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Predicting future forests’ structure and functioning is a critical goal for ecologists, thus information on seedling recruitment
will be crucial in determining the composition and structure of future forest ecosystems. In particular, seedlings’ photosynthetic
response to a changing environment will be a key component determining whether particular species establish enough indi-
viduals to maintain populations, as growth is a major determinant of survival. We quantified photosynthetic responses of sugar
maple (Acer saccharum Marsh.), pignut hickory (Carya glabra Mill.), northern red oak (Quercus rubra L.) and eastern black oak
(Quercus velutina Lam.) seedlings to environmental conditions including light habitat, temperature, soil moisture and vapor
pressure deficit (VPD) using extensive in situ gas exchange measurements spanning an entire growing season. We estimated the
parameters in a hierarchical Bayesian version of the Farquhar model of photosynthesis, additionally informed by soil moisture
and VPD, and found that maximum Rubisco carboxylation (V,,,,,) and electron transport (J,,.,,) rates showed significant seasonal
variation, but not the peaked patterns observed in studies of adult trees. Vapor pressure deficit and soil moisture limited J,,,
and V., for all four species. Predictions indicate large declines in summer carbon assimilation rates under a 3 °C increase in
mean annual temperature projected by climate models, while spring and fall assimilation rates may increase. Our model predicts
decreases in summer assimilation rates in gap habitats with at least 90% probability, and with 20—-99.9% probability in under-
story habitats depending on species. Predictions also show 70% probability of increases in fall and 52% probability in spring in
understory habitats. All species were impacted, but our findings suggest that oak species may be favored in northeastern North
America under projected increases in temperature due to superior assimilation rates under these conditions, though as growing
seasons become longer, the effects of climate change on seedling photosynthesis may be complex.
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Introduction may be able to persist in the new environment, whereas oth-

ers may experience increased mortality (Allen et al. 2010) or

Under the current climatic trends, northeastern North American
forests will be subjected to increased average temperatures,
decreased average precipitation along with the altered timing
of rainfall, increased environmental variability and an increased
frequency of extreme events (IPCC 2007, 2013). In the long
term, these trends are predicted to lead to future changes
in tree species’ distributional ranges (lverson et al. 2008).
But, in the short term, and at a given location, some species

decreased recruitment success (lbafiez et al. 2008). Despite
the major implications of such disparate responses, we do not
fully understand which outcome will be more likely for most
species in North America. In order to predict the future state
of these forests, we will need to make accurate predictions
about tree population dynamics under projected environmental
conditions. In particular, understanding how recruitment of new
individuals is affected by changing conditions may confer the
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most useful information, because this life stage will likely be
the most affected by climate change (Ibafiez et al. 2009).

While adult trees may cope with variable and non-optimum
conditions over decadal time scales, seedlings may not, as survi-
vorship typically increases with age class (e.g., De Steven 1994).
Tree seedlings exhibit very high mortality in comparison with
adults, constituting a bottleneck on population growth (Harper
1977, Harcombe 1987). Seedlings cannot utilize resources from
as large a volume of soil as adult trees due to their smaller size.
They also lack comparable reserves to adults to cope with sus-
tained periods of unfavorable conditions, which makes their sur-
vival more dependent upon their environment (e.g., Kobe et al.
1995, Gray and Spies 1997, Matthes and Larson 2006, Comita
et al. 2009).

In order to survive and further recruit to larger size classes,
seedlings need to assimilate some minimum level of carbon
to maintain growth (Caspersen and Kobe 2001, Ibafiez and
McCarthy-Neumann 2013), which they use for radial growth,
maintenance respiration, fine root production and leaf forma-
tion (Mooney 1972), supporting mycorrhizal symbionts (Norton
et al. 1990) and other functions. Photosynthetic rate is depen-
dent on environmental conditions. The role of light in assimila-
tion and growth is well established (Burkholder 1936, Johnston
1940, Farquhar et al. 1980, Quero et al. 2008). Low soil mois-
ture results in stomatal closure to prevent desiccation, limiting
CO, exchange (Havranek and Benecke 1978). Moreover, tem-
perature modifies photosynthetic rates (Dillaway and Kruger
2014); however, the effects are more complex, as photosynthe-
sis consists of multiple processes (electron transport and RUBP
regeneration [J,,,,], Rubisco carboxylation [V, dark respira-
tion [Ry] and photorespiration) all having different temperature
dependencies (Caemmerer 2000). While photosynthetic rate
may increase with temperature, so will dark respiration (Man
and Lieffers 1997, Dreyer et al. 2001), though dark respiration
has been shown to acclimate to sustained changes in tempera-
ture over time (Tjoelker et al. 2001, Rodriguez-Calcerrada et al.
2010) while photosynthesis may not (Liang et al. 2013).

Photosynthetic processes themselves are also highly variable,
as a number of key photosynthetic parameters vary significantly
across the growing season. Net photosynthetic capacity (at satu-
rating light) peaked during early spring for five North American
tree species (Augspurger et al. 2005). Somewhat in contrast,
for 23 temperate tree species photosynthetic rates were found
to peak around the summer solstice, or the maximum photope-
riod (Bauerle et al. 2012). Similarly, Zhu et al. (2011) found that
for a single tree species dark respiration (Ry) was highest and
mesophyll conductance (g,,) was lowest in spring, representing
a potential limitation to spring assimilation. Others have found
peak dark respiration in mid-summer (Koniger et al. 2000). And
Wilson et al. (2000) found slightly different peak times for maxi-
mum Rubisco carboxylation (V,...,) and maximum electron trans-

cmax.

port rates (J,,,) in mature Acer rubrum L., Acer saccharum Marsh.

max.

and Nyssa sylvatica Marsh. trees. While leaf-level physiology is
only one component of whole plant carbon balance, it is impor-
tant to account for this variability across the growing season to
accurately estimate seasonal carbon budgets of forest seedlings,
and ultimately, their ability to acclimate to future climate.

Changing climate will influence these environmental variables
in a number of ways. In the Great Lakes region (where our study
took place), average annual precipitation is projected to increase
along with temperature (IPCC 2013). However, increased sum-
mer temperature and increased variability in precipitation, with
a higher frequency of extreme events (IPCC 2007), may lead to
decreased soil moisture and increased vapor pressure deficits
(VPD) on average. This could decrease seedlings’ assimilation
rates through more frequent stomatal limitation or increased
total seasonal dark respiration, leading to decreased seasonal
carbon assimilation. Finally, as the climate warms, many tree
species will leaf out earlier or later in response to temperature
cues, while other species may not be affected or even experi-
ence incomplete or asynchronous budburst in response to insuf-
ficient winter chilling (Morin et al. 2009, Laube et al. 2014).
This could lead to longer growing seasons for some species
as spring and fall become warmer (Menzel and Fabian 1999).
As future responses to changing climate may differ among and
within species, across ontogenetic stages (seedlings vs adults)
or habitats (low vs high light levels), it is crucial that we under-
stand the processes that determine seedling carbon budgets
according to the environment to which they are exposed.

In order to better understand how environmental conditions
affect seedling carbon assimilation and to investigate how dif-
ferent species may respond to these conditions in the future,
we measured the photosynthetic rates of 78 tree seedlings from
four species, across a single growing season from leaf out to
senescence. Species vary in growth rates, drought tolerances,
shade tolerances and successional statuses. These temporally
extensive carbon assimilation data were analyzed to address
the following questions: (i) How do commonly estimated photo-
synthetic parameters vary through the growing season among
seedlings growing under field conditions? (ii) How are these
parameters affected by environmental variables, specifically
light availability, temperature, soil moisture and VPD within and
among seasons? And, (i) due to the direct and indirect effects
of temperature on carbon assimilation, and the high certainty
in predictions of future increases in mean temperature, we ask
how might the photosynthetic assimilation rates of four impor-
tant tree species be impacted under projected increases in
temperature due to climate change?

Materials and methods

Study site

In the summer of 2012, we conducted gas exchange measure-
ments of seedlings from several tree species (A. saccharum,
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Carya glabra Mill., Quercus rubra L. and Quercus velutina Lam.;
Table S1 available as Supplementary Data at Tree Physiology
Online) of varying drought and shade tolerances and growth
rates (Barnes and Wagner 2004) on 74 days between Julian
days 121 and 297 at the E. S. George Reserve, Pinckney, MI, USA
(~42°28'N, —84°00’W, ~280 m above sea level). The area is
composed of reforested farmland, woodlots and pasture, with pri-
marily oak—hickory forest growing on sandy loam to loamy sand
soils. Average annual precipitation is 762 mm spread throughout
the year with mean monthly temperatures ranging from —5.5 °C
in January to 22 °C in July and with an average growing sea-
son length of 145 days. We worked at two sites separated by
<1 km; Site 1 is representative of a sugar maple-mixed Oak forest
(A. saccharum, Q. rubra, Q. velutina and Quercus alba L.), and Site
2 is a black oak—hickory forest (Q. velutina and C. glabra). These
sites were selected because they represent two major local veg-
etation types and contain some of the most dominant species in
the region. The 2012 summer was characterized by high drought
and heat indices with summer precipitation being almost half of
average (Andresen 2012) with only ~214 mm falling between
May and September (NOAA National Climatic Data Center 2012).

In order to have a representative sample of different light con-
ditions (determined via hemispheric canopy photos), we mea-
sured seedling photosynthetic rates in forest research plots
(5% 5m) established across natural light habitats: understory
(or canopy) (mean£SD: ~10.4 £ 0.01% full sunlight at Site 1
and 21.0+0.03% at Site 2) and gap (491 £0.1% at Site 1,
84.9+01% at Site 2). Full sunlight was ~2200 pmol m= s~
photosynthetically active radiation (PAR). Greenhouse-raised first-
year seedlings of each of the four study species were tagged and
transplanted (bare root) into several plots in the early summer of
2009 and 2010 (see Ibafiez and McCarthy-Neumann 2013 for
growing information). Forty-seven transplanted seedlings across
five plots were used in this study. Due to low seedling survival in
the understory habitat at Site 1, we used an additional understory
plot at this site to obtain enough replicates (Site 1: two under-
story plots and one gap plot; Site 2: one understory plot and one
gap plot). In addition to the transplanted seedlings, 31 natural
seedlings (3—7 years old, aged using terminal bud scars) were
located within or adjacent to plots and added to the study in July,
for a total of 78 seedlings distributed across sites, light habitats
and species. Due to extremely low survival of the transplants,
there were no transplanted A. saccharum seedlings in gap habi-
tats, therefore measurements of A. saccharum in gaps only began
in July with the addition of the natural seedlings.

Data collection

One environmental microstation (HOBOware, Onset Computer
Corp., Bourne, MA, USA) was established at each site in the
understory habitat, and soil moisture, air temperature and PAR
were measured every 60 min throughout the year. Some of
the temperature data for the spring season at Site 1 were lost
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due to equipment malfunction; however, enough remained for
accurate representation of spring temperature, and the mean
and standard deviation agreed well with the data from Site 2.

For a finer scale calibration of soil moisture measurements,
volumetric water content (VWC) was recorded with a soil
moisture probe (Fieldscout—TDR 300 Soil Moisture Meter,
Spectrum Technologies, Plainfield, IL, USA) at each corner of the
plots, at four points immediately adjacent to each seedling and
at four points immediately surrounding the microstation probes.
These measurements were conducted four to 10 times per plot
over the season, beginning in July and ending in mid-October
(~Julian day 297), wherein the date and time of measurement
to the nearest 30 min were recorded. We used this combination
of temporally extensive measurements with the data logger and
spatially extensive manual measurements with the probe to rec-
reate the soil moisture environment each seedling was exposed
to during the photosynthetic measurements (see Appendix S1
available as Supplementary Data at Tree Physiology Online).

Hemispheric canopy photos (Rich 1990) were taken at the
corner of each plot and directly above each natural seedling
after full overstory had developed. Photos were analyzed with
the Hemiview hemispheric image analysis system (Dynamax,
Inc., Houston, TX, USA) and the global site factor (proportion
of incident global solar flux) was calculated for each plot and
each natural seedling.

Gas exchange

Measurements were taken at steady state (and we did not
directly account for dynamic conditions, such as sunflecks)
across a range of temperatures, soil moistures and times of day
in an attempt to capture a large range of variability under environ-
mental conditions. Gas exchange measurements were collected
with two LI-6400 Portable Photosynthesis Systems equipped
with CO, mixer assemblies, LI-02B LED red/blue light sources
and LI-06 PAR sensors (Li-COR Biosciences, Lincoln, NE, USA).
Light response (A-Q) curves were taken at ambient humid-
ity and temperature at CO, concentrations of 390 ppm at 11
descending light levels (1500, 1000, 750, 500, 250, 125, 60,
30, 20, 10 and O umol m=?s). Measured PAR at the LI-6400
sensor head in gap plots often exceeded 1500 pmol m= s~
on sunny days and values >2000 umol m= s~ were observed.
Photosynthetically active radiation in understory plots was lower
(Figure S1 available as Supplementary Data at Tree Physiology
Online), but frequently exceeded 1200 pmol m= s in sunflecks
and fluxes as high as 1800 pumol m= s~ were observed. For this
reason we chose to use the same light levels in both understory
and gap plots. CO, response curves (A—C) were taken at satu-
rating light (1500 umol m=s™) at either nine CO, concentra-
tions (in order: 400, 300, 200, 100, 50, 400, 400, 600 and
800 ppm) or, beginning on Julian day 202, to improve estimates
of J.. 11 CO, concentrations (in order: 400, 300, 200, 100, 50,
400, 400, 600, 800, 1000 and 1500 ppm), as it was observed
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that some curves were not saturating at high C. A—C, curves were
performed immediately after A—Q curves (in most cases), after
allowing seedlings to reacclimate to saturating light for at least
3 min, or until the assimilation rate was close to the maximum
rate measured during the previous A—Q curve. These protocols
were performed on seedlings of the four species in each plot no
less than five times, unless the seedling died (<5%, three seed-
lings), across the growing season from early May to mid-October.
While the spring of 2012 was very warm and leaf out took place
earlier than normal, no seedlings showed any signs of frost
damage. Since we did not have enough measurements to treat
the date of measurement as a continuous variable (e.g., Julian
day of measurement), we chose to bin the data into three sea-
sons, based on natural breaks, defined as Julian days 121-145
(spring), 172-209 (summer) and 225-297 (fall). Observations
that were clearly the result of mechanical error or non-equilibrium
measurement (i.e., negative or extremely high intercellular CO,
concentrations) were discarded from analysis. The LI-6400 also
recorded simultaneous leaf and ambient temperatures, relative
humidity, pressure, VPD and ambient PAR (umol m=2s™). For
leaves <6 cm? gasket area (<5% of the measurements), a trac-
ing of the leaf was made and dated at the time of measurement.
Photographs of tracings were taken next to a ruler, and area of
leaf tracings was subsequently estimated using ImageJ software
(Schneider et al. 2012). Assimilation data were subsequently
recomputed with the correct leaf areas in the LI-SIM software
(Li-COR Biosciences).

Analysis

We analyzed our data following the Patrick et al. (2009) approach,
utilizing the model code available in the Supplementary Data
at Tree Physiology Online. In this model, the parameters of the
Farquhar model of C3 photosynthesis (Farquhar et al. 1980)
are estimated in a hierarchical Bayesian framework. Patrick
et al. (2009) modified the basic Farquhar model to incorporate
light dependency of potential electron transport according to
Farquhar and Wong (1984) and mesophyll conductance accord-
ing to Caemmerer and Evans (1991), Caemmerer (2000) and
Niinemets et al. (2009). We simplified their model structure,
while including linear relationships with additional explanatory
variables (soil moisture and VPD) and allowing seasonal variation
in a subset of photosynthetic parameters (description below).
It should be noted that we did not incorporate an explicit sto-
matal conductance model, but opted to modify the estimation
of certain parameters with a semi-mechanistic statistical model
(see Eqg. [6]). This allowed us to model both stomatal and non-
stomatal effects of soil moisture and VPD on assimilation without
over-complicating the model. Data and parameter abbreviations,
definitions, units, sources, functions and prior distributions are
given in Table 1.

The observed assimilation rate, A, at a specific light level,
Q, and intracellular CO, concentration, C, for a particular

observation, i, was modeled with a Normal likelihood with mean
assimilation rate yA; and variance 62:

Aops, ~ Normal(uA, 62)

Depending on the transitional concentration of CO, (C), the
assimilation rate yA is defined as the minimum of Rubisco car-
boxylation-limited (uA = Av if C; < C,;;) or RUBP-regeneration-
limited (uA =Aj if C > C_,,) rates of assimilation. We do not
include TPU-limited photosynthesis in the model, as this has
been shown to be rarely encountered under natural condi-
tions (Dubois et al. 2007, Niinemets et al. 2009). For each
observation i in curve ¢, the assimilation rate is estimated as:

—b1, 12 — 4 1 1
Ay = b1 + /b1, X al X ci; )

' 2 X aj;
where
y
al = ——— 1a
9 (1a)
cha><c - Rdc 1+ Oi
bt = f +C + KCC( K., ) (1b)
C1‘\ = Rdc (Cl, + ch ( ; Oi j] chaxc (C‘ F*c) (1 C)
or as:
—b2, +[b27 — 4 x a2, x c2
" — 1 1 1 1 2
A 2% a2, @
where
’
a2=— — 2a
n (2a)
5/4)-R
b2, = ('/9)7"6 +C +2I, (2b)
J
€2 = Ry (C, +2I") = 5 (G~ T") (20)

Light dependency is incorporated into the calculation of the
electron transport rate (J;) as:

J = QZI + JmaxC - \/(Qzl + Jmaxc )2 —4X eseason(c),p\ant(c) X QZ\ X Jmaxc

2% eseason(c),plant(c)

®3)

Q xo(1-f)

. @)

in =
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Table 1. Model parameters used, abbreviations and definitions, and the source (observed data), values used (reported in the literature) or the prior
distribution or equation (Eq) used for their estimation.

Abbreviation Definition Value, distribution, equation

o Model standard deviation U(0,5)

Av; Rubisco carboxylation-limited rate of CO, assimilation (umol m=2 s™) Eq. (1)

Aj; RUBP regeneration-limited rate of CO, assimilation (umol m= s™) Eq. (2)

Alpha PSII activity in bundle sheath 0.85!

(Ca, )G, (Transitional) Intercellular CO, concentration (Pa) N(20,1.4)?, observed data

E, Activation energy for temperature responses of g, Jnaw Koo Ko Ry N(u=49.6, 50.13, 70.37, 29.83,
Vmax OF T (k) mol™) 63.90, 65.48 or 26.84, 0° = 10)?

f Spectral light quality factor 0.153

Gm.» Im25¢, HGm256 Mesophyll conductance (umol m=2 s™) Eqg. (5), (7), N(0,10) > O*

I*, I'*25, CO, compensation point without dark respiration (Lmol m= s) Egs (5), N(3.86,1) > 0?

(Jmax‘)' Ji Odmaxzss,l‘p fu‘jmax255,l
K., K.25.
Ko, Ko25¢

i (Q2)

D O WO

Rdﬂ Rd25c' :URdZSS
T
0, 0 16,

60°,

chaxc OcvcmaX25S'|yp ,chmax255,l
Vo.zs,h Jozs,l

ﬁ1s' ﬂzl

(Maximum) rate of electron transport (Lmol m= s)
Rubisco Michaelis—Menten constant for CO, (Pa)
Rubisco Michaelis—Menten constant for CO, (kPa)
Intercellular O, partial pressure (Pa)

Pressure (Pa)

Photosynthetically active radiation (umol m=s~') (absorbed by PSII)
Universal gas constant (J K- mol)

Daytime mitochondrial respiration rate (Wmol m= s™)
Leaf temperature (K)

Empirical curvature factor

Variance associated with u6,

Maximum rate of Rubsico carboxylation (Lmol m= s)

Variance associated with aV,,,25 and aJ,,,,25 hyperparameters
Soil moisture (fB1,), VPD (f2)) coefficients for V_,,,25 and J,,,25

Egs (6), (3), (10), N(55,10%) > 0567
Eq. (5), N(27.348,103) > 02
Eq. (5), N(16582,10%) > 02

Observed data

Observed data, Eq. (4)

0.008314

Egs (5) and (8), N(O,1) >0
Observed data

N(ué,, 6o,), N(0.7,10)(0-1)®
U(0,100)

Egs (6) and (9), N(25,10%) > 0672
U(0,100)

N(u=0, 0°>=100, 103)

Symbols u, orand 25, indicate the means, hyperparameters, or temperature-adjusted (to 25 °C) values of a parameter. Subscripts indicate the level
at which parameter is estimated: individual observation (i), curve (c), season (s), plant (p) and/or light habitat (I). Parameters without subscripts
are estimated at the species level. Either Normal (N) or Uniform (U) prior distributions are used. Informative priors drawn from: 'Caemmerer
(2000); 2Patrick et al. (2009); 3Evans (1987); “Zhu et al. (2011); >Bethers et al. (2009); ®Delucia and Thomas (2000); "Wertin et al. (2011);

8Evans (1989); °Aranda et al. (2005).

Parameters were estimated at the curve level, ¢, as there was
a large amount of variability in observed photosynthetic rates
among different measurements (Figure 1). For some of the
parameters we used slightly informative prior distributions cen-
tered on literature values (Table 1). Certain parameters were
truncated to prevent sampling of otherwise biologically mean-
ingless values (such as negative dark respiration or a curvature
factor >1; Table 1). One change we made to the basic process
model is allowing the 8 parameter, an empirical curvature fac-
tor for the light dependency Eqg. (3), to vary across seasons
(fixed effect) and among plants (random effects). We used
an informative prior (16 and 6o; Evans 1989) to estimate 6
parameters of season—plant combinations for which we did
not have data (some seedlings were added in the summer for
which we do not have spring data).

eseason (c),plant(c) ~ Normal (;u eseason () Ho-zseason (c) )

In addition, since A—-C; curves provide no information for the
estimation of this parameter (as light is held constant in these
curves) we presume that the @ parameter for each A-C, curve

is equal to the value of @ estimated for the light curve mea-
sured immediately before it, or in the absence of such data,
the light curve measured closest to the date of the given A—C,
curve for the same plant (see ‘Gas exchange’).

As Rubisco carboxylation and oxygenation rates vary with tem-
perature (Bjorkman et al. 1980), following Patrick et al. (2009)
we used a linear Arrhenius function standardized to 25 °C to
estimate mesophyll conductance, dark respiration, maximum
Rubisco carboxylation rate, maximum electron transport rate,
Michaelis—Menten constants for oxygenation and carboxylation
and CO, photocompensation points (gm, Ry Vemaxs Jmaxs Kor Ks @nd
I™) for each curve c. The same function was used for all seven of
these parameters (p), where p25. is the value of parameter p. at
25 °Cfor curve ¢ and £, is the activation energy for p.:

max?

p. = p25c X e(Ep(K—298)/(298XRXZ)). (5)

Data exploration suggested that both light and CO, saturated
assimilation rates depended linearly on soil moisture (as VWC)
and VPD, thus estimates of curve level V. and J

cmax

informed by these data (which was first ‘mean-centered, see

are also

max
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Figure 1. A—C; curve datasets for spring (black circles), summer (dark gray squares) and fall (light gray triangles) showing observed variability
in assimilation rates at a given C, for (a) A. saccharum, (b) C. glabra, (c) Q. rubra and (d) Q. velutina. Curves were conducted at saturating light

(~1500 pumol m= s7") and ambient humidity and temperature.

Appendix S1 available as Supplementary Data at Tree Physiology
Online) in a semi-mechanistic model Eq. (6). Similar relation-
ships were not observed with Ry or g,,, and attempts to include
these data led to convergence issues, likely due to identifiabil-
ity issues. This observed behavior is consistent with stomatal
control of leaf intercellular CO, concentrations in response to
internal abscisic acid (ABA) signaling from roots (Davies et al.
1980) and to increases in VPD (Oren et al. 1999). However,
decreased leaf water potential under prolonged drought in field
conditions may also decrease photosynthetic rates via its effect
on the relative water content of cells (Bjérkman and Powles
1984, Kaiser 1987) and through decreased RUBP regenera-
tion rates (Farquhar and Sharkey 1982, Tezara et al. 1999,
Flexas and Medrano 2002). Since the LI-6400 calculates G
from transpiration rates and the relative diffusivities of CO, and
H,O in air, much of the variation in assimilation due to changes
in stomatal aperture is likely captured by this calculated variable
(Sharkey et al. 1982). Therefore, in order to avoid further com-
plication of the model, we chose not to incorporate a stomatal
conductance model. The addition of soil moisture and VPD data
further informs estimation of the assimilation rate by potentially
capturing any non-stomatal effects of the water environment on

Jmax @and V..., and indirectly approximating the effects of these

max

variables on stomatal aperture, while keeping the model struc-
ture relatively simple. This means that the estimates for V..,
and J,.,, are not equal to the ‘true’ values of these parameters in
the absence of stomatal limitation. Rather, they represent ‘effec-
tive’ V.« and J.,, under the mean environmental conditions
observed in a given light habitat and season for that species.

Linear terms for soil moisture and VPD were incorporated
into the Arrhenius temperature functions only for these two
parameters (V... and J., ). When we allowed the soil mois-
ture relationship to vary seasonally (spring, summer and fall),
it explained more variation than when we estimated a single
value across the entire growing season. Similarly, the rela-
tionship with VPD (standardized, Appendix S1 available as
Supplementary Data at Tree Physiology Online) appeared to
differ by light habitat, and so was allowed to vary between
habitats, canopy and gap.

Pc = p25c X e(EP(K—298)/(298><R><7})) + ﬂkeason(c) soil mSc

+ ﬂzhabitat(c)VPDc (6)

The temperature-adjusted parameters g,,25. and R425, are
essentially season-level parameters in order to capture any
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seasonal changes in leaf biochemistry. Except for temperature,
we could find no relationship between these two parameters
and external environmental variables.

gm25c :lugm255eason(c) (7)

Rd25c =,URd25season(c) (8)

As seedlings' assimilation response to light may acclimate to
different light levels, we included not only seasonal differences
but also habitat differences (understory or gap) for V,.,,25 and
Jax25. Because individual seedlings' assimilation rates were
quite variable, we also allowed unique values for each season—

plant-light habitat combination as

chax 2 5c = a\/c max 2 55eason(c),habitat(c),plant(c) (9)
-Imax 2 5c = a-/max 2 5season(c),habitat(c),plant(c) (1 O)

avcmax 2 55eason (c),plant(c),habitat(c)

~ 2
Normal(p chax 2 55eason,habitat ’ Vo season,habitat)

Czjmax 2 SSeason (c),plant(c),habitat(c)

~ 2
Normal(l‘l-jmax 2 55eason,habitat7 JO— season,habitat)

Prior distributions

We chose to use informative prior distributions for parameters
which are not well estimated from our A—Q and A-C, data, but
are well documented in the literature, such as activation ener-
gies (E, [Patrick et al. 2009]). Generally, we either used wider
or the same variances as Patrick et al. (except for mesophyll
conductance, which could not be reliably identified with wider
variances). Since abundant literature is available on the values
of certain photosynthetic parameters (for some plants), prior
distributions were centered near literature values when avail-
able (Table 1).

Model implementation

We implemented the model using OpenBUGS software (Lunn
et al. 2009). The final model was run with two chains for a
burn-in of 50,000 iterations, after which samples were moni-
tored to assess convergence of the chains using the Brooks—
Gelman—Rubin test (Gelman and Rubin 1992). Chains were
run after convergence to obtain at least 3000 independent
samples for all parameters after thinning to remove within-
chain autocorrelation. Model fit was evaluated using the R?
between predicted and observed values.
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Predicted assimilation response to projected
temperature increases

To address Question (3), understanding how temperature
increases due to climate change may affect seedlings' net
assimilation rates, we used posterior estimates of model
parameters to estimate net assimilation rates under current
temperature averages and +3 °C scenarios, for each season
and habitat. We chose to focus on the effects of temperature
as this is a driving variable that influences VPD and biochemi-
cal reaction rates, while projections of precipitation are still
uncertain at regional scales, and not well resolved to monthly
timescales (IPCC 2013). And while mean annual precipitation
is projected to increase, increased temperatures will likely drive
increased evapotranspiration, potentially negating increases
in average soil moisture availability (IPCC 2013). Due to this
uncertainty, soil moisture values in mean and +3 °C scenar-
ios were kept at observed summer 2012 averages for each
season—habitat combination while VPD, which increases with
temperature, was estimated in a VPD-temperature sub-model
(see Appendix S2 and Table S2 available as Supplementary
Data at Tree Physiology Online). Representative photosynthetic
photon fluxes of 278 and 1076 wmol m= s, calculated from
the average global site factor in each light habitat (see ‘Data
collection’), were used for understory and open light habitats,
respectively.

To evaluate the effect size of increased temperature, the
effect of increased temperature on photosynthesis (ETP) was
estimated by comparing the posterior probability density func-
tions of predicted photosynthesis under current and elevated
temperatures (Garrett and Zeger 2000). Comparisons are
made within seasons at the average assimilation levels pre-
dicted at representative light levels (for understory and gap
habitats) and seasonal mean soil moisture and VPD. The effect
of increased temperature on photosynthesis is calculated as
the ratio between the probability of achieving a photosynthetic
rate as high or higher than the observed mean under current
temperatures (the target rate) at elevated temperature and the
probability of reaching the observed mean at current temper-
ature, which is always equal to 0.5 (Figure S2 available as
Supplementary Data at Tree Physiology Online). ETP > 1 indi-
cates an increase in the probability of reaching the target rate
and thus a positive effect of increasing temperature, and ETP
< 1 indicates a decrease in the probability of reaching the tar-
get and thus a negative effect of a warmer environment.

Results

Environmental data

Soil VWC was highest in spring with midday means of 13.2 + 2.0
and 13.9 £ 1.5% VWC for Sites 1 and 2, respectively. Soil moisture
throughout summer was lower, with midday means of 3.1 £1.9
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and 3.0% 1.7% VWC for Sites 1 and 2, respectively. Fall midday
means were 5.3+ 4.4 and 4.4 +3.6% VWC for Sites 1 and 2,
respectively. Light levels at HOBO microstations in the canopy
were uniformly low after canopy closure (~Julian day 140 and
160 for Sites 1 and 2, respectively), though PAR was higher and
more variable at Site 2 (midday mean 38.7 £ 9.3 umol m= s~
for days 175-200) than at Site 1 (mean 17.5 £ 3.8 umol m=2 s~
for days 175-200), though many seedlings experienced higher
average light levels. Mean midday temperatures for each sea-
son (spring, summer, fall) were 186%57, 270%£3.2 and
17.6 £ 6.1 °C, respectively, at Site 1 and 20.0+ 4.8, 28.0+ 3.4
and 19.0 + 6.4 °C, respectively, at Site 2. Summary soil nutrient
data are presented in Table S3 available as Supplementary Data
at Tree Physiology Online, and continuous soil moisture and PAR
(in the understory) data are presented in Figure S1 available as
Supplementary Data at Tree Physiology Online.

Gas exchange

Approximately 10,000 observations (945 full or partial curves)
were taken from 30 April to 23 October (Julian days 121-297).
Observed light saturated assimilation rates showed large vari-
ability from low near O umol m= s~ to maximum rates of around
10 umol m= s~ depending on species. Assimilation rates at
400 ppm varied by approximately an order of magnitude or

more for each species, with extreme maximum observed rates
between 13 and 20 umol m=2 s™" at or above C; of 1000 ppm
depending upon the species (Figure 1).

Model fits and parameter estimates

The final model fits (R? between predicted vs observed) were
0.85 for A. saccharum, 0.83 for C. glabra, 0.84 for Q. rubra
and 0.80 for Q. velutina. Parameter estimates, associated 95%
credible intervals and posterior variances for all model param-
eters are given in Table S4 available as Supplementary Data at
Tree Physiology Online.

Posterior means and 95% confidence intervals for ug,,25,
UR425, uV, .25 and .25 are presented in Figure 2.
Significance can be assessed by comparing 95% confidence
intervals, and groups that do not overlap are significantly dif-
ferent (P <0.05). All species except A. saccharum showed
peak temperature-adjusted mesophyll conductance (ug,,25) in
summer, and significantly higher rates of temperature-adjusted
dark respiration (uR425) in spring compared with summer and
fall (Figure 2a and b). Quercus velutina had the highest ug,,25
and uR,25 of the four species. Quercus rubra also had sig-
nificantly higher uR,25 in fall than in summer. There were few
significant differences in the temperature-adjusted maximum
carboxylation rates at mean soil moisture and VPD (uV,,,,25)
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Figure 2. Posterior parameter estimates (and 95% Cl) of the main photosynthetic parameters: (a) mesophyll conductance (ug,,25), (b) dark respira-
tion (uR425), (c) maximum Rubisco carboxylation rate (1V,,,x25) and (d) maximum electron transport rate (w..,25) adjusted to 25 °C for canopy
(black) and gap (grey) habitats. Estimates vary by season and in some cases also by habitat according to model structure (see ‘Materials and methods’).
Parameters whose 95% confidence intervals do not overlap are significantly different. Acsa: A. saccharum, Cagl: C. glabra, Quru: Q. rubra and Quve:
Q. velutina. Note that spring V.25 and w,.,,25 estimates for A. saccharum are not present as we did not have any gap seedlings in this season.
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(Figure 2c). Seedlings of certain species seemed to respond
differently to seasonality depending upon light habitats, with
higher summer and fall rates in gaps, and higher spring rates
in canopy habitats. Carya glabra had the highest uV,...25
value of the four species and A. saccharum had the lowest.
The temperature-adjusted maximum electron transport rate
at mean soil moisture and VPD (u/,,25) showed more sig-
nificant differences and tended to be the lowest in summer,
regardless of light habitat, particularly for the two Quercus spe-
cies (Figure 2d). w/.,,25 was higher in fall than in summer for
all four species in both light habitats (the difference in gaps
for C. glabra was only marginally significant). Significant dif-
ferences between light habitats depended on the season, with
canopy seedlings having higher rates than gap seedlings in
spring and lower rates than gap seedlings in fall, particularly
for the two Quercus spp., but not for C. glabra.

In total, three of 20 B1...con (effect of soil moisture, allowed to
vary by season) and 2, (effect of VPD, allowed to vary by
light habitat) parameters related to V., and 15 of 20 [1.e.con
and B2, it Parameters related to J,,,, were significant (P < 0.05)
(Table S4 available as Supplementary Data at Tree Physiology
Online reports mean estimates and associated 95% credible
intervals). The effect of standardized soil moisture (B1,¢,50n) ON
V. max Was positive and significant only in summer for C. glabra

cmax

and Q. rubra. Standardized VPD (2,,pia) had no effect on V.
except for A. saccharum in canopy plots. The effect of soil mois-
ture (Blaeason) ON Jmay Varied by season and species. 1 .s0n fOr

Jmax Was significant for all seasons in A. saccharum, for summer
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and fall in C. glabra, for spring and summer in Q. rubra and only
for spring in Q. velutina. J,,,, also decreased in summer with soil
moisture for Q. velutina (marginally significant). J,,., of Q. rubra
and Q. velutina decreased with increasing soil moisture in
spring but increased with soil moisture in summer, while J,, for
A. saccharum and C. glabra increased with soil moisture in spring
but decreased with soil moisture in summer. J,,, increased with
soil moisture in fall for A. saccharum and C. glabra. The effect of
VPD on Jyax (B2habitar) Was uniformly negative across all species
and light habitats. 2,pitat Or Jmax Was significantly more nega-
tive in gap plots than in canopy plots for both A. saccharum and
C. glabra seedlings.

Predicted effects of temperature on net assimilation rates

Predictions of net assimilation rates at mean temperature
showed no significant differences between seasons or light
habitats for any of the four species (Figure 3) (P> 0.05).
In general, there was wide variability around each of the
predictions, and the mean values were quite low, between
1.92 £ 0.99 umol m=? s for canopy plot A. saccharum seed-
lings in summer up to 6.28 £ 1.56 umol m= s~ for gap plot
Q. velutina seedlings in the fall. Predictions of mean assimila-
tion rates tended to be slightly higher in gap habitats than in
canopy habitats, but this was not always the case. There were
also no significant differences between any assimilation rates
among species at mean temperature, though Quercus spp.
tended to have higher means, and high upper 95% credible
interval limits (Figure 3).

Photosynthetic Rate - Anet (umol m™2s™")

EE

®e Mean T
*+% Elevated T (+3 °C)

130 150 170 190 210 230 250 270 290

130 150 170 190 210 230 250 270 290

Julian Day

Figure 3. Large points show predictions of net assimilation rates (A,.;) and 95% Cl at mean and elevated (+3 °C) temperatures for each season
for (a) A. saccharum, (b) C. glabra, (c) Q. rubra and (d) Q. velutina. Negative assimilation rates indicate higher dark respiration than photosynthesis.
Colors indicate light habitats and shapes indicate the temperature scenario. Means whose 95% confidence intervals do not overlap are significantly
different. Note that spring predictions for A. saccharum are not present as we did not have any gap seedlings in this season. Smaller light gray
points show time-series of raw light curve data at light levels near those used in predictions (250 for understory and 1000 umol m= s~ for gap)

for understory (filled light gray circles) and gap (unfilled light gray circles).
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The response of predicted assimilation rates to elevated
temperatures (Figure 3) varied by season, light habitat and
species, though with one exception, there were no significant
differences between mean and elevated temperature assimila-
tion rates. In canopy habitats during the summer, Quercus spp.
seedlings had predicted assimilation rates at elevated tempera-
tures that were much lower than those predicted at current
mean temperatures (marginally significant for Q. rubra). In gaps
in summer, all species tended to have lower predicted assimila-
tion rates at elevated temperatures (significant for C. glabra,
P <0.05). In general for these three species, the effect of
elevated temperature was stronger in summer than in either
spring or fall, and negative, while temperature had small posi-
tive effects in fall. This pattern was weaker in A. saccharum.
The ETP quantifies the differences seen in predicted assimila-
tion rates (Table 2). Therefore patterns in ETP mirror those
seen in predicted assimilation rates and represent a measure
of effect size. The lowest observed ETP was 0.0002, and the
highest was 1.70.

Discussion

To better understand how different northeastern North American
tree species may respond to climate change, we investigated the
effects of environmental variables (soil moisture, VPD, light habi-
tat and temperature) and seasons on seedling carbon assimi-
lation, as this, among other processes, will influence seedling
competitive ability. We present evidence that across the species
we studied photosynthetic parameters (V.0 Jmaw Rg @and g)
vary seasonally. Though environmental variables and seasons
are not completely independent, variability in respiration (Ry)
and mesophyll conductance (g,,) seems to be independent of
environmental variables, while maximum photosynthetic electron
transport (J,,,,) and carboxylase activity (V..,) change with soil
moisture and light habitat. Assimilation rates are quite variable
in any given season and light habitat. Though mean precipita-
tion is projected to increase (IPCC 2013), increased temperature
may still reduce water availability (via increased evapotranspira-
tion), which our results show could restrict the carbon assimi-
lation rates of tree seedlings. Increasing summer temperatures

are predicted to impact seedlings negatively, with >90%
decreases in probabilities of achieving current mean assimila-
tion rates in some cases. Conversely, warmer conditions may
increase photosynthetic rates in the spring and fall depending
on light habitat, potentially compensating for reduced assimila-
tion during the summer, as these seasons may become longer
(Menzel and Fabian 1999). However, our measurements do not
take into account any potential acclimation to higher tempera-
tures (Tjoelker et al. 1999, Gunderson et al. 2000, Rodriguez-
Calcerrada et al. 2010), so although the reported trends are
likely to take place, their magnitudes could vary. In summary,
our results provide evidence that the effects of future climate
change are quite complex, as the response of seedlings' photo-
synthesis will depend on light habitat and species, and will vary
across the growing season.

Q1: Seasonality of dark respiration and mesophyll
conductance

The observed peak dark respiration (Ry) in spring (Figure 2)
likely corresponds with construction respiration as seedlings
build new leaves from stored carbohydrates, and is consis-
tent with some studies (e.g., Zhu et al. 2011; but see Koniger
et al. 2000). We measured expanding leaves in the early part
of spring for all species. The rise in fall may correspond with
bud set (McKown et al. 2013) and dismantling leaf proteins
at senescence (Friedrich and Huffaker 1980, Stoddart 1982).
Low spring respiration in A. saccharum may simply be due to
the fact that seedlings of this species were the first to leaf out
in spring, perhaps 10 days to 2 weeks prior to sampling, and
we may not have begun gas exchange measurements early
enough to observe growth respiration. However, as Ry has
been shown to acclimate to sustained changes in temperature
(Rodriguez-Calcerrada et al. 2010) and we modeled tempera-
ture sensitivity of Ry as a single species-level linear response
(see ‘Analysis’), the observed trend in C. glabra and Quercus
spp. is consistent with temperature acclimation (Tjoelker et al.
1999, Gunderson et al. 2000, Lee et al. 2005), with the high-
est temperature-adjusted rates in spring and the lowest rates in
summer (when temperatures were highest). Possibly it reflects
a combination of these two effects.

Table 2. Effect of temperature on photosynthesis, estimated as the change in probability of reaching average current photosynthetic rates while
under a climate scenario where the seasonal mean temperature increases by 3 °C. An ETP > 1 indicates an increase in the probability of reaching
the current rates and thus a positive effect of a warmer environment, while an ETP < 1 indicates a decrease in the probability of reaching the cur-
rent rates and thus a negative effect of a warmer environment. Effects were estimated for the two light habitats, understory and gap.

ETP/% change Spring Summer Fall

Species Understory (%) Gap (%) Understory (%) Gap (%) Understory (%) Gap (%)

A. saccharum 1.35/+35 NA/NA 0.80/-20 0.10/-90 1.60/+60 1.70/+70
C. glabra 1.52/+52 0.15/-85 0.39/-61 0.0002/-99.98 1.49/+49 1.15/+15
Q. rubra 1.39/+39 0.37/-63 0.001/-99.9 0.035/-96.5 0.98/-2 1.38/+38
Q. velutina 1.29/+29 0.46/-52 0.08/-92 0.09/-91 1.13/+13 1.40/+40
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Peak mesophyll conductance (g,,) in summer (Figure 2) is
likely a function of leaf photosynthetic capacity, with conduc-
tance limitation decreasing as leaf expansion and development
occur in spring, and then increasing as leaves gradually accrue
more damage in fall and senesce. This pattern agrees with
the results of certain studies (Grassi and Magnani 2005; but
see Zhu et al. 2011). It is unclear why A. saccharum did not
show the same pattern as the other species, but this species
has low drought tolerance (Barnes and Wagner 2004), and
the observed pattern may be the result of inhibition or leaf
desiccation during the most severe dry period in mid-summer.
Drought has been shown to negatively impact g, (Keenan
et al. 2010, Cano et al. 2013). Methods that explicitly assess
mesophyll conductance (e.g., fluorescence measurements) are
likely required to assess seasonality in this parameter, as it was
difficult to reliably identify without restrictive priors (see ‘Prior
distributions’, Table 1).

and J

The maximum carboxylation rate (V,,,,) and the maximum
electron transport rate (J,,,) are two commonly estimated
photosynthetic parameters, as they represent two important

biochemical limitations to carbon assimilation encountered

Q1: Seasonality of V.,

max max

under natural conditions. Studies have shown that V., and
Jax peak in mid-summer in temperate trees (Bauerle et al.
2012, Stoy et al. 2014). While we were estimating J,,,, and
V. max @t mean soil moisture and VPD, we did not observe a
mid-summer peak in these parameters (Figure 2). This dis-
crepancy is likely due to the fact that we studied seedlings,
which are more vulnerable to environmental fluctuations than
adult trees (Zhu et al. 2011, Stoy et al. 2014) or saplings
(Bauerle et al. 2012).

There were large differences in mean VPD, soil moisture and
temperature between canopy and gap habitats, as well as dif-
ferences in incident light levels (data not shown), likely causing
the effects of mid-summer drought to vary in severity by light
habitat. Compared with a mid-season peak, our result of mini-
mum J,,, during the summer in gaps, and no mid-summer peak
in Va0 suggests drought inhibition (Figure 2). Differences in
phenology between canopy and gap seedlings may complicate
the interpretation of these results; however, this pattern likely
indicates that important summer carbon gains may be lost

under increased temperature and aridity in this system.

Q2: Effects of environmental variables: interactions
with seasonality

While the effects of light habitat on V., and J..,, vary by sea-
son, increased values of /.., in Quercus spp. and higher V...
in C. glabra and Q. rubra in gaps following larger and more
frequent rain events in the fall suggest that typical acclimation
to the light environment was masked earlier in the season by
dry conditions (Figure 2, Figure S1 available as Supplementary
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Data at Tree Physiology Online). Though we did not measure
leaf nitrogen or whole-plant leaf area, plants in gaps typically
invest less nitrogen in expensive leaf proteins (chlorophyll and
thylakoid proteins) for light capture and instead maintain higher
electron transport efficiency per unit chlorophyll (Evans 1989,
Evans and Poorter 2001). Lower J,,, in spring in gaps may be
due to slower development of photosynthetic capacity in gap
seedlings, which leafed out ~2 weeks later than canopy seed-
lings for all species. Unfortunately, it is difficult to isolate the
effects of drought and season when assessing the response of
seedling assimilation to light habitat, as summer was the driest
season.

The large number of significant parameters related to J
particularly for VPD, may indicate that variation in J_,,
not fully explained by the C data, and that drought-induced
decreases in J,,,, may have been due in part to non-stomatal
effects (Table S4 available as Supplementary Data at Tree
Physiology Online). Moderately low leaf water potential may
directly limit the rates of RUBP regeneration (Kaiser 1987)
as well as Rubisco carboxylation (Maroco et al. 2002). It is
also possible that at high VPD or at low assimilation rates, the
C estimated by the LI-6400 is less accurate (Kaiser 1987).
A third possibility is that low J,,, at high VPD may be primarily
due to decreases in mesophyll conductance, as decreases in
Vomax @and J,, may only be responsible for significant limita-
tion during severe dry conditions (e.g., Grassi and Magnani
2005). Due to the model structure, and our difficulty in reliably
identifying g,,, we are unable to differentiate between these
cases. However, regardless of whether this represents non-
stomatal effects or C, measurement errors, utilization of VPD
and soil moisture data improves the estimation of /., without
the need to incorporate a computationally intensive stomatal
conductance model.

max?

is

Q3: Predicted assimilation rates under future climate

Predictions suggest that high temperatures, low soil moistures
and high VPDs due to drought minimize absolute differences
in net assimilation rates among species, while the predicted
variability around photosynthetic rates is large (Figure 3).
Predictions also show that Quercus spp. (particularly Q. velu-
tina) may be better competitors than the other species due
to their higher potential assimilation rates across seasons
and habitats, though they generally perform better in gaps
(Figure 3). While we did not estimate seedling carbon balances,
our repeated measures of instantaneous gas exchange rates
on multiple seedlings over an entire growing season, resulting
in a much larger sample size than comparable studies (e.g.,
Kwit et al. 2010), provide ample information about the potential
competitive differences between species (e.g., Rebbeck et al.
2012). Thus while we do not have the resolution to estimate
individual carbon budgets for the study of seedlings, the extent
of our data and model specificity (replication of individuals and
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light habitats, seasonal and daily measurements, and a model
that accurately quantifies population variability around mean
rates) allow us to make inferences about the relative competi-
tive abilities of these species. Differences in rates, compounded
over multiple years, may lead to large differences in resource
acquisition and growth (Monteith 1965, Noland et al. 1996,
Kirschbaum 2011), indicating that Quercus spp. may be competi-
tively favored under future climate conditions over A. saccharum,
and even C. glabra in the seedling stage.

Results of elevated temperature predictions indicate impor-
tant differences in performance at warmer temperatures. The
effect of higher temperature (+3 °C) on photosynthesis (ETP)
in summer indicates strong negative effects on photosynthesis
for all species, regardless of light habitat (Table 2). Particularly
in gaps, seedlings of all four species will be unable to achieve
current assimilation rates under elevated temperatures. Strong
negative effects were also found in spring in gaps and in sum-
mer in the understory (Table 2). Thus, seedlings' survival in
gap habitats could be negatively impacted, further narrowing
the recruitment potential for these species. Conversely, smaller
increases in the ETP in spring and fall, particularly in the under-
story, coupled with future increases in growing season length
may lessen these impacts somewhat, as seedlings make up
for summer losses during more favorable spring and fall con-
ditions. However, these results do not take into account any
potential acclimation of the seedlings to higher temperature.

In particular, Ry has been shown to acclimate to sustained
changes in temperature (Gunderson et al. 2000, Tjoelker et al.
2001, Lee et al. 2005, Rodriguez-Calcerrada et al. 2010, but
see Dillaway and Kruger 2011 and references therein). While
we do not directly account for this effect in our ETP predictions,
we allow pR 25 to vary seasonally, which partially captures
the effects of progressive acclimation to higher temperatures
between seasons. However, this means we likely overestimate
increases in dark respiration in our elevated temperature predic-
tions. Most studies of respiration temperature acclimation com-
pare acclimated seedlings at a reference temperature. Of those
which give full temperature response curves of seedlings accli-
mated to different temperatures, some species alter temperature
responses to maintain a relatively equal Ry at different tempera-
tures (for a potential ~13% overestimate ignoring acclimation for
A. saccharum [estimated from Gunderson et al. 2000]) while
more responsive species show smaller increases than would
be predicted assuming no acclimation. We were unable to find
comparable data for the other three species. An upper limit of
the overestimate for North American temperate deciduous spe-
cies seems to be ~25% for Betula papyrifera Marsh. and Populus
tremuloides Michx. (estimated from Tjoelker et al. 1999).

Furthermore, photosynthesis itself may not acclimate to
increases in temperature (Liang et al. 2013), and reports of
acclimation in Ry are not universal for these species (e.g.,
Wertin et al. 2011) or other North American deciduous

species, and mechanisms are still not completely understood
(Dillaway and Kruger 2011). Vapor pressure deficit increases
were also included in the predictions, and as the effect of VPD
on J.., (representing both stomatal and non-stomatal effects)
was always negative, this variable played a significant role in
the predicted ETP responses. While stomatal conductance may
acclimate to increased temperature at constant VPD (Santrucek
and Sage 1996), it is unlikely that conductance acclimates to
changes in VPD, and the mechanism for such a response is
unclear. Non-stomatal components of ETP response repre-
sent the damage to photosynthetic machinery or cell structure
(Yordanov et al. 2000, Flexas and Medrano 2002) or down-
regulation (Chaves et al. 2009). Therefore, the exclusion of
explicit temperature acclimation of Ry from our model does
not invalidate our ETP predictions, though decreases in ETP
are likely somewhat overestimated. Plants exhibit higher water
water-use efficiency at elevated CO, concentrations (Kimball
et al. 1993, Drake et al. 1997, De Kauwe et al. 2013), which
may lessen the magnitude of responses under future climate
conditions, but this is beyond the scope of this study.

Conclusion

Based on our results, the net impact over a growing season
will determine species' ability to assimilate carbon. Our predic-
tions show that seedling phostosynthetic rates may be strongly
impacted by climate change-induced warming, but this will
depend on the light habitat and the specific day during the grow-
ing season, as key photosynthetic parameters vary seasonally.
While many other factors play into competitive ability and demo-
graphics, these changes are likely to have significant effects on
seedling recruitment through time as small differences in rates
compound over multiple years. While all species are likely to
respond negatively, the combined impacts of increased VPD and
temperature seem to favor Quercus spp. seedlings over A. sac-
charum and C. glabra seedlings. Increased oak species domi-
nance and A. saccharum decline under forecasted climate have
been predicted by several species distribution models for the
region (Prasad et al. 2007, Iverson et al. 2008), but hickory
species, in particular C. glabra, are also predicted to increase in
abundance as temperatures rise and temperate forests become
more arid. Though long-term population demographics will also
depend on processes at other life stages, these results suggest
that changes in recruitment patterns of these species in the
region may take place under projected climate change, particu-
larly as warmer years and droughts become more common.
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