018) Atmospheric CO3 captured by biogenic
polyamines is transferred as a possible substrate to rubisco for the carboxylation reaction.
Sci Rep 8:17724.

Young AR, Yanai RD, Minocha R, Long S, Drake JE (2020) Physical, chemical, and
metabolic <<Query: Please check accessed date is correct in Young et al 2020. Ans: rdya
nai@syr.edu: Done>>leaf characteristics within sugar maple in the MELNHE study at
Bartlett experimental Forest, central NH USA, 2017 ver 1. Environmental Data
Initiative. https://doi.org/10.6073/pasta/3da4e463ebb199309a453e4377d7b1f1 (3 August
202126 April 2023, date last accessed).

Young VR, Ajami AM (2000) Glutamate: an amino acid of particular distinction. J Nutr
130:892S-900S.

Wright 1J, Reich PB, Westoby M, Ackerly DD, Baruch Z, Bongers F, Cavender-Bares

J, Chapin T, Cornelissen JH, Diemer M, Flexas J, Garnier E, Groom PK, Gulias J,

Hikosaka K, Lamont BB, Lee T, Lee W, Lusk C, Midgley J]J, Navas ML, Niinemets

U, 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 428:821-7. doi: 10.1038/nature02403. PMID: 15103368.



Gonzales KE, Yanai RD (2019) Nitrogen-phosphorus interactions in young northern
hardwoods indicate P limitation: foliar concentrations and resorption in a factorial N by P
addition experiment. Oecologia, 189:829-840. https://doi.org/10.1007/s00442-019-04350-y



