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Summary

� Vegetative transpiration (E) and photosynthetic carbon assimilation (A) are known to be sea-

sonally dynamic, with changes in their ratio determining the marginal water use efficiency

(WUE). Despite an understanding that stomata play a mechanistic role in regulating WUE, it is

still unclear how stomatal and nonstomatal processes influence change in WUE over the course

of the growing season. As a result, limited understanding of the primary physiological drivers of

seasonal dynamics of canopy WUE remains one of the largest uncertainties in earth system

model projections of carbon and water exchange in temperate deciduous forest ecosystems.
� We investigated seasonal patterns in leaf-level physiological, hydraulic, and anatomical

properties, including the seasonal progress of the stomatal slope parameter (g1; inversely pro-

portional to WUE) and the maximum carboxylation rate (Vcmax).
� Vcmax and g1 were seasonally variable; however, their patterns were not temporally syn-

chronized. g1 generally showed an increasing trend until late in the season, while Vcmax

peaked during the midsummer months. Seasonal progression of Vcmax was primarily driven by

changes in leaf structural, and anatomical characteristics, while seasonal changes in g1 were

most strongly related to changes in Vcmax and leaf hydraulics.
� Using a seasonally variable Vcmax and g1 to parameterize a canopy-scale gas exchange

model increased seasonally aggregated A and E by 3% and 16%, respectively.

Introduction

Vegetation regulates the exchanges of water vapor to the atmo-
sphere via transpiration (E) and the uptake of carbon from the
atmosphere via photosynthetic carbon assimilation (A); thus,
models which aim to predict carbon and water balance across
space and through time must account for the temporal and spa-
tial variation in E and A (Blyth et al., 2021). Accounting for the
seasonal variability associated with these processes is a major chal-
lenge for earth system models (ESMs), which often employ trait-
based proxies to represent seasonal progression in potential for
transpiration and assimilation (Rogers et al., 2017). However,
these proxies may not fully capture the mechanisms underpin-
ning the drivers of seasonal variation in E and A, nor do they
accurately address how variation in E and A may co-vary over the
course of a growing season. This critical knowledge gap hampers
the predictive accuracy of ESMs and has been identified as an
area for model improvement (Jefferson et al., 2017).

Earth system models represent E and A using a system of equa-
tions (e.g. Farquhar et al., 1980) that link photosynthetic carbon
gain (von Caemmerer & Farquhar, 1981) to water loss via sto-
mata (Ball et al., 1987; Medlyn et al., 2011). The marginal

variation of A and E, known as the water use efficiency (∂A/∂E,
WUE), is represented in the unified stomatal optimization model
(Medlyn et al., 2011) as the inverse of the stomatal slope para-
meter (g1, kPa

0.5). Thus, the relationship between A and stomatal
conductance (gsw) for a given set of environmental conditions is
dictated by g1, combined with the value of the stomatal intercept
(g0, mol m2 s�1, the expected gsw when net assimilation (Anet) is
zero). Among the parameters necessary to estimate A (Bernacchi
et al., 2013) are the maximum carboxylation rate of the enzyme
Rubisco (Vcmax, μmol m�2 s�1) and the rate of respiratory CO2

release in the dark (Rdark, μmol m�2 s�1). While accurate estima-
tion of stomatal and photosynthetic parameters is essential to
properly represent the role of vegetation in regulating net primary
productivity (NPP) and transpiration across space and time, a
general lack of paired foliar trait and physiology data (e.g. Wright
et al., 2004; Kattge et al., 2011) across diverse plant functional
types (PFTs) still hampers modeling efforts (Reich et al., 2007).
In particular, lack of process-based knowledge for representing
PFT-specific parametrization of stomatal traits remains one of
the largest uncertainties in current model predictions of the func-
tioning of North American forests (Dietze et al., 2014; Jefferson
et al., 2017; Ricciuto et al., 2018).
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Accounting for seasonal variability associated with photosynthetic
and stomatal parameters is an additional challenge when parameter-
izing models (Wilson et al., 2000a, 2001; Xu & Baldocchi, 2003;
Grassi et al., 2005; Wang et al., 2008; Ow et al., 2010; Stokes
et al., 2010; Bauerle et al., 2012; Ali et al., 2015; Way &
Montgomery, 2015; Chu et al., 2018; Burnett et al., 2021). Given
the lack of seasonal data, some modeling efforts use trait-based
proxies to represent seasonal change in photosynthetic capacity
(Rogers et al., 2017) such as seasonal trends in foliar nitrogen con-
tent or leaf mass per area (LMA) as a proxy for seasonal trends in
Vcmax (Ellsworth & Reich, 1993; Medlyn et al., 1999; Meir
et al., 2002; Misson et al., 2006). These models, which use the prin-
ciple of optimal allocation of nitrogen such that photosynthetic
potential is maximized (Quebbeman & Ramirez, 2016), have
recently been shown to be capable of explaining up to 83% of sea-
sonal variation in Vcmax globally (Jiang et al., 2020). However, trait-
based relationships are known to vary considerably by PFT (Kattge
et al., 2009), or by the fraction of nitrogen allocated to Rubisco
(Luo et al., 2021). Other models prescribe a value for Vcmax, which
can be modified seasonally in conjunction with bioclimatic factors
such as growth temperature (Medvigy et al., 2009), photoperiod
(Bauerle et al., 2012), or soil moisture (Wang et al., 2022). In some
cases (Ali et al., 2015; Smith et al., 2019), this latter method has
been shown to be superior to trait-based approaches.

While there has been considerable effort dedicated to assessing
mechanisms of seasonal variation in Vcmax, we know much less
about the seasonal or ontogenetic patterns of leaf WUE, where the
effects of season, drought, and phenology are often interrelated.
Past work has mostly focused on drought effects (Sala &
Tenhunen, 1996; Xu & Baldocchi, 2003; Grassi & Mag-
nani, 2005; Héroult et al., 2013; Sperlich et al., 2016; Xie
et al., 2016), finding that seasonal increases in WUE are associated
with progressive drought stress. In studies without a pronounced
seasonal drought effect (Zhu et al., 2011; Sanchez et al., 2013;
Miao et al., 2021), WUE has been observed to decrease as leaves
approached senescence, with a late season peak in stomatal slope.
Furthermore, models of foliar transpiration which account for leaf
ontogeny suggest that cuticular leakage and incomplete stomatal
closure contribute to elevated g0 at the start and end of the growth

season (Gee & Federer, 1972; Wardle & Short, 1983; Kane
et al., 2020). Recently, Jin et al. (2022) demonstrated that phenol-
ogy of leaf area index (LAI) can be used to improve seasonal
characterization of canopy g1 which led to improved predictions of
seasonal E. Additional work has linked stomatal traits with seasonal
climatic conditions, such as growth season temperature (Jin
et al., 2017) or photoperiod (Bauerle et al., 2012). Evidence also
suggests that moisture availability and atmospheric humidity may
partially regulate WUE seasonality, explaining up to 35% of the
global variation in g1 (Lin et al., 2015).

Despite some remaining uncertainties surrounding the season-
ality of leaf physiology, variation in photosynthetic capacity asso-
ciated with a seasonal scalar has been incorporated into a number
of common ESMs (Krinner et al., 2005; Medvigy et al., 2009;
Oleson et al., 2013) and optimality schemes (Sabot et al., 2022;
Prikaziuk et al., 2023) via a seasonal modification of the Vcmax

parameter. Debate still remains, however, regarding the correct
function used to represent this seasonal change (Medvigy
et al., 2013; Chen et al., 2021; Mengoli et al., 2022). Modifica-
tion of Vcmax affects both rates of A and gsw and thus has the
potential to indirectly alter WUE. However, aside from models
which temporarily reduce g0, g1, or both in response to a soil
moisture stress β-factor (De Kauwe et al., 2013; Rogers
et al., 2017; Li et al., 2022), no ESMs, to our knowledge, directly
alter WUE through a modification of stomatal parameters asso-
ciated with leaf ontogeny or environmental conditions.

In this study, we measured the seasonal patterns of a suite of
foliar parameters related to WUE (g1 and g0) and photosynthetic
capacity scaled from measurement temperature to 25°C (Vcmax.25,
and Rdark.25) in four tree species groups (Table 1) that are common
to the Northeastern United States and have high economic and
ecological value. We collected data on foliar physiology and leaf
traits every 3 wk for the full 2021 growth season and used these
data in a canopy-scale gas exchange model like the one used in an
ESM. We address four key research questions: (1) What are the
seasonal patterns in foliar WUE and photosynthetic parameters?
(2) What are the biotic and abiotic controls of foliar physiological
trait development, and how do they relate to the anatomical, struc-
tural, and hydraulic changes associated with leaf ontogeny?

Table 1 Average species-group-specific values for photosynthetic and conductance parameters used in fixed model simulations of canopy E and NPP, and
approximate date of leaf out and leaf coloration.

Group Species
Sample
size

Vcmax.25

(μmol m�2 s�1)
Rdark.25

(μmol m�2 s�1) g1 (kPa
0.5) g0 (mol m�2 s�1)

Leaf out
(DOY)

Leaf
coloration
(DOY)

Birch Betula alleghaniensis

Britt.
69 35.92A (1.9) 1.06A (0.05) 2.47A (0.13) 0.033A (0.0046) 131 257

Maple Acer rubrum L.
Acer saccharum
Marshall

68 32.91A (1.59) 0.96A (0.05) 1.45B (0.08) 0.011B (0.0017) 126 263

White
oak

Quercus alba L.
Quercus montana

Willd.

66 28.09A (2.42) 1.34B (0.07) 0.91C (0.12) 0.012B (0.0026) 139 286

Red oak Quercus rubra L. 69 39.74A (2.41) 1.34B (0.08) 1.95A (0.14) 0.013B (0.0029) 124 273

Each sample represents an independent leaf-level estimate. Values in parentheses are the SE of the species-group mean estimate. Superscript letters indi-
cate significant (P< 0.05) pairwise differences between parameter estimates obtained from post hoc Tukey tests.
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(3) Does ontogeny modify the assumed linear relationships
between photosynthetic parameters and leaf traits, and can these
linear relationships be extended to stomatal parameters as well? (4)
How does a model parameterization which explicitly considers sea-
sonal dynamics of WUE and photosynthetic capacity impact the
modeling of transpiration (E) and canopy carbon assimilation (A)
compared with a model parameterization which holds WUE and
photosynthetic capacity constant at the seasonal mean value?

Materials and Methods

Study site and species

All data were collected at the Black Rock Forest (BRF), a 1550 ha
protected, secondary growth forest located in the Hudson Highlands
Region of New York (Fig. 1a). The site has a humid, subtropical cli-
mate, receiving an average of 1.2m of precipitation per growth sea-
son, and with a mean growth season temperature of 23.4°C
(Turnbull et al., 2001; Schuster et al., 2008; Fig. 2). We collected
data from three sites within the forest, each with similar soil and spe-
cies composition (Fig. 1a). The forest is dominated by deciduous
species, with a composition of c. 67% oaks, c. 31% nonoak decid-
uous hardwoods, and c. 2% conifers (Schuster et al., 2008; Falxa-
Raymond et al., 2012), with a mean LAI of 4.59� 0.12m2m�2,
measured in July using an LAI-2200 (Li-Cor Inc., Lincoln, NE,
USA). Roughly every 3 wk between 17 May and 15 October 2021,
we collected data on six deciduous hardwood species, which we
aggregated into four groups (hereafter ‘groups’) based on functional
type (see Table 1 for details). During each sample collection, we tar-
geted the most fully expanded and physiologically mature leaf on
each sampled branch with the aim of measuring the same cohort of
leaves over the course of a growing season.

Branches were collected via shotgun sampling (Serbin
et al., 2014; Burnett et al., 2021), using a 12-gauge shotgun and
steel bird shot (Fig. 1b). All branch sampling occurred between
nautical twilight and sunrise. Once branches fell, they were
immediately recut under water to prevent cavitation or embolism
of the xylem. After an initial 20 cm cut was made, multiple smal-
ler cuts (5–15 cm) were made to progressively ease xylem tension
(Sperry, 2013). After processing, all branch segments measured
between 100 and 200 cm.

Gas exchange

Gas exchange measurements were conducted in the laboratory using
three LI-6800 and two LI-6400XT portable photosynthesis systems
(Li-Cor Inc.). For all measurements, the color spectrum of the irra-
diance was the same (90% red, 10% blue). We conducted stomatal
response curves to estimate stomatal and photosynthetic parameters
(Ball et al., 1987; Leakey et al., 2006; Davidson et al., 2022). With
this method, irradiance is adjusted to propagate changes in A, while
maintaining a constant level of sample CO2 concentration (CO2S)
and VPDleaf within each response curve (Fig. 1c). Using previously
published data on the response of A to irradiance for our study spe-
cies (Dreyer et al., 2001), we estimated the full range of irradiance,
ranging from light-saturated photosynthesis (Asat), to respiratory

CO2 release in the dark (Rdark). All measurements were made at a
leaf temperature of 24–27°C and with VPDleaf between 0.8 and
1.4 kPa. On average, Tleaf was 26.25°C and VPDleaf was 1.07 kPa.
Data were automatically logged every 10 s for the duration of mea-
surements. After a 1-h acclimation and stabilization period at the
first irradiance level, light was reduced to the next lowest irradiance
level, and leaves were allowed to acclimate to this new
irradiance level for a minimum of 20min until rates of A and gsw
reached a steady state. This process was repeated until measurements
at all 11 irradiance levels had been completed. For each irradiance
level, an average of the 5 log points before a change in irradiance
represented each measurement point.

After gas exchange measurements were taken, we used a cork
borer to obtain leaf disks of a known area and measured leaf disk
fresh mass. These disks were then dried to a constant mass in a
60°C oven and weighed to obtain dry mass. We then estimated
LMA (dry mass/leaf area) and leaf dry matter content (LDMC;
dry mass/fresh mass). Finally, a subset of the dried leaf samples
were ground, and elemental nitrogen and carbon was quantified
using a 2400 Series II CHN analyzer (PerkinElmer, Waltham,
MA, USA) to estimate nitrogen as expressed on an area and mass
basis (Narea, Nmass).

Leaf hydraulics

In addition to gas exchange, we measured a suite of leaf-level
hydraulic properties on all collected branches to determine how
changes in leaf hydraulics related to other physiological changes
associated with leaf ontogeny. Once each branch was collected, a
leaf was immediately removed at the base of the petiole and
sealed in an airtight, humid, cool, dark box for transport to the
laboratory. Leaf water potential (Ψleaf) was measured with a
Scholander-type pressure chamber (Scholander et al., 1964). This
measurement of predawn Ψleaf served as a quantitative assessment
of branch hydraulic stress and enabled prescreening of branches
before other measurements (Rodriguez-Dominguez et al., 2022).

We also performed pressure–volume (PV) curves on one leaf
from each branch following the method of Bartlett et al. (2012).
Branches were rehydrated for a period of 1.5 h before analysis.
Using a razor, leaf samples were removed from the rehydrated
branches and Ψleaf and sample mass were recorded. Samples were
then allowed to dry for 10 h, with Ψleaf and sample mass recorded
8–12 times during this period. After this, samples were dried to
constant mass in a 60°C oven, and a dry mass value was recorded.
We assessed the relationship between the water potential and
relative water content using the R package PVLDCURVE (v.1.2.6;
Raesch, 2020) to determine the turgor loss point (ΨTLP), relative
water deficit at the turgor loss point (RWDTLP, %), and the bulk
elastic modulus (ε).

Stomatal anatomy

Using a thin layer of clear coat nail varnish, we obtained impres-
sions of the abaxial side of two leaves per branch sample. Images
of these impressions were captured using a stage microscope with
a digital camera attachment (Nikon ECLIPSE Ci/Ni, Tokyo,
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Japan) at ×400 magnification. Using these images, we estimated
stomatal density (number of stomata per mm2) and stomatal area
(length × width of the guard cells), averaging these measurements
by group for each month.

Estimation of gas exchange parameters

The stomatal parameters g1 and g0 were estimated using the uni-
fied stomatal optimization model (USO, Medlyn et al., 2011,
Eqn 1).

g s ¼ g 0 þ 1:6 1þ g 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VPDleaf

p
� �

A

C s
Eqn 1

where g0 represents the expected gsw when An = 0, Cs and VPDleaf

are the leaf surface CO2 concentration and vapor pressure deficit,
respectively, and g1 is a slope parameter inversely proportional to
WUE (∂E/∂A).

We estimated Vcmax for each leaf using the ‘one-point method’
(De Kauwe et al., 2016, Eqn 2), where we allowed time for full

Fig. 1 Schematic representation of sampling method and estimation of stomatal response parameters. (a) Geographic location of Black Rock Forest
(41.45°N, 74.01°W, 110–450m above sea level), and distribution of study trees at the site; (b) using a 12-gauge shotgun to sample upper canopy vegeta-
tion; (c) raw data from the response of stomatal conductance (gsw) to decreasing irradiance, with black points representing individual observations of gsw,
red points representing the final extracted rates of gsw, and horizontal gray bars representing irradiance levels (1500, 900, 700, 450, 250, 175, 90, 40, 20,
and 0 μmol m�2 s�1); (d) regression fit of the gsw values extracted from the curve in (c) vs the leaf-level environmental conditions at the time of measure-
ment. Cs and D are the leaf surface CO2 concentration and vapor pressure deficit, respectively, and A is the net photosynthetic rate.
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Fig. 2 Meteorological conditions at Black
Rock Forest for the 2021 growth season.
Data in (a–d) are an average from two
meteorological stations within the forest,
each recording hourly average
measurements, while data in (e) come from
the ERA5-Land reanalysis dataset (Muñoz
Sabater, 2019). Daytime is defined as the
interval from local sunrise to sunset. During
the period of study, mean daily temperature
was 19.7°C and total precipitation was 1.1 m
(a) mean daytime irradiance
(photosynthetically active radiation) and day
length, (b) mean daytime air temperature, (c)
mean daytime vapor pressure deficit (VPD),
(d) total daily (24-h) and cumulative seasonal
rainfall, and (e) mean daily (24-h) volumetric
soil moisture content. For all plots, individual
points are single-day observations, and gray
bars are monthly average with error bars
representing �2 SE of the mean. Asterisks in
(d) are abnormal rainfall events (not plotted),
22 August (125mm) and 1 September
(222mm).
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acclimation to the light environment. This approach has shown
comparable results to traditional ACi curves in other eastern
deciduous species (Burnett et al., 2019):

Vcmax ¼ Asat

C i�Γ�
C iþKm

�0:015
� � Eqn 2

where Km is the Michaelis–Menten constant (404.9 μmol mol�1;
Supporting Information Table S1; Bernacchi et al., 2001), Γ* is
the CO2 compensation point in the absence of mitochondrial
respiration (42.75 μmol mol�1; Table S1; Bernacchi
et al., 2001), and Ci is the intercellular CO2 concentration.

We used the initial acclimated, steady-state, light-saturated
point of each stomatal response curve for our measurement of
Asat and its corresponding Ci. To scale Vcmax at measurement
temperature to Vcmax at 25°C (Vcmax.25), we used a modified
Arrhenius equation (Leuning, 2002, Eqn 3) with kinetic con-
stants specific to each group (Table S1; Dreyer et al., 2001):

Vcmax:25 ¼ V cmax:T

C � exp H a

RT 25

� �
� 1�T 25

T leaf

� �h i
� 1þ exp

SVT leaf�H dð Þ
RT leaf

h i
Eqn 3

where Vcmax.25 is the value of Vcmax at the reference temperature
(T25= 298.15 K), Vcmax.T is the value of Vcmax at the leaf tem-
perature (Tleaf in K), Ha, Hd, and Sv are the activation and deacti-
vation energies of the enzyme Rubisco and an entropy term
(J mol�1; J mol�1; J mol�1 K�1), R is the ideal gas constant
(R= 8.314 J mol�1 K�1), and C is a combined term equivalent
to 1+ exp[(SvT25�Hd)/(RT25)].

Finally, Rdark was calculated from dark-adapted measurements
of A (the final stomatal response curve point) and was scaled to
25°C (Rdark.25) using an inverse Arrhenius equation (Eqn 4; Ber-
nacchi et al., 2001; Von Caemmerer, 2013):

Rdark:25 ¼ Rdark

exp H a

R�T 25ð Þ � H a

R�T leafð Þ
� � Eqn 4

where Ha is the group-specific activation energy of mitochondrial
respiration (Table S1; J mol�1).

Canopy assimilation and transpiration simulations

To assess how seasonality in photosynthetic and stomatal para-
meters may impact simulated rates of canopy E and A, we used
the function ‘f.GPPT’ included in the R package LEAFGASEX-

CHANGE (v.1.0.1; Lamour & Serbin, 2021) which combines a
coupled leaf-scale steady-state assimilation (Farquhar
et al., 1980), conductance (Medlyn et al., 2011), and energy bal-
ance model (Muir, 2019). The scaling of gas exchange from the
leaf to the canopy is made using the Norman (1979) radiation
model as implemented by Bonan (2019) to partition incoming
radiation into direct and diffuse streams for each of 10 canopy
layers. The gas exchange of the sun and shade leaves is then

aggregated for each layer to calculate the canopy-scale A and E.
Details regarding model parameters and equations used can be
found in Lamour et al. (2023).

We ran the model at 1-h time increments from 15 May to 15
October 2021, using local meteorological data (Fig. 2). For all
simulations, we modeled the canopy as being made up of 10
layers (Béland & Baldocchi, 2021), having a nonuniform, top-
weighted distribution of LAI between layers (Bonan, 2015). LAI
for each layer was scaled from the measured peak-season average
(4.59 m2 m�2).

We ran two different versions of the model, one in which
values of Vcmax.25, Rdark.25, g0, and g1 were consistent across the
season, corresponding to the group average values (hereafter fixed
model; Table 1), and a second model where values of Vcmax.25,
Rdark.25, g0, and g1 were both month- and group-specific (here-
after variable model; Table S2). Other photosynthetic constants
used in the model of photosynthesis (Farquhar et al., 1980) can
be found in Table S1. We investigated modeled results at a
monthly interval and across the full season to compare the effect
that model choice had on the estimation of E and NPP.

Stomatal limitation of assimilation

To estimate stomatal limitation on canopy assimilation, we reran
the variable model, removing the effect of stomata by setting g1
to infinity. This means that gsw is unbounded from A, so for all
rates of A, Ci is not a limiting factor. The resulting assimilation
Ainfiniteg s

� �
can be compared with the variable model estimate for

assimilation (Aobserved) to calculate stomatal limitation on net
photosynthesis (I; Eqn 5; Farquhar & Sharkey, 1982; Long &
Bernacchi, 2003; Slot & Winter, 2017).

I ¼ 1� Aobserved

Ainfiniteg s

Eqn 5

Here, a value of I = 0 represents no stomatal limitation on A
(where Ci= Ca) while a value of I = 1 represents complete stoma-
tal limitation on A.

Statistical analysis

To compare how estimates of Vcmax.25, Rdark.25, g0, and g1 varied
across successive months, we used mixed effects models con-
structed and analyzed in the R package NLME (v.3.1; Pinheiro
et al., 2020). In total, we had 2681 observations of A and gsw, col-
lected from 240 individual leaves. For Vcmax.25, and Rdark.25, sam-
pling site acted as the random effect, while for g0, and g1, which
are both estimated from multiple nonindependent observations
per leaf, both individual leaf and sampling site served as the ran-
dom effect. For all data, we considered the species group and
month of observation as fixed effects. We plotted the residual
error relative to the group mean as a means of verifying that the
two species in the maple and white oak groups were physiologi-
cally similar (Fig. S1).

We next used linear models to assess the assumed relationships
between leaf-level traits (Narea, LMA, LDMC, stomatal density,
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RWDTLP) and the leaf-level physiological parameters Vcmax.25,
Rdark.25, g0, and g1. We also investigated whether linear relation-
ships existed between different combinations of physiological
parameters (e.g. a relationship between g1 and Vcmax.25). We next
used Spearman’s rank correlation tests to investigate the relation-
ships between monthly average meteorological variables and phy-
siological parameters. To account for the increased probability of
Type I error associated with multiple comparisons of the same
parameter (12 comparisons per parameter), we applied a Bonfer-
roni correction to adjust the α required to establish significance
from the nominal value of 0.05–0.004 for both the linear models
and the correlation tests. All analysis was performed using the R
OPEN-SOURCE software environment (v.3.6.2, R Core
Team, 2013).

Results

Seasonal patterns of leaf physiological parameters

We observed significant seasonal and group effects for all four
parameters (Tables 1, S2). For most groups, Vcmax.25 exhibited a
significant (P< 0.05) midseason peak rising to the highest rate in
July before declining later in the season (Fig. 3a). The one excep-
tion to this pattern was maple, which displayed rates of Vcmax.25

that remained fairly constant through the season with no signifi-
cant differences among months.

Rdark.25 showed a contrasting seasonal pattern to that of
Vcmax.25 with high values at the beginning of the season and
reaching a midseason minimum in either July (white oak) or
August, before recovering to approximately half of the early sea-
son values by October (Fig. 3b). All four groups showed signifi-
cant (P< 0.001) overall variation, with a significant decrease in
estimated rates of Rdark.25 between May and the midsummer
minimum in all four groups. The proportion of Rdark.25 to
Vcmax.25 also varied considerably across the season, with the ratio
reaching its maximum in either August or September for all
groups (Fig. S2g).

Similar to Rdark.25, g0 values for all four groups began the sea-
son at a peak before declining between June and September
(Fig. 3d). This decline was significant (P< 0.05) for all four
groups; however, birch remained variable between 0.88 and
1.88 μmol m�2 s�1. For maple, there was a significant (P< 0.05)
recovery of g0 between August and October, as rates returned to
c. 60% of their May values.

The g1 for oak and maple increased significantly (P< 0.001)
from an early season low to a peak in October (Fig. 3c). This pat-
tern was most pronounced in red oak, which experienced a near
tripling of g1 (1.19–3.32 kPa0.5) between June and October.
Birch g1 increased significantly (P< 0.05) between May and
June; however, unlike the other groups, the g1 value remained
relatively constant for the remainder of the season.

Overall, when leaf gas exchange parameters were averaged over
the full growing season, there was significant (P< 0.001) varia-
tion among groups for some traits (Table 1). Vcmax.25 was rela-
tively consistent between groups, except for red oak which had a
nonstatistically significant 40% higher rate. Birch and maple

both exhibited significantly lower leaf respiration than the oaks.
For the g1 parameter, the species groups clustered into three
groupings, with white oak and maple having significantly lower
g1 (higher WUE) than birch and red oak. Finally, birch differed
from the other three groups, with a rate of g0 nearly three times
higher than the other groups.

In general, among-leaf variation for each given group was fairly
consistent across successive months (Fig. 3). For the oak groups,
Vcmax.25 varied the most among months, with a peak in July
(Fig. 3a), while white oak displayed significant among-leaf varia-
tion in Rdark.25 in May and June (Fig. 3b). Among-leaf variation
in g1 and g0 was comparable across all 6 months of study; how-
ever, birch exhibited substantially more leaf-to-leaf variation in g0
than the other three groups (Fig. 3d).

Trait–trait and trait–environment relationships

Next, we examined the linear relationships between a suite of
functional, structural, anatomical, and hydraulic leaf traits,
which are assumed to explain some of the variation observed
in the physiological parameters (Vcmax.25, Rdark.25, g1, and g0).
We found a significant, yet weak (R2= 0.23) positive rela-
tionship between Narea and Vcmax.25 (Fig. 4a) and a slightly
weaker (R2= 0.18) negative relationship between LMA and
Vcmax.25 (Fig. 4c). The observed month-to-month variation in
Rdark.25 was best explained by stomatal density (R2= 0.45;
Fig. 4b) and LDMC (R2= 0.44; Fig. 4d); however, these
relationships are primarily influenced by early season measure-
ments on immature leaves when Rdark.25 was at its seasonal
maximum. Neither the variation in Vcmax.25 nor Rdark.25 could
be statistically explained by any of the hydraulic parameters
tested.

Variation in stomatal parameters was less well explained by
variation in traits with the only significant (P< 0.004) relation-
ship observed between g0 and the relative water deficit at turgor
loss point (R2= 0.71, Fig. 5a). However, we found that variation
in both Rdark.25 (R2= 0.60, Fig. 5d) and Vcmax.25 (R2= 0.85,
Fig. 5b) explained some of the variation in g1. In addition, g0 was
also linearly related to Rdark.25 (R

2= 0.67, Fig. 5c). Seasonal var-
iation in g0 and g1 could not be explained by ΨTLP or ε derived
from PV curves.

Finally, we analyzed the relationships between the physiologi-
cal parameters and five ambient environmental variables averaged
by month: mean daytime (sunrise to sunset) irradiance, mean
daytime temperature, mean daytime VPD, mean total 24-h pre-
cipitation, and mean 24-h soil moisture content (SMC; Fig. 6).
Mean daytime temperature best explained variability in para-
meter estimates, with a positive relationship with Vcmax.25

(ρ= 0.45; Fig. 6e) and negative relationship with Rdark.25
(ρ=�0.57; Fig. 6f) and g0 (ρ=�0.65; Fig. 6h). Mean daily
irradiance also helped explain monthly variability in Rdark.25
(ρ= 0.50; Fig. 6b) and had a negative relationship with g0
(ρ=�0.49; Fig. 6c). VPD, precipitation, and SMC were not sig-
nificantly correlated with any of the four physiological parameters
(Fig. 6i–t); however, there was a general positive relationship
between SMC, g0, and Rdark.25.
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Model results

Our simulation of canopy E using a variable model parameteriza-
tion (Fig. 7) resulted in a 63.4% higher rate of E in May com-
pared with the fixed model, owing to the comparably poorer
stomatal control of early season leaves (higher g0 and lower g1;
Fig. 3c,d), compared with the full season average values of g0 and
g1. Conversely, toward the middle and end of the growing season
(August–September), rates of canopy E were 46.7% and 34%
higher, respectively, for the model, which used fixed photosyn-
thetic and stomatal parameters. Much of this variation is driven
by the variable model having rates of Vcmax.25 that declined sig-
nificantly and rates of Rdark.25 that increased significantly after the
midseason growth peak in July (Figs 3a,b, S2g), while for the
fixed model, Vcmax.25 and Rdark.25 were constant over the entire
simulation period.

In our simulation of canopy A, we observed a similar effect to
that of E, with the variable model predicting 53.7% lower mean

canopy A in May (Fig. 8). This reduced rate of A in the variable
model is the result of the significantly lower than average rate
of Vcmax.25 and higher than average rate of Rdark.25 in May
(Fig. 3a,b). The shape of the seasonal response was also different
between the two models, with the variable model capturing a
midseason peak in net assimilation while the fixed model pre-
dicted a progressive decline in net assimilation from the first 2
months to the end of the growth season (Fig. 8). Interestingly,
this decline in the fixed model appeared to be driven solely by
climatic factors such as ambient temperature and irradiance level,
rather than a biotic or physiological process (Fig. 2).

When the two models are compared over the full 2021 growth
season, accounting for the relative abundance of each group, it
was possible to estimate total net assimilation and transpiration
per unit ground area. The fixed parameter model estimates a
5-month total of 88.68 kg H2O released and 1.67 kg CO2

assimilated per meter of ground. The variable parameter model
estimates a 5-month total of 103.05 kg H2O released and 1.73 kg

Fig. 3 Average monthly estimates of four important physiological parameters. (a) The maximum carboxylation capacity of Rubisco normalized to 25°C
(Vcmax.25), (b) dark respiration rate normalized to 25°C (Rdark.25), (c) the stomatal slope parameter (g1), and (d) stomatal intercept parameter (g0) of the
unified stomatal optimization model (Medlyn et al., 2011) measured throughout the growth season in four tree groups in the Black Rock Forest. Data
shown are mean� 2 SE (n= 9–12).
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CO2 assimilated per meter of ground, values that are 16% and
3% higher, respectively, than the fixed model.

Finally, we can examine the degree to which gsw limits A dur-
ing model simulations (Table 2). A was most limited by gsw in
red oak (46.3% of observations), followed by maple (37.7%),
white oak (25.4%), and birch (19.6%), and was most limited in
July (56.6%) and least in October (2.7%). Stomatal limitation
occurs more frequently in the afternoon than in the morning,
with the highest average I calculated between 14:00 and 15:00 h
(Fig. S3). All four groups appear to have equal diurnal distribu-
tions of I. Stomatal limitation is associated with periods of higher
irradiance, VPD, and air temperature (Fig. S4) in all four groups;
however, the strength of the association varies among groups.
When we compare seasonal assimilation between the model with

and without stomatal limitation, we find that on average, stomata
limit potential assimilation by 10–20% (Fig. 9).

Discussion

We investigated the seasonal patterns of four physiological para-
meters, essential for accurate modeling of vegetation-atmosphere
interactions and which are known or assumed to vary with leaf
phenology. We sought to explore the biotic and abiotic factors
associated with seasonal trends in physiological parameters and
consider the effects that a time-varying parametrization would
have on models of canopy E and A. Our results reveal a mid-
growth season peak in Vcmax.25 for all four groups investigated,
which coincides closely with the seasonal minimum in dark

Fig. 4 Linear relationships between the maximum carboxylation capacity of Rubisco normalized to 25°C (Vcmax.25) and dark respiration rate normalized to
25°C (Rdark.25) and foliar functional traits. Vcmax.25 vs (a) foliar elemental nitrogen per unit area, and (c) leaf mass per area, and Rdark.25 vs (b) stomatal
density and (d) leaf dry matter content. Points in (a) and (c) represent individual observations, while points in (b) and (d) are mean monthly observations
with error bars �2 SE (n= 9–12). Data for maple are excluded from (d) as the slope of the relationship was not significantly different from zero. Points to
the extreme left in (d) and extreme right in (b) come from the start and end of the growth season. The black trend line is the overall relationship, while
colored lines and shading around the lines are the species-group-specific relationships and prediction interval. All linear regressions shown are significant
(P< 0.004).
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respiration rate (Fig. 3a,b), while g1 progressively decreased over
the season in three of the four groups (Fig. 3c). Photosynthetic
parameters closely track seasonal trends in leaf structural, nutri-
tional, and anatomical characteristics (Fig. 4), while stomatal
parameters are correlated most strongly with changes in the
Vcmax.25 and the relative water deficit at the point of turgor loss
(Fig. 5). Furthermore, the lack of coordination between Vcmax.25

and maximum stomatal conductance (gswmax) as evidenced by
dynamic stomatal limitation across leaf phenology (Table 2) sug-
gests that the seasonal dynamics of WUE observed here are the
result of variable stomatal behavior, rather than a passive stomatal
response to changes in assimilation potential. Our simulations
indicate that there is a clear need for models to more explicitly
account for seasonality in both photosynthetic and stomatal

parameters for temperate broadleaf deciduous forest species
(Figs 7, 8). We show that over the full 2021 season, the model
with a time-varying parametrization results in a 16% higher
cumulative E and a 3% higher cumulative A (Fig. 9) with differ-
ences most pronounced in the shoulder seasons (e.g. spring leaf
flush), which are expected to be strongly impacted by climate
change.

Seasonal variability and ontogenetic controls of
photosynthetic capacity

The photosynthetic parameters Vcmax.25 and Rdark.25 displayed a
strong seasonality across the 2021 growth season for all four
groups studied (Fig. 3a,b). This is comparable to other studies in

Fig. 5 Linear relationships between the stomatal intercept (g0) and slope parameter (g1) from the unified stomatal optimization model (Medlyn
et al., 2011) and foliar photosynthetic and hydraulic traits. g0 vs (a) relative water deficit at the point of turgor loss, and (c) dark respiration rate normalized
to 25°C (Rdark.25), and g1 vs (b) the maximum carboxylation capacity of Rubisco normalized to 25°C (Vcmax.25) and (d) Rdark.25. Points are mean monthly
observations with error bars �2 SE (n= 9–12 see Supporting Information Table S2 for further details). The black trend line is the overall relationship, while
colored lines and shading around the line are the species-group-specific relationships and prediction interval. All linear regressions shown are significant
(P< 0.004).
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eastern deciduous forests (Wehr et al., 2016; Yang et al., 2020),
where Vcmax.25 followed a peaked response, with a peak slightly
after the summer solstice (Figs 2a, 3a) at the period of full leaf
expansion. While the seasonal maximum in Vcmax.25 did not cor-
respond with the maximum day length or maximum daily irradi-
ance (Fig. 2a) as has been demonstrated previously (Wilson

et al., 2000a, 2001; Grassi et al., 2005; Bauerle et al., 2012), it
did correspond to the period of highest daytime air temperature
and VPD (Fig. 2b,c). This is a similar seasonal pattern observed
in previous studies of temperate ecosystems (Medvigy
et al., 2013; Luo et al., 2021) in which daytime air temperature
was the strongest determinant of ecosystem productivity and

Fig. 6 Relationships between monthly mean meteorological conditions (daytime PAR (a–d), daytime air temperature (e–h), daytime VPD (i–l), total 24-h
total precipitation (m–p), and 24-h soil moisture content (q–t)) and monthly mean physiological traits (the maximum carboxylation capacity of Rubisco nor-
malized to 25°C (Vcmax.25), the dark respiration rate normalized to 25°C (Rdark.25), the stomatal slope parameter (g1), and the stomatal intercept parameter
(g0) of the unified stomatal optimization model) by species group. Points represent monthly average estimates with error bars �2 SE. The black trend line is
the overall relationship, while colored lines are species-group-specific relationships. Values for the Spearman’s rank correlation coefficient (ρ) in each panel
represent the overall correlation (ns, not significant; P< 0.004).
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photosynthetic capacity. Consistent precipitation and SMC over
the growth season (Fig. 2d,e) may also contribute to the lack of a
seasonal decline in Vcmax.25 as has been observed in studies of
drought-prone ecosystems (Bauerle et al., 2012; Zhou
et al., 2014; Gourlez de la Motte et al., 2020; Granda
et al., 2020). Of the five meteorological variables investigated
here, mean daytime air temperature best explained seasonal pro-
gression of Vcmax.25 and Rdark.25 (Fig. 6e,f). This tight coupling
between Vcmax.25 and Rdark.25 is expected given that the enzyme
Rubisco constitutes a considerable proportion of total foliar pro-
tein (Amthor, 2000; Atkin et al., 2000; Cannell, 2000; O’Leary
et al., 2019), and recently both Vcmax.25 and Rdark.25 were shown
to acclimate in unison to changes in growth temperature (Wang
et al., 2020). However, here we observed a ratio of Rdark.25 to
Vcmax.25 which is seasonally dynamic (Fig. S2g), calling into ques-
tion the long-held model assumption that Rdark.25 should be
c. 1.5% of Vcmax.25 (Collatz et al., 1991).

In addition to abiotic conditions, several biotic traits also
showed a significant correlation with photosynthetic capacity.
This included a linear relationship between both Narea and LMA
and Vcmax.25 (Fig. 3a,c). Like Vcmax.25, Narea peaked in the middle
of the summer (Fig. S2d), which is unsurprising given the often
observed linear relationship between foliar nitrogen content and
Vcmax.25 (Ellsworth & Reich, 1993; Misson et al., 2006;
Rogers, 2014; Evans & Clarke, 2019). LMA increased rapidly
from May to June and continued to increase to a maximum value
at the end of the season, just before senescence (Fig. S2a), in
agreement with previous literature suggesting a strong positive
relationship between seasonal phenology and LMA (Grassi
et al., 2005; Wright et al., 2006; Hikosaka et al., 2007), and also
observed in similar deciduous forests located in the northeastern
United States (Yang et al., 2016). This linear relationship
between Vcmax.25, Narea, and LMA suggests that not only are these
relationships robust across leaf ontogeny but also that nitrogen

Fig. 7 Model estimates for total monthly canopy transpiration using two different model parametrizations. (a) Birch, (b) maple, (c) red oak, and (d) white
oak. In the fixed model, values for the four key physiological parameters (the maximum carboxylation capacity of Rubisco normalized to 25°C (Vcmax.25),
the dark respiration rate normalized to 25°C (Rdark.25), the stomatal slope parameter (g1), and the stomatal intercept parameter (g0) of the unified stomatal
optimization model) are the same between months. In the variable model, physiological parameters are month specific. Error bars are �2 SE of the mean
monthly estimate (n= 30–31).
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use efficiency is constant across the growth season (Wilson
et al., 2001).

We also observed a positive linear relationship between stoma-
tal density and Rdark.25 (Fig. 4b), with both traits reaching seaso-
nal minimums in midsummer, after full leaf expansion.
Interestingly however, we found no significant relationship
between stomatal density and g1, g0, or gswmax, all three of which
have been extensively documented in previous among-species stu-
dies of natural vegetation and cultivated crops (Franks
et al., 2009; Franks & Beerling, 2009; Bertolino et al., 2019;
Machado et al., 2021). The lack of a within-species link between
stomatal density and stomatal parameters, along with the rela-
tionship between stomatal density and Rdark.25, suggests that these
changes, while both associated with leaf ontogeny, themselves
may not be causally linked. Finally, we observed a negative rela-
tionship between Rdark.25 and LDMC (Fig. 4d), a relationship

widely reported in studies of the global leaf economic spectrum
(LES; Wright et al., 2004; Reich, 2014).

Seasonal variability and ontogenetic controls of stomatal
behavior

In this study, we found that I, which is associated with higher air
temperatures and VPD (Fig. S3i–l), is highest in the middle of
the season, declining as leaves senesce (Table 2). Likewise, we
observed a seasonal decline in foliar WUE (increasing g1, Fig. 3c)
in three of four groups. Several previous studies of other decid-
uous species (e.g. Wilson et al., 2000b; Xu & Baldocchi, 2003;
Grassi & Magnani, 2005) have observed contrasting trends, such
as increasing I and decreasing or stable WUE throughout the sea-
son. However, the three above studies occurred in warm climates,
with a pronounced seasonal drought effect, and in one case (Xu

Fig. 8 Model estimates for total monthly canopy net carbon assimilation using two different model parametrizations. (a) birch, (b) maple, (c) red oak, and
(d) white oak. In the fixed model, values for the four key physiological parameters (the maximum carboxylation capacity of Rubisco normalized to 25°C
(Vcmax.25), the dark respiration rate normalized to 25°C (Rdark.25), the stomatal slope parameter (g1), and the stomatal intercept parameter (g0) of the
unified stomatal optimization model) are the same between months. In the variable model, physiological parameters are month specific. Error bars are �2
SE of the mean monthly estimate (n= 30–31).

New Phytologist (2023) 240: 138–156
www.newphytologist.com

� 2023 The Authors.

New Phytologist� 2023 New Phytologist Foundation

This article has been contributed to by U.S. Government employees and their work is in the public domain in the USA.

Research

New
Phytologist150

 14698137, 2023, 1, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.19137 by B

rookhaven N
ational L

ab, W
iley O

nline L
ibrary on [02/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



& Baldocchi, 2003) focused on a drought-adapted species, a
strong contrast with the seasonally cold and wet conditions pre-
sent at BRF (Fig. 2). The presence of a seasonal decline in WUE
is not without some established support. In similar forests to

BRF, both Sang et al. (2011) and Burnett et al. (2021) observed a
seasonal decline in WUE, with an early season maximum and late
season minimum. The seasonal shifts in WUE observed here may
be driven by ontogenetic processes, such as a seasonal shift from
conservative stomatal behavior to protect new vegetation
(Gimeno et al., 2019) toward more profligate behavior to maxi-
mize carbon assimilation before leaf senescence (Brodribb &
Holbrook, 2003; Sanchez et al., 2013; Burnett et al., 2021).

Previous studies (De Kauwe et al., 2015; Duursma et al., 2019)
have called into question the biophysical interpretation of the g0
parameter, suggesting that depending upon the method used to
derive it, it may represent error in fitting rather than an actual biolo-
gical trait. However, in this study we measure the full response of
stomatal conductance to changes in irradiance above and below the
light compensation point (Fig. 1d), which enables us to observe
actual daytime rates of gsw at and around g0. While g0 is not pre-
dicted by optimality theory (Cowan & Fraquhar, 1977), g0 none-
theless represents a true biophysical parameter with a mechanism
similar to minimum conductance, the lower bound of the possible
range of gsw (Duursma et al., 2019). The g0 measured in this study
can be interpreted as a mechanistic parameter representing water
loss both from the cuticular pathway (Márquez et al., 2021, 2022)
and from incomplete stomatal closure (Machado et al., 2021) when
An is zero. Thus, seasonal changes in g0 reflect seasonal changes in
the rate of water loss from the leaf during conditions when photo-
synthesis is no longer leading to net carbon gain.

Leaf ontogenetic changes may influence the patterns of g0 we
observed, which have been observed in other studies of oak spe-
cies (Granda et al., 2020). During the first measurement period,
all four groups had a markedly higher g0 (up to 8×) than their
respective midseason average. Recent evidence from a study of
red oaks suggests that the majority of this early season foliar water
loss comes from cuticular leakage in immature leaves, rather than
lack of stomatal control (Kane et al., 2020). The small uptick in
g0 observed in October may be the result of the onset of leaf
senescence, which has long been associated with a decrease in sto-
matal control (Gee & Federer, 1972; Wardle & Short, 1983).

The seasonal patterns of g1 and g0 observed in this study may
be partially explained by the seasonal progression of climate fac-
tors (Fig. 2). In all four groups, g1 declined linearly as a function
of mean daytime irradiance (Fig. 6c), while g0 declined with
increasing mean daytime air temperature (Fig. 6h). Interestingly,
monthly trends of VPD and precipitation were not significantly
correlated with either g1 or g0, while monthly SMC showed a
weak, yet nonsignificant, positive association with g0 (Fig. 6t).
This latter finding, however, may have more to do with the mesic
conditions at the start and end of the growing season when g0
was higher. The overall trends in g0 and g1 we observed run in
contrast to predictions of hydraulic theory (Martı́nez-Vilalta &
Garcia-Forner, 2017; Anderegg, 2018), which suggests that peri-
ods of drought and high VPD, especially toward leaf senescence
(Pantin et al., 2012) should reduce Ψleaf, and thus reduce g1 and
g0. However, during the study VPD, precipitation, and SMC
remained relatively consistent across the season (i.e. no major
periods of drought) and do not appear to have an impact on pre-
dawn Ψleaf (Fig. S5b). We did observe a positive relationship

Table 2 Estimates of monthly mean stomatal limitation on photosynthesis
(I) and the proportions of observations (1-h model timestep) where limita-
tion occurs.

Group Month Mean value of I
Proportion of
observations I> 0 (%)

Birch May 0.221 7.2
June 0.231 32.0
July 0.086 24.1
August 0.142 31.9
September 0.087 10.3
October – 0.0

Maple May 0.208 20.5
June 0.374 61.3
July 0.240 58.7
August 0.306 52.1
September 0.177 15.0
October 0.168 3.3

White oak May 0.418 3.9
June 0.221 39.8
July 0.103 62.1
August 0.201 22.9
September 0.268 0.7
October – 0.0

Red oak May 0.177 23.9
June 0.276 63.0
July 0.163 83.2
August 0.191 65.8
September 0.174 19.7
October 0.128 6.6

Fig. 9 Total canopy net assimilation per unit ground area, for four of the
most common species groups present at Black Rock Forest. Bars in blue
represent a model run when g1 was set to infinity, removing stomatal
limitation on potential assimilation. Bars in red represent the standard
variable model run. Error bars are �2 SE of the mean.
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between g0 and the relative water deficit at the turgor loss point
(RWDTLP, Fig. 5a), suggesting a potential water stress mitigation
strategy, as leaves which lose more water at or below net-zero
assimilation require more relative water loss before losing turgid-
ity. Seasonal patterns of RWDTLP follow the same pattern as pre-
dawn Ψleaf (Fig. S5), reinforcing the adaptive role stomata play in
buffering against the risk of hydraulic damage (Bartlett
et al., 2016).

Monthly mean g1 and g0 also exhibited linear relationships
with photosynthetic parameters (Fig. 5b,d). Most notably, g1 was
positively associated with Vcmax.25, and negatively associated with
Rdark.25. It has long been assumed that a tight coordination
between rates of A and gsw results in a fixed ratio of Ci : Ca, even
as photosynthetic capacity changes (Wong et al., 1979, 1985;
McDowell et al., 2006), as although Vcmax.25 may shift with leaf
phenology, the rate of gsw will change in proportion to supply
and maintain a stable level of intercellular CO2 (Long &
Hällgren, 1993). These changes also have the effect of reducing
the potential for gsw to limit A (Drake et al., 2017). If present, a
coordination between Vcmax.25 and gswmax would result in stable
g1 and I across leaf phenology; however, our data, and that of a
similar study (Burnett et al., 2021), do not support such a
coordination. This suggests that the seasonal dynamics of
WUE observed here are the result of dynamic stomatal behavior,
rather than a passive stomatal response to changes in assimilation
potential.

Implications for land-surface modeling

Applying our findings of the seasonality in Vcmax.25, Rdark.25, g1,
and g0 significantly altered model output for both E and A (Figs 7,
8), consistent with other studies that considered the effect of sea-
sonality in models (Wang et al., 2004; Bauerle et al., 2012;
Medvigy et al., 2013; Burnett et al., 2021). Our model parame-
terization differs somewhat from other studies, both in how we
chose to apply seasonality and the values we used for our fixed
model. Both Bonan et al. (2011) and Burnett et al. (2021) use a
maximum or solstice value for Vcmax.25 in their model without
seasonality, which results in a seasonal model with a value of
Vcmax.25 which is always less than or equal to the nonseasonal
model. Unsurprisingly, Bonan et al. (2011) found that imple-
menting seasonality reduced NPP by c. 8%, while Burnett
et al. (2021) found a smaller, yet still significant effect of season-
ality which reduced cumulative canopy A. Medvigy et al. (2013)
applied a function scaling Vcmax.25 based on photoperiod and
found that simulating seasonality resulted in a 3% increase in
NPP, the same increase to A as we observed in this study.

Unlike previous studies, which have primarily focused on the
impact of seasonality on carbon assimilation, we were also inter-
ested in the effect that a variable g1 and g0 would have on seasonal
simulations of E. The use of variable stomatal parameters reveals
a substantial underestimation of early season E compared with
the fixed model (Fig. 7), leading to a 16% higher total seasonal
transpiration rate for the variable model than the fixed model.
We also observe that stomatal limitation on A plays a small yet
significant role in regulating seasonal assimilation, on average

reducing potential A by 10–20% (Fig. 9), reinforcing the impor-
tance of appropriate estimation of stomatal parameters in earth
system modeling (De Kauwe et al., 2015).

Based on the findings presented in this study and others (e.g.
Medvigy et al., 2013; Burnett et al., 2021), there is a clear need
for models to account for seasonality in both photosynthetic and
stomatal parameters, with emphasis given toward ensuring that
photosynthetic and stomatal parameters correctly scale with one
another. The increasing development of models which predict
physiology according to climatic optimality principles (Smith
et al., 2019; Caldararu et al., 2020; Cooley et al., 2022) provides
an opportunity for the modeling community to move away from
models, which use a seasonal mean value or fixed model para-
meters. While our study provides a semiempirical model at a sin-
gle site for a single season, we nonetheless advocate for future
studies which move toward a true mechanistic representation of
how parameters, at the intersection of leaf ontogeny and climate,
change seasonally. Accomplishing a reparameterization of models
will be a difficult task, yet one which will substantially improve
our understanding of land–atmosphere interactions across diverse
geographical regions and variable environmental conditions.
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