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Determining tree response to climate stress is critical for predicting changes

in forest carbon dynamics as well as tree mortality. In temperate deciduous

forests, describing this response is complicated by the complex diversity

of leaf and wood characteristics among co-existing species. Furthermore,

because of the inherent logistical limitations of measuring mature forest

trees, many carbon models and stress-response studies are informed by

physiological data collected from juvenile trees (seedlings or saplings).

However, the extent to which juvenile and mature trees differ in their

physiological responses to water stress is not well documented under natural

conditions. The majority of carbon sequestered in a forest is in mature trees;

therefore, direct canopy measurements comparing responses to climate

in juvenile and mature trees would allow us to more accurately predict

changes in ecosystem carbon uptake. Here, we present data describing

the physiological responses to summer water stress in juvenile trees of six

temperate deciduous species. Our results indicate that species exhibited

variation and plasticity in stress hydraulic parameters yet maintained similar

rates of carbon uptake. We demonstrate how integrative photosynthetic

parameters, such as photosynthetic capacity and quantum efficiency of

photosystem II, are beneficial for wholistically displaying physiological

responses at the leaf level. We further compared seasonal patterns of leaf

water potential during decreasing soil water availability between the juvenile

trees and co-existing mature trees of the same species. Our data reveal that

while some species remain static in their hydraulic behavior from the juvenile

to adult stage, other species are dynamic between life stages. Models, as well

as experimental studies examining tree response to stressors, should plan for
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plasticity in physiological parameters among co-existing species, and should

further allow variability between life stages for particular species. The capacity

to effectively inform models from data collected in mature trees will inevitably

lead to improved predictions of tree mortality and forest carbon trajectories.

KEYWORDS

gas exchange, canopy measurements, specific leaf area, temperate forest, tree
physiology

Introduction

Measuring the physiological mechanisms governing carbon
and water cycles in trees is critical for accurately predicting
forest carbon uptake (Bassow and Bazzaz, 1997; Hudiburg
et al., 2013). Earth system models (ESMs) currently responsible
for making these predictions rely on tree-level physiological
measurements (Kwon et al., 2018; Lu et al., 2022). Because
ESMs depend on physiological parameters (e.g., VCmax) that
are more easily collected from small trees, long-term carbon
trajectories are often informed by data collected from juvenile
(i.e., seedling or sapling) trees (Hartmann et al., 2018). However,
the extent to which tree responses differ between juvenile and
mature individuals, especially during environmental stress, is
still being resolved. Previous studies highlight the importance
of considering size- and age-related differences in physiological
responses (Kolb et al., 1997; Day et al., 2001; Steppe et al.,
2011) and have reported differences in gas exchange (Bond,
2000) and water potential among juvenile and mature conifers in
drought-prone regions (Ryan and Yoder, 1997; Kolb and Stone,
2000), and in some temperate deciduous species (Fredericksen
et al., 1996; Hölscher, 2004). However, more research is needed
that focuses on age-related differences in physiological activity
during times of environmental stress (Adams et al., 2017),
particularly in angiosperms (Steppe et al., 2011). Some species
may be static in their physiological strategies from a juvenile
to an adult stage, while others may be dynamic (Zhang et al.,
2018). Quantifying these differences in co-existing species will
help us develop dynamic parameterization in models to account
for plasticity in carbon-related physiological traits (Babst et al.,
2021), especially for species that exhibit variability in carbon
allocation strategies over the course of their lives (Klein, 2014).

Several reasons exist for why physiological strategies would
differ between age groups within a species (Steppe et al., 2011).
Larger mature trees have a greater capacity for carbon storage,
which allows for a greater ability to buffer stress. Carbon
accumulation increases as trees age due to increasing tree size
and leaf area (Stephenson et al., 2014), allowing mature trees to
preferentially allocate carbon to storage over growth (Smith and
Stitt, 2007; Genet et al., 2009; Hartmann and Trumbore, 2016).
The majority of carbon in trees is structural and not available

for reallocation; however, stored carbon (quantified as non-
structural carbohydrates: NSCs) can be moved to aid in drought
tolerance (Piper, 2011; Yoshimura et al., 2016; Tomasella et al.,
2020) and potentially contribute to xylem embolism reversal
(Zwieniecki and Holbrook, 2009; Savi et al., 2016; Trifilò et al.,
2019). Therefore, during times of stress, mature trees with
sufficient reservoirs of stored carbon can conserve water at the
expense of gaining new carbon. However, juvenile trees have
different characteristics (e.g., less sapwood and leaf area) than
larger, mature trees (Ryan and Yoder, 1997; Wright et al., 2004;
Steppe et al., 2011), reducing their capacity to allocate carbon to
storage. In young trees, most carbon is allocated to metabolism
and growth, potentially limiting physiological responses during
environmental stress. Rapid growth through the understory is
necessary during early development making carbon acquisition
a major priority for juvenile trees. Therefore, a trade-off exists
between growth necessity and stress tolerance that inherently
changes with developmental stage, and must be considered
when describing physiological stress responses in trees.

Trees directly respond to changes in their environment
by altering leaf-level properties and exhibit a large range of
responses among individuals (D’Orangeville et al., 2018; Fu
and Meinzer, 2018; Hochberg et al., 2018). During water stress,
trees can immediately close their stomata, which minimizes
water loss but reduces carbon uptake – this strategy is referred
to as isohydry (Tardieu and Simonneau, 1998). Alternatively,
trees can maintain gas exchange during stressful conditions
(post-disturbance, drought, etc.) at the expense of continued
water loss, which is termed anisohydry (Ratzmann et al., 2019).
A spectrum of strategies exists between these two extremes and
strategy varies depending on a number of different traits (Klein,
2014; Johnson et al., 2018a; Bryant et al., 2022). Species-specific
characteristics governing carbon and water trade-offs result
from different leaf (Wright et al., 2004) and wood (Chave et al.,
2009) characteristics that influence carbon allocation and thus,
tree response to stress. Differences in wood anatomy (Wheeler
et al., 2007), as well as differences in wood density (Chave et al.,
2009), rooting depth (Stone and Kalisz, 1991), leaf phenology
(Lechowicz, 1984), xylem characteristics (Jacobsen et al., 2012),
growth rate, etc., all contribute to variability in carbon allocation
among species in temperate forests (Hoch et al., 2003).
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Species-specific responses, as well as the degree of plasticity
within a species, have not been adequately studied in natural
settings (Kannenberg et al., 2019). Including variability for
species’ responses in model parameters is particularly important
in species-rich areas (Bassow and Bazzaz, 1997), such as
temperate deciduous forests (Muraoka et al., 2013; Saurer et al.,
2014; Zhang et al., 2018), with varying microsite conditions
(Tai et al., 2017). We therefore investigated the physiological
strategies during summer water stress in co-existing tree
species that vary genetically and morphologically. We included
Acer saccharum, Fagus grandifolia and Platanus occidentalis,
all of which have diffuse wood anatomy. We also studied
Quercus rubra, Quercus alba, and Carya ovata, which have
ring-porous wood anatomy, and therefore, a higher annual
carbon requirement for the creation of large vessels in early
spring (Barbaroux and Bréda, 2002). We measured typical
metrics of gas exchange (net photosynthesis and stomatal
conductance), but also recorded physiological parameters that
are representative of photosynthetic capacity and efficiency, and
are included in current Earth system carbon models. Fv’/Fm’ –
the ratio of variable to maximum fluorescence is the maximum
quantum efficiency of photosystem II in the light and is an
indicator of the degree of physiological stress (Marshall et al.,
2001; Nippert et al., 2004). Another indicator of environmental
stress response is PhiPS2 (Comparini et al., 2020), which is the
actual quantum efficiency of photosystem II. We also measured
ci/ca, which is the ratio of carbon inside the leaf (ci) relative
to the available atmospheric carbon (ca). A higher ci/ca value
indicates nonstomatal limitation of carbon capture by the leaf
(Brodribb, 1996; Tan et al., 2017). Lastly, and importantly, we
measured midday leaf water potential and specific leaf area
(SLA) in the juvenile trees as well as co-existing mature trees
of the same species (Bryant et al., 2022). Water potential is a
commonly used metric describing tree water stress and SLA is an
important parameter in Earth system models (Fisher et al., 2015)
which can influence changes in ecosystem-level NPP (White
et al., 2000). SLA has also been correlated with vulnerability to
drought-related mortality (Greenwood et al., 2017); however,
the relationship is unresolved for angiosperms (O’Brien et al.,
2017; Schwartz et al., 2020). Overall, our first goal was to
compare changes in these important physiological parameters in
six temperate forest species with varying carbon requirements
during summer water stress. We predicted that physiological
responses would differ among species as the season progressed
and that parameters representing photosynthetic capacity and
efficiency would be more informative for understanding those
differences. Our second goal was to determine the extent to
which hydraulic stress responses varied between juvenile and
mature trees within each species. We expected that patterns of
midday leaf water potential would significantly differ between
age groups, but that general patterns and direction of response
would be similar within a species.

Materials and methods

Study site and species

Our study was conducted in Athens, Ohio in the Ohio
University Ridges Land Laboratory (39◦32’50” N, 82◦11’90” W).
The climate in southeastern Ohio is temperate with a mean
annual temperature of 11.44◦C and mean annual precipitation
of 1,018 mm (Huntington et al., 2017). The Ridges Land Lab
is a deciduous, second-growth forest with a highly dissected
topography and fine loam soil (Meekins and McCarthy, 2001;
DeForest, 2009). Our study took place during the 2019
growing season which was much drier than the previous
year. To characterize environmental conditions, we recorded
soil moisture, temperature, and humidity, and downloaded
precipitation data from the PRISM Climate Group (Daly et al.,
2000).

Our study design included 18 juvenile trees and 18
mature trees across six different species (three individuals
within each age class in each species) that were co-existing
in similar climate and soil conditions. We included species
representing contrasting wood anatomies. The diffuse-porous
species included A. saccharum, F. grandifolia, and P. occidentalis,
while the ring-porous species included Q. rubra, Q. alba, and
C. ovata. In the 18 juvenile trees, we measured gas exchange and
leaf water potential and only included trees with a diameter of
less than 10 cm in diameter at breast height (DBH). Specifically,
DBH ranged from 3.0 to 8.1 cm for all juvenile trees. In
the 18 mature trees, we measured leaf water potential and
monitored sap flux and only included trees that were greater
than 20 cm DBH; specifically, tree diameter ranged from 20.3
to 94.5 cm for mature trees (Bryant et al., 2022). Here we
show hydraulic parameters in mature trees for comparisons with
juveniles; however, we discuss the details of hydraulic responses
in the mature trees in more detail in a previous manuscript
(Bryant et al., 2022). We also measured soil moisture under all
36 trees individually to determine consistent water availability
among individuals. All trees were located at similar positions
on the landscape – on a flat portion of an upland ridge so
that water access was similar among all trees. The exception
was P. occidentalis, which was located approximately 100 meters
laterally from the other study trees, in a small grove, just
past the forest edge. This species requires high moisture and
light conditions and therefore occupies a more specific habitat
niche than the other species. We consider the different light
environment of this species in our conclusions.

Environmental variables

We continuously monitored temperature and relative
humidity across the 2019 season with a weatherproof HOBO
data logger (Onset Computer Co., Bourne, MA, USA) installed
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in the tree canopy in the middle of our site. To estimate
atmospheric water availability, we calculated vapor pressure
deficit (Cunningham, 2004; Grossiord et al., 2017) from
temperature and relative humidity data collected at 20-min
intervals with the data logger. We calculated vapor pressure
deficit (VPD) with the equation (Looker et al., 2018):

VPD = e (T)− e (T) ×

(
RH
100

)
(1)

where e(T) is the saturation vapor pressure at air temperature
T(◦C) and RH (%) is relative humidity. The parameter e(T) is
calculated from the following equation (Tetons, 1930):

e (T) = 0.6108
(

(17.27(T)
(T+237.3)

)
(2)

We also measured soil volumetric water content (%v/v) to
represent soil water availability, using an 11-cm soil moisture
probe (Hydrosense II, Campbell Scientific). We measured soil
moisture at four locations around each tree (both juveniles and
mature trees) and then recorded the mean. We collected soil
moisture measurements weekly for the duration of our study,
adjusting our schedule to capture precipitation events.

Gas exchange and chlorophyll
fluorescence (juvenile trees only)

We measured gas exchange (net photosynthesis and stomatal
conductance) directly on leaves in the field with two infrared
gas analyzers (Li-Cor 6400, Li-Cor Biosciences, Lincoln, NE,
USA) using a 2x3 cm chamber. We set the reference CO2 to
400 ppm then measured air temperature and humidity with
the IRGA, and photosynthetically active radiation (PAR; µmol
m−2 s−1) with a quantum sensor, to set the cuvette conditions
similar to the ambient environment. The leaves were allowed
to acclimate in the Li-Cor chamber for 2 min prior to each
measurement. To represent ambient conditions, the cuvette
conditions were set to environmental conditions at the time
and varied by month (Supplementary Table 1). From the gas
exchange measurements, we also derived ci/ca, which is the
ratio of carbon inside the leaf relative to ambient carbon.
We conducted measurements with a fluorescence chamber
(Maxwell and Johnson, 2000; Murchie and Lawson, 2013),
which allowed us to derive Fv’/Fm’ (ratio of light-adapted
variable to maximum fluorescence) and PhiPS2 (actual quantum
yield of photosystem II). We collected mid-day gas exchange
during a single day once a month during July, August and
September, at approximately the same week each month. For
consistency, we took measurements between the hours of 10:00
AM–2:00 PM. We measured three leaves on each of our 18 trees.
Prior to each gas exchange measurement, we measured each
leaf with a SPAD (Soil-plant analysis development) meter that
is a unitless measurement indicative of chlorophyll and nitrogen
content (Chang and Robison, 2003).

Specific leaf area

We measured specific leaf area in the 18 juvenile trees as well
as 18 mature trees (three leaves in each tree for six species in
each age class). We extracted leaf disks from each of the leaves
using a 10-mm leaf borer and dried then weighed the mass of the
leaf disks. We divided the area of the borer by the mass of each
leaf disk to yield leaf mass per area and then used the inverse to
report specific leaf area.

Leaf water potential

We measured midday leaf water potential in the field using
a pressure chamber (Scholander et al., 1964) once a month
following the gas exchange measurements. Briefly, we excised
the leaf immediately adjacent to the leaf measured for gas
exchange (three from each individual tree). The leaves were
recut at the petiole with a razor blade as needed to produce
a flat and consistent surface immediately prior to inserting
them into the pressure chamber (Turner, 1988). Water potential
measurements were recorded in megapascals as soon as a
pressure equilibrium in the chamber was reached as indicated
by the extrusion of xylem sap on the petiole.

Sap flux (mature trees only)

To represent relative water movement in mature trees, we
utilized relative sap flux values (Bryant et al., 2022) from the
same season in which we took measurements on the juvenile
trees. We had installed sensors and measured sap flux in 27 trees
total, including four to six individuals of each of the six species
(and all 18 trees measured for water potential). We constructed
sap flux sensors according to the original procedure established
by Granier (1985, 1987) but considered more recently published
suggestions in probe construction and installation (Lu et al.,
2004; Davis et al., 2012). For a more detailed description of sap
flux methods see Bryant et al. (2022). Because absolute sap flux
values are highly variable depending on species, environment,
and wood type (Lu et al., 2004; Gebauer et al., 2008), we
normalized our sap flux rates and report relative sap flux values
(Ford et al., 2004; Braun et al., 2010; Brinkmann et al., 2016).
We then averaged relative sap flux values for individual trees
within a species to produce mean relative sap flux values for
each species.

Relative water movement

We wanted to compare the relationship between tree
water flow and leaf water potential in juvenile and mature
trees, but due to logistics, measured different metrics of water
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movement for each group. We therefore relativized the stomatal
conductance values for the juveniles and the sap flux values
for the mature trees, such that values were expressed as a
proportion of the maximum value measured. Because sap
flux was measured continuously, the maximum rate recorded
captured the actual maximum tree water flow in the mature
group. In the juveniles, stomatal conductance measurements
were limited to survey recordings. However, we completed
diurnal gas exchange measurements on all trees at 2-h intervals
(Supplementary Figure 1) in late July to ensure that we
were capturing maximum conductance rates for all species.
From these data, we found that all species exhibited peak
stomatal conductance between 10:00 AM and 2:00 PM, and that
measuring during this time of day was appropriate for capturing
maximum rates of conductance.

Statistical analyses

To quantify and compare stomatal conductance (gs), net
photosynthesis (Anet), maximum quantum yield (Fv’/Fm’),
actual photosystem efficiency (PhiPS2), ratio of internal leaf
carbon to ambient carbon (ci/ca), and chlorophyll content
among species over the growing season, we used least-
squares regression and performed a mixed-effects linear model
with the package lme4 in R (Bates et al., 2015). In each
model, one of the aforementioned variables was the response
variable, species and month were fixed effects; we treated
tree ID as a random effect and specified an autocorrelation
structure for time in the model. When the interaction between
species and month was significant, we performed a type
III ANOVA to determine how each variable differed among
species and months. We then used the package emmeans
to perform a post-hoc pairwise comparison, which allowed
us to determine how each variable differed among species
during each month, and for which species parameters differed
among months.

To determine how leaf water potential and specific leaf
area (SLA) differed between age classes within a species over
the growing season, we again used least-squares regression and
performed a mixed-effects linear model, where age, species and
month were fixed effects, and tree ID was treated as a random
effect. We then performed a type III ANOVA to determine
how leaf water potential or SLA differed between ages within
a species. We then used the package emmeans to conduct post-
hoc pairwise comparisons where necessary. Lastly, we combined
the data to determine the relationship between relative water
movement (stomatal conductance for juveniles, sap flux for
mature trees) and leaf water potential for each age group. In the
overall model, species (p = 0.59), nor the interaction between
species and water potential (p = 0.74) were significant, so we
dropped them from the overall model and included species as
a random effect, allowing us to observe the relationship within a

larger sample size (n = 18 trees per age group per month, for 108
total data points).

Results

Differences among photosynthetic
parameters in juvenile trees

Overall, we found interesting and notable differences in
physiological parameters among species as water availability
decreased for trees during the 2019 growing season.
Precipitation decreased over the course of the growing
season and soil water content was less than 10% (%v/v) for
the majority of the study period (Supplementary Figure 2).
Mean maximum daily vapor pressure deficit ranged between
1.0 and 1.5 kPa for most of the season but reached maximums
of 2.0 kPa by September. These conditions created a relatively
dry season for the southeast Ohio region, allowing us to
observe species- and age-related differences in physiological
parameters during seasonal water stress. In temperate systems
that have highly variable water regimes, water stress is relative
to local conditions. In 2019, September water availability
was 0–10% of the long-term average (30 years) according
to the PRISM drought indicator tool (Daly et al., 2000).
Our results demonstrate that stomatal conductance declined
seasonally in all species (p < 0.001), while photosynthesis
increased from August to September in most species (Figure 1).
Photosynthesis was consistently highest in P. occidentalis,
though not statistically different from that of Q. alba.

In addition to measuring net gas exchange, we also recorded
several photosynthetic parameters indicative of leaf-level carbon
uptake capacity. In all species, except for P. occidentalis, Fv’/Fm’
appeared to decrease from July to August but was statistically
similar across the season. However, for P. occidentalis, the
trend was reversed, increasing from July to August (though not
significantly). Additionally, we found that PhiPS2 was highest in
P. occidentalis (p < 0.01) and again demonstrated a contrasting
seasonal pattern relative to the other species (p = 0.05).
Our data show that seasonal patterns of ci/ca differed among
species (p < 0.05); specifically, ci/ca increased from August to
September in both A. saccharum and C. ovata, but decreased
during this time period in all other species. SPAD (representing
chlorophyll content) differed among species (p < 0.001) and
months (p < 0.001), decreasing over time for all species
(p < 0.05), except for C. ovata and A. saccharum, both of which
maintained relatively consistent values across the season. In
general, chlorophyll content was higher (p < 0.05) for the ring-
porous trees (C. ovata, Q. alba and Q. rubra) than for the diffuse-
porous trees (A. saccharum, F. grandifolia, and P. occidentalis).

We further compared variables against each other
to understand the differences in seasonal patterns of
photosynthesis and stomatal conductance among species.
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FIGURE 1

Mean (+/-SE) physiological variables (collected at midday) indicating environmental stress responses among six temperate juvenile trees during
summer in 2019. From top to bottom: gs (stomatal conductance); Anet (net rate of photosynthesis); Fv ’/Fm ’ (maximum quantum capacity of
photosystem II); PhiPS2 (actual quantum efficiency of photosystem II); ci/ca (ratio of intercellular carbon to atmospheric carbon; and SPAD
reading (unitless; representing chlorophyll content). Patterns and rates of parameters varied seasonally by species.

We found that net photosynthesis significantly increased with
stomatal conductance for all trees during July (p = 0.03) and
August (p < 0.01); however, the relationship decoupled by
September (p = 0.66; Figure 2).

Our analyses also revealed a significantly negative
correlation between net photosynthesis and ci/ca (p = 0.002,
R2 = 0.67) for all trees (Supplementary Figure 3) and
that PhiPS2 was significantly positively correlated with
stomatal conductance (p = 0.02, R2 = 0.75) in all species

(Supplementary Figure 4). To further visualize the influences
of stomatal versus biochemical limitations on photosynthesis,
we plotted ci/ca as a function of stomatal conductance for
each species (Figure 3). We display this relationship against
a theoretical curve that demonstrates the relationship if
conductance was the only limitation to photosynthesis, which
was first explained by Brodribb (1996). Departures from the
theoretical curve at low rates of stomatal conductance indicate
nonstomatal inhibition of photosynthesis (Brodribb, 1996).
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FIGURE 2

Net photosynthesis significantly increased with stomatal conductance in all trees during July and August, but the relationship decoupled by
September. Different colors represent different species and different shapes represent diverse wood types; solid circles are diffuse-porous
species and opened circles are ring-porous species. Each data point represents the mean of three individual trees. The model fit line is based on
a 95% confidence interval (shaded in gray).

FIGURE 3

Response of ci/ca to the seasonal decline in stomatal conductance for each species. The curve represents the theoretical response if stomatal
conductance was the only limitation to photosynthesis; departures from the curve at low conductance values indicate nonstomatal limitation
(Brodribb, 1996). Curves are fit to the respective range of conductance values for each species. Each data point represents a single leaf at a
single time point.

Differences in physiological responses
between juveniles and mature trees

We also measured leaf water potential over the course of
the season (Figure 4) to indicate changes in hydraulic stress
within the trees as environmental water decreased (Ratzmann
et al., 2019). In the juvenile trees, seasonal patterns of leaf
water potential differed among species (p < 0.001), with the
highest values observed in A. saccharum (p < 0.01). Water
potential remained similar over time for both A. saccharum and
P. occidentalis, despite decreasing soil moisture (p < 0.001).
In contrast, water potential steadily decreased seasonally for
all three ring-porous species: Q. rubra, Q. alba, and C. ovata

(p < 0.05). Interestingly, water potential in F. grandifolia
increased from July to August then significantly decreased by
September (p < 0.01).

Water potential measurements for saplings were conducted
simultaneously with measurements in co-existing mature trees
of the same species (Bryant et al., 2022). We found that leaf
water potential differed between juveniles and adults for some
species (p < 0.01), but not others (Figure 4). Specifically,
water potential was similar between juveniles and adults in
A. saccharum and both Quercus species. However, leaf water
potential was significantly lower in mature trees than in juveniles
for both P. occidentalis and C. ovata. For F. grandifolia, water
potential in saplings exhibited a contrasting seasonal pattern
relative to mature trees.
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FIGURE 4

Physiological parameters collected in co-existing juvenile and mature tree species. (Top row) mean midday leaf water potential during the driest
part of the 2019 growing season for juvenile trees compared to co-existing mature trees of the same species (Bryant et al., 2022). (Bottom row)
mean specific leaf per area (SLA) during the same time for the same trees. Vertical bars represent SE among individuals (n = 3 trees per species
per age class) with a 95% confidence interval.

We also found differences in specific leaf area between age
classes (p < 0.001). Overall, SLA was higher in juvenile trees
than mature trees (p < 0.001). However, in the mature trees,
SLA increased seasonally (p < 0.001), while decreasing in the
younger cohort (p = 0.02). In both age classes, SLA was highest
in F. grandifolia (p < 0.01).

To further compare differences among physiological
responses between life stages, we quantified relative rate of water
movement as a function of leaf water potential for all trees
(Figure 5). Relative rate of water movement was expressed as the
relative rate of stomatal conductance in juvenile trees and as the
relative rate of sap flux in mature trees. Our results demonstrate
that the relationship between water potential and relative water
movement differed between age groups (p = 0.01). When data
for all species was combined (n = 18 trees per age group per
month), relative water movement decreased as water potential
declined for juveniles (p = 0.04), but not mature trees. However,
mature trees tended to exhibit higher relative rates of water
movement across the season.

Discussion

Differences in physiological strategies
among co-existing species

Considerable effort has been put into describing a tree’s
physiological performance based off the response of hydraulic

parameters to decreasing soil water availability (Tardieu and
Simonneau, 1998; Domec et al., 2004; Martínez-Vilalta and
Garcia-Forner, 2017; Fu and Meinzer, 2018). Declines in
stomatal conductance (Loewenstein and Pallardy, 1998; Bond
and Kavanagh, 1999; Panek and Goldstein, 2001; Klein, 2014)
and sap flow (Martínez-Vilalta et al., 2003; Steppe et al., 2015;
Brinkmann et al., 2016; Looker et al., 2018) have both been
linked with increasing water stress and used to infer the capacity
for tree functioning. These hydraulic metrics are commonly
connected with carbon uptake variables – usually maximum or
net photosynthesis (Catovsky et al., 2002; Irvine et al., 2002;
Johnson et al., 2018b). However, some studies have emphasized
the importance of relating hydraulic parameters to variables
indicative of photosynthetic capacity (Brodribb and Feild, 2000;
Wang et al., 2019) and not just photosynthetic rate.

Our results demonstrate how including multiple metrics
of photosynthetic activity can be more informative for
understanding tree performance during summer water stress
(Schulze, 1994; Prentice et al., 2014), especially in temperate
forests with diverse co-existing species (Bassow and Bazzaz,
1997) and habitat conditions (Oren and Pataki, 2001; Tai
et al., 2017). During the growing season, soil moisture
steadily decreased (Supplementary Figure 2), resulting in
drier than normal conditions for the region by September
(Daly et al., 2000). We observed a simultaneous decrease in
both stomatal conductance (Figure 1) and leaf water potential
(Figure 4) for all trees, but the magnitude and rate of decline
differed for each species. The most notable differences were
between A. saccharum and C. ovata. Specifically, A. saccharum
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FIGURE 5

Relationship between relative rate of water movement and leaf water potential for mature (not significant) and juvenile trees (p = 0.04,
R2 = 0.41). Rate of water movement in trees is represented by rate of stomatal conductance in saplings and rate of sap flux in mature trees
(Bryant et al., 2022). The solid line represents a significant relationship at a 95% confidence interval (shaded). Data were combined and species
included as a random effect (n = 18 trees per age group per month).

exhibited the most static leaf water potentials across the
season, never exceeding –1 MPa. However, the trade-off was
consistently low rates of stomatal conductance, eventually
reaching zero by September. These data indicate that this
species is physiologically functioning across the season with
consistently low levels of water stress (Loewenstein and
Pallardy, 1998). Opposingly, C. ovata demonstrated the greatest
variability and declines in leaf water potential (Figure 4)
and stomatal conductance (Figure 1), indicating contrasting
hydraulic behavior (Klein, 2014; Ratzmann et al., 2019) as
the season progressed and soil water availability decreased
(Supplementary Figure 2).

Deciduous trees have unique seasonal physiology because
of the natural senescence of leaves during the transition from
summer to fall (Lechowicz, 1984; Moon et al., 2022). Each
species deals with this transition differently (Bassow and Bazzaz,
1997; Noda et al., 2015), so physiological patterns naturally
varied as the season ends. However, late-summer declines in
water-availability exacerbated those natural responses, allowing
us to view differences in the nuances of photosynthetic
functioning during a possibly “stressful” time. Specifically,
our results highlight the breakdown between photosynthesis
and stomatal behavior in deciduous species during late
summer (Figure 2). Without other information, an increase
in photosynthesis with a simultaneous decline in stomatal
conductance would typically indicate an increase in leaf-level
water use efficiency (Ripullone et al., 2004) – especially in the
context of reduced water availability (Saurer et al., 2014; Kwon
et al., 2018; Lu et al., 2019). Considering only these data, that
seems to be the trend (Supplementary Figure 5), indicating that
all trees are equally efficient in their water use. However, when
we consider variables representing photosynthetic capacity of

the leaves, we see the detailed physiological differences among
species (Noda et al., 2015; Wang et al., 2019).

Despite exhibiting opposing hydraulic responses,
A. saccharum and C. ovata maintained similar specific leaf
areas (SLA; Figure 4), indicating similar carbon “cost” (per
unit of leaf area) to construct leaves. Specific leaf area is the
inverse of leaf mass per area, which quantifies the amount
of photosynthetic machinery relative to the mass of the leaf
(Wright et al., 2004). Species with high specific leaf area
therefore have low mass per area, meaning a lower capacity to
take in carbon per unit of leaf area (Poorter et al., 2009). Less
machinery to take in carbon therefore translates to higher rates
of gas exchange in an effort to capture more carbon for the same
amount of leaf area (Reich et al., 1998; Wright et al., 2004),
which may result in additional water loss (Wilson et al., 1999;
Poorter et al., 2009). In a global meta-analysis, Greenwood et al.
(2017) found that tree species with higher SLA were more prone
to mortality during drought. However, other studies have found
weak relationships between SLA and drought-related mortality
parameters (O’Brien et al., 2017; Schwartz et al., 2020). One
reason that may explain the lack of consensus could be that
SLA does not account for leaf size or number (Milla et al., 2008)
and therefore, total active stomata of the leaf (and tree). The
significantly lower leaf water potential values in C. ovata suggest
that this species is using proportionately more of its stomata.
Considering stomatal conductance relative to total stomatal
density may be more informative for directly comparing
stress responses in broad-leaved species (Brodribb, 1996),
which greatly vary in leaf size and SLA. Furthermore, species
greatly vary in total leaf number, which further convolutes the
relationship between SLA and hydraulic performance (Milla
et al., 2008). For example, F. grandifolia had the highest SLA
relative to all other species and noticeably, the smallest leaf size.
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However, the small leaves and high SLA are offset by a higher
total number of leaves in this species, so the physiology on a
per-leaf basis may not be indicative of whole-tree susceptibility
to water stress (Wilson et al., 1999; Poorter et al., 2009).

Photosynthetic metrics such as ci/ca are also useful for
examining differences in physiological mechanisms between
deciduous species (Prentice et al., 2014; Tan et al., 2017).
This parameter is the ratio of CO2 inside (ci) the leaf
relative to the available (ca) atmospheric CO2 (Brodribb,
1996). In our study, ci/ca trended similarly between C. ovata
and A. saccharum despite their different water potentials and
rates of conductance. For these two species, ci/ca increased
toward the end of the season, while decreasing in all other
species (Figure 1). The higher ci/ca value in September
indicates less stomatal inhibition of carbon capture by the leaf
(Brodribb, 1996) and is further indicative of the decoupling
between photosynthesis and stomatal conductance. Assuming
no biochemical limitation to carbon uptake, ci/ca would decrease
when net photosynthesis is high; the departure from this for
A. saccharum and C. ovata during September may represent
nonstomatal limitation to carbon uptake. Brodribb (1996)
demonstrated that theoretically, if stomatal conductance is the
only limitation to photosynthesis, then ci/ca should exhibit
a logarithmic response to decreasing stomatal conductance,
which has been supported by recent studies (Tan et al., 2017).
Departures from this relationship at low conductance values
indicate biochemical rather than stomatal inhibition of carbon
uptake. In contrast to conifers, broad-leaved species often
showed departures from the theoretical relationship (Brodribb,
1996), suggesting that nonstomatal limitation is more common
in broad-leaved trees (Prentice et al., 2014). We saw a similar
relationship in our data, with few trees showing the theoretical
trend between ci/ca and stomatal conductance (Figure 3).

The lack of relationship between ci/ca and stomatal
conductance may also be due to the decrease in stomatal
density (rather than per-unit conductance), which would not
be reflected in typical survey gas exchange measurements.
PhiPS2 is therefore a better indicator of stomatal limitation
and has been linked with hydraulic conductivity (Brodribb and
Feild, 2000). In our data, we see that PhiPS2 was correlated
with stomatal conductance in all species except P. occidentalis
(Figure 1). PhiPS2 is an important parameter for considering
stress response (Comparini et al., 2020) because photosystem
II is sensitive to environmental stresses, so reductions in
photosynthetic efficiency will be apparent through PhiPS2
values (Maxwell and Johnson, 2000). The ratio of variable to
maximum fluorescence Fv/Fm can also be a useful parameter
for comparing stress levels among plants (Schulze, 1994;
Marshall et al., 2001) because it indicates photosynthetic
capacity (Nippert et al., 2004). In our data, Fv’/Fm’ was similar
from the beginning to the end of the season in all species,
indicating no change in plant stress (Maxwell and Johnson,
2000; Nippert et al., 2004) by September. However, we measured

light-adapted ratios (Fv’/Fm’), which may not show as strong of a
response as dark-adapted fluorescence measurements (Murchie
and Lawson, 2013). PhiPS2 represents actual efficiency of
photosystem II (often determined by stomatal conductance),
while Fv’/Fm’ represents maximum capacity of photosystem II
(Schulze, 1994). The decrease in PhiPS2 with the concurrent
decrease in stomatal conductance suggests some degree of
stomatal limitation to photosynthesis, but the variable patterns
of the other parameters across species demonstrates the
complexity of controls on photosynthesis in deciduous forests
(Brodribb and Feild, 2000).

Fagus grandifolia was the only species in which quantum
efficiency (PhiPS2) decreased in accordance with stomatal
conductance, quantum capacity (Fv’/Fm’), and ci/ca.
Interestingly, this species also showed the strongest declines in
chlorophyll content, suggesting decreasing leaf nitrogen (Chang
and Robison, 2003; Noda et al., 2015), but at the same time,
specific leaf area (SLA) was decreasing. Perhaps future studies
should consider leaf C:N ratios coupled with these parameters
to understand how seasonal patterns of leaf allometry change
with water stress in F. grandifolia. The anomalous pattern of leaf
water potential in juveniles of this species also indicate complex
interactions between carbon uptake and hydraulic functioning.

In a drought experiment with potted saplings, Kannenberg
et al. (2019) found anisohydric behavior (declining water
potentials despite loss of conductivity) in C. ovata and isohydry
in A. saccharum. We suggest that opposing hydraulic responses
(e.g., conservative versus declining water potentials) among
species are equivocal strategies reflecting the differential carbon
requirements among trees (due to differences in growth rate,
wood anatomy, leaf economy, etc.). For example, A. saccharum
is diffuse-porous, while C. ovata is ring-porous, which may
contribute to the opposing hydraulic strategies because the
larger vessels of ring-porosity require more carbon to recreate
each season (Baas et al., 2004) than the small vessels in diffuse-
porous trees (Barbaroux and Bréda, 2002). However, because
carbon is already allocated toward replacing damaged vessels
in the early wood each year, physiological functioning can
continue despite embolized vessels in the outer ring later
in the season (Hoffmann et al., 2011; O’Brien et al., 2017).
So, from the tree perspective of carbon allocation, avoiding
potential risk of embolism toward the end of the season is
futile, as carbon will already be allocated toward construction
of new vessels the following spring. Supporting this concept, the
three ring-porous species in our study (C. ovata, Q. alba, and
Q. rubra) exhibited the strongest seasonal decline in leaf water
potentials in both juvenile and mature trees (Bryant et al., 2022).
Furthermore, the ring-porous juveniles also had consistently
higher chlorophyll content in their leaves, indicating more
nitrogen (Chang and Robison, 2003) and possibly a higher
potential for photosynthesis (Wright et al., 2004; Noda et al.,
2015). Therefore, continued stomatal conductance despite
decreasing water potentials may not matter for deciduous vessels
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(O’Brien et al., 2017) and may actually allow for increased
photosynthetic capacity. Regardless, our study emphasizes the
importance of holistically considering the variable carbon
requirements and allocation patterns for co-existing deciduous
species when determining and modeling (Mackay et al., 2015)
forest stress responses (Johnson et al., 2018b; Fu et al., 2019).

The capacity for physiological plasticity in response to
environmental cues has also become increasingly documented
for some species (D’Orangeville et al., 2018; Fu and Meinzer,
2018; Hochberg et al., 2018). We speculate that some species
may have greater variability in physiological traits among
individuals than others during times of environmental stress.
When possible, future studies should replicate sufficiently within
a species to resolve the degree of plasticity among individuals.
Our data for P. occidentalis demonstrate the influence of
environment on physiological behavior (Hochberg et al., 2018).
This species prefers high light and wet environments –
particularly during early development; therefore, saplings
grow in flat, grassy patches outside the edge of the forest,
where sunlight and water are readily available. Reflecting
adaptation to this high-resource environment, photosynthesis
was consistently and substantially higher in P. occidentalis than
that of the other species, despite similar declines in conductance
(Figure 1) and relatively conservative leaf water potentials and
SLA (Figure 4). These data demonstrate that while the hydraulic
behavior in P. occidentalis is comparable to the other species, the
overall rate and capacity of carbon uptake is much different. Our
analyses showed that photosynthetic efficiency (PhiPS2) and
ci/ca increased in August in this species, while decreasing in all
others, which was actually a response to the light environment
of the chamber. P. occidentalis was the only species in which
we observed correlations between light level and physiological
variables. In this case, the seasonal trends in physiological
behavior are influenced less by tree carbon requirements or
water availability and instead reflect microsite environmental
characteristics (Tai et al., 2017).

Differences in physiological strategies
between juvenile and mature trees

Our results also reveal that within a species, age-related
differences emerge in seasonal patterns of midday leaf water
potential. For A. saccharum, Q. rubra, and Q. alba, seasonal
patterns of water potential were similar between juvenile and
mature trees (Figure 4). Therefore, data regarding hydraulic
thresholds in saplings of Q. rubra may accurately reflect the
responses of mature forest trees. In P. occidentalis leaf water
potential was significantly lower in the mature trees relative to
the juveniles during the dry months. In C. ovata, mature trees
exhibited similar overall seasonal patterns of water potential
as the younger trees, but at a significantly greater magnitude
during all months (Figure 4), whichmay be attributed to deeper

roots in the mature trees (Stone and Kalisz, 1991). In all
species, the mature trees exhibited physiological activity at
lower leaf water potentials during the driest months (Figure 5),
reflecting the ability for larger, mature trees to buffer stress
and continue transpiration despite water scarcity (Steppe et al.,
2011). Future studies examining differences in drought response
using juvenile trees should account for the deeper water access
in mature individuals if attempting to scale to whole forests.

The difference in seasonal patterns of leaf water potential
was most notable between juvenile and mature F. grandifolia
trees. In fact, juvenile F. grandifolia trees were the only trees
to have significantly lower water potentials by September than
mature individuals of the same species. These results indicate
that data collected from juveniles of F. grandifolia, C. ovata, and
P. occidentalis may not accurately represent the physiological
responses of mature trees, especially in the case of F. grandifolia.
The combination of small and carbon-cheap, but abundant,
leaves with diffuse-porous wood anatomy, thin bark, and a slow
growth rate make for complex carbon allocation patterns which
may have unusual consequences for physiological responses
during water stress. These data have specific impacts for
experimentalists who are seeking to understand physiological
responses to stressors (Mackay et al., 2015) or define hydraulic-
based mortality thresholds.

Importance of including integrative
traits/model parameters in
experimental studies

Many Earth system models are parameterized with
hydraulic variables (e.g., minimum stomatal conductance and
percent loss of conductivity values), and recent experimental
studies have called for the inclusion of water potentials or
other hydraulic-based traits as threshold parameters for
mortality-prediction models (Mackay et al., 2015; Adams et al.,
2017). While hydraulic-based thresholds are useful, hydraulic
parameters are changing in response to carbon requirements
and the capacity of the tree to meet those requirements.
Therefore, integrative traits that reflect the capacity for carbon
uptake are valuable for accurately predicting how trees will
respond to environmental stressors (Marshall et al., 2001;
Walker et al., 2017; Wang et al., 2019). Using integrative
photosynthetic parameters such as Fv’/Fm’, PhiPS2, ci/ca, etc.,
is more informative and accurate for comparing physiological
responses to stress (Brodribb and Feild, 2000; Prentice et al.,
2014; Tan et al., 2017) than typical survey measurements (Amax,
gs, etc.), because integrative parameters reflect differences in
specific environmental pressures. Additionally, many of these
measurements are already embedded into Earth-system models,
allowing for better continuity in scaling of field-based results to
forest-level models.
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Our data also demonstrate that specific leaf area (SLA)
differed among months and species, as well as between age
classes. In the juvenile trees, specific leaf area generally decreased
as the season progressed (Figure 4); however, in the mature
trees, specific leaf area increased and then remained the same
or decreased, depending on species. While SLA is allowed to
vary among plant functional types (including species) in the
Community Earth System Model (Fisher et al., 2015), there is
currently no allowable variability depending on tree age. Because
of the importance of SLA to ecosystem-level productivity
(White et al., 2000), we emphasize the importance of including
age-related variability in models. Although the ability of this
parameter to represent drought is unresolved (Schwartz et al.,
2020), we know that SLA is indirectly related to hydraulic
vulnerability (Greenwood et al., 2017; O’Brien et al., 2017).

Conclusion

Our results highlight the fact that hydraulic response during
water stress reflects a balance between the carbon requirements
of the tree and the capacity to meet those requirements. In
species-rich forests, variations in wood (Chave et al., 2009) and
leaf allometry (Wright et al., 2004) coupled with individual
life-history traits complicate these relationships (Poorter et al.,
2009; Johnson et al., 2018a). As trees grow, that balance
changes because large trees have stored carbon that buffers their
carbon requirements during environmental stress (Stephenson
et al., 2014). However, younger trees are limited in their
stress tolerance (Kolb et al., 1997) because of higher growth
requirements and a reduced capacity to meet those needs (Ryan
and Yoder, 1997; Wright et al., 2004; Woodruff and Meinzer,
2011). Our results demonstrate that physiological parameters
differed during summer water stress between juvenile and
adult trees for certain species. We highlight the importance
of allowing variability for both species and life stage when
predicting how environmental stressors may influence forest
carbon (Day et al., 2001; Irvine et al., 2004; Steppe et al.,
2011). Finally, we emphasize that measuring integrative traits
representative of the capacity for carbon uptake yields critical
insights about seasonal changes in carbon and water use
efficiency (Tan et al., 2017; Wang et al., 2019; Lu et al., 2022).
Reporting these metrics in stress-response studies will not only

improve the accuracy of carbon and mortality models (Mackay
et al., 2015), but will also bridge the divide between experimental
studies and modeling efforts.
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