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Abstract

Unprecedented rates of warming and an inability to curtail greenhouse gas production

has fueled the discussion of how to mitigate climatic impacts. Climate impacts

on forests are coarsely understood. A large number of interacting environmental

variables affect every aspect of forest life cycles, and studies incorporating local

factors are scarce. For this study, a large manipulative climate experiment in both

northern(Massachusetts) and southern(North Carolina) sites was used to examine the

effect of climate change on demographic and physiological rates of 11 tree species

representative of the Eastern Deciduous Forest.

First, to clarify how environmental conditions of the next century will alter

seedling carbon assimilation, a hierarchical multivariate model that synthesizes over

16,000 instantaneous carbon exchange measurements from 285 trees of four species

was developed. Estimates of species-level light response curve parameters were used

to predict individual-level seasonal carbon budgets. This model revealed how the

balance between respiration and photosynthesis shifts with temperature, moisture,

and overstory canopy status. Furthermore, it showed that elevated temperatures

(`3˝C and ` 5˝C) shift the seasonal species carbon budget allowing some Liroden-

dron tulipifera to grow as much a 5.5 times more massive in elevated temperatures.

In addition, for certain species, demographic rates of seedlings can be scaled to

above-ground growth using short-term physiological responses.

Second, the relationship between seedling size and water-use was examined. Trees
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grow from environmentally sensitive seedlings to large canopy individuals capable of

buffering environmental stress. At some intermediate size, a threshold is reached

where greater resilience results when increased resource gain overcomes the added

costs of size. For two seasons of this manipulative warming experiment, 123 external

heat pulse sapflow sensors were applied to 4 species (Acer rubrum, Lirodendron tulip-

ifera, Quercus alba, and Quercus rubra). The experimental seedlings, which vary in

mass from less than a tenth of a gram to 41 grams, were included to demonstrate

that both size and species influence water use. While larger size leads to increased

transpiration, reduced soil moisture paired with larger size leads to unpredictable

reductions in sapflow. Small seedlings were predictably reactive, but large seedlings

were both the least and most reactive to soil moisture reductions. When soil moisture

improved, after periods of moisture limitations, small individuals quickly recovered

and large individuals to a lesser extent. These results suggest that the seedlings of

this experiment were not consistently big enough to gain an advantage in water-use

like their larger canopy counter parts.

Lastly, this climate-warming experiment was expanded to include 4000 seedlings

of 11 total species across both the northern and southern sites. High-resolution sub-

annual growth measurements and a hierarchal Bayesian state-space model provided

a more accurate picture of seedling growth responses to sub-annual climatic vari-

ation, by focusing on determinate vs. indeterminate growers and the interactions

between growth phenology, temperature tolerances, and climatic shifts. Determi-

nate species enhanced annual growth by shifting growth earlier in the season when

temperatures were more suitable, avoiding hot and dry conditions of summer. Inde-

terminate species annual growth, which is focused within the summer, is dependent

on their ability to maintain growth during increasingly warmer and dryer summers.

Co-occurring species may respond differently and competitive regimes are shifted by

how growth phenology aligns with the seasonal patterns of climate change.
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Questions of forest responses to climate change are multi-scaled. Responses de-

pend on local conditions, life-stage, natural history, and the scale of inference. Cli-

mate change does not occur in isolation all factors must be weighed when evaluating

a response. For this study a manipulative climate experiment was used to address

these questions and investigate the effect of climate change on trees of the Eastern

Deciduous Forest.
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1

Assimilation

”... harvesting of organic material as a combine moves across a field of

wheat, a trawler lifts its net from the sea, and a logging company works

through a forest. Sunlight and harvest are connected by the functions of

ecosystems in binding energy into organic material - their productivity,

on which humans, like all animals, is wholly dependent for his life.”

- Robert H. Whittaker 1970

1.1 Introduction

Ecologists are challenged to predict the effects of changing climate on forests. The

climate of eastern North America is getting hotter and droughts more extreme (Bres-

hears et al., 2005; Pachauri and Reisinger, 2007; Allen et al., 2010; Li et al., 2011a;

Steinkamp and Hickler, 2015). Both drought and high temperatures have already

caused widespread forest dieback. Ecologists have long attempted to interpret whole-

plant, long-term (season-to-multiyear) responses to physiology that can be measured

on scales of minutes. Interacting environmental variables that change throughout the

growing season frustrate these scaling efforts (Parmesan, 2007; Iverson et al., 2008;
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Poorter and Markesteijn, 2008; Ibáñez et al., 2009; Diez et al., 2012; Holmgren et al.,

2012; Wolkovich et al., 2012; Smith and Dukes, 2013). To improve predictions of

season-to-year plant growth responses, we developed a model that allows the entire

shape of the short-term light response to vary throughout the growing season. We

apply it to one of the first large warming experiments on seedlings in North America.

We show that demographic rates of seedlings growing within this manipulative warm-

ing experiment can be predicted using short-term physiological responses. Further,

we demonstrate how warming impacts the balance between assimilation and respira-

tion. When scaled to the level of an individual these results further indicate that early

successional species, Liriodendron tulipifera, grow four times faster than late succes-

sional species, Quercus alba and Quercus rubra, with similar carbon budgets. Using

leaf-level patterns we show how the recruitment balance between four trees, Lirio-

dendron tulipifera(LITU), Acer rubrum(ACRU), Quercus alba(QUAL) and Quercus

rubra(QURU), of eastern North America may shift over the next century.

Statistical models are needed to connect measurements of leaf-level responses to

forests in the context of multiple changing variables. Seasonal trends depend on

phenology, the individual’s leaf area and biomass, and changing local temperature

and moisture. Reduced more variable rainfall and increased evaporation rates will

lead to more extreme drought in the southeastern United States (Adams et al., 2009;

Li et al., 2011a,b; Vose et al., 2011). Measurements of leaf-level carbon assimilation

provide information about the status of a leaf on the scale of minutes, but longer

term impacts on plant growth and survival are poorly understood (Beaudet et al.,

2011). Leaf-level acclimation to changing temperature is not well understood in field

conditions, particularly when combined with changing rainfall (Man and Lieffers,

1997; Medlyn et al., 2002; Sage and Kubien, 2007; Allen et al., 2010; Way and

Yamori, 2014; Dillaway and Kruger, 2014; Peltier and Ibáñez, 2015).

One reason why short-term, leaf-level responses could fail to predict growth re-
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sponses to climate stems from the fact that leaves are responding to a continuously

changing environment. In principle, leaf-level measurements might be scaled to plant

level processes using total leaf area to estimate individual level carbon capture. En-

vironmental data can now be collected at high frequency, but leaf responses cannot.

Measurements needed for photosynthesis models (Farquhar et al., 2001; Weerakkody

and Suriyagoda, 2015) are time-consuming and often impractical for large in-situ

ecological experiments.

Most studies focus on the responses of assimilation rates while neglecting the

coupled response of respiration rates (Wertin and Teskey, 2008; Flexas et al., 2014;

Niinemets and Keenan, 2014). It is crucial to recognize the balance between these

rates when predicting the carbon budget of individual plants, ecosystem CO2 ex-

change, and recruitment success (Reich et al., 1998; Gifford, 2003; Atkin et al.,

2006). Abiotic factors, such as light-level, soil moisture, and air temperature, can

shift this balance, and respiration may become more critical than photosynthesis.

Shade and soil moisture can also further reduce rates of assimilation and respiration

and impact their temperature dependence (Sims and Pearcy, 1991; Lusk and Reich,

2000; Campbell et al., 2007; Slot et al., 2008; ZaragozaCastells and SánchezGómez,

2008). Carbon limited individuals grow near their whole plant compensation point

where any negative shift in the balance between photosynthesis and respiration could

be catastrophic (Givnish, 1988; Sims and Pearcy, 1991).

To link instantaneous measurements on leaves to seasonal growth, we developed

a model of leaf-level responses and phenology that adapts to the full range of en-

vironmental change and interactions. We transformed a well-established leaf-level

response model into a multivariate model for the joint distribution of these states.

These unobserved latent states are the traditional parameters used in photosynthesis

models (Table 1.2). As latent states, they change together throughout the growing

season, as a joint distribution. If leaf-level responses translate to demographic suc-
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cess, we expect that models combining rates of photosynthesis and respiration with

seasonal phenology should more accurately predict whole-plant growth responses

than is possible from simple extrapolation of short-term measurements. Warming

temperatures cause many species to leaf-out earlier, delay senescence, or both. Plants

that extend the physiologically active period can assimilate more carbon if environ-

mental conditions are amenable (Norby et al., 2003; Zhang et al., 2004; Clark et al.,

2014c). Combining leaf phenology, biomass estimates, and leaf-level carbon assim-

ilation could provide a better understanding of the growth environment and the

seasonality of photosynthetic capacity.

We scaled photosynthetic rates to seasonal carbon budgets for 285 tree seedlings

from four species, across multiple growing seasons and growth temperatures. The

natural history of these species had a variety of drought tolerances and ranged from

fast growing early successional to gap-regenerating late successional. Our multivari-

ate model infers the light response as a joint distribution, showing how the combined

impacts of light-levels, temperature, and soil moisture alter respiration and photo-

synthesis. The model predicts the effects of the environment throughout the season.

Results show that early successional species invest a greater proportion of their car-

bon budget into growth when compared to late successional species. Results further

indicate that the importance of respiration rate increases with temperature in shaded

understories.

1.2 Methods

1.2.1 Study Site

Experimental warming was implemented in the North Carolina Piedmont near the

Southeastern edge of the Eastern Deciduous Forest located near Hillsborough, North

Carolina (36.0 ˝N, 81 ˝W, elevation of 180 m) (Figure 1.1). At the site the average

minimum temperature is 8.8 ˝C; average maximum temperature is 21.2˝C with a
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Table 1.1: Variables in the model were chosen to account for treatment effects and
represent a combination of current and prevailing environmental conditions. A period
of one/two weeks for mean temperature and soil moisture are representative of recent
environmental history, while the temperature anomaly represents current short term
environmental conditions.

Variable Formula Description

chamber effect cj allows chamber differences

warming treatment wj ambient, `3˝C, `5˝C

gap treatment gj
two-level

gap vs understory treatment

mean temperature T̄t,j “
1
14

řt
t1“t´14 Tt1,j two weeks preceding measurement

temperature anomaly at,j “ Tt,j ´ T̄j departure from chamber mean

soil moisture m̄t,j “
1
7

řt
t1“t´7mt1,j

volumetric soil moisture
for the preceding week

(0-15cm depth)

mean annual temperature of 14.5 ˝C. The average annual precipitation is 1208mm.

The study site contains 24 15.1m x 3.2m plots divided into six blocks of four based

on topographical position and canopy status (gap or shade). The gap plots are po-

sitioned in an artificially created 0.14-hectare gap with a long axis of 55m. The

gap plots receive high levels of sunlight while shaded plots receive small amounts of

light filtered through an overstory canopy. Plots within each block were randomly

assigned one of three temperature treatments (`0 ˝C, `3 ˝C and `5 ˝C) or control.

Control plots were surrounded by bird netting to prevent herbivory, while trans-

parent greenhouse film enclosed the open-top temperature treatments. Elevated air

temperatures were achieved using heated air blown into each chamber via transpar-

ent ducts. The soil was heated independently using electric resistant cables buried

10 cm below the surface (Melillo et al., 2002; Clark et al., 2014c). Variables used to
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model assimilation rate are summarized in Table 1.1.

Table 1.2: Parameters of the non-rectangular hyperbola, A “ R `
QI`Asat´

?
pQI`Asatq2`4θQIAsat

2θ
, used to model photosynthesis. All of the parameters

except shape, θ, have a direct physiologically interpretation.

Parameter Description Dimension

Asat net assimilation at light saturation µmol CO2m´2s´1

R light stimulated respiration rate µmol CO2m´2s´1

Q carbon-use efficiency µmol CO2{µmol PAR

θ shape parameter dimensionless

1.2.2 Observational Data

The measured variables included in the model are factors that characterize the treat-

ments within the experiment,cj, gj, wj as well as continuous covariates that describe

the conditions within each plot (Table 1.1). Soil moisture and mean temperature

over the previous one and two weeks respectively, T̄t,j, m̄t,j (Table 1.1), are represen-

tative of recent environmental history which has been found to be a primary factor

controlling acclimation (Gunderson et al., 2009). A two week period before measure-

ment was chosen conservatively because acclimation in most species takes between

2 and 20 days with most acclimated within a week (Turnbull et al., 2002; Gunder-

son et al., 2009).The instantaneous temperature anomaly, at,j, provides a measure of

the impact of temperature without acclimation that varies hourly, much faster than

leaf-level acclimation.

Campbell Scientific CR-1000 data-loggers with AM16/32B multiplexers were used

to collect hourly air temperature, soil moisture, and light levels at each plot through-

out the study period. Each plot had two air temperature thermistors housed within
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Figure 1.1: The location of the study site in Duke Forest in reference to the
current range(green) of the four species included in this study. The dashed poly-
gons correspond to mean annual temperature and annual precipitation of warmed
(`3˝C and ` 5˝C) plots projected in geographic space. The warming treatment
pushes each species nearer to the southern edge of their range. Quercus rubra is the
only species that appears to be pushed beyond its current geographical range limit.
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solar radiation shields installed 20 cm above the ground, a time-domain reflectometry

soil moisture sensor (Campbell Scientific CS-616) which integrated soil moisture over

the top 15 cm of mineral soil, and a photosynthetically active photon flux density

(PPFD) sensor (Apogee Instruments model SQ110) mounted 1m above the ground.

In total, there were 48 air temperature sensors, 24 soil moisture sensors, and 24

PPFD sensors recording every hour for a total of over 1,684,224 data points.

Phenological censuses were conducted on every individual once a week starting

in early spring based on a protocol from Norby et al. (2003); Clark et al. (2014c).

The phenological stage of developing foliage was assessed on an ordinal scale from 1

(no bud activity) to 6 (fully expanded and hardened leaves). Stage-three leaves were

taken as the beginning of the growing season because studies have shown that leaves

of temperate trees have a positive carbon balance beginning around this stage (Keel

and Schädel, 2010). To mark the end of the growing season dates of leaf senescence

and leaf drop were recorded similarly following Augspurger and Bartlett (2003).

We measured carbon gain with light levels using a LI-COR 6400 open gas ex-

change infrared gas analyzer. The LI-COR 6400 measures leaf-level carbon gain

based on a 6cm2 section of leaf (LI-COR Lincoln, Nebraska, USA). The LI-COR

6400 measures the photosynthetic light response by controlling environmental con-

ditions (air temperature: 30˝C ´ 37˝C, relative humidity: 46% - 64%, and CO2:

395ppm) within a measurement chamber while adjusting photosynthetically active

LEDs to desired intensities (LI-COR Lincoln, Nebraska, USA). Standard methods

(Herrick and Thomas, 1999) to establish photosynthetic light response start by ap-

plying a saturating light to the leaf for a minimum of approximately 15 minutes

followed by automated stepwise downward shifts in the light level until the lowest

level of light, 0 photosynthetically-active photon flux density (PPFD), is achieved

(LI-COR Lincoln, Nebraska, USA). At each light level, the carbon assimilation rate

was allowed to stabilize and logged. This process is time intensive and restricts the
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number of samples that can be obtained during a sampling period. To overcome this,

we devised a sampling strategy which involved two complementary approaches. The

first approach used the time intensive standard methodology which took ą 30 min-

utes to complete resulting in high-resolution light response data on a small sample

size. The second method (A-R) measured only the light saturated photosynthesis

and light simulated respiration on each plant. This approach took ă 10 minutes to

complete and allowed for a large sample of plants to be recorded, but only provided

incomplete light response data. These two complementary approaches were then

combined using a multivariate normal model to fit the parameters of a light response

curve 1.2.

Table 1.3: A summary of saturated assimilation, Asat µmol CO2m´2s´1, and respi-
ration, Rµmol CO2m´2s´1, rates measured across species, light, and heating treat-
ments. Asat tends to be elevated in gaps and increases with warming, while R is
greater in magnitude in the gaps, but R is less effected by heating.

Heat Light Species Asat R

Ambient
Gap

ACRU

3.76(2.33, 5.18) -1.49(-2.01, -1.13)
Elevated 4.88(2.93, 6.56) -1.4(-1.9, -1.12)
Ambient

Shade
3.43(2.69, 4.2) -0.63(-0.86, -0.49)

Elevated 3.15(2.56, 4.35) -0.71(-0.88, -0.44)
Ambient

Gap
LITU

7.59(5.49, 10.02) -1.39(-1.77, -0.94)
Elevated 6.36(4.29, 8.7) -1.16(-1.59, -0.83)
Ambient

Shade
2.9(2.37, 3.34) -0.42(-0.55, -0.33)

Elevated 4.1(3.28, 4.78) -0.42(-0.55, -0.31)
Ambient

Gap
QUAL

7.27(4.67, 9.63) -1.75(-2.37, -1.3)
Elevated 9.45(6.92, 11.07) -1.68(-2.29, -1.15)
Ambient

Shade
4.73(4, 5.74) -0.62(-0.87, -0.47)

Elevated 5.97(5.09, 7.3) -0.58(-0.79, -0.4)
Ambient

Gap
QURU

1.99(1.84, 4.23) -1.31(-1.53, -1.12)
Elevated 4.46(2.78, 7.21) -1.67(-1.8, -1.05)
Ambient

Shade
4.79(3.85, 5.85) -0.55(-0.77, -0.38)

Elevated 5.86(4.77, 6.63) -0.53(-0.7, -0.36)

On average 15 light response curves were obtained for 11 days, measured on

three individuals in each plot. Measurements were repeated weekly, starting after
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leaf hardening in May until senescence in September. On each sample date, light

curves were obtained from randomly selected seedlings within each plot. For A-R

measurements, selected individuals were re-measured, while the majority of seedlings

were randomly selected. In total over 16,000 points were measured on 285 individuals

of four species (Figure 1.2). On average four individuals of each species and 12 total

individuals were sampled in each plot. Individual seedlings were selected to be similar

in size and greater than one-year-old. Individual leaves were selected to be in a similar

canopy position. Shaded individuals were consistently smaller than gap individuals.

1.2.3 Model

Consider a seedling we growing in plot j, subject to warming treatment wj, gap

treatment gj, and ambient temperature, light, and soil moisture, which vary by day

t and plot j (Table 1.1). Warming treatments track ambient temperature, elevated

(`3˝, `5˝), or not (ambient). Measured assimilation rates on seedling ij on day t

are obtained at a range of light levels k “ 1, . . . , K. We wish to quantify the effects

of warming on assimilation rates, using a model that adapts flexibly to a continu-

ally changing environment, through a joint distribution of parameters for maximum

photosynthetic rate, respiration, and quantum use efficiency (Table 1.2). The fitted

model will then be used to predict carbon exchange across the entire growing season,

exploiting high-frequency measurements of environmental variation and their inter-

actions. Predicted carbon balance across the season is allowing us to determine the

extent to which short-term carbon balance explains independent measurements of

seedling growth, yielding a growth efficiency estimate for each seedling.

The photosynthetic response to light is the non-rectangular hyperbola Thornley

(2002),
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Figure 1.2: Raw, unprocessed values of observed photosynthesis by light environ-
ment used to fit the photosynthetic model for each species. The colored points are
measurements taken in the gaps, while the dark ` symbols are points taken in the
understory and tend to have lower light saturated assimilation rates. This data has
negative values at high light levels, which can be due to operator and machine error
as well inactive or senescent leaves. The values caused by machine or operator error
are filtered from the analysis, but an inactive or senescent leaf can provide valuable
seasonal information.
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µk pTi,xq “ Rt,ij `

Qt,ijIt,ijk ` Ãt,ij ´

c

´

Qt,ijIt,ijk ` Ãt,ij

¯2

` 4θt,ijQt,ijIt,ijkÃt,ij

2θt,ij

(1.1)

for day t, for assimilation measured at light level k “ . . . , K on seedling i “ 1, . . . , n,

in chamber j “ 1, . . . , J , where

T1
i,x “

`

Asatt,ij , Rt,ij, Qt,ij, θt,ij
˘

(1.2)

is a vector of assimilation parameters, treated here as latent state variables, and

Ãt,ij “ Asatt,ij ` Rt,ij (Figure 1.3). The four variables in eqn 1.2 are described in

Table 1.2. The resulting curves, which were fitted to data collected throughout the

growing season, characterize the relationship between carbon assimilation and light

levels (Cannell, 1998; Augsurger et al., 2005; Kwit et al., 2010) (Figure 1.3).

1.2.4 Parameter Estimation

Observed assimilation rate has the likelihood,

At,ijk „ N
`

µk pTi,xq , σ
2
˘

(1.3)

with variance σ2 having an inverse gamma prior distribution,

σ2
„ IGps1, s2q (1.4)

The mean response µk pTi,xq (eqn 1.1) depends on the observed light levels (It,ijk)

and on the vector of parameters Ti,x (eqn 1.2). This is, in fact, a joint distribution

of latent variables that changes with the environment, specified in a length-Q design

vector x, containing variables in Table 1.1 and the warming-temperature interaction.
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Figure 1.3: Possible parameterizations of the functional form used to model photo-

synthesis, a non-hyperbolic parabola: A “ R`
QI`Asat´

?
pQI`Asatq2`4θQIAsat

2θ
(Thorn-

ley, 2002). This functional form provides enough flexibility to model changes in
photosynthesis through time, while still maintaining photosynthetically meaningful
parameters, T “ pAsat, R,Q, θq.

The warming-temperature interaction was included to provide flexibility in how air

temperature affects seedlings at elevated temperatures.

xt,j “
`

1, cj, wj, gj, Tt,j, at,j, m̄t,j, dt, wj ˆ T̄t,j
˘

(1.5)

The photosynthetic latent state variables have the joint distribution,

Ti,x „MVN pB1xt,j,Σq (1.6)

where Σ is a 4 ˆ 4 covariance matrix, and B is the Q ˆ 4 matrix of coefficients.

Conjugate prior distributions are matrix normal on B,
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vecpBq „MVN p0,ΣbCq (1.7)

where the prior matrix C has infinite variance, and inverse Wishart on the covariance

matrix,

Σ „ IW pS, vq (1.8)

for 4 ˆ 4 covariance S and prior degrees of freedom v. The model was fitted with

Gibbs sampling.

1.2.5 Predictive Modeling

Analysis yields a joint posterior distribution rP̃|X,As, where P̃ “ tβ̃, Σ̃, σ̃2u is the

set of parameters in the model, X is the full n ˆ Q design, and A “ tAt,iju are

assimilation observations. To apply the fitted model to the entire season we incor-

porate environmental variation measured every 30 minutes to each seedling in the

study. Given a prediction grid for the full active season for individual X˚ predicted

assimilation is

rA˚
|A,X,X˚

s “

ż ż

“

A˚
|T˚, σ̃2

‰

”

T˚
|Σ̃, B̃,X˚

ı ”

P̃|X,A
ı

dT˚dP̃ (1.9)

Factors in the integrand are respectively, the likelihood for assimilation (eqn 1.3),

the latent photosynthetic parameters (eqn 1.6), and the posterior distribution of

parameters. Predicted assimilation for individual ij over the full season is

A
pleafq
ij “

ÿ

t“1

A˚t,ij (1.10)

Total accumulated carbon is then converted from per m2 to the individual using total

leaf area Lij,
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A
ptotalq
ij “ A

pleafq
ij ¨ Lij (1.11)

Figure 1.4: Predictions from the fitted model vs. measured assimilation rates for
all four species. The model predictions contain the true value 95% of the time and
tend to under predict high assimilation rates. Grey points are the mean predicted
values and the vertical lines represent the 95% credible intervals for each in-sample
prediction. Predictions where the 95% credible intervals overlap observed data are
red and predictions that do not predict the data well are blue. The dashed line is
the 1:1 line where predictions are 100% accurate.

1.2.6 Diagnostics

Model checking involved three steps. First, the effectiveness of the model structure

was tested using simulated data. The simulated dataset was generated to mirror the

actual data with the all modeled parameters known. Our model is reliable if the

model can predict simulated assimilation, recover photosynthetic parameters, and

if simulated environmental relationships are discernible. Second, we made direct

comparisons between predictions and instantaneous measurements of assimilation
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(Figure 1.4). The model is tuned to maximize predictive credible interval overlap

with observations of assimilation. Third, we compared annual carbon budget predic-

tions to whole-plant growth. For each species’ model, we used Deviance Information

Criteria (DIC) to determine if a measure of day length and interactions between

temperature and the warming treatment (wjXT̄t,j) should be included.

1.3 Results

The environment at the site varied considerably within and between years and be-

tween treatments. Ambient temperatures during gas exchange measurements ranged

from 15 ˝C at the beginning of the growing season to ą 33 ˝C mid-growing season.

Early-season soil moisture was near saturation. As the season progressed volumetric

water content (VWC 0-15cm) declined. The lowest VWC, of 6.4%, was recorded

in July in a warmed plot. The mean VWC during the measurement period was

17.6˘ 4.8%. Soil moisture was 13.4% lower in warmed plots than ambient plots due

to increased evaporation. During the growing season, shade plots had 7.3% lower

VWC than gap plots due to canopy interception of precipitation and transpiration

by canopy individuals. Both of the reduction due to heating and reduction due to

the canopy were statistically significant to p ă 0.05. Midseason light levels were com-

monly near full sunlight in gaps, „ 2000 PPFD. They averaged less than 50 PPFD

(µmol m´2s´1), in the closed understory with sunflecks approaching 1000 PPFD 1.5.

Data modeling assimilated 16,000 total gas exchange measurements on 285 in-

dividuals of four species. Respiration and photosynthesis varied across species were

elevated in the gaps and also with warming (Table 1.3). Median saturated rates of

photosynthesis (Asat) were 5.77 µmol CO2m´2s´1 with a 95% quantile ranging from

1.52 during stressful conditions to 14.3 µmol CO2m´2s´1 at peak photosynthesis.

The median respiration (R) rate was 0.85 µmol CO2m´2s´1 with a 95% quantile

ranging from 0.2 to 2.79 µmol CO2m´2s´1. Seedling growing season lengths, defined
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by the stage of leaf development per Norby et al. (2003), ranged from 150 to 270 days

(Figure 1.6A). Leaf-out occurred earliest during warm years in heated plots (Clark

et al., 2014c).

Figure 1.5: Mean predictions for assimilation modeled for 25 days in July of 2012.
Points are species-level measured assimilation (Blue) and (Red) respiratory rates.
Photosynthetically active photon flux density (PPFD) and volumetric water content
(VWC) are fundamental drivers of assimilation. Alterations in PPFD or VWC will
directly affect assimilation. From day 211 to day 223 a slow decline in assimilation
rates corresponds to a decrease in VWC. Assimilation rates recover after precipitation
restores soil water and light levels increase. Assimilation rates minimize early in the
evening when light levels drop to zero and the highest temperatures of the night
drive high respiration rates.

For each species, there are four latent variables in the vector T describing the
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Figure 1.6: (A) Each line represents growing season length for gap and shade
individuals. Dark lines represent individuals growing in the gap, and light lines
represent individuals growing in the shade. There is considerable variability in leaf-
out (beginning of each line), senescence (end of each line), and overall growing season
length (length of each line). (B) Seasonal leaf phenology has a positive relationship
with carbon gain when considering understory individuals. (C) However, there is
no correlation between seasonal leaf phenology and carbon gain when considering
individuals growing in gaps.

light responses (Table 1.2), each of which depends on main effects and interactions

(eqn 1.5), for a total of 7ˆ 4 coefficients in B per species (Table 1.2, 1.5). The four

latent parameters of the light response are interdependent, determined not only by

similar main effects and interactions in B, but also by covariance Σ, adding another

p4ˆ 5q{2 “ 10 coefficients per species.

Model fit was validated in three ways. First, 95% credible intervals of all model

parameters contained the true values from the simulated training data set. This in-

dicates that the model can recover these values from the observational data. Second,

18



predictions of instantaneous measures of carbon assimilation from the four species

models recovered on average 95% of measured assimilation rates (Figure 1.4). Third,

the predictions of annual carbon accumulation correlated well with growth rates of

LITU and ACRU, e.g. individuals that grew the most were also predicted to as-

similate the most carbon. The magnitude of these predictions may be imprecise for

a variety of reasons, sources and sinks for carbon not included in the model and

fine-scale environmental variability that is not captured by sensor data (Givnish,

1988; Beaudet et al., 2011). However, the ability to scale carbon budget with growth

supports the notion that this model captures important processes and can be used

to inform demographics (Figure 1.4).

To understand the impact of environmental conditions we created four scenarios.

In each scenario, all environmental conditions are held at the mean except the vari-

able of interest. The variable of interest is entered at the mean level, at mean ˘ one

standard deviation, and mean ˘ two standard deviations (Figure 1.7). Temperature

effects on Asat and R tend to be positive, but there is substantial variation. Asat and

R both increase with mean air temperature, but Asat increases less than R and, in

the case of Acer rubrum, it becomes lower with temperature in heated than ambient

plots. (Figure 1.7). On a time scale of minutes, Asat and R can react differently

to temperature, at,j. During the warmest parts of the day, Asat declines, while R

becomes increasingly more negative (Figure 1.7).

The fitted model was used to predict the effects of environmental variation on

leaf- and whole-plant assimilation. Light levels control the balance between Asat and

R (Figure 1.7). In high light, Asat dominates, minimizing the effects of R on assimi-

lation. Conversely, in low light, R dominates, and Asat becomes much less influential.

Light-levels provide the necessary link between assimilation and the parameters of

a light response curve. Model output, which estimates carbon assimilation every 30

minutes, shows elevated assimilation in the understory even when light levels are
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low. In Quercus alba and Liriodendron tulipifera assimilation in the understory is

enhanced by elevated temperatures even though elevated temperatures increase R

(Figure 1.9). This pattern changes when considering assimilation per unit biomass.

Heated treatments produce larger individuals with greater leaf-area and a higher res-

piratory load (Figure 1.8). In the gaps, the assimilation of all species is boosted 1.3.

The largest assimilation enhancement per m2 leaf area is measured in both Quercus

alba and Liriodendron tulipifera. Scaled to the plant-level Liriodendron tulipifera

assimilates by far the most carbon, followed by Acer rubrum, and then the oaks.

Figure 1.7: Model predictions of Asat and R in four scenarios for environmental
change where all parameters are held at the mean except the parameter of interest.
The first column in each panel shows the effect of increasing levels of soil dryness,
the second increasingly higher mean temperatures in unheated plots, the third higher
mean temperatures in heated plots, and the last column higher instantaneous tem-
peratures from the mean. The points of each column represent the mean estimate,
the estimate at +1 standard deviation, and the estimate at +2 standard deviations.
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The impacts of increased temperature are typically of primary concern, but the

impacts of reduced soil moisture due to drought can be just as substantial. Asat

decreases more than R in drought causing the ratio of R to Asat to increase and rates

of carbon assimilation to decline. Soil moisture reductions have effects similar to low

light levels. Soil moisture reductions can lead to carbon starvation by inhibiting Asat

and R (Figure 1.7).

Timing is a critical component of how carbon gets assimilated. The model allows

Asat and R to adapt on multiple timescales. Mean temperature, T̄t,j, changes slowly

over the course of a season, while the temperature anomaly, at,j, changes with the

daily cycle of temperatures that peak in the afternoon. The timing of season start

and end dates is also important in the model. Increased growing season length from

warming impacts total seasonal carbon accumulated the most in the understory, with

correlations ranging from 0.32 to 0.84 (Figure 1.6). Season length was not important

in gaps, where this correlation between carbon budget and season length is reduced

to near zero (Figure 1.6). In the gaps individuals are large (Figure 1.8) and light

levels are consistent across season unlike the understory. The ability to intercept

light and capture carbon has a much stronger impact on carbon budget than season

length.

1.4 Discussion

The joint model of carbon assimilation parameters as latent variables responding

continuously to environmental variation throughout the season allows us to examine

how the balance between Asat and R shifts seasonally. Applied to one of the largest

manipulative warming experiments, predictive modeling demonstrates how warming

over the next century may alter the competitive balance between trees of Eastern

North America. The effect of species response to environmental change is entirely

dependent on the prevailing local environmental conditions. In some cases, under-
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Figure 1.8: Boxplots of biomass and leaf area show that individuals growing in the
heated plots are much larger than individuals in ambient temperatures. In the gap
fast growing Acer rubrum and Liriodendron tulipifera were on average 2.0 and 5.5
times the mass of their ambient counterparts.

story and drought, elevated rates of R are most critical to seasonal carbon; however,

when conditions are advantageous the impact on Asat becomes more important. Ul-

timately, the way each species invests its carbon will determine success.

Scaling Assimilation

An instantaneous understanding of Asat, R, and growing season length does not re-

veal inter- or intra- annual success. Meaningful responses arise from proper scaling.

High-light gap environments with few environmental limitations favor fast growing

individuals that maximize their ability to harvest light (Rüger et al., 2012). By fusing

allocation and architecture with assimilation rates, we get a per plant assimilation
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Figure 1.9: (A) The seasonal trend in carbon assimilation in a forest understory
has elevated rates in the spring and the fall. Reductions in carbon budget during
the summer in the understory are indicative of a high-stress environment where
respiration can outpace assimilation (B) The 95% predictive intervals for total carbon
budget suggest that while all species may benefit from warming QUAL shows the
greatest enhancement. (C) There is a positive relationship between annual carbon
budget and diameter growth for ACRU and LITU. Linear model fits indicate that
the ACRU and LITU grow more per unit carbon assimilated, while the oaks do no
grow faster as they assimilate more carbon.

rate. Per plant assimilation rates provide added insight that can distinguish between

large, slowly assimilating individuals with small leaf areas and small, quickly assim-

ilating individuals with large leaf areas. Species that grow fast and invest heavily

in leaf-area are projected to have a significant carbon budget enhancement due to

warming if Asat increases (Figure 1.9). A large response to the elevated temperature

treatment can easily overcome elevated respiration rates due to temperature. This

advantage extends beyond the photosynthetic parameters. Warming shifts leaf phe-
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nology to both earlier in the spring and later into the fall, providing more days to

assimilate. For individuals with high leaf area investment, each good day of growth

is more beneficial to it than its competitors. This carbon investment strategy com-

pounds every small benefit resulting in large individuals as seen in warmed gap

environments (Figure 1.8). Species that invest carbon into high levels of growth, like

Liriodendron tulipifera and Acer rubrum, are primed for success in forest gaps and

edge communities of the next century (Figure 1.9C).

1.4.1 Elevated Temperature Effects Without Limitation

If the environment is non-limiting (high-light and adequate water), warming is ex-

pected to be beneficial for plant health (Brzostek et al., 2014). Under non-limiting

conditions, photosynthesis is more influential on carbon assimilation than respira-

tion. Species like Liriodendron tulipifera and Quercus alba that maintain high pho-

tosynthesis rates at elevated temperatures will gain the most carbon due to warming

(Figure 1.7). Quercus alba and Liriodendron tulipifera fill adjacent ecological niches.

Liriodendron tulipifera dominates gap regeneration in the canopy, while Quercus

alba seedlings out compete Liriodendron tulipifera in understories. Warming tem-

peratures enhance carbon assimilation in both of these species, but the fast-growing

Liriodendron tulipifera invests more carbon into aboveground biomass (Figure 1.8).

In high-light gap conditions, Liriodendron tulipifera invests a larger percentage of its

carbon into growth and leaf production than Quercus alba (Figure 1.9). High invest-

ment in aboveground biomass has a compounding effect. Each year Liriodendron

tulipifera’s larger size allows it to capture more light, assimilate more carbon, and

grow faster, increasing its advantage over slowly growing species like Quercus alba

(Reich et al., 2015). In gaps, leaf-level assimilation rates are of secondary importance

to overall individual success. Of primary importance, are structural investments

which allow Liriodendron tulipifera to grow, overtop neighbors, and increase light
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interception. Unless warming causes a shift in carbon allocation, it is unrealistic for

Quercus alba to outcompete Liriodendron tulipifera in high-light environments.

1.4.2 Elevated Temperature With Limitations

Assimilation represents the balance between photosynthesis and respiration. Pro-

cesses associated with respiration dominate when shade or moisture limitations are

present. Over the next century, these limitations will interact with elevated temper-

ature to influence carbon budget. The outcome of these interactions will determine

carbon budgets and influence community structure.

Low Light

Survival in the resource limited understory is dependent on efficiently using what

little light is available (Hett and Loucks, 1968; Harper, 1977). By remaining small,

species like Quercus alba and Quercus rubra maximize assimilation per unit biomass.

This increases their plant-level assimilation efficiency and lowers their plant-level light

compensation point. A low plant-level compensation point allows these species to

persist in environments where aggressively growing species would starve. Aggressive

species (Liriodendron tulipifera and Acer rubrum) invest in structures that maximize

light interception. These structures not only represent a costly initial investment of

carbon, but larger individuals also continually respire more carbon, pushing their

plant-level light compensation points up. Without adequate light, greater height

and leaf-area are disadvantageous.

With assimilation so close to the light compensation point in understories it is im-

portant that respiration not overwhelm photosynthesis. Respiration can overwhelm

photosynthesis if either of these processes fails to acclimate to elevated tempera-

tures. Quercus rubra shows minimal to no enhancement of saturated photosynthesis

and higher rates of respiration in warmed plots (Figure 1.7). These rates combine
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to create little to no temperature enhancement of its annual carbon budget in the

understory (Figure 1.9). The temperatures Quercus rubra experiences in these plots

represent conditions just beyond Quercus rubra’s current climatic range limits (Fig-

ure 1.1). If this is indicative of a true temperature threshold, as the climate warms,

Quercus rubra populations may decline as respiratory loads overwhelm photosyn-

thetic gains.

At first glance, fast growing species, like Liriodendron tulipifera, may appear to

do well in the understory. They accumulate more carbon in warmed understory en-

vironments than ambient, but this short term advantage does not negate its entire

life history. Liriodendron tulipifera invests more heavily in growth per unit carbon

gain than the oaks (Figure 1.9C), and as individuals get larger this effect compounds

causing the ratio of photosynthetic biomass to non-photosynthetic biomass to de-

crease. The increased respiratory load of size pushes the plant-level compensation

point higher ultimately raising mortality rates (Givnish, 1988). It is the smaller

more conservative individuals/species that survive in lower light conditions for years

with minimal growth (Hett and Loucks, 1968; Kneeshaw et al., 2006). Regeneration

strategies remain as a first filter. Afterward, warming’s impact on carbon budget

will shift the balance between species.

Drought

Mid- to late- season droughts are typical at in the North Carolina Piedmont, and

over the course of the next century these are predicted to become more common and

intense (Li et al., 2011a). Soil moisture has a positive impact on Asat, and extended

periods of drought can reduce assimilation dramatically. As droughts in the region

become longer and more severe, we can expect reductions in the annual carbon

budget, which may shift the competitive balance between species (Cavin et al., 2013;

Grant et al., 2014; Anderegg et al., 2016). Increased drought limits the advantages
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that drought sensitive Liriodendron tulipifera has in gap environments. More drought

tolerant conservative species like Quercus alba have an advantage during long periods

of drought. Mild water limitations may shift the competitive landscape temporarily,

but severe drought could trigger a regime change where embolism catastrophically

kills large proportions of vulnerable species (McDowell et al., 2008).

Season Length

Growing season length is one of the most cited reasons for higher annual growth rates

and more productive ecosystems (Cleland et al., 2007; Richardson et al., 2010; Tveraa

et al., 2013; Keenan et al., 2014). However, longer growing seasons are only benefi-

cial if the conditions remain suitable (Brzostek et al., 2014). Trees naturally avoid

poor conditions. During unfavorable conditions trees may reduce their leaf area, go

dormant, or catastrophically cavitate (Hoffman et al., 2011). The high correlations

between annual carbon budget and season length show that understory seedlings

can benefit greatly due to longer growing seasons (Figure 1.6). In the understory,

saturating light is only available near the beginning and end of the growing season.

Additional days during this period can add a disproportionate amount of carbon to

the annual budget. In the high-light gap environments, season length does not corre-

late well to growth. Light levels are not seasonal and do not exaggerate the advantage

of having a long growing season. Instead, the advantage of a long growing season can

be muted by other factors, such as size. In gaps, assimilation differences caused by

size are much larger than assimilation effects associated with season length. When

comparing effects across individuals, if the environment is not limiting, size,rather

than season length, dictates the total amount of carbon assimilation.
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1.5 Conclusions

In this era, accelerated directional climate change must be considered. Plants are

sessile, therefore are dependent on the suitability of local regeneration niches. This

dependence on regeneration moves the focus from adults to seedlings to understand

species persistence and survival (Grubb, 1977). Given a sufficient timescale, chang-

ing environmental conditions will select from a new suite of species (Williams and

Jackson, 2007). Individual differences will initiate small shifts in communities, but

eventually, conditions overwhelm feedbacks that maintain stable communities over

long time scales (Wilson and Agnew, 1992; Scheffer, 2009). In the forests of the

Central Piedmont, Liriodendron tulipifera and Quercus alba are expected to perform

well in warmer conditions. Quercus rubra exemplifies one possibility of what hap-

pens to species as they pass beyond their climatic thresholds. As climate warms,

any individual growing near a southern range edge may show reduced carbon gain.

In climate stressed communities secondary stressors like insects and pathogens are

a common problem (Aitken et al., 2008; Sturrock et al., 2011). Acer rubrum at

our study site were widely infected by leaf tar spot (Rhytisma spp.). An infection

like this can compromise photosynthesis and eliminate any positive effect of warmer

temperatures. The success and failure of a species under climate change depends on

proximity of growth to an environmental limitation, competing species, and presence

of secondary stressors that can push individuals of all species towards morbidity.

Eventually, forests will change. In the Southeastern Deciduous Forest, where the

study occurred, trees most likely to become stressed first are Quercus rubra and

Acer rubrum.
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Table 1.4: Regression coefficients for the parameters of the light response model for Acer rubrum and Liriodendron
tulipifera.

Spec. Parm. Intercept
Chamber
Effect(cj)

Warming
Effect(wj)

Mean
Temperature

(T̄t,j)
cj X T̄t,j

Temperature
Anomaly

(at,j)

Soil
Moisture

(m̄t,j)

ACRU

Asat
4.77

(4.6,4.89)
-0.4

(-0.54,-0.25)
0.92

(0.78,1.05)
-0.73

(-0.81,-0.65)
0.76

(0.64,0.87)
-0.71

(-0.78,-0.65)
0.5

(0.4,0.57)

R
-1.7

(-1.73,-1.67)
0.3

(0.26,0.33)
0.11

(0.09,0.14)
-0.18

(-0.2,-0.16)
-0.14

(-0.16,-0.12)
-0.42

(-0.43,-0.4)
-0.1

(-0.12,-0.08)

Q
0.152

(0.15,0.153)
-0.008

(-0.01,-0.006)
0.02

(0.018,0.022)
-0.009

(-0.011,-0.008)
0.012

(0.01,0.013)
0.002

(0.001,0.003)
0.008

(0.007,0.009)

θ
0.142

(0.14,0.144)
0.001

(-0.001,0.003)
-0.011

(-0.013,-0.01)
0.007

(0.005,0.008)
-0.009

(-0.01,-0.008)
-0.001

(-0.002,0)
-0.004

(-0.005,-0.003)

LITU

Asat
9.43

(9.26,9.6)
-2.21

(-2.37,-2.05)
-0.46

(-0.61,-0.3)
0.42

(0.31,0.53)
-0.11

(-0.29,0.09)
-0.68

(-0.76,-0.6)
0.57

(0.49,0.65)

R
-1.55

(-1.59,-1.51)
0.23

(0.19,0.27)
0.19

(0.15,0.22)
-0.16

(-0.18,-0.14)
-0.14

(-0.18,-0.11)
-0.36

(-0.37,-0.34)
-0.09

(-0.11,-0.07)

Q
0.156

(0.154,0.157)
-0.002

(-0.004,-0.001)
0.002

(0,0.003)
-0.002

(-0.003,-0.001)
0

(-0.001,0.002)
0

(-0.001,0)
-0.001

(-0.002,-0.001)

θ
0.199

(0.197,0.202)
-0.004

(-0.007,-0.002)
0.003

(0.001,0.005)
-0.003

(-0.004,-0.002)
0.002

(0,0.004)
0

(-0.001,0.001)
-0.002

(-0.004,-0.001)



Table 1.5: Regression coefficients for the parameters of the light response model for Quercus alba and Quercus rubra.

Spec. Parm. Intercept
Chamber
Effect(cj)

Warming
Effect(wj)

Mean
Temperature

(T̄t,j)
cj X T̄t,j

Temperature
Anomaly

(at,j)

Soil
Moisture

(m̄t,j)

QUAL

Asat
7.84

(7.63,7.96)
-0.73

(-0.89,-0.5)
1.65

(1.25,1.8)
0.95

(0.87,1.04)
0.42

(0.1,0.56)
-0.51

(-0.57,-0.46)
1.04

(0.96,1.11)

R
-2

(-2.04,-1.95)
0.2

(0.15,0.24)
0.34

(0.3,0.38)
-0.47

(-0.5,-0.45)
-0.08

(-0.12,-0.02)
-0.62

(-0.64,-0.6)
-0.06

(-0.08,-0.03)

Q
0.17

(0.168,0.171)
0

(-0.002,0.002)
0

(-0.002,0.001)
0

(-0.001,0.001)
0

(-0.001,0.001)
0

(0,0.001)
0

(-0.001,0.001)

θ
0.094

(0.093,0.096)
0

(-0.002,0.002)
0

(-0.002,0.002)
0

(-0.001,0.001)
0

(-0.002,0.001)
0

(-0.001,0.001)
0

(-0.001,0.001)

QURU

Asat
5.45

(5.38,5.52)
0.2

(0.07,0.31)
0.22

(0.14,0.3)
0.1

(0.04,0.15)
-0.08

(-0.14,-0.01)
0.02

(-0.02,0.05)
0.21

(0.17,0.25)

R
-0.99

(-1.01,-0.98)
0.16

(0.14,0.17)
0.15

(0.13,0.16)
-0.19

(-0.21,-0.18)
-0.01

(-0.02,0)
-0.25

(-0.26,-0.24)
0.03

(0.03,0.04)

Q
0.148

(0.146,0.15)
0.007

(0.005,0.009)
-0.001

(-0.002,0.001)
-0.001

(-0.002,0)
0.002

(0,0.003)
0

(-0.001,0.001)
0.001

(0,0.002)

θ
0.106

(0.103,0.108)
0.005

(0.002,0.007)
-0.004

(-0.006,-0.002)
0.002

(0,0.003)
-0.002

(-0.003,0)
-0.002

(-0.003,-0.001)
0

(-0.001,0.001)



2

Water

”As the observer continues his studies further downstream, new species

very gradually appear, and many of the original ones likewise very grad-

ually disappear. In any short distance, these differences are so minute as

to be negligible, but they are cumulative and result in an almost complete

change in the flora...”

- H.A. Gleason, 1926

2.1 Introduction

The seedling stage is considered the most environmentally sensitive stage for tree and

forest regeneration (Payette and Filion, 1985; Hogg and Schwarz, 1997; Ibáñez et al.,

2009). As seedlings grow, they become more capable of buffering adverse environ-

mental conditions. It is not clear if there is a positive relationship between seedling

size and resilience, but we know that large canopy individuals are more resilient to

stressors than their smaller counterparts. Deviations from this size-resilience rela-

tionship occur when larger size does not increase resource gain in proportion to the
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costs of greater size. A better understanding of size-mediated resource-use is needed

to determine possible ecological trajectories and use them to establish management

plans to help buffer the effects of climate change (Hayhoe et al., 2006; Forester

et al., 2013; Bellassen and Luyssaert, 2014; IPCC, 2014). Using sapflow data from

seedlings varying in height from four inches to almost two meters and growing within

a climate-warming experiment under differing canopies we demonstrate the impor-

tance of species and size differences as it relates to water-use. Size-mediated effects

are most prominent at high levels of soil moisture, as moisture declines, the water-

use of the smallest individuals are the most reactive. These results show that large

size leads to increased transpiration, but regardless of species, large individuals that

experience reductions in flow recover the least once soil moisture is recharged.

To quantify seedling water use, we must start by considering how water availabil-

ity will change over the next century. Available water is the balance of precipitation

inputs, and evapotranspiration outputs (Dai, 2011, 2012). Precipitation is predicted

to become more variable with longer intervals between events while evapotranspi-

ration rates simultaneously rise (Li et al., 2011b). Both of these predictions are

expected to increase the lengths and intensities of drought and influence the amount

of stress that develops diurnally with evapotranspiration. The effects of increased

temperature and less moisture are projected to be partially mitigated by elevated

concentrations of atmospheric CO2. Higher CO2 concentrations allow trees to mini-

mizes water-loss with partially closed stomata, but still maintain adequate internal

CO2 concentrations (Keenan et al., 2013; Frank et al., 2015). Additionally, given

time, roots may grow deep enough to buffer drought by accessing deep water (Jack-

son et al., 1996). Plants must balance the increased stress of elevated temperatures

and vapor pressure deficit at the leaf-level and low soil moisture at the root level

while simultaneously maximizing photosynthesis (Breshears et al., 2013; Will et al.,

2013; Steppe et al., 2015). Ultimately, the interactions between climate, stomatal
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regulation, and water capture will influence species success (Jarvis and Jarvis, 1963).

Species success is a place based question where local conditions will select suc-

cessful combinations of traits among species and individuals (Davis and Mooney,

1986b,a). Water utilization traits can vary widely across species based on the re-

sponsiveness of their root architecture, leaf characteristics, and xylem hydraulics

(Ehleringer et al., 1991; Weltzin and McPherson, 1997; Rossatto et al., 2014; Cocozza

et al., 2016). For instance, the long, intense droughts of the American Southwest

favor the isohydric juniper (Breshears et al., 2009), while in wetter regions such as

the temperate forests of the Southeastern United States, anisohydric species show

greater drought tolerance (Hoffman et al., 2011). The interplay between season-

ally available water and species-specific water-use traits will control species success

(Pataki and Oren, 2003; McElrone et al., 2004).

Large trees may have access to deep water, but the majority of water used in

transpiration originates in the upper layers of the soil profile (Oren et al., 1998; Oren

and Pataki, 2001; Warren et al., 2007; Kume et al., 2008). Even with long roots and

substantial internal water storage, there is evidence that water-use in mature trees is

highly localized, and adjoining canopy trees do not compete for the same sources of

water (Xiong et al., 2015). Many tree species have genetically and environmentally

determined roots that access deep water, particularly in clayey Piedmont soils that

tend to hold a lot of plant-available water. With access to large resource pools,

large mature individuals can to some extent buffer environmental effects on water-

use (Daley and Phillips, 2006; Phillips et al., 2008). Thus seedlings are nowhere close

to competing with mature trees on issues related to water. Seedlings do not have

extensive root systems, internal water storage, or large resource pools. Seedlings

respond quickly with minimal lag to an environmental stimulus. Their small size

leads to increased embolism vulnerability and stomatal closure (Domec et al., 2004;

Angert et al., 2005; Mueller et al., 2005). Competition for water can be highly
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asymmetric with large individuals using much greater amounts than seedlings (Jarvis

and Jarvis, 1964; Kolb et al., 1990). To alleviate stress foresters commonly use

release cutting and thinning to increase the availability of light and water (Madsen

and Larsen, 1997). Seedlings have a small impact on the overall forest water budget,

but understanding seedling water-use is a critical step in determining climatic effects

on regeneration and ecological trajectories.

As seedlings grow, they can access more resources, but not necessarily in propor-

tion to the costs of larger size. With size, vulnerability should eventually decrease,

but it is unclear if this reduction is linear, non-linear, or there is a threshold. Evidence

of size mitigated environmental limitations are typical of light-limited forest under-

stories (Canham, 1988; Kobe et al., 1995). Individuals grow to maximize resource

gain and out-compete neighbors, but through growth, they use more resources and

supply becomes limiting (Mencuccini, 2003). If individuals cannot escape the shaded

understory they eventually dieback to a smaller less demanding size to avoid starva-

tion (Harper, 1977). This process is generalizable to any limiting resource, including

water. Using our experimental seedlings, which vary in mass from less than a tenth

of a gram to 41 grams, we examine the relationship between water-use, species, and

size. We show that the largest individuals have access to more water, and therefore

transpire a larger volume of water even as soil moisture diminishes. Small individuals

experience predictable sapflow reductions (38 - 75% of maximum flow) and increases

(95% mean recovery), while the larger individuals have inconsistent reductions (10 -

98% of maximum flow) and recoveries (74% mean recovery) after periods of low soil

moisture. Differences in water-use between the smallest and largest individuals for

each species demonstrate that both size and species impact water-use. Eventually,

size can impart some level of safety, the inconsistent recovery of large seedlings after

periods of reduced soil moisture suggests that these intermediately sized trees are

not yet large enough to gain an advantage in water-use when resources are low.
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2.2 Materials and Methods

2.2.1 Study Site and Species

In 2009 a warming experiment was started in the North Carolina Piedmont near

the southern extent of the eastern deciduous forest (36.0 ˝N, 79.0 ˝W, elevation 180

m). The site has a mean annual temperature of 14.5 ˝C and annual precipitation

of 1208 mm. This site is an oak upland with well drained Tarrus/Georgeville series

soils. Quercus Alba is the dominant overstory tree with Pinus taeda, Liriodendron

tulipifera, and Quercus rubrum also present in the canopy. The most prominent

understory species is Acer rubrum with Cornus florida and Oxydendrum arboreum

in the understory.

A full factorial design was used to provide replication for all combinations of

three temperatures (ambient, ambient + 3 ˝C, and ambient + 5 ˝C) plus control and

two light treatments (shaded understory and full light gap) for a total of 24 plots.

Each plot was 2X4 meters with open-top plastic greenhouse film-sided chambers

around the non-control plots and bird netting around the control plots. The air

temperature was controlled using a series of transparent ducts to transport heated

air into each chamber and maintain predefined offsets from the ambient chambers.

Soil temperatures were maintained similarly based on predefined offsets, but the soil

was heated using electric resistance cables installed 10 cm below the soil surface. The

control algorithm that maintained these offsets read temperatures every five minutes

and turned the heat off if the chamber was too hot, and on if it was too cold. This

technique led to very responsive temperatures in both plots with lags typically less

than 5 minutes in length. However, due to atmospheric mixing air temperatures in

`5 ˝C plots struggled to achieve the planned heating offset. Instead, the temperature

offset was more similar to `3 ˝C plots, so these treatments were combined as one

”heated” treatment for the analysis.
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Plot-level environmental variables were measured using Campbell Scientific CR-

1000 data-loggers with AM16/32B multiplexers to collect hourly air temperature,

soil moisture and light levels at each plot. In each plot we used two air temperature

thermistors housed within solar radiation shields installed 20 cm above the ground, a

time-domain reflectometry soil moisture sensor (Campbell Scientific CS-616) which

integrated soil moisture over the top 15 cm of mineral soil, and a photosyntheti-

cally active photon flux density (PAR) sensor (Apogee Instruments model SQ110)

mounted 1 m above the ground. Soil moisture was converted to soil water poten-

tial using textural soil data measured at each plot and local soil characteristics (Oh

and Richter, 2005) and the Soil-Plant-Air-Water (SPAW) Model (Saxton and Rawls,

2006). The SPAW model minimizes at the permanent wilting point ´1.5MPa which

corresponds to 11.3% volumetric soil water content.

In total, 124 seedlings of 4 species were selected both to be representative of

eastern deciduous forest and span a range of functional classes and successional status

(Table 2.1). Selected seedlings were at least one-year-old and established from seed

through natural recruitment or planted from outside seed sources. Due to differential

growth rates, growth forms, and environmental conditions seedlings heights ranged

from four inches tall in the shaded understory to almost two meters tall in heated

gap plots.

2.2.2 Measurement

Sapflow sensors were created following an external heat pulse method designed for

small stems (Clearwater et al., 2009; Roddy and Dawson, 2012). This method uses a

mold to create silicone blocks (18mm X 7mm X 5mm) with two Copper-Constantin

thermocouples placed 5mm upstream and downstream of a central 47Ω heating el-

ement (Figure 2.1). Silicone was picked for its thermal insulative properties and

its malleability, which ensures proper conductance of the heat pulse to the stem.
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Table 2.1: Species included in the study with associated tolerances according to
Silvics of North America: Volume 2. Hardwoods 1990. Species were selected to be
representative of the forests of eastern North America and have a range of drought
tolerances.

Species Code
Common

Name
Shade

Tolerance
Drought

Tolerance

Acer rubrum ACRU Red Maple Tolerant Intermediate
Liriodendron

tulipifera
LITU Tulip Poplar Intolerant Intolerant

Quercus alba QUAL White Oak Intermediate Very Tolerant

Quercus rubra QURU
Northern
Red Oak

Intermediate Tolerant

These sensors are sensitive to ambient changes in temperature, particularly differen-

tial heating caused by direct sunlight. Each sensor was wrapped with foam insulation

and surrounded by an aluminum radiation shield to mitigate the effects of external

heating.

Campbell Scientific data loggers (CX1000 and CR7x), a stabilized power source,

Figure 2.1: The mini-sapflow sensor is an 18mm X 7mm X 5mm silicon block with
two copper-constantan thermocouples positioned 5mm upstream and downstream of
a central 47Ω heating element. The flexible silicone body is a good thermal insulator
and ensures that the sensor has good contact with the stem of the seedling.
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and external relays were used to control the heat pulse timing. Custom scripts were

written to record zero flow measurements in the early morning as well as measure-

ments every 15 minutes the rest of the day. The measurement procedure consisted of

a series of pre-pulse baseline measurements, a pulse of heat for 5 seconds followed by

a series of measurements that track the heat pulse moving through the stem. Each of

these measurements was then converted into one measurement of νh, the heat pulse

velocity. Heat pulse velocity is dependent on the thermal conductivity of the stem

and sensor, k ¨ νh. is estimated using:

νh “
k

x
lnp

δT1
δT2

q
cm

s
(2.1)

Where x is the distance to the thermocouples and δT is the temperature change

recorded at the thermocouples. The thermal diffusivity constant, k, was determined

based on how long a the heat pulse took to reach the thermocouple during no-flow

situations when the heat must travel through the stem independent of flow, tm. No

flow occurs early in the morning when vapor pressure deficit is near zero, and it is

still dark.

k “
x2

4tm

cm2

s
(2.2)

The velocity of the sap, νs, is then related to the velocity of the heat pulse by:

νs “ msapνh (2.3)

Where msap is an empirically derived relationship based on thermal properties of

the stem and sensor. msap was calculated by measuring νh while pushing deionized

water through excised stem segments at known rates. Consistent rates of flow were

achieved using a combination of gravimetric pressure and pressure supplied by a
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pressure regulator attached to a cylinder of compressed nitrogen. These calibrations

were later checked against stomatal conductance measured in situ using gas exchange

measurements (LI-COR 6400 Manual, LI-COR, 2005). As a final data processing

step, measurements were smoothed using a running mean and baselined to zero

during periods of low VPD (Roddy and Dawson, 2012).

Typically, νs would be expressed as flow per unit sapwood area, but the xylem

anatomy of small stems is more complicated than the sapwood found in larger woody

stems (Clearwater et al., 2009). Xylem anatomy makes it difficult to determine the

active sapwood area. Instead, we use cross-sectional stem area, or since seedlings

are a tractable size, we consider sapflow scaled to the driver of sapflow, leaf area.

We provide measures of sapflow based on a m2 of leaf area and on individuals total

leaf area. Total leaf area was estimated by combining leaf counts with representative

measures of leaf area (Kwit et al., 2010). Leaf area was calculated using Image-J soft-

ware to analyses pictures taken orthogonal to a sub-sample of each leaves (Schneider

et al., 2012).

2.2.3 Model

A fitted model will be used to predict daily sapflow across the entire growing season,

exploiting environmental variation, across species and plots. Sapflow is a time-series

data stream where flow on one day is influenced by flow from the previous day.

To account for this we used JAGS in R to build a Bayesian autoregressive model

(AR1) with a dependence structure that includes the influence of the previous day’s

flow (Plummer, 2013). Additionally, since flow is measured repeatedly on the same

individual, individual level slopes and intercepts are included to structure this model

hierarchically. In this model:

yt,i „ Npµt,i, σ
2
qt “ 1, ..., T, i “ 1, ..., n (2.4)
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µt,i “ Xt,iβ ` yt´1γ `Wiαi (2.5)

αi „ Np0, ϕ2
i q (2.6)

Where, yt,i, is the root transformed daily sum of sapflow which varies in days, t,

and by an individual, i. yt,i is root transformed to maintain positive daily sums and

improve fit. βs are the fixed effects in the model which are shared by all individuals.

γ is an autoregressive term that relates the previous days sapflow to the next day.

αs are the individual level responses that are combined with the individual level

design matrix, Wi, which contains an intercept and soil water potential term for

each. σ is the overall error, and ϕi is the individual level error. Non-informative

priors were used for all estimated parameters. Xt,iβ ` yt´1γ provides an estimate

of the mean response of sapflow based on all covariates without random effects.

The covariates included in the model, Table 2.2, represent both continuous data

(soil water potential, vapor pressure deficit, photosynthetically active radiation, and

individual biomass), plot level predictive factors, (gap or shade, heated or ambient,

chamber or control, species), as well as interactions (soil water potential X species

and soil water potential X woody biomass). The fixed effects are then combined with

individual level predictors which apply a random intercept and a random interaction

between individual and soil water potential. Ultimately, the model produces a suite

of factors shared across individuals and two parameters unique to each of the 123

individuals for a total of individual level 246 parameters.

In addition to the model which focuses on total daily flow we also examine the

timing diurnal of water use. The daily pattern of sapflow increases in the morning

when light and VPD are increasing. Water restrictions develop as VPD increases, and

adverse pressure gradients develop within the soil and the plant. As stomata close

sapflow slows and maximum sap flow is achieved. A drought tolerant species with

efficient water transport and low sensitivity to VPD should reach maximum sapflow
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Table 2.2: Summary of variables entered into the sapflow model. Variables in the
model were chosen to account for treatment, species, and primary environmental
effects.

Variable Abbreviation Type
Expected
Direction

soil water potential SP continuous negative
vapor pressure deficit VPD continuous positive

photosynthetically
active radiation

PAR continuous positive

individual biomass estimate Mass continuous positive
gap or shade Gap factor positive

heated or ambient
temperature

Hot factor positive

chamber or control plot Cham factor positive
species Spcs factor variable

speciesXSP SpcsXSP interaction variable
hotXSP hotXSP interaction positive

massXSP MassXSP interaction negative
speciesXMass SpcsXMass interaction positive

later in the day than a drought sensitive species (Figure 2.2A). Midday depression is a

common phenomenon of sapflow. During the demanding environment of the midday

stomatal closure occurs reducing flow until, internal water pressures recover and the

external environment improves (Figure 2.2B, C). As sapflow becomes restricted by

low soil water, the timing of maximum flow may remain consistent (Figure 2.2B) or

may happen earlier due to increased sensitivity to VPD (Figure 2.2C).

2.3 Results

Limitations of sapflow rates start to develop in relatively wet soils and slowly in-

crease until the soil water minimizes at the permanent wilting point,´1.5MPa at

„ 11.3% VWC in Tarrus/Georgeville soils at the site (Figure 2.3). ´1.5MPa is a

generalized wilting point typical of agricultural plants. In reality many species have

higher or lower wilting points depending on their drought tolerance. Also, this is
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Figure 2.2: Possible diurnal patterns of sap flow. (A) Peak sap flow could occur
at different points during the day depending on species or environment. The earlier
peak flow occurs, the more sensitive a species may be to VPD or the harsher the
environment. (B and C) As soil moisture limitation sets in the magnitude of flow
will become reduced (top to bottom), but the timing of peak flow may not change
(B) or may happen earlier in the day because diurnal stress develops faster (C).

plot level water potential, individuals may have more or less water dependent on

a variety of factors including local edapic factors and rooting depth. At the site,

due to local topography, there was a gradient of moist to dry plots. While 7 plots

never experienced soil water potentials less than ´1.5MPa 6 plots had more that

20 days where the minimum soil moisture was less than ´1.5MPa. The driest plot

had 48 days where soil moisture was less than ´1.5MPa. In total there were 3278

observations (30 minute intervals) of SP below ´1.5MPa (Figure 2.4).

Several environmental variables drive sapflow (Figure 2.3). The relationship be-

tween sapflow and environmental variables is non-linear and to properly fit a linear

model we simplified the data by eliminating aberrant days with the least amount of

light. Low light can mean high sapflow in forests, but the seedlings in this study

are relatively inactive during rainy days with abnormally low light, low VPD, and

saturated soils. The simplification minimizes the non-linearity in the relationship

between sapflow, light, and VPD (Figure 2.3). Without these days the relationship
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Figure 2.3: Daily sums of sapflow plotted against the mean daily drivers of
sapflow for all individuals. Individual sapflow responds linearly to the drivers for
the ranges included within the model. Reductions in sapflow are observed at low
photosynthetically-active photon flux density(PPFD), high and low VPD, and high
SP. Reductions due to SP start at relatively moist soils and become more substantial
as moisture diminishes.

between sapflow and light becomes positively increasing, VPD decreasing, and SP

increasing.

Maximum rates of sapflow occur when there are few environmental limitations.

Plot-level sensors can only approximate variables of interest. For instance, soil water

potential measurements are true immediately surrounding the sensor within the first

15cm of the soil profile. Soil water is notoriously heterogeneous with both space and
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Figure 2.4: Distribution of soil water potential recorded at 30 minute intervals.
Median soil water potential was 0.2MPa with the 25th and 75th percentile at 0.1 and
0.4MPa respectively. The increased number of observations at ´1.5MPa is caused
because the SPAW model, used to convert volumetric moisture content to soil water
potential, minimizes at ´1.5MPa and water potentials below this get recorded as
´1.5MPa.

depth, and even though most plant roots occur within the first 30 centimeters many

plants obtain water from much deeper in the profile (Liang et al., 2007; Noguchi

et al., 2014). These SP observations should correlate with true water status, but the

relationship is not perfect, and some plants are relatively unresponsive to moisture

changes.

The typical diurnal pattern of sapflow increases in the morning when light and

VPD are increasing (Figure 2.5). In the late morning while VPD and light are still

increasing stomata began closing, but sapflow continues to rise with VPD. Internal

water-stress develops, and midday depression occurs. Eventually, as VPD drops
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Figure 2.5: Sapflow for a shaded Quercus alba seedling in mid-summer during
a period of reduced soil moisture. The time of day that an individual achieves
maximum flow (blue line) can be tracked to provide a measure of how fast moisture
limitations develop diurnally. The diurnal timing of maximum flow (11:25 AM ˘

1.25hrs) did not change across species and during periods of reduced soil moisture.

and internal water is recharged stomata open and sapflow follows light and VPD

back to nighttime values. Maximum sapflow occurs at similar times across species,

size, and environment. Even when the magnitude of sapflow is different, the timing

remains similar. Less favorable conditions reduced sapflow, but the diurnal timing

of maximum flow remained unchanged occurring at 11:25 AM ˘ 1.25hrs.

Regression coefficients for the model fit to sapflow{m2
leaf reinforce the expecta-

tion that Light, VPD, and SP all have a strong effect on flow (Figure 2.6). Species

level effects can also be significant with Liriodendron tulipifera having the largest

intercept and a negative interaction with SP (Figure 2.6). Individual biomass had

a significant impact on flow for Liriodendron tulipifera and Quercus alba, but the

interaction between biomass and SP was negative.
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Figure 2.6: Coefficients of the models’s fixed effects on sapflow. Bars represent
the 95% credible interval. If the circle is open the credible interval crosses zero. For
interpretability the covariates were scaled from zero to one and centered based on the
entire potential range of that covariate. For instance, PAR’s entire range from dark
(0 µmol¨m´2s´1) to full sunlight (2000 µmol¨m´2s´1) is used for scaling . This means
that the effect of PAR on sapflow(2.2) is 3.6 times more influential than VPD(0.6).
All environmental covariates are scaled using their characteristics ranges: SP[0,1.5
MPa], VPD[0,5 kPA],PAR[0,2000 µmol ¨ m´2s´1]. Mass was scaled to range from
the smallest observed individual (1/10g) to the largest observed individual (41g). All
coefficients are summarized in Table 2.2.

Liriodendron tulipifera has the highest rates of flow when available water is high,

but it also has the steepest negative relationship with soil water potential (Figure

2.7). This sensitivity to available water causes it to have the largest reductions in flow

as soil moisture diminishes. At the lowest water potentials, the mean sapflow of all

species is similarly low. Acer rubrum has the lowest sapflow{m2
leaf and is only more

sensitive to SP than Quercus rubra which has the shallowest slope. The magnitude

of the species differences is dependent on the amount of moisture available, with
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Figure 2.7: Mean sapflow predictions with 95 percent credible intervals holding all
environmental conditions at their mean except soil water potential. Sapflow declines
as soil water becomes limiting. Species differences are significant with LITU having
the steepest decline with reduced soil water potential. Large individuals (30g) also
have a steeper decline than small individuals (1/10g) as SP decreases.

differences minimizing when soil moisture is low. Size effects are similar in magnitude

to species effects and a negative interaction between biomass and SP alters the effect

of size. This interaction causes the largest individuals to have higher rates of flow

during wet conditions, but lower rates of flow during dry conditions (Figure 2.7).

Normalizing sapflow total to the season maximum, controlling for day length,

allows comparisons across sizes at field capacity and at low soil moistures. Percent

reductions from this maximum rate of sapflow varied from 95% to only 5% with the

mean of 49% for large (¿1 g above ground biomass) and 55% for small individuals

(¡1 g above ground biomass) (Figure 2.8). After a period of low soil moisture when
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Table 2.3: Descriptive statistics, mean plus the 25th and 75th percentiles, of charac-
teristics of size classes included in the analysis. The cutoff between small and large
classes was chosen to be 1 gram of above ground biomass based on a natural break
in the size distribution. The most massive individual was a LITU at 41 grams. No
QURU individuals were large enough to be included in the large size class.

Size Number Mass(g) Leaf Area(cm2) Leaves(n)

Small 83 0.45 678 (85-333) 22 (12-26)
Large 41 8.68 4655 (1544-4240) 92 (42-118)

the soil is rewetted sapflow returns to 90% of maximum for small and 73% of max-

imum for large individuals. This effect was consistent across species. As a whole

large individuals were the most unpredictable after rewetting, however, the largest

individuals of each species showed the smallest reductions in sapflow and recovered

fully after rewetting.

2.4 Discussion

Drought is typically defined by its duration, frequency, and severity, yet its defi-

nition is ultimately based on perspective. It can be meteorological, climatological,

atmospheric, agricultural, or hydrological (Mckee et al., 1993; Lloyd-Hughes, 2014).

For individual seedlings a broad definition of drought is moot. The important thing

is how local soil moisture deficits impact physiological function in the short- and

long- term. Responses can be as small as stomatal closure during the middle of the

day when demand for water outpaces supply (Figure 2.5), or stomatal closure can

progress to the point where only minimal gas exchange occurs. If moisture limita-

tions become too extreme or last too long, an individual may become physiologically

compromised, and transpiration rates may never return to original rates (Figure 2.8).
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Figure 2.8: Sapflow based on each individuals maximum daily flow rate with no
limitation (100 percent active). Each line traces one individual’s level of active from
”No Limitation” to its ”Largest Moisture Limitation” and its subsequent ”Recovery”
after precipitation re-wets the soil. Bars represent the inter-quartile for the range
of responses in each size class. Quercus rubra was absent from the large size class,
but the remaining species were balanced across size classes (Table 2.3). Sapflow
limitations that develop are dependent on size. The largest individuals have the
most diverse response to variation in soil moisture. They can be the least or most
sensitive to reductions in soil moisture. Small individuals are reactive, but also
consistently recover from reductions in due to soil moisture.

The Challenges of Size

Forest regeneration and resilience to environmental stress are related to size and

species differences. Seedlings typically lack the size to access the resources and stor-

age necessary to buffer the environment. If this ability is size-dependent, larger indi-

viduals should be resilient to environmental change, but apparently, large seedlings

and saplings are not. Instead, size impacts the magnitude of sapflow, with the

largest individuals transporting the most water. However, increased access to wa-
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ter and higher rates of sapflow lead to inconsistent recovery from low soil moisture

(Figure 2.8). Larger individuals experience longer reductions in sapflow, lose sap

flow at similar times during the day, and recover less after rewetting than smaller

individuals (Figure 2.7). Increased size does not impart a moisture tolerance ad-

vantage among seedlings and saplings. Similar to large canopy individuals larger

seedlings may be more productive, but may also experience greater swings in physi-

ological rates. Once a tree becomes large enough to reach the canopy they typically

become most tolerant of environmental stressors. This ability to bridge poor con-

ditions is consistently related to storage and architectural investment (Niinemets,

2010). However, when intermediate in size, before reaching the canopy, individuals

have greater volatility and can lose a greater magnitude of flow when soil moisture

is low (Suarez et al., 2004; Nepstad et al., 2007). In contrast, small individuals are

conservative at all times. They only transpire small quantities of water with small

reductions in sapflow and quick recoveries post low soil moisture. Larger individuals

simultaneously access more resources and need more resources. Without their root

systems accessing a deep environmentally decoupled resource pool, larger individuals

may perform worse than their smaller counterparts because of their higher metabolic

costs (Canham, 1988; Givnish, 1988; Kobe et al., 1995). The lack of a positive size

effect in large seedlings may suggest another possibility. Resource pools are hetero-

geneous and constrained to small volumes of soil (Brandt et al., 2013; Stein et al.,

2014; Dara et al., 2015). Due to the hyperlocal nature of resources, chance may have

a stronger influence on success than size. A lucky seedling in an ideal location may

fare better than a large sapling in a poor location. Only when an individual grows

big enough to aggregate resources across large volumes of soil can it overcome the

stochasticity of where it germinates. Small seedlings can tolerate low soil moisture

better than larger seedlings, but trees must grow, and eventually, due to increased

size trees should access larger resource pools and better buffer environmental stress.
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Species Differences

Drought tolerance is not sapflow. A species that closes its stomata and reduces

sapflow under water stress may be very drought tolerant, while a species that has less

decline in sapflow with water stress could cavitate and damage its xylem. Without

extreme drought to trigger mortality, we must consider how soil moisture reductions

impact water transport. In this context, individuals who have the smallest reductions

in sapflow should be best adapted, on the short term, to reductions in soil moisture.

When comparing individuals with similar size species differences result in different

reactivity to soil moisture (Figure 2.7). The natural history of study species vary

considerably, and so too are the ways they manage water. Light-demanding early

successional species with high growth rates, such as Liriodendron tulipifera, require

large amounts of resources to stay viable. These pioneers forage extensively with

large root systems of long fine roots (Reich et al., 1998; Paz, 2003; Markesteijn and

Poorter, 2009). This type of root structure allows for enhanced water capture during

wet periods but is not optimized for periods of low moisture (Pataki and Oren, 2003;

Poorter and Markesteijn, 2008). High root to shoot ratios with deep tap roots in

species like textitQuercus rubra and Quercus alba tends to impart drought tolerance

by accessing deeper wetter soil layers (Engelbrecht et al., 2005; Ryser, 2006; David

et al., 2007). In this study, all species experienced a similar number of days where

low moisture impacted sapflow. Quercus rubra and Liriodendron tulipifera exemplify

two distinct moisture strategies. Quercus rubra delays the impact of drought by

investing in deep roots while simultaneously reducing leaf-level water loss (Baldocchi

et al., 2004). These adaptations allow Quercus to sustain sapflow at lower soil

moistures and recover faster post drought. However, with extreme drought, less

decline in sapflow with water stress could result in cavitation irreparably damaging

an individual. Alternatively, Liriodendron tulipifera consistently transports large
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volumes of water (Figure 2.7), but if soil moisture becomes too low for too long, it

conserves water by reducing leaf area becoming drought deciduous (Pederson et al.,

2012).

Daily soil moisture

As moisture limitations develop during the season limitations can be observed on an

hourly time scale (Figure 2.5). Stomatal closure occurs when water transport is not

fast enough to keep up with demand. When soil is at field capacity, stomata remain

open until water transport cannot keep pace with evaporative demand and internal

water pressures become too extreme (Oren and Pataki, 2001). This same process

occurs when soil moisture is limiting, but at low soil water pressure gradients develop

more quickly, and conductance is slower (Lopushinsky and Klock, 1974). Each day,

all four species maximize sapflow at similar times. Even the individuals growing in

the understory with lower soil moisture and light maintain similar patterns of flow to

gap individuals. This consistent pattern of water use suggests a general conservation

of the balance between water supply, atmospheric demand, and seedling architecture.

Warming’s influence on soil moisture

Warming directly reduces soil moisture through higher evapotranspiration and indi-

rectly by reducing available soil moisture. Plants in heated plots grew larger more

rapidly and used more water. Even though these plants used larger amounts of wa-

ter, the positive interaction between heating and soil water potential suggests more

efficient water-use at higher temperatures 2.6. Typically, projected elevated CO2

rates are used to suggest that water-use efficiency will rise over the next century

(Breshears et al., 2013; Keenan et al., 2014). Our results indicate that with moder-

ate reductions in soil moisture, species have the potential to be more successful at

higher temperatures with similar levels of soil moisture. However, as climate warms

52



and severe drought develops, positive feedback on vapor pressure deficit will cause

a further rise in surface temperature and VPD, which could quickly overwhelm any

advantage temperature provides(Maness et al., 2012).

2.5 Conclusions

Larger size yields more resources but does not mean less sensitivity to low soil mois-

ture. When water supply becomes limiting the most conservative individuals may

fare best. Smaller individuals may be responsive to changes in soil moisture, but

it is the larger individuals that have the most inconsistent recovery after periods of

low soil moisture. Sapflow of larger individuals may not be affected by reducing soil

moisture at all, or they could recover the least post drought. Differences in water-use

between the smallest and largest individuals for each species demonstrate that both

size and species impact water-use. To effectively buffer periods of low soil moisture

seedlings need to be big enough to access a large resource pool, but as size increases

risk may increase until they become large enough to offset the costs of increased size

with a larger resource pool.
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3

Seasonal Timing of Warming on Growth

”The tree has to pass through growth stages appropriate to

the ground layer of vegetation, the field layer and the shrub

layer before it emerges as a proper tree in a canopy. In a

sense, the tree has to master all trades - to be successful in a

variety of life stages and to meet the hazards of each layer of

the vegetation that it penetrates.” - John L. Harper, 1977

3.1 Introduction

With unprecedented rates of warming predicted over the next century, an inability

to curtail greenhouse gas production has caused a shift in the language of climate

change from prevention to mitigation (IPCC, 2007, 2014). A practical understanding

of how and why each forest species will respond to climate change will be invaluable

information. A consistent understanding of forest responses has been stymied be-

cause interrelated internal and external factors lead to a variety of responses (Allen

et al., 2010; Park Williams et al., 2012; Moritz and Agudo, 2013; Terrier et al.,

2013; Gustafson et al., 2015). One reason for idiosyncratic responses is the incon-
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sistency of seasonal environmental forcing. By developing a better understanding of

how sub-annual climate forcing impacts growth, we can reduce the uncertainty of

species responses to climate. Using a large climate-warming experiment with high-

resolution sub-annual growth measurements, we provide a more accurate picture of

climatic seedling growth response and demonstrate that the competitive hierarchy

can be shifted by how the seasonal timing of growth aligns with the pattern of climate

change.

Shifts and alterations of earth’s biomes represent the broadest ecological response

to climate change. Given warmer temperatures and less water, species of the temper-

ate forests of Eastern North America will eventually shift to become savannah-like or

potentially prairies (Hanewinkel et al., 2012; Wang et al., 2015). These changes do

not happen overnight - it may take decades to observe large-scale change. Instead,

we focus on a smaller scale of one of the most important and poorly understood

precursors to change, seedling growth (Clark et al., 2011).

The sensitivity of plants to warming is widely recognized, but responses to warm-

ing are inconsistent. Thermal limits interact with environmental change to cause

positive, negative, or no effect on plant growth (Llorens et al., 2004; Dermody et al.,

2007; Niu et al., 2014). If elevated temperatures become closer to plants thermal op-

timums, growth becomes more efficient. In contrast, warming may decrease growth

by elevating temperatures beyond thermal optimums; simultaneously increasing res-

piration and water demand (Wan et al., 2002; Atkin and Tjoelker, 2003; Gifford,

2003; Hovenden et al., 2008; Way and Oren, 2010). Warming can also accelerate

bud break and delay senescence, enabling plants to remain physiologically active for

longer periods and providing the possibility of extra days of growth and carbon as-

similation (Norby et al., 2003; Zhang et al., 2004; Augsurger et al., 2005). There

are many ways warming can affect growth. This study strives to contextualize the

relationship between seasonal environment and the responsiveness of 11 tree species
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Table 3.1: The species in this study were selected to be representative of species
of the Eastern deciduous forest. These species have a range of shade and drought
tolerance as well as differing growth patterns.

Species Code
Common

Name
Shade

Tolerance
Growth
Pattern

Acer
rubrum

acerRubr Red Maple Tolerant Intermediate

Acer
saccharum

acerSacc Sugar Maple Very Tolerant Intermediate

Fraxinus
americana

fraxAmer White Ash Intolerant Determinate

Liquidambar
styraciflua

liquStyr Sweetgum Intolerant Indeterminate

Liriodendron
tulipifera

liriTuli Tulip Poplar Intolerant Indeterminate

Magnolia
grandiflora

magnGran
Southern
Magnolia

Tolerant Indeterminate

Nyssa
sylvatica

nyssSylv Black Gum Tolerant Determinate

Pinus
strobus

pinuStro White Pine Intermediate Intermediate

Pinus
taeda

pinuTaed Loblolly Pine Intolerant Intermediate

Quercus
alba

querAlba White Oak Intermediate Determinate

Quercus
rubra

querRubr Red Oak Intermediate Determinate

selected to be representative of Eastern Deciduous Forest (Table 3.1).

To understand how climate impacts growth, beyond annual growth measurement,

woody plant growth in seasonal, temperate climates is considered. To cope with sea-

sonality, woody plants of temperate forests alternate between active growth during

the warm season and cessation of growth and dormancy as buds during the winter.

This growth-dormancy cycle is not consistent across species or with ontogeny. In-

stead, there is a continuum of responses from indeterminate growth in species like

Liriodendron tulipifera and Liquidambar styraciflua, where growth happens nearly
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continuously from newly formed leaf primordia (Pollard, 1970; Remphrey, 1989; Rem-

phrey and Davidson, 1994), to determinant species, such as Quercus alba, that only

grow from preformed primordia within buds. This means that oak growth is more

limited and will only flush again from buds under favorable conditions. Naturally,

many species fall along this continuum like Pinus taeda and Acer saccharum that can

flush multiple times and develop from both neoformed and preformed buds (Powell

et al., 1982). Being dependent on preformed buds for growth does not imply that

growth is independent from environmental influences. Any process that slows down

cell expansion during the developmental phase leads to fewer cells per leaf, shortens

node lengths, and leads to reduced growth (van Volkenburgh, 1994; Lambers et al.,

2008). Differential sensitivity and intrinsic growth strategies of plants during a year

are coarsely recognized, so to refine climate change predictions, analyses must include

the timing of when plants are more or less sensitive to the environment.

The outcome of local climate change on seedlings is dependent on temperature,

moisture, and their interaction throughout a season (Hungate et al., 2002; Knapp

et al., 2008; Bontemps et al., 2012). For instance, soil moisture peaks in the late

winter and early spring when temperatures are low. As the season progresses and

evapotranspiration increases, soil moisture decreases, typically minimizing during

periods without rainfall at the end of the summer when temperatures are high.

Growth processes such as cell elongation and cell wall and protein synthesis, which

are dependent on water availability, will correspondingly be depressed during these

periods (Hsiao, 1973; Ye et al., 2015). Studies suggest that species that grow at the

beginning of the season will be insensitive to late summer droughts while other species

adapted for growth throughout the year remain sensitive to moisture limitations

within the season (Wullschleger et al., 1998; Hanson and Weltzin, 2000). Even though

rooting depth has a strong influence on the seasonal course of water use and drought

stress, physiological differences do not negate natural growth patterns (Ehleringer
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et al., 1991; Weltzin and McPherson, 1997). Despite differences in rooting strategies,

similar patterns of water use are still observed for a range of hardwood trees: Acer,

Fagus, and Quercus (Buell et al., 1961; Hanson and Weltzin, 2000). Without moisture

limitation, growth and future composition will be directly related to the species most

responsive to temperature (Badeck et al., 2004; IPCC, 2007; Yang, 2012). Ultimately,

it is the interaction between the timing of drought, warming, and growth that will

dictate species response.

Co-occurring species may respond differently to climatic warming, triggering

changes in their competitive hierarchies, community structure, and productivity

(Hoegh-Guldberg and Bruno, 2010; Wernberg et al., 2011). We hypothesize that

the competitive hierarchy can be shifted by how growth phenology aligns with pat-

terns of climate change. Indeterminate species that utilize the entire season for

growth may have a higher capacity to react to warmer temperatures than deter-

minate species. Due to their dynamic growth in the mid-summer, indeterminate

species may also be more sensitive to the extreme temperatures and droughts of

mid-summer. Alternatively, determinate species may avoid hotter and drier sum-

mer conditions by utilizing periods early in the season for growth (Loehle, 1998;

Castro-Dı́ez et al., 2003). Lastly, similar to determinate species, evergreen species

are expected to be more capable than deciduous species of shifting growth earlier

and later in the season as those periods warm. By incorporating active periods of

growth into climatic predictions, we demonstrate that climatic responsiveness is a

combination of environmental sensitivity and sub-annual natural growth patterns.

3.2 Materials and Methods

3.2.1 Site Description

In 2009 a warming experiment was started near the southern and northern extent of

North America’s Eastern Deciduous Forest (Figure 3.1B). The southern site, in Duke
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Forest near Hillsborough, North Carolina (36.0˝N, 79.1˝W elevation 180 m) has a

mean annual temperature of 14.5˝C and annual precipitation of 1208 mm. The north-

ern site, in Harvard Forest near Petersham, Massachusetts (42.5˝N, 72.2˝C; elevation

340 m), has a mean annual temperature of 7.5˝C with 1183 mm of precipitation.

The combination of these two sites with the warmed treatment effectively creates

a temperature transect along the 1200 mm of annual precipitation isocline (Figure

3.1A). The southern site is an oak upland with well drained Tarrus/Georgeville se-

ries soils. Quercus alba (QUAL) is the dominant overstory tree with Pinus taeda

(PITA), Liriodendron tulipifera(LITU), and Quercus rubra(QURU) also present in

the canopy. The northern site was established in a mixed deciduous, oak-maple

(Quercus rubra(QURU)-Acer rubrum(ACRU) forest with an understory dominated

by blueberry (Vaccinium sp.), Pinus strobus (PIST), and Acer pensylvanicum with

coarse-loamy Canton series soils.

3.2.2 Experimental Methods

Each site contains 12 low light plots in the closed forest canopy, and 12 plots in an

artificially created gap (Figure 3.2). During the summer of 2008, the gaps were set

up by removing all trees in a manner that minimized soil compaction. The gaps

were approximately 0.14 hectares with a north-south orientation and a long axis of

„55m. Each chamber was 5.1m x 3.2m with 4.6m x 2.1m of plantable space. Of

the 24 chambers at each site, 18 were walled with transparent plastic greenhouse

sheeting with an open top. This sheeting is 2.5 m high in the gap and 1.5 m in

the shade. The gap walls were built higher to contain the faster growing trees of

the gap, and overcome the increased atmospheric mixing experienced in the gaps.

The six control chambers had walls made of plastic bird netting to prevent herbivory

while avoiding passive warming due to the greenhouse sheeting. The plots were

divided into six blocks of four based on topographical position and canopy status (gap
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Figure 3.1: Study sites at Harvard Forest, Massachusetts in the North, and Duke
Forest, North Carolina in the South. (A) In climate space the warming treatments
result in a 15˝C average winter temperature gradient from 2˝C to 17˝C. (B) Project-
ing the warming plots into geographic space (green and red polygons) demonstrates
where future climates are compared to current eastern US climates. The highlighted
points in both plots represent the current distribution of Liriodendron tulipifera.

or shade). Three temperature treatments (`0˝C, `3˝C and `5˝C) and a control

were randomly assigned to locations within each block (Figure 3.2). Within each

greenhouse chamber (`0˝C, `3˝C and `5˝C) there was transparent ductwork to

move air across a heat exchanger into the plots at the desired temperature.

In addition to the air handling system, the soil warming system used buried

electric resistance cable looped back and forth 10 cm deep at 20 cm spacing covering

an area 10 cm greater than the experimental area on all sides (Melillo et al., 2002).

Control of soil temperature in the heated chambers was excellent, whereas control of

the air temperature was less precise. Despite being less precise warming plots still

achieved temperatures hotter than local temperatures over the last 100 years (Figure
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Figure 3.2: Satellite photo of the southern warming site in Duke Forest at
`36.0˝N, `79.1˝W. The winter image on the left shows the arrangement of the
plots in groups that contain control (Dark Green), ambient (Light Green), `3˝C
(Yellow), and `5˝C (Red) plots. The zoomed in image on the right provides more
detail for each plot and shows that half of the plots are covered by canopy in the
summer.

3.3).

Environmental data was recorded hourly using Campbell Scientific CR1000 data-

loggers with AM16/32B multiplexers. Soil temperature was monitored in each cham-

ber with three soil thermistors (Campbell Scientific type 109) buried 5 cm into the

mineral soil. For air temperature, two air thermistors housed within solar radiation

shields were installed 20 cm above the ground. Relative humidity sensors (Precon

model HS200V) were mounted in a radiation shield similarly to the air thermistors.

Volumetric soil moisture of the rooting zone was monitored with time-domain reflec-
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Figure 3.3: Average mean annual temperatures in Orange County, North Car-
olina for over 100 years. Temperatures in North Carolina peaked in the 1940s and
minimized in the 1960s and 70s. Projected temperatures are expected to be higher
than historic temperatures. Importantly, the temperatures achieved in the elevated
chambers are the highest temperatures observed for the at least 100 years.

tometry soil moisture sensors with 30 cm tines (Campbell Scientific CS616) inserted

at 30 from horizontal, so readings integrated over the top 15 cm of mineral soil.

Additionally, to calibrate the repeated measurement of soil moisture to the entire

plot handheld TDR measurements were obtained at three random points in each

plot. These points were then regressed against the high-frequency TDR measure-

ments. Soil moisture was also transformed into soil water potential using plot-level

soil texture characteristics measured at each plot and the Soil - Plant - Atmosphere

- Water (SPAW) (Oh and Richter, 2005; Saxton and Rawls, 2006). Photosyntheti-

cally active photon flux density (PPFD) sensors (Apogee Instruments model SQ110)

were mounted 1 m above the ground. Elevated temperatures were applied to the

chambers so that the heated chambers varied naturally throughout the season, but

always maintained a `3˝C or `5˝C offset. The control algorithm read temperatures
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every five minutes and turned the heat off if the chamber was too hot, and on if it

was too cold.

Over 4000 seedlings of 11 species were selected to represent Eastern Deciduous

Forest (Table 3.2). These included the most dominant species at one or both sites and

spanned a range of functional classes, growth types: determinate and indeterminate,

leaf type: deciduous and evergreen, and successional status. Seeds were planted at

randomized positions starting in the spring of 2009 and continuing annually during

normal seeding times. Natural germinates from local seed sources were tagged and

treated as study plants unless densities were too high. Vegetative sprouts and all

non-tree plant species were weeded from the chambers. Weekly censuses, during the

spring and fall, recorded germination, growth, mortality, and phenological responses

to warming for each experimental year from 2009 to 2014. During the summer

months, when less change is occurring, measurement intervals increase from two to

four weeks. The height of actively growing plants was measured, and the phenological

stage of their developing foliage assessed on a scale from 1 (no bud activity) to 6 (fully

expanded and hardened leaves) following a protocol based on Norby et al. (2003).

Censuses were performed less frequently, but still regularly during the summer. In the

fall, the census interval returned to weekly. Phenological development was further

refined using the output of a continual development model (Clark et al., 2014a).

The output from the continual development model is used to constrain the length of

each individual’s growing season in the growth model. Observations included in the

analysis omit the germination year, to avoid effects of seedling establishment.

3.2.3 Model Summary

To represent height through time we used a hierarchical Bayesian state-space struc-

ture (Clark et al., 2011). This structure intuitively constrains the height at time,

t, to be dependent on height at the previous time step, t ´ 1 (Figure 3.4). Addi-
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tionally, measurements of height, Hti,t,y, change continuously with time, but is only

measured at discrete intervals. To accommodate the continuous nature of growth we

model true height as an unobserved latent state, Yi,t,y. True height, Yi,t,y, responds

continuously to the environment through growth, dYi,t,y. Growth is modeled to be

dependent on environmental factors, Xi,t,y, individual effects, ai, and species mean

growth during that day across years, dµt. The predictions of dy follow a log-normal

distribution:

dyi,t,y “ yi,t,y ´ yi,t´1,y (3.1)

dyi,t,y „ Lognormalpµi,t,y, σ
2
q (3.2)

µi,t,y “ dµt `Xi,t,yβ ` αi (3.3)

αi „ Np0, τ 2q (3.4)

With, i “ individual, t “ day of year, and y “ year. Species mean growth

across all years at each time step, dµt, is used as the basis for all environmental

effects. In the context of the model, all growth effects are considered deviations

from the mean growth of all individuals on that day of the year across all years.

This structure avoids using the apparent effects of environmental factors on growth

due to seasonal patterns of environmental conditions and growth (Table 3.1). For

example, in the early spring, when bud-burst occurs and growth can happen rapidly,

temperatures are relatively low, while, in the summer when temperatures are high

growth may be slow or stopped. Without mean growth effects, temperatures would

automatically have a negative effect on growth. By modeling dYi,t,y as a function of

dµt we model the deviation from mean growth, dµt, during that time period which

eliminates spurious correlations caused natural seasonal patterns.

Predictors in the model are weekly average temperature (Temp), weekly mean

temperature squared (Temp2), weekly average soil water potential (SP ), light en-
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Figure 3.4: The graphical representation of the model structure shows how mea-
surements of height, Htt,y,i, the environment, Xt,y,i, and average growth dµi,t are
used to inform the underlying true latent height, yt,y,i by predicting growth, dyt,y,i
at each time step. Additionally, this figure reveals the common sense dependency
structure of the model, where, the latent height, Yt is dependent on its height at
t´ 1. Finally, the model incorporates individual differences using the ai term.

vironment (LE), height (HT ), previous years growing season (GS), and past years

growing season length constrained by soil water potential (GDs) (Table 3.2). GDs

is equivalent to GS if there are no soil moisture limitations during the year, but

discounts days with moisture limitation based on the severity of the drought. Inter-

actions between Temp X SP , Temp X LE, and SP X HT are also included into the

models (Table 3.2). Each variable is shared by individuals in the same plot, but are

constrained to be non-zero only during each individuals growing season. The season

is defined for each individual as the period between phenological leaf-out stage 3

in the spring and phenological senescence stage 2 in the fall (Clark et al., 2014b).

In this way, each predictor is tailored to each individual and only affects growth
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when that individual has leaves. Soil water potential is not directly measured in

the plots. Instead, volumetric soil water content is monitored and then converted to

soil water potential using site soil texture data (Oh and Richter, 2005; Machmuller,

2014) and the National Resource Conservation Service’s’ Soil-Plant-Air-Water model

(Saxton and Rawls, 2006). Soil temperature and vapor pressure deficit were moni-

tored during the season, but they were not used to explain patterns of growth in our

experiment. For each species, many combinations of predictors were considered as

potential models and deviance information criteria (DIC) was applied to select the

most parsimonious model (Gelman and Hill, 2006).

In addition to the state-space model, a weighted mean growth temperature was

used to determine which temperature a species is most actively growing.

T̃ “

ř

j dŷjTj
ř

j dŷj
(3.5)

Where, dŷj is growth at time j and Tj is the temperature at time j. T̃ uses the

magnitude of growth to weight the temperature during each period. This weighting

results in a measure of growth temperature that up-weights periods with high growth

and down-weights periods with low growth.

3.3 Results

Environmental variables change predictably during the season (Figure 3.5). Tem-

peratures increase steadily to their maximum in late July/early August (ą 33 ˝C).

Soil moisture also follows a likely trend in the opposite direction of temperature

minimizing during the end of the summer (6.4% VWC 0-30cm). In the early spring

soil, moisture is usually at saturation, but as temperatures and evapotranspiration

rates increase moisture extraction increases and soil moisture steadily declines. The

lowest levels of soil moisture are typically late in the summer after periods of no
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Table 3.2: Summary of the predictors entered into the model of growth. For every
species a core set of predictors were used (temperature, squared temperature, soil
water potential, light environment, and height), but the inclusion of the remaining
variables and their ineractions were selected to produce the most parsimounious
model based on deviance information criteria (DIC).

Predictor Abbreviation Description Sign Reason

Temperature Temp Weekly Average Positive Promotes growth

Temperature2 Temp2 Square
Temperature

Negative
Inhibitive

temperatures
Soil Water
Potential

SP
Weekly Average

Range [0,1]
Negative Inhibitive moisture

Light
Environment

LE
Gap or Shade

Factor
Postive

Light Promotes
growth

Height HT
Height previous

time step
Positive

Faster growth
with size

Growing
Season

GS
Growing season

length
Positive

Season length
increases storage

Moisture
Season

MS
Drought limited
growing season

Positive
Season length

increases storage
Temperature

X
Soil Water
Potential

TempXSP Interaction Positive
Elevated

evapotranspiration

Temperature
X

Light
TempXLight Interaction Negative

Light increases
leaf temperature

Soil Water
Potential

X
Height

SPXHeight Interaction Positive Increased access to resources

rain (Figure 3.5). Eventually, at the end of the growing season, temperatures decline

plants become dormant, and soil moisture recharges (Figure 3.5).

Even with deviations in the typical growing season, the growth patterns within

species were relatively conserved, while the growth patterns between each of the 11

species varied considerably. Average growing season length ranged from 150 days

for Acer saccharum to 200 days for Pinus taeda. Evergreen species had the longest

growth period, but like deciduous species, they still tended to focus growth early
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Figure 3.5: Temperature and soil water potential trends for three seasons at the
southern site. Typically, temperature peaks in late July-early August, when soil
water stress is highest. The standard view of the season evenly integrates the entire
period from leaf-out in the spring to senescence in the fall (dashed lines). Plants do
not consistently utilize this period. Contrasting this standard view with the growth
patterns of an indeterminate (Liriodendron) and determinate species (Fraxinus),
darker shading = higher growth rates, demonstrates that each species utilizes the
season differently. Both species utilize the earliest days of the season for growth,
while Liriodendron more heavily uses the midseason.
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in the season (Figure 3.6). Indeterminate species like Liquidambar styraciflua and

Liriodendron tulipifera focused during the middle of the season, when temperatures

are highest, with growth declining rapidly late in the season. The growth of the

most deterministic species, like Fraxinus americana, peaked early in the season and

declined to low levels throughout the summer (Figure 3.6). Species growth patterns

did not change dramatically, but shifts did occur with treatment. Individuals growing

in the north maintained similar, but compressed growth patterns with peaks still

occurring at normal times given the later spring and earlier fall in cooler climates.

Shifts in growth patterns due to heating were similar to shifts in patterns associated

with latitude. Heating lengthened the season by up-weighting periods previously too

cool for growth and down-weighting periods that became too warm (Figure 3.6).

The temperature when maximum growth occurs combines natural patterns of

growth with seasonal temperature limitations. This combination of patterns causes

evergreen species, like Pinus strobus and Magnolia grandiflora, with long growing

seasons to have lower mean growing temperatures (15.9˝C, 17.7˝C) than their de-

ciduous counterparts (Figure 3.7). Among deciduous species with similar growing

season lengths, the mean growth temperature is indicative of species’ growth pat-

tern. Species like Liriodendron tulipifera and Liquidambar styraciflua that maximize

growth during the middle of the growing season have the highest growth tempera-

tures (26.1˝C , 23.1˝C), while species that focus growth during early portions of the

season, Acer rubrum and Acer saccharum, have lower growth temperatures (18.0˝C,

19.2˝C) then indeterminate species.

Even with a range of growth temperatures, most species show some ability to ad-

just growth to higher temperatures in warmer conditions. Since each species utilizes

the season differently,differing growth patterns, the baseline temperature of weighted

mean growth is different (Figure 3.8). For Acer saccharum the majority of growth

occurs during the relatively cool early spring. During this period mean temperatures
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Figure 3.6: Model output for the mean pattern of growth, dµt, for each species
across year and site. The dashed lines enclose 95% of the growth; the gray box
represents the middle 50% of growth, while the solid red line corresponds to the
period of maximal growth. Determinate species like Fraxinus americana focus growth
early in the season while growth for indeterminate species like Liriodendron tulipifera
peak midseason with a more balanced growth pattern. Evergreens tend to have a
flatter growth response that extends later into the fall.

are „ 15˝C. Acer saccharums weighted growth temperature of 19˝C suggest that

higher temperatures during the early spring may be beneficial. In contrast (15.9˝C,

17.7˝C) empirical optimum is „ 26.1˝C, but its maximum growth occurs during the

middle of the summer when temperatures are nearly that hot. With optimum tem-

peratures already matching growth temperature, declines may happen as warming

pushes temperatures beyond optimum temperatures.

This study is a transect of mean annual temperature from the coolest plots in

the north to the heated plots in the south. The adaptability of species to mean
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Figure 3.7: The weighted mean temperature of maximal growth. These values
range from cold tolerant (Pinus strobus and Acer saccharum) and evergreen (Pinus
strobus and magnolia grandiflora) species that grow in low temperatures to high
temperature species (Liquidamber styracafolia and Liriodrendrom tulipifera) that
maximize growth in the midseason. This optimum can be related to growth patterns
provided in Figure 3.6. A low weighted growth temperature for a species that grows
during the hottest parts of the season could be detrimental with further warming,
while a high weighted growth temperature for a species that grows during cooler
parts of the season supports the idea that elevated temperatures might benefit them.

annual temperature can be tested based on the growth response at different temper-

atures. Species with flat responses, Acer rubrum and Quercus alba, show similarly

elevated growth temperatures across treatments (Figure 3.8). Species exhibiting pos-

itive trends, Liriodendron tulipifera and Liquidambar styraciflua, from cool to warm

sites indicates a lack of acclimation, as climate warms these species are growing in

warmer more challenging environments. A negative trend,Pinus Taeda and Magnolia

grandiflora, observed in the evergreen species, suggests that as the climate warms
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Figure 3.8: Comparison of the weighted growth temperature with the average grow-
ing season temperature across site and treatment. Points above zero indicate that
species are growing more in warmer periods of the growing season. As temperatures
warm, indeterminate species, Liriodendron tulipifera and Liquidambar styracifolium
are growing continually in warming summer temperatures. Meanwhile, the evergreen
species Magnolia grandifolia and Pinus taeda shift growth from the hottest periods
to cooler periods.

these species are either capable of shifting growth to cooler periods or growth is being

depressed during hotter periods (Figure 3.8).

Temperature and growth phenology have a complicated relationship that leads to

conflicting results. Regression coefficients offer a simplified view of some of the envi-

ronmental sensitivities of each species. These coefficients reveal the strong influence

of light (LT) and soil moisture (SM) on growth. Temperature has a smaller, but a

consistently positive impact on growth. Temperature interacts with soil moisture in

4 of the species and with light in 7 of them. The previous growing season impacted
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Figure 3.9: A simultaneous representation of all 110 regression parameters. All
covariates are scaled to standard deviations across species so that the magnitude of
the coefficients is comparable between species and across parameters.

Magnolia grandiflora the most and tended to influence determinate growers more

than indeterminate ones (Figure 3.9). Drought weighted growing season length was

used for 9 of the species, while the previous season’s length was only used by 2 of

the species. The positive interaction between soil moisture and height indicates that

larger individuals become less controlled by soil moisture.

Growth shifts varied by growth form in heated treatments (Figure 3.10). Deter-

minate species tended to respond positively to warming. Heating shifted maximum
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Figure 3.10: Comparisons of how growth changed for six species of three growth
types in heated vs. ambient treatments. The determinate growers have enhanced
growth during the early portions of the season when growth rates peak. The determi-
nate growers have a more consistent signal that peaks later in the season nearer their
growth maximums. Evergreen species respond most positively early in the season,
but warm temperatures of the summer depress their growth in the warmed plots.

growth earlier in the season and allowed the species to grow more for longer. Inde-

terminate species did not shift their growth patterns (Figure 3.10). Instead, these

species continue to maximize growth during the warmest parts of the season in all

temperature treatments. Evergreen species had the smallest growth enhancement

due to warming. Magnolia grandiflora shifted growth earlier into the season but

suffered from reduced growth during the summer. Pinus taeda had a similar pattern

of reduced growth during the hottest parts of the season (Figure 3.10). Species can

shift the timing of when growth occurs, or the magnitude of growth response will

shift based on the species environmental tolerances.
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3.4 Discussion

Determinate vs Indeterminate

The recognition that climate change can have inconsistent and unpredictable im-

pacts on plants demonstrates its difficulty to be measured. Refining the growing

season to active periods of growth demonstrates that growth is most affected by the

environment when cells are vigorously dividing and elongating, and least sensitive

during lulls (Figure 3.6). In this context, indeterminate species are responsive to the

environment across the entire season, while perfectly determinate species are only

responsive during focused periods of growth. This result suggests that indeterminate

species, like Liriodendron tulipifera, are most likely to be able to take advantage of

and inhibited by climate throughout the growing season. Determinate species will

be most sensitive during punctuated periods of active growth typical of early spring.

The seasonality of sensitivity yields consistent positive effects of temperature on

growth in determinate species and variable results in indeterminate species (Figure

3.9).

Sub-annual Growth Patterns

To understand the impact of climate change on seedlings and forest communities, nat-

ural growth patterns must be included in predictions. Acer saccharum, Liriodendron

tulipifera, and Pinus taeda demonstrate three possible growth trends. Acer saccha-

rum responds most to environmental conditions during the early spring, where higher

temperatures are likely to accelerate growth further, but by mid-summer growth has

slowed and environmental change during this period has less effect (Figure 3.6). Liri-

odendron tulipifera grows the most during higher temperatures of summer when soil

moisture is typically lower. Liriodendron tulipifera has one of the highest predicted

maximum growth temperatures allowing it to take advantage of high growth temper-
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atures late in the growing season (Figure 3.6). Mid-summer temperatures are already

high, and Liriodendron shows no evidence of shifting growth. This suggests that it

may become limited by elevated temperatures during peak periods of growth (Figure

3.6).

Timing of warming

Weighted growth trends reveal the balance between optimum growth conditions and

natural growth patterns. Time periods that are currently cooler than the weighted

growth temperature have a greater potential for positive benefits, while periods with

higher temperatures have greater potential for adverse effects. For many species, the

majority of growth happens during periods when temperatures are relatively cool.

In these cases, warming works with natural patterns to enhance growth. Many of

these same species minimize growth in the summer when higher temperatures could

be detrimental, and soil moisture can become limiting (Figure 3.6). These species

naturally protect themselves by limiting growth during that period. The opposite

of this is also true. Indeterminate species that grow throughout the season will be

impacted. An indeterminate species may need a combination of high-temperature

optimums and drought tolerance to continue to utilize the stressful conditions of mid-

to late- summer.

Drought Effects

Increasing global temperatures will promote moisture limitations and have a strong

impact on growth (Harte and Shaw, 1995; Melillo et al., 2002; Lambrecht et al., 2007;

van Mantgem et al., 2009; Vayreda et al., 2012). Drought reductions in turgor-driven

cell expansion have a larger impact on tree growth than reductions in photosynthesis

(Marshall et al., 2003; Meinzer et al., 2007; Ishii et al., 2008; Woodruff, 2014). Re-

gardless of an intrinsic sensitivity to moisture species growth can only be impacted
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if it is actively growing. Deterministic species that focus growth early in the season

are less impacted by moisture because soil moisture is typically near saturation (Fig-

ure 3.5). Indeterminate growers, however, can be impacted dramatically during the

mid-summer. Indeterminate species utilize the entire growing season to put on mass

and height. During good periods these species can grow dramatically, but hotter and

drier summers may eliminate the advantage of indeterminate growth. Regardless of

temperature low soil moisture will lead to reduced growth. It is a tree’s level of

activity that modulates the impact of low soil moisture.

3.5 Conclusions

Climate change predictions combine and simplify large suites of responses into a

metric of change. The trick is to understand what level of simplification is just

right to provide an insightful recommendation. Here we demonstrate that some of

the confusion for species’ responses to climate is driven by the phenology of growth.

Even if a species is expanding from a previous year’s reserves growth remains sensitive

to the current environment. Predictions from annual measures do not typically

recognize sub-annual periods of climate insensitivity or sensitivity. Moving forward

these insights provide recommendations of how to scale current knowledge of active

and inactive periods into climatic responses.
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Ibáñez, I., J. S. Clark, and M. C. Dietze. 2009. Estimating colonization potential of
migrant tree species. Global Change Biology 15:1173–1188.

IPCC, 2007. Climate Change 2007 - The Physical Science Basis: Working Group
I Contribution to the Fourth Assessment Report of the IPCC. Technical report,
Intergovernmental Panel On Climate Change.

IPCC, 2014. IPCC Fifth Assessment Report. Climate change 2013: The physical
science basis. Working group I. Technical report, Intergovernmental Panel on
Climate Change.

Ishii, H. T., G. M. Jennings, S. C. Sillett, and G. W. Koch. 2008. Hydrostatic
constraints on morphological exploitation of light in tall Sequoia sempervirens
trees. Oecologia 156:751–763.

Iverson, L. R., A. M. Prasad, S. N. Matthews, and M. Peters. 2008. Estimating
potential habitat for 134 eastern US tree species under six climate scenarios. Forest
Ecology and Management 254:390–406.

Jackson, R. B., J. Canadell, J. R. Ehleringer, H. A. Mooney, O. E. Sala, and E. D.
Schulze. 1996. A global analysis of root distributions for terrestrial biomes. Oe-
cologia 108:389–411.

Jarvis, P. G., and M. S. Jarvis. 1963. The Water Relations of Tree Seedlings.: IV.
Some Aspects of the Tissue Water Relations and Drought Resistance. Physiologia
Plantarum 16:501–516.

Jarvis, P. G., and M. S. Jarvis. 1964. Growth Rates of Woody Plants. Physiologia
Plantarum 17:654–666.

84
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Terrier, A., M. P. Girardin, C. Périé, P. Legendre, and Y. Bergeron. 2013. Potential
changes in forest composition could reduce impacts of climate change on boreal
wildfires. Ecological Applications 23:21–35.

Thornley, J. H. M. 2002. Instantaneous Canopy Photosynthesis: Analytical Ex-
pressions for Sun and Shade Leaves Based on Exponential Light Decay Down the
Canopy and an Acclimated Non-rectangular Hyperbola for Leaf Photosynthesis.
Annals of Botany 89:451–458.

Turnbull, M. H., R. Murthy, and G. K. L. 2002. The relative impacts of daytime
and night-time warming on photosynthetic capacity in Populus deltoides. Plant,
Cell and Environment 25:1729–1737.

Tveraa, T., A. Stien, B.-J. B̊ardsen, and P. Fauchald. 2013. Population densities,
vegetation green-up, and plant productivity: impacts on reproductive success and
juvenile body mass in reindeer. PloS one 8:e56450.

van Mantgem, P. J., N. L. Stephenson, J. C. Byrne, L. D. Daniels, J. F. Franklin,
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