N\

o Vs

~

s

g
=5
o
&
<]
=
o
3
=
=
°
=
=
=3
0
2
=
o
2
=8
o
c
g
S
<N
0
o
2
Q
o8
g
P
2
o
=]
<N
[
3.
<
@
.
<
[
g
)
<
o
=]
)
&
c
Q
<
N
o1
N
o
=
w

Research paper

The effects of elevated CO, and nitrogen fertilization
on stomatal conductance estimated from 11 years of scaled
sap flux measurements at Duke FACE

Eric J. Ward'239 Ram Oren'#, David M. Bell"2, James S. Clark'>, Heather R. McCarthy?®,
Hyun-Seok Kim’ and Jean-Christophe Domec' 32

'Nicholas School of the Environment and Earth Sciences, Duke University, Durham, NC 27708, USA; 2University Program in Ecology, Duke University, Durham, NC 27708, USA;
3Department of Forestry and Environmental Resources, North Carolina State University, Raleigh, NC 27695, USA; “Department of Forest Ecology & Management, Swedish
University of Agricultural Sciences (SLU), SE-901 83 Umea, Sweden; *Department of Statistical Science, Duke University, Durham, NC 27708, USA; ¢Department of Botany
and Microbiology, University of Oklahoma, Norman, OK 73019, USA; "Department of Forest Sciences, College of Agriculture and Life Sciences, Seoul National University,

599 Gwanak-ro Gwanak-gu, Seoul 151-921, Republic of Korea; ®Bordeaux Sciences AGRO, UMR 1220 TCEM INRA, 1 Cours du général de Gaulle, 33175 Gradignan Cedex,
France; °Corresponding author (eric.ward@duke.edu)

Received March 30, 2012; accepted November 2, 2012; published online December 13, 2012; handling Editor David Whitehead

In this study, we employ a network of thermal dissipation probes (TDPs) monitoring sap flux density to estimate leaf-specific
transpiration (E,) and stomatal conductance (Gs) in Pinus taeda (L.) and Liquidambar styraciflua L. exposed to +200 ppm
atmospheric CO, levels (eCO,) and nitrogen fertilization. Scaling half-hourly measurements from hundreds of sensors over
11 years, we found that P. taeda in eCO, intermittently (49% of monthly values) decreased stomatal conductance (Gs) relative
to the control, with a mean reduction of 13% in both total E_ and mean daytime Gg. This intermittent response was related
to changes in a hydraulic allometry index (Ay), defined as sapwood area per unit leaf area per unit canopy height, which
decreased a mean of 15% with eCO, over the course of the study, due mostly to a mean 19% increase in leaf area (A)).
In contrast, L. styraciflua showed a consistent (76% of monthly values) reduction in Gg with eCO, with a total reduction of
32% E_, 31% Gs and 23% A, (due to increased A, per sapwood area). For L. styraciflua, like P. taeda, the relationship
between A, and Gg at reference conditions suggested a decrease in Gg across the range of A,. Our findings suggest an indi-
rect structural effect of eCO, on Gg in P. taeda and a direct leaf level effect in L. styraciflua. In the initial year of fertilization,
P. taeda in both CO, treatments, as well as L. styraciflua in eCO,, exhibited higher Gg with N than expected from shifts in Ay,
suggesting a transient direct effect on Gs. Whether treatment effects on mean leaf-specific Gg are direct or indirect, this
paper highlights that long-term treatment effects on Gg are generally reflected in A, as well.

Keywords: allometry, hierarchical Bayes, hydraulic architecture, Jarvis model, leaf area, Liquidambar styraciflua,
photosynthetic active radiation, Pinus taeda, sapwood area, soil moisture, tree height, vapor pressure deficit.

Introduction and Wullschleger 1994, Luo et al. 2001, Ainsworth and Long
There has now been nearly three decades of active research on 2005). Among these, early seedling studies led to the view that
the effects of elevated atmospheric carbon dioxide (eCO,) on decreased stomatal conductance (Gs) was a likely response of
tree species (see reviews of Eamus and Jarvis 1989, Mousseau many species to eCO,, resulting in decreases in transpiration
and Saugier 1992, Ceulemans and Mousseau 1994, Gunderson per unit leaf area (E.). However, these same studies also
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suggested that total canopy leaf area was likely to increase
under eCO,, making uncertain the effect of eCO, on total can-
opy transpiration (Woodward 1990). It remained unclear as to
whether such increases in leaf area would be maintained in
mature canopies or simply represented accelerated ontogeny
(Gunderson and Waullschleger 1994). Interactions of eCO,
effects with water stress, nutrient limitations and other factors
important to tree growth in the field also remained uncertain. To
investigate such questions, long-term experiments were con-
ducted with the use of open top chambers (Curtis and Teeri
1992, Norby et al. 1992, 1999, Zak et al. 1993, Ceulemans
et al. 1995, Thiec et al. 1995, Pataki et al. 1998) and later, free-
air CO, enrichment (FACE). A prototype FACE system (Lewin
et al. 1992, Hendrey and Kimball 1994, Hendrey et al. 1999)
for mature trees began operation in Duke Forest, NC, USA in
1994, followed by a replicated study from August 1996 until
October 2010. In this paper we examined an 11-year data set
(1998-2008) on E; and Gg of the major canopy species, lob-
lolly pine (Pinus taeda L) and the co-dominant hardwood,
sweetgum (Liquidambar styraciflua L.), at this site.

[t was noted in early studies of many species that there was
a direct leaf-level effect of eCO, decreasing Gg in many tree
species (Eamus and Jarvis 1989, Will and Teskey 1997).
However, in the study of field-grown trees, it was noted that
long-term eCO, exposure in conifers resulted in small or non-
significant decreases in Gg, in contrast to woody deciduous
and herbaceous plants (Saxe et al. 1998, Medlyn et al. 2001).
While a meta-analysis of FACE studies suggested that trees
generally respond to eCO, by reducing Gg (Ainsworth and
Rogers 2007), P. taeda guard cells have been noted to be
unresponsive to eCO, in porometry studies, except in newly
emerged needles (Ellsworth et al. 2011).

In the absence of such a direct effect of eCO, on Gg, there
may still be an indirect effect through changes in tree structure
affecting the distribution of light in the canopy and the hydraulic
supply of water to leaves. Increases in leaf area of a canopy will
increase shading, leading to lower leaf-specific photosynthetic
rates, which would expect to be accompanied by lower Gg in
this species (Will and Teskey 1997). As the hydraulic supply is
a plastic characteristic of trees in the long term (Mencuccini
2003), it may exhibit adaptations that reinforce changes in light
availability leading to decreases in Gg after multiple seasons of
exposure to eCO,. We can represent the hydraulic supply of
water for transpiration (Shinozaki et al. 1964, Jarvis 1975,
Whitehead and Jarvis 1981, Waring et al. 1982, Whitehead et al.
1984, Tyree and Ewers 1991, Whitehead 1998) as:

A

GsD o= ky AV 25

= kg AYA,, (1)

where transpirational demand is proportional to Gg times
the vapor pressure deficit (D). The hydraulic conductivity (ky)

of sapwood as a function of water potential, the difference in
soil and leaf water potentials (A¥) and the hydraulic allometry
of trees (A,) represent three factors that could respond to
eCO, treatments. This last component can be indexed by the
sapwood area (Ag), supplying a distal leaf area (A) as repre-
sentative values for the entire path length of water, approxi-
mated by mean tree height (h). At Duke FACE across a wide
range of soil moistures, differences have not been detected
between treatments in pre-dawn and midday water potential of
leaves of P. taeda, suggesting similar A¥ in all treatments for
the main canopy species (Domec et al. 2009b). This leaves
the possibility that indirect effects of eCO, on Gg in this spe-
cies could occur through changes in ky and/or A, at this site.

In this study, we examine a network of TDPs monitoring sap
flux density and scale these data to estimates of leaf-level £,
and Gg in P. taeda and L. styraciflua exposed to eCO, levels
and nitrogen fertilization (Ng). Studies employing TDPs offer an
advantage over porometry by integrating over a much larger
leaf area and allowing measurements under conditions that
make porometric estimates of Gg difficult, such as low soil and
leaf water potentials associated with long- and short-term
water stress. One study at this study site (Schéfer et al. 2002)
noted that P. taeda under eCO, only reduced stomatal conduc-
tance with extreme drought, which was rare during that study
period. Conversely, a later study suggested that P. taeda under
eCO, only reduced stomatal conductance at high soil moisture
(Domec et al. 2009b), in part linked to changes in A,.
We undertook the examination of an 11-year period for which
there are well-replicated sap flux and allometric data at this site
to examine the effects of eCO, and Ng on Gg at this site.

In order to assess differences between treatments, we
sought an approach that could aggregate the uncertainty asso-
ciated with multiple sources of error that enter in long-term
studies employing TDPs. Thermal dissipation probes are a
widely employed technique for estimating forest water use
(Swanson 1972, Swanson and Whitfield 1981, Granier 1987,
Smith and Allen 1996, Loustau et al. 1998, Wullschleger et al.
1998, Oren et al. 1999, Lu et al. 2004). Scaling TDP measure-
ments to trees or stands requires information about the varia-
tion of flux rates with tree size and radial position in sapwood
(Phillips et al. 1996, Oren et al. 1998, Schéfer et al. 2002,
Ford et al. 2004). Sensor failures also necessitate users of
TDPs to deal with missing observations in long-term studies.
To produce a continuous estimate of transpiration, many users
fill resulting gaps in data with regressions of broken sensors
against working ones or with relationships to environmental
drivers, creating a source of unknown errors in these esti-
mates. We estimate these errors in a hierarchical Bayes state-
space framework that uses the temporal structure of data to
accommodate missing values (Clark et al. 2011).

Using such a model, we assessed the stomatal behavior of
P. taeda and L. styraciflua over a period of 11 years at the
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half-hourly time step, with a data set of nearly 20,000 time
steps and millions of individual data points. In doing so, the
variability across many TDPs was used to not only provide a
confidence envelope on E; estimates, but also information on a
latent variable of interest (Gg) and its responses to three
environmental drivers: vapor pressure deficit (D), incident
photosynthetic photon flux density (Q) and soil moisture (M).
We examined how these responses changed over seasons
and years, and differed between treatments and species.
Specifically, we investigated whether each species exhibited
differences in mean monthly daytime Gg between treatments
and if these were related to differences in the proportional
response of Gg to the environmental drivers. We examined if Gg
in each species was positively related to the index of hydraulic
allometry (Ay) and if this dataset of TDP measurements
confirmed past porometry findings of consistently reduced Gg
in L. styraciflua in eCO, (Herrick et al. 2004).

Materials and methods

Data collection

We used data collected from 1998 to 2008 at the Duke FACE
facility in a P. taeda plantation established from 3-year-old
seedlings in 1983. Treatments included eCO, (200 ppm above
ambient) using FACE technology on 30-m diameter plots
(Hendrey et al. 1999), as well as nitrogen fertilization (N,
11.2 g of N m= year™) in split plots of the CO, treatment (Oren
et al. 2001). This creates four treatment combinations: ambient
CO, unfertilized (AC), eCO, unfertilized (EC), ambient CO, with
Ne (AF) and eCO, with N (EF). The eCO, treatment was estab-
lished in 1994 in a prototype plot with an un-instrumented
paired control plot and in 1996 in three additional plots, each
with a fully instrumented paired control. The Ng treatment
expanded to include 1998 in the prototype and its control and
was replicated in 2005 in the other plots. Further details of the
site can be found at http://face.env.duke.edu.

Sap flux was monitored at multiple sapwood depths by the
use of TDPs constructed in the laboratory (Granier 1987). The
number of sap flux sensors for each treatment, species, depth
and year is given in the Supplementary Material (see Table S1
available as Supplementary Data at Tree Physiology Online).
Not all sensors functioned in all months and many sensors
were replaced each year due to failures and malfunctions.
When a sensor was replaced, the new sensor was placed in
the same tree at least 100 mm from the original position. As a
sensor in a new location, even when in the same tree, cannot
be expected to give the same readings as the previous sensor
due to variation in sapwood conductivity (Tateishi et al. 2008),
it was treated as a separate sensor for all analyses described
below. Thus, the effective number of sensors in the analysis for
each time period varied depending on the number of malfunc-
tions and replacements.

To account for night-time conductance, differential voltage
data from TDPs were converted to sap flux density values
using baseline values established on nights with little to no
potential transpiration (Oishi et al. 2008). We used the original
20-mm design and calibration for TDPs (Granier 1987), which
was validated for two gymnosperm and one ring-porous angio-
sperm species (Granier 1985) and later confirmed to be within
15% of flow values within the range of field observations for
several other species and porous synthetic materials (Lu et al.
2004). More recently, this calibration has been found to per-
form well in some diffuse porous species, but under-estimate
Js in ring-porous species and other diffuse porous species
(Taneda and Sperry 2008, Bush et al. 2010, Steppe et al.
2010). Long-term deployment and wounding effects have
been shown to also affect the accuracy of TDPs (Moore et al.
2010, Wullschleger et al. 2011). Some of these concerns are
ameliorated in this study by the large number of sensors (to
the extent that errors are random and not biased), the lack of
ring-porous species, and the comparisons of each species by
treatment (to the extent that trees within a species are equally
affected by any bias). We would also note that such errors,
once their structure and magnitude are identified, could be
accommodated by modifications to the data model in the
approach below, which now assumes individual random effects
for each sensor to accommodate these many possible sources
of error.

Environmental covariates measured at the site included air
temperature (7, °C) and vapor pressure deficit (D, kPa) at 2/3
canopy height in each plot (HMP series, Campbell Science,
Logan, UT, USA), volumetric soil moisture content from O to
0.3 m depths (M, cm3cm=soil) measured at four points
in each of the eight plots (CS615 & CS616L, Campbell Science)
and the incident photosynthetic photon flux density
(Q, mmol m= ground s™) at the top of the canopy (LI-190,
Li-Cor Biosciences, Lincoln, NE, USA). Data were logged at
30 s intervals and half-hourly averages were recorded using a
data logger in each plot (CR-23x, Campbell Science).

Annual surveys of the diameter of all trees >2 cm were
conducted and used for the determination of sapwood area.
A height survey was conducted with laser range finders in
2002, then yearly with crown length surveys from 2005 to
2008. Annual heights were then interpolated with relation-
ships to diameter at breast height (DBH) (McCarthy et al.
2010). Pinus taeda had little to no heartwood formation when
harvested in 2011 (P. Torngern, personal communication), so
the sapwood area of each tree was taken as the basal area
minus the bark thickness. The sapwood area of L. styraciflua
was calculated from DBH as 0.82 times the basal area (K.V.R.
Schéfer, unpublished data). Heights and sapwood areas were
all linearly interpolated to daily values. Daily leaf area was
determined following the procedure outlined in McCarthy
et al. (2007).
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Model structure and simulation

In this section we will describe the dynamic empirical model
for stomatal conductance (Gg) driven by vapor pressure deficit
(D), volumetric soil moisture (M) and photosynthetic photon
flux density (Q), followed by a description of how this is scaled
to leaf-specific transpiration (E,) and sap flux at individual sen-
sor locations (Js). All abbreviations and indices for model com-
ponents are given in Table 1. A full model description is given
in Bell (2011). A hydraulic model (Ward et al. in review) was
used to scale £, to mean sap flux for each species, but is not
presented here for brevity. The following section will discuss
posterior simulation of model parameters and error, i.e., how
the model was fitted to data, while the focus of this section is
the description of responses that are of physiological interest.
It should be noted this numerical posterior simulation requires
a model that describes the processes generating the data to
be described (Js), so this model description starts with the
process of interest (Gs), then describes how this is translated
to transpiration (£,) and, finally, Js. This is the opposite of most
descriptions of sap flux studies, but the end result is similar: an
estimate of G and its responses to environmental drivers con-
ditioned on Jg data across many sensors. This model was used
to estimate half-hourly values of Js for hundreds of sensors
over 11 years (see Supplementary Material, Table S1 available
as Supplementary Data at Tree Physiology Online), for a total of
more than 36 million values, representing one of the largest
analyses of sap flux data at a single site to date.

Similar to the approach of Jarvis (1976), we modeled can-
opy-averaged steady-state stomatal conductance (Ggs) of each
species s in treatment j at time t as a function of the responses
to vapor pressure deficit (fp), volumetric soil moisture (f,) and
photosynthetic photon flux density (f), relative to a reference
conductance (Ggges):

Gss(jsty = Gsre(js)fo sty st fagse) )

where fp sy = (1 = Ayg In (Dysp)), While both fysy and fo(s
vary positively O to 1, making Ggges(5 @n index of Gg at high Q,
high M and 1 kPa D (Oren et al. 1999). Unlike a theoretical
maximum Gg (Jarvis 1976, Oren et al. 1999), this definition of
Ggpes has the advantage of being within a range of D where
estimates are precise enough for the estimation of Gg from sap
flux (Ewers and Oren 2000). As f, approaches infinity at zero
D, it does require the specification of a maximum Gg, which we
took to be Gepes+ 2AGgrer. The response to Q was taken as

-Q
fagsy = 1= B1(js)exp( i ) (3)

2(js)

where 1 — 3, is the ratio of Gg at zero Q to the maximum (thus
allowing for night-time conductance) and f3, is the value of Q

at which fg is 63% of its maximum. The response to M was
taken to be a piecewise function:

M=Ba }
fagsty = exp[—O.S( B B4(/S)] ] for M < B
30s)

forM = B,

e

fM( sty — 1

where [, is the threshold M below which Gg decreases and B,
controls the rate of this decrease.

It is assumed that there is a stomatal time constant
(t =20 min for both species) for the response of Gg to chang-
ing conditions, i.e., there is no instantaneous adjustment to a
steady-state conductance Ggg calculated according to Eqg. (3).
Thus, the time series of Gg is modeled at each time step
(dt =30 min) as (Rayment et al. 2000)

—dt
GS(jst) = GS(/s(t—dt)) + (GSS(jst) - GS(/s(tdt)))£1 - exp(T(,'s) j} (5)

where dt is 30 min. This stomatal time constant has been
shown to range from 15 to 50 min for responses to changes in
leaf irradiance in P. taeda (Whitehead and Teskey 1995).

Canopy-averaged converted  from
mmol m= s~ to kg m= s~ after Pearcy et al. (1989) scaled to
leaf-specific transpiration (E ;) for each species as Gg oy = ¢y
E jsy/Dy, where ¢, =115.8 +0.4226 T, is a conductance
constant (kPa m3 kg™), estimated from the combined tempera-
ture sensitivities of latent heat of vaporization, density of air
and psychrometric constant (Phillips and Oren 1998). This
simplified calculation assumes that boundary-layer conduc-
tance greatly exceeds Gs. For P. taeda at this site, Domec et al.
(2009b) estimated mean daytime boundary-layer conductance
to be ~65 times Gg, but this may represent a source of error
for L. styraciflua, which has larger leaf dimensions. Leaf-specific
transpiration is multiplied by leaf area (A ;) and divided by
total sapwood area (Ass;) for the species to obtain mean sap
flux across all sapwood area for the species (Jg), after
accounting for a hydraulic time constant (k) using a simple
hydraulic model (Ward et al. in review). The sap flux measured
by each sensor (Js(sq) Was then estimated from Jg ;) by mul-
tiplication with a random effect for each sensor ¢;,,. To pre-
serve the total amount of sap flux in balance with transpiration
(after accounting for changes in water storage), we constrained
the mean random effect (¢;,y)) of sensors at each of n depth
ranges (d, see Table 1) so that:

conductance was

n

z Asjstay O jsta -1 ©)

n
d=1 i
d=1AS( Jstd)
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Table 1. Abbreviations. Model components have indices for sensor i at
depth d at time t for species s in treatment j or some subset of these.

Abbreviations for model components Units

Algsy Leaf area per unit ground area (leaf area Ratio
index)

Asstay  Sapwood area per unit ground area mm? m

C Conductance coefficient at temperature T kPa

Dy Vapor pressure deficit at 2/3 canopy height  kPa

Ey sy Canopy-averaged transpiration per unit leaf kg m=
area

Togse Proportional response of Gg to D Ratio

fugist) Proportional response of G to M Ratio

faysy Proportional response of Gg to Q Ratio

Gsjsy ~ Canopy-averaged stomatal conductance per  mmol m=2 s~

unit leaf area
GMAX({) Maximum Gg mmol m=2 s~
Gsrery Reference G at 1 kPa D, saturating M and Q mmol m=2 s

Gsssyy  Steady state G° from Eq. 2 mmol m=2 s
Jsysay  Sap flux density per unit sapwood area gm=?s™'
Mo Volumetric soil moisture at 0—30 cm depth ~ Ratio
Qp Incident photosynthetic photon flux density ~ mol m= s~
T Air temperature at 2/3 canopy height °C
Vags) Scaling factor for Gs dynamics and error Ratio
from 1

Bijs) Ratio of Ggg at night to Ggg at saturating @ Ratio
Bais Q at which f,=0.63 mol m=2 s
Bsgs) Sensitivity of Gg to M below * Ratio

4(j5) M above which f, =1 Ratio
Kijs) Hydraulic time constant of sap flux at breast min

height

l(/s) Sensitivity of Ggs to D log(kPa)~
Tjs) Stomatal time constant min
Pys) Data error standard deviation gmz?s
S Process error standard deviation mmol m=2 s~
Qysy ~ Random effect for sensor i Ratio
©js) Standard deviation of ¢ Ratio
Other abbreviations
AC Ambient CO, unfertilized treatment plots
AF Ambient CO, fertilized treatment plots
BIC Bayesian information criterion
Ay Allometric scaling of hydraulic pathway mm? m—3
eCO,  Elevated carbon dioxide treatment
DOY Day of year
EC Elevated CO, unfertilized treatment plots
EF Elevated CO, fertilized treatment plots
FACE  Free-air carbon dioxide enrichment
H Mean tree height m
Ky Specific conductivity of sapwood m? MPa™" s~
Ne Nitrogen fertilization treatment
P Precipitation mm
TDP Thermal dissipation probe
AY Soil-to-leaf water potential difference MPa

A Gibbs sampling Markov chain Monte Carlo algorithm
(Gelfand and Smith 1990) was used to simulate posterior dis-
tributions. A complete description of this algorithm, including
diagnostics and convergence analyses, is given in Bell (2011).
Details specific to this simulation are given in Supplementary

Material available as Supplementary Data at Tree Physiology
Online, including prior and posterior distributions of fit param-
eters. To account for phenological changes in the evergreen
canopy (McCarthy et al. 2006, 2007), we independently simu-
lated posteriors of the data for P. taeda for three overlapping
intervals per year, corresponding to day-of-year (DOY) inter-
vals (0,146), (110,256) and (219,365) or (219,366) in leap
years. These intervals represent periods of low (‘spring’),
increasing (‘growing season’) and decreasing (‘autumn’) A,
respectively.

All analyses were conducted using Team RDC (2009). A
study with dozens of trees with nearly 20,000 half-hourly time
steps, leading to millions of individual data points, requires
aggregation of model outputs. To evaluate the effect of eCO,
on Gg for each month of the study, monthly daytime means
of Gg and its standard deviation for the elevated treatment
(EC/EF) and the corresponding ambient treatment (AC/AF)
were used for 10% samples of a non-parametric bootstrap. The
same procedure was performed for the N treatments for data
from 2005 to 2008. In comparisons of Ggges and monthly mean
daytime values of the product of environmental sensitivities
(fofufo) between treatments, we employed the /m function and
the slope.test function of the smatr package (Warton and
Ormerod 2007). In model selection for comparisons of fpfiyfg
and mean monthly M, as well as seasonal relationships of A,
and Ggge, We chose the model that minimized the Bayesian
information criterion (BIC), calculated with /m and the BIC func-
tion of the gpcR package (Ritz and Spiess 2008).

Results

Temporal patterns

The study period included a wide range of environmental con-
ditions (Figure 1). These included wet growing seasons (e.g.,
2006) typified by monthly mean daytime vapor pressure defi-
cits (D) of ~1 kPa and volumetric soil moistures (M) with mini-
mum monthly averages around 0.17-0.20, as well as dry
growing seasons (e.g., 2007) typified by mean monthly D of
1.5-2.2 kPa and M below 0.17 for multiple months. Punctuating
these long-term variations in conditions were three major
storms: Hurricane Floyd, Hurricane Isabel and an ice storm in
December 2002 that caused widespread damage to forests in
the region (McCarthy et al. 2007), the effects of which can be
seen in the decreases in leaf area (Figure 2), as well as mortal-
ity losses and decreased expansion of sapwood area of the
two study species (Figure 3). Values are given for fertilization
treatments (Ng) before 2005; these are each based on a single
split-plot (the FACE prototype and its reference plot) and are
not directly comparable to the unfertilized values.

The index of hydraulic allometry, taken as sapwood area
divided by the product of leaf area and mean tree height
(Ay, cm?m=3, Eqg. (1)), initially decreased in P. taeda as leaf
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Duke Forest FACE
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Figure 1. Monthly daytime-averaged environmental covariates for the
study period: incident photosynthetic photon flux density (Q), canopy
air temperature (T), vapor pressure deficit (D) and volumetric soil
moisture content (M), as well as monthly sums of precipitation (P).
Dotted horizontal lines represent soil moisture of 0.33 and 0.17,
which roughly correspond with field capacity and plant water stress in
this soil.

area and height increased, and then increased with this series
of disturbances (Figure 3). In P. taeda, Ay, was reduced 11-20%
with eCO,, with a mean reduction of 15% over the entire study
period, driven mainly by a 19% increase in A_ (Figure 2).
In L. styraciflua, A, was reduced 10-39% with eCO,, with a
mean reduction of 23% over the entire study period, resulting
from a mean 18% increase in A, per unit Ag in May—September
of each year. Total canopy leaf area recovered by 2005, with a
shift towards slightly greater proportion of hardwood leaf area
(peak: 50—-60%) than before the disturbance (peak: 40-50%)
in both treatments. In the period following this recovery, leaf
area and A, followed a more stable annual cycle. This coincided
with the replication of the N treatment that had been applied to
a single plot pair in 1999, which decreased A, by 8% and
increased A by 16% in P. taeda, while decreasing A, by
14% and increasing A, by 26% in combination with eCO,. In
L. styraciflua, decreases of 24 and 47% in A, and increases of
33 and 73% in A_ per unit As (in May-September) were
observed with Nr and the combined treatment, respectively.

In Figure 4, we present quarterly sums of transpiration per
unit leaf area (E;) and daytime averages of canopy-averaged
stomatal conductance (Gg). The general trend for P. taeda is a

Duke Forest FACE

_— Pt — L& =7 HMW
Jdac Floyd " lce Isabel =
<+ ] v VoV
o
&

Leaf Area Index (m? m?)
0
|

1998 2000 2002 2004 2006 2008

Figure 2. Time courses of leaf area index. P. taeda is shown as a solid
bold line, L. styraciflua as a light solid line and all hardwoods by a
dashed line. Drought months (mean volumetric soil moisture <0.17)
are indicated by horizontal gray lines at the top of the figure. Major
storms causing large canopy disturbances are indicated by name and
arrow (see the text). Initial fertilization dates for different FACE plots
are indicated with dotted vertical lines. Treatments: ambient CO,-
unfertilized (AC), elevated CO,-unfertilized (EC), ambient CO,-fertilized
(AF) and elevated CO,-fertilized (EF). Initial fertilization dates for dif-
ferent FACE plots are indicated with dotted vertical lines.

decrease in Gg and E; during the years 1998-2001, as maxi-
mum leaf area (A;) was increasing, followed by an increase in
the years 2002-04 when A, was decreased by the succession
of drought and storms. Of note is the expected drop in Gg dur-
ing the drought periods indicated by the gray bars, which are
the main source of variation in the period with replicated N
treatments (2005-08). In some years (e.g., 2000), there were
large differences in Gg of L. styraciflua in different treatments.
In other years (e.g., 2001) there was little difference between
treatments. The seasonal dynamics showed that little transpira-
tion occurred in the first quarter of each year for this species,
so we omitted the Gg values for this mostly leafless period
from further analyses.

The effects of the eCO, treatment on monthly daytime
means of Gg of each species in each fertilization treatment are
presented in Figure 5. Lower Gg for P. taeda was observed in
65 out of 132 months of study (49%) in unfertilized plots, but
not consistently throughout the study period (mean reduction
13%). In the period after replication of the Ng treatments
(2005-08), decreased Gg with eCO, was detected only in 2
of 48 months in the N plots, versus 7 months when Gg was
higher with eCO, in the N plots. In the period before replica-
tion of the N plots (2001-04), decreased Gg with eCO, was

Tree Physiology Volume 33, 2013

€T0Z ‘Gz Afenige4 uo Arliqi AsBAIUN [euolRN [NosS e /B1o'seulnolploixosAydsaly//:dny woiy papeojumoq


http://treephys.oxfordjournals.org/

The effects of elevated CO, and nitrogen fertilization on stomatal conductance 141

Duke Forest FACE
P. taeda

~8lonc :

e 87| e EC! ;

i vaF Mﬁ
ég_VEF.I :

< ; >

B o :

£ &

[=%

=R

mD

S

(=]

&

(=

i@

Ei v : i
™ ¥ A A
E 5 : ;

E

g - : L. styraciflua :

< o : :

@ | : :

(= : :

o 'f ;

(=] L .

T T T T T T
1998 2000 2002 2004 2006 2008

Figure 3. (Upper two panels) Sapwood area per unit ground area of
P. taeda and L. styraciflua (As) for AC (open circles), EC (filled circles),
AF (open triangles) and EF (filled triangles) treatments. (Lower two
panels) Hydraulic allometry (A,) for each model period for each spe-
cies, calculated as mean sapwood area per unit leaf area per unit can-
opy height. Treatments: ambient CO,-unfertilized (AC), elevated
CO,-unfertilized (EC), ambient CO,-fertilized (AF) and elevated CO.-
fertilized (EF). Initial fertilization dates for different FACE plots are indi-
cated with dotted vertical lines.

detected in 24 of 48 months in the fertilized plots, with a
mean reduction of 22% across the period. The mean daytime
Gg was lower in eCO, in L. styraciflua for 42 of 55 months with
stable leaf area (May—September) in unfertilized plots (mean
reduction 31%). Results were similar under N, except for the
initial period following fertilization in 2005 when eCO,
resulted in higher Gg, followed by a mean reduction of 39% in
2006-08.

Fertilization effects on the monthly daytime means of Gg of
each species in each CO, treatment are presented in Figure 6,
with the fertilized/unfertilized ratio of the hydraulic allometry
index (Ay), for the period after replication of the N treatments
(2005-08). We observed fertilized/unfertilized ratios of Ay
below one for P. taeda in the ambient CO, plots throughout this
period. Stomatal conductance remained similar in the ambient
CO, plots until early 2008, when the Ng treatment began to
exhibit lower Gg. In the eCO, treatment, A, of P. taeda remained
the same or increased slightly, while Gg was increased with N¢
in almost all months. For L. styraciflua, N resulted in lower Ay
in both CO, treatments, but did not have a consistent effect on
Gg in either CO, treatment. Due to the large transitional depar-
tures between treatments in L. styraciflua in 2005 (Figures 5
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Figure 4. Quarterly sums of transpiration (E,, leaf-area basis) and
mean daytime stomatal conductance (Gg, leaf area basis) estimated
from scaled sap flux measurements for P. taeda and L. styraciflua. The
addition of fertilization plots in FACE rings 1—6 is indicated with a dot-
ted vertical line. Drought months and major storms are identified with
gray bars and arrows, respectively. Treatments: ambient CO,-
unfertilized (AC), elevated CO,-unfertilized (EC), ambient CO,-fertilized
(AF) and elevated CO,-fertilized (EF). Initial fertilization dates for dif-
ferent FACE plots are indicated with dotted vertical lines.

and 6), this year was omitted from the subsequent analyses
of stomatal conductance for this species.

While collinearity of environmental covariates makes univari-
ate responses and their parameters difficult to interpret (see
Figure 9, below), the reference conductance, Gggy, and the
proportional sensitivity to D(A) represent standard points of
comparison to other modeling approaches applied to similar
data sets (Figure 7). For P. taeda, Ggges ranged from ~50 to
150 mmol m=? s~', with a similar temporal trend as noted for Gg
in Figure 4. On the other hand, A had spring values almost all
near the minimum of 0.45, while mid-growing season values
ranged up to 0.75 with considerable yearly variation and
autumn values were intermediate between these. While
P. taeda did not exhibit large differences between treatments
in these parameters, L. styraciflua did, with Gggs in AC some-
times much higher, and sometimes similar to that in the EC
treatment.

The model provides predictions for each sensor for each
time period, as well as random effects that can be averaged to
describe the radial pattern of sap flux. The most distinct pat-
tern that arose in the data model parameters was a decrease in
the ratio of outer to mean sap flux from ~1.4 to ~1.1 in pine
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Figure 5. Monthly ratios in mean daytime stomatal conductance (Gs)
between elevated and ambient CO, plots in unfertilized (EC/AC) and
fertilized (EF/AF) treatments. Bars represent the means of the 95%
credible interval bounds for each month. Stars denote months where
bootstrapped posterior means of elevated treatment were above (top)
or below (bottom) ambient values in 95% or more of samples. Drought
months and major storms are identified with gray bars and arrows,
respectively. Initial fertilization dates for different FACE plots are indi-
cated with dotted vertical lines.

trees under eCO, following N additions in 2005 (EF, Figure 8)
as the other treatments increased their ratios to 1.5-1.9. In
general, the sap flux profile was flatter in the sweetgum trees,
where no consistent pattern by treatment was discernible over
this period.

Stomatal responses to environmental drivers

Examining the response of stomata to a single environmental
driver is not a complete picture of the effects on Gg, as the
univariate responses to vapor pressure deficit (fp), soil mois-
ture (fy) and photosynthetic photon flux density (fy) interact
with each other (Eg. (2)) to produce the Gg estimated in
Figure 4. The mean daytime fy, and f, are correlated with fj at
the monthly time scale in both P. taeda (f;=0.78 f,,+ 0.60,
R?=0.33; f,=-2.06 fy+2.58, R?=0.41) and L. styraciflua
(fo=0.56 f,,+ 0.71, R2 = 0.33; f, =—1.25 f, + 2.01, R2 = 0.22).
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Figure 6. (Upper and middle panels) Monthly ratios in mean daytime
stomatal conductance (Gg) between fertilized and unfertilized plots in
ambient CO, (AF/AC) and elevated CO, (EF/EC) treatments. Bars rep-
resent the means of the 95% credible interval bounds for each month.
Stars denote months where bootstrapped posterior means of fertilized
treatment were above (top) or below (bottom) unfertilized treatment
values in 95% or more of samples. Drought months are identified with
gray bars. (Lower panels) Ratio of hydraulic allometry (A,) for each
model period for each species, calculated as mean sapwood area per
unit leaf area per unit canopy height in ambient CO, (AF/AC, open tri-
angles) and elevated CO, (EF/EC, filled triangles).

Thus, the evaluation of the combined response to all three
environmental covariates (fpfyfg) is more appropriate than
evaluating the univariate responses to each.

For P. taeda, the monthly daytime averages of fyff, in the
eCO,, N and combined treatments (EC, AF and EF) regressed
against that of the ambient control (AC) values show no regular
pattern of difference (Figure 9, top right panel), with slopes
and intercepts that do not vary significantly from one and zero,
respectively (Table 2). Monthly values of fyfyfg in AC predict
very well fpfyfg in the other treatments (R?=0.92-0.95) for
P. taeda, suggesting that the difference between the treatment
estimates of Gg in each season (Figures 5 and 6) is largely
explained by differences in Ggres (Figure 9, top left panel),
which exhibits less correlation between treatments (Table 2).

For L. styraciflua, the relationships of fyfyfg in the elevated
treatments (EC and EF) to that of the control treatment (AC,
Figure 9, bottom left panel) have positive intercepts and slopes
less than one; however, mean ratios of f,fyf, remained close to
one (Table 2). Monthly values of fpfyfg in AC were correlated to
fofufo in the other treatments almost as much for L. styraciflua
as P. taeda (R?=0.78-0.99). On the other hand, Ggg, Of this
species was highly variable, with that of AC poorly correlated
to that of the EC (R?=0.26) and AF (R?=0.39) treatments.
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Figure 7. (Top panel) Reference stomatal conductance (Ggges,
mmol m= s™") of P. taeda by model period (three per year). (Second
panel) Relative sensitivity (A) of canopy-averaged stomatal conduc-
tance (Gs) to vapor pressure deficit (D) by model period, according to
Gs = Gspes (1 —A In(D)). Gray area is the range of A values for maxi-
mum vapor pressure deficits of 3-5kPa from Oren et al. 1999.
(Bottom panels) Same as above for L. styraciflua with one model
period per year. Treatments: ambient CO,-unfertilized (AC), elevated
CO,-unfertilized (EC), ambient CO,-fertilized (AF) and elevated CO,-
fertilized (EF). Initial fertilization dates for different FACE plots are indi-
cated with dotted vertical lines.
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Figure 8. The ratio of outer sap flux (Js, g m= s7) to the mean across
all sapwood area by species and treatment for the period after repli-
cation of the fertilization treatment. Solid lines connect values for
P. taeda and dashed lines those for L. styraciflua. Treatments: ambient
CO,-unfertilized (AC), elevated CO,-unfertilized (EC), ambient CO.-
fertilized (AF) and elevated CO,-fertilized (EF).

While the EF treatment Gggs was correlated to that of AC
(R?=0.76), the mean ratio was well below one (0.58). This
suggests that in this species, as well as P. taeda, most of the
variability in Gg between treatments is contained within Gggey.
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Figure 9. (Left panels) The canopy-averaged stomatal conductance
at reference conditions (Ggre) in €ach treatment versus that of the
ambient unfertilized control (AC) for P. taeda and L. styraciflua for
each model period. (Right panels) Monthly daytime means of the
combined modeled effect of vapor pressure deficit (fy), soil moisture
(fiy) and photosynthetically active radiation (fy) on Gsge for P. taeda
and L. styraciflua. Treatments: ambient CO,-unfertilized (AC), elevated
CO,-unfertilized (EC), ambient CO,-fertilized (AF) and elevated CO,-
fertilized (EF). Lines represent a 1 : 1 ratio.

In light of this collinearity of environmental responses, we
evaluated the response of each CO, treatment to M within each
species and fertilization level using monthly average fpfifg
rather than f,, alone (Figure 10). We estimated this saturating
response using a piecewise function, with an initial linear
increase estimated from values at monthly average M < 0.2 up
to a constant value estimated from values at monthly average
M > 0.3. For each species and fertilization level, we selected
the linear model from a set of five nested models with the full
model having effects for M and eCO,, as well as their interac-
tion, and the null model having only an intercept. We selected
the model with the lowest BIC value, which was a common
linear relationship with M in all cases. Likewise, we found that
a constant value for both CO, treatments yielded a lower BIC
than separate values for the maximum fyfyfy in all cases.
Parameters of these functions are given in Table 3.

Stomatal conductance and hydraulic supply

The relationship between Ggg.; and the index of hydraulic allom-
etry (A, Eq. (1)) for P. taeda was steeper during the growing
season than the spring and autumn model periods, so we evalu-
ated this relationship separately for the different periods
(Figure 11). We also estimated this relationship for L. styraciflua
(Figure 11, bottom right panel) for the period of each year
with active leaf area. This resulted in four species—season
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Table 2. Relationships between reference stomatal conductance (Ggge) for each model period, as well as monthly mean proportional response to
vapor pressure deficit, light and soil moisture (fpfofy), for each species in each treatment versus values of ambient CO, unfertilized control (AC).
Relationships fitted with ordinary least squares have an intercept (b) and a slope (m), with control values as the independent variable. Also given
are the coefficient of determination (R?), P values for F-tests of the null hypotheses b=0 and m = 1 and the mean ratios of treatment to control
values for 2005-08 for P. taeda and 2006—08 for L. styraciflua. Treatments: elevated CO,-unfertilized (EC), ambient CO,-fertilized (AF) and ele-

vated CO,-fertilized (EF).

R? b P (b=0) m P (m=1) Ratio

P. taeda Goper AF 0.90 15.0 0.061 0.75 0.012 0.93
EC 0.71 119 0.291 1.04 0.743 0.90

EF 0.56 21.1 0.298 0.78 0.339 1.03

Fofof AF 0.92 0.030 0324 0.99 0.748 1.03

EC 0.92 -0.016 0.426 0.99 0.687 0.97

EF 0.95 0.000 0.992 0.99 0.831 0.99

L. styraciflua Gaper AF 0.39 38.45 0.070 0116 0192 0.96
EC 0.26 28.51 0.007 0.169 <0.001 0.65

EF 073 -14.57 0.735 0.829 0.018 0.58

Fofof AF 0.99 0.038 0.014 0.876 <0.001 0.96

EC 078 0152 <0.001 0.798 <0.001 1.04

EF 0.96 0.160 <0.001 0.692 <0.001 1.00
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Figure 10. Monthly daytime means of the combined modeled effect of
vapor pressure deficit (fp), soil moisture (fy,) and photosynthetically
active radiation (fg) on stomatal conductance versus soil moisture (M)
for P. taeda and L. styraciflua. Treatments: ambient CO,-unfertilized
(AC), elevated CO,-unfertilized (EC), ambient CO,-fertilized (AF) and
elevated CO.-fertilized (EF). Lines represent a piecewise fit with a lin-
ear portion estimated from data below M = 0.2 and a constant portion
estimated from data above M= 0.3.

combinations to be evaluated (Table 4). For each of these, the
best-fit of a family of nested models for a linear effect of A, and
factors for eCO, and N treatments, including all interactions,
was selected for each study period as that which minimized BIC
(Schwarz 1978). To ease the interpretation of these models, we

Table 3. Parameters for piecewise functions in Figure 10 describing
relative responses of monthly mean canopy averaged stomatal con-
ductance (Gs) to volumetric soil moisture (M). R? values are for linear
portion of function using data where M was below 0.2.

Species Fertilization  Intercept  Slope  Maximum  R?

P. taeda Control -0.623 7.03 0.803 0.59
Ne -0.862 8.14 0.795 0.74

L. styraciflua  Control -0.126 3.97 0.814 0.15
Ne —-0.754 7.06 0.791 0.64

calculated the expected 2008 values, the end of our study
period, 12 years after the initiation of the eCO, treatment and 4
years after replication of the N treatment.

For P. taeda, eCO, resulted in slightly higher Ggges during the
spring season than would be expected from the changes in Ay
alone (Table 4) and a steeper relationship with A in the grow-
ing season, leading to a similar difference in the range of
observations (Figure 11). During autumn, the selected model
had a common A, — Ggge relationship for all treatments for this
species. For L. styraciflua, we found that the best fit model for
the A, — Gsres relationship had a negative fixed effect for eCO,,
with the predicted 2008 values highest in AC where average
Ay was highest.

We have concentrated here on the state-space-modeled
process of £, and Gg. These quantities are direct outputs of the
state-space model at the half-hourly time steps, for each of
which we can estimate a posterior distribution or some sum-
mary statistic of variation (such as a standard deviation), which
form the basis of bootstrapped comparisons in Figures 5 and
6. The process error of Gg (6, mmol m s™') ranged from 2.4
to 20.2 across species, treatments and seasons, with a mean
of 10.0 and a median of 6.8, suggesting fairly constrained
inference at the canopy level. The posterior estimates of sap
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Figure 11. The canopy-averaged stomatal conductance at reference
conditions (Ggge) Versus hydraulic allometry index (Ay), defined as
sapwood area (cm?) per unit leaf area (m?) per m canopy height, in
each treatment. Pinus taeda had three overlapping model periods:
spring (DOY <147), growing season (DOY 110-256) and autumn
(DOY >218). Liquidambar styraciflua had one model period per year
defined by the duration of active leaf area. For spring and growing
season P. taeda values, the bold lines represent elevated CO, treat-
ments and the thin lines represent ambient CO, treatments. Lines rep-
resent effects for a single model selected for each panel and are
presented in Table 4. Treatments: ambient CO,-unfertilized (AC), ele-
vated CO,-unfertilized (EC), ambient CO,-fertilized (AF) and elevated
CO,-fertilized (EF).

flux data error (p(s, g m=s™) ranged from 1.0 to 3.8 across
years, treatments and species, with a mean of 2.0 and a
median of 1.9, suggesting, with random effects included for
individual sensors, that data were generally well predicted by
the model.

Discussion

Relationship between A, and Gg

While our approach allowed us to estimate Gg and associated
uncertainty at each half-hour time step, we will discuss an
important feature further below, that is, the results of greatest
interest are those independent of time. Across the 11-year
treatment period, we see that both species had a similar pro-
portional response to environmental drivers in all treatments,
with the possible exception of decreased sensitivity to
environmental stress in the combined elevated carbon diox-
ide (eCO,) and nitrogen fertilization (Ng) treatment for

L. styraciflua (Figure 9). Thus, the main differences between
stomatal responses in different treatments are described well
by Ggger In both species, we found a relationship between the
reference stomatal conductance (Gggres) and the hydraulic
allometry index (Ay; Figure 11). This pattern has been found
in stands across a wide range of biomes (Novick et al. 2009).
We cannot conclude from these relationships alone whether
any difference between treatments in the stomatal conduc-
tance (Gg) inferred from sap flux measurements was driven
by direct leaf-level effects or indirect structural effects.
Indeed, such effects are not mutually exclusive, as hydraulic
allometry is a highly plastic character of most tree species
and may be expected to adapt to a long-term decrease in
leaf-level G5 (Whitehead et al. 1984, Tyree and Ewers 1991,
McDowell et al. 2002, Mencuccini 2002, 2003, Buckley and
Roberts 2005). However, if direct leaf-level effects drive dif-
ferences in Gg, we would expect these differences to exhibit
a rapid onset (mean leaf life span or shorter) and persist
through changes in Ay, such as canopy disturbances that
decrease leaf area.

Effects of eCO, and N on Gg in P. taeda

In P. taeda, we do not find support for a direct effect of eCO,
on Gg, but rather an indirect effect where decreases in A, were
related to decreases in Gg in some time periods. While the
mean Ggges Was lower in the EC treatment than in the AC treat-
ment, ~45% of the study period (Figure 5, top panel), we see
that it is actually higher than expected based on Ay alone in
the spring and growing season (Figure 11, Table 4). A direct
leaf-level effect of eCO, would be expected to result in more
consistent decreases in Gg between these treatments. When
canopy leaf area was reduced by a succession of droughts, an
ice storm and Hurricane Isabel in 2003 (Figure 2), we failed to
detect a difference in Gg with eCO, (Figure 5).

The effect of Nz on Gg in P. taeda and its interaction with
eCO, are similarly linked to changes in A,. We see little evi-
dence of a reduction in Gg with eCO, in the N treatment after
replication in 2005 (Figure 5, second panel). During this
period, the mean difference in A, in AF and EF was 6.1%,
versus a difference of 16.1% in AC and EC. The Gg reductions
observed in the non-replicated N treatments in 2001-02 cor-
respond to a period of canopy disturbance when P. taeda A, in
the EF treatment was 21.6% less than that in AF. Fertilization
effects on Gg in P. taeda differed by CO, treatment (Figure ©).
In ambient CO,, N decreased A, an average of 8% from 2005
to 2008. On the other hand, A,; exhibited an average increase
of 3% with Ng in the eCO, plots. These changes in A, are con-
sistent with published results from the site that suggested that
A increases of eCO, and N were not additive (McCarthy et al.
2007), so that an Ay decrease is driven by increasing A, in
ambient CO, (Figure 2) while the Ay increase is driven by
increasing Ag in eCO, (Figure 3).
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Table 4. Relationships between reference stomatal conductance (Ggge, Mmol m=2 s™') and sapwood area per unit leaf area divided by the height of
the canopy (A, mm? m=3) for P. taeda (P.t.) in the spring (Sp, DOY < 147), growing (Gr, DOY 110-256) and autumn seasons (Au, DOY > 218), as
well as L. styraciflua (L.s.) in period of active leaf duration each year. The formula for the best-fit of a family of nested models for a linear effect of
Ay and factors for elevated carbon dioxide (€CO,) and nitrogen fertilization (Ng) is given for each, along with the resulting prediction of Ggges
(mmol m=s7") at A, in 2008 for each treatment, Bayes information criterion (BIC) and difference in BIC from a full model with all interactions and
a null model with only an intercept. Treatments: ambient CO,-unfertilized (AC), elevated CO,-unfertilized (EC), ambient CO,-fertilized (AF) and

elevated CO,-fertilized (EF).

Species— Formula Predicted 2008 Ggg BIC ABIC
season
AC AF EC EF Full Null
P.t—Sp 1.27A,+ 7.8 80 78 78 84 301.9 15.7 34.6
eCO, - 12.4
P.t—Gr 1.93A, + 115.6A, 89 82 82 90 242.5 9.6 24.5
eCO, — 53.1
eCO, - 21.6
P.t—Au 112A,+5.8 65 61 60 60 31041 17.6 13.6
L.s. 0.625A,,—-15.9 69 57 47 33 234.5 15.7 8.0
eCO, +22.2

To the extent that treatment effects represent accelerated
ontogeny, we may expect hydraulic limitations to play a large
role in structural effects on Gg in P. taeda, as stomatal limitation
increases and photosynthetic rates decrease with age in stands
from 14 to 115 years old (Drake et al. 2010). However, persis-
tent increases of leaf area (A,) in the treatments after canopy
closure (Figure 2) suggest that these effects do not simply
arise from accelerated ontogeny. As P. taeda saplings grown in
eCO, exhibited no difference in Js, G5 or sapwood-to-leaf-area
ratios after 4 years of exposure in open top chambers (Pataki
et al. 1998), it may be that such indirect effects on Gg are only
evident in mature stands with closed canopies after many
years of exposure. Such stands have limitations to leaf gas
exchange that accompany any increases in hydraulic con-
straints with increased A, .

The indirect nature of a structural effect may explain why
past studies at this site have not found a consistent decrease
of Gg with eCO, in P. taeda, although it has been suggested
that one exists under only low soil moisture (Schafer et al.
2002), high soil moisture (Domec et al. 2009b) or on newly
emerged needles (Ellsworth et al. 2011). We do not find a dif-
ference between CO, treatments in the proportional reduction
of Gg as soil moisture declines (Figure 10). Previous estimates
of the effect of eCO, on whole-tree hydraulic conductivity
(Domec et al. 2010) include an increase early in the study
(2000) followed by a decrease later in the study (2007). This
lag effect of fumigation on Gg in P. taeda can be explained by
the length of exposure to eCO, necessary to affect pre-treat-
ment hydro-active xylem and thus to produce a reduction in
whole-tree hydraulic conductivity and consequently Ggger. Our
results confirm that G of P. taeda under eCO, was noticeably
reduced in 2007 but not 2000 (Figure 4), although these
decreases are not simply increasing with time, in part due to
fluctuations in A, (Figure 2) and their effects on A, (Figure 3).

Effects of eCO, and Nr on Gg in L. styraciflua

Unlike P. taeda, our analysis of sap flux in L. styraciflua is con-
sistent with a direct effect of eCO, on Gg in this species. The
Gg estimates are lower in EC than in AC for 76% of the months
studied, as well as in EF versus AF in 2006—-08 (Figure 5, bot-
tom panels). A decrease in Gg with eCO, in this species has
been inferred from sap flux (Schéfer et al. 2002) and directly
observed in a porometry study (Herrick et al. 2004) at this
site, as well as another FACE site where it forms the main can-
opy (Gunderson et al. 2002, Wullschleger et al. 2002, Warren
et al. 2011). The lower intercept of the A,; — Ggge relationship of
the eCO, treatments (Figure 11) is also consistent with a direct
effect at the leaf level.

We cannot rule out a change in sapwood conductivity, how-
ever. As younger xylem tends to play a greater role in water
transport in angiosperms than in conifers, it may also change
sapwood conductivity more quickly in response to such treat-
ments. Previous study of sapwood conductivity in this species
has found that eCO, decreased sensitivity to W in roots, but
increased it in branches at this site (Domec et al. 2010),
although the effects on stem wood have not been investigated.
The difference in Ggges With eCO, is accompanied by a drop in
Ay, as indicated by predicted differences in Ggge; under eCO, at
the end of the study period that exceed this fixed effect in both
fertilization treatments (Table 4). This shift along the A, — Ggpes
relationship in this species may reflect adjustment of hydraulic
supply to a drop in long-term demand from a direct effect at the
leaf level. This may play a role in Gg differences noted in field
experiments of the two groups under eCO, (Saxe et al. 1998).

Despite large decreases in A, with N¢ in L. styraciflua, we do
not see a consistent concomitant reduction in Gg (Figure 6).
This species is generally situated lower in the canopy than the
dominant pines, making Ay less reflective of other canopy
structure effects, such as light availability. The common
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Ay — Ggpe relationship between fertilization treatments may
mask underlying differences in components of the hydraulic
pathway that warrant further investigation using data from
whole-tree harvests. Furthermore, the use of annual values for
Ay in this species would mask effects such as the earlier leaf
senescence during droughts observed under eCO, in this spe-
cies at the FACE site in Oak Ridge, TN (Warren et al. 2011).
However, the fact that we do find a relationship between Ggge¢
and Ay in this species illustrates the balance between the
demands of gas exchange and the hydraulic supply of water to
the canopy over the long term. It also shows that while we
incorporated the expectation of a hydraulic time constant
increasing with height in P. taeda, such an expectation is not
necessary to produce a relationship between Gggs and A, as
we did not consider hydraulic time constants in L. styraciflua.

Seasonal trends in stomatal responses of P. taeda

Slopes of the Ay — Ggget relationships are greater in the grow-
ing season than in spring or autumn (Table 2) and there were
large seasonal fluctuations in estimates of the relative response
of Gs to D (A, Figure 7) for P. taeda. While maintaining an ever-
green canopy, P. taeda only maintains 2 years of needle
growth, resulting in large seasonal fluctuations in A, (Figure 2)
and thus Ay (Figure 3). Furthermore, the age structure of this
leaf area changes throughout the year, with important func-
tional differences between current- and previous-year needles
in both gas exchange (Ellsworth et al. 2011) and hydraulic
characteristics (Domec et al. 2009a). While we did account for
the effect of light availability on Gg (Eq. (3)), the use of incident
radiation at the top of the canopy does not account for sea-
sonal changes in sun angle and its effects on light transfer
within the canopy of heterogeneously distributed leaf area.
A recent Bayesian model starvation analysis (Mackay et al.
2012) has shown that the effects of canopy gaps on light
transfer can be crucial for correct estimation of transpiration in
simple models. For these and other reasons, it should not be
surprising to find such seasonal trends in parameters of our
simple model of Gg in this species and we found it prudent to
separate analyses by seasons rather than years.

While different ranges of D have been found to affect esti-
mates of A in linked hydraulic and Gg models (Oren et al. 1999),
the seasonal trend in A (Figure 7) for P. taeda does not simply
arise from this effect. Indeed, if this were the case, we would
expect lower values of A in the mid-growing season where D
exhibits the greatest range; instead we found a trend in the
opposite direction. As sensitivities were lowest in the spring
period, when A reaches its minimum and highest in the grow-
ing season when water stress is highest and A, is increasing,
this may represent a seasonal trend in sensitivity linked to Ay,
that warrants further study.

It could also be that the lower signal-to-noise ratios or lower
temperatures in the non-growing seasons make it difficult

to resolve A during these time periods. One may also expect
trade-offs between the effects of D and soil moisture (f, and
fv), which are strongly collinear on the monthly and seasonal
time scales in our study (R? = 0.33 for both species) as well as
others (Oishi et al. 2010). This may not be apparent if data are
selected by boundary-line analysis before calculating these
effects, as in other sap flux studies (Schafer et al. 2000, Ewers
et al. 2001). While we made an effort to separate these effects,
the method here differs from boundary-line analysis in that
there is no additional step to select the upper range of Gy esti-
mates within bins of D. We may expect that such upper limits
are more likely to test the hydraulic capacity of a tree to trans-
port water and thus better match idealized inputs of models
such as those used by Oren et al. (1999), whereas the
approach here may better reflect the mean responses of a can-
opy in a dynamically changing environment.

Transient effects of nitrogen fertilization

For both species, there could be an increase in conductance in
the first few years following fertilization that deviates from the
expected Ay — Ggges relationship (Table 4), due to increases in
photosynthetic rate (Murthy et al. 1996, Maier et al. 2008),
and thus Gg, that may decrease with time after initial fertiliza-
tion (Gough et al. 2004). For P. taeda in both CO, treatments,
Gg with Ng in 2005-06 was much greater than expected from
the Ay — Ggpes relationships (Table 4). There was no detectable
decrease in Gg with N in the ambient CO, during this time
(Figure 6), when the predicted values would be decreases of
6-12%, depending on season. Under eCO,, there was a 37%
mean increase in Gg, where the expectation would be between
a 9% decrease and a 2% increase, depending on season. The
temporary increase in Gg of L. styraciflua following fertilization
of eCO, plots in 2005 (Figure 6) represents the greatest
departure from the A, — Ggr relationship (Table 4), which
would predict a 27% decrease in Ggges during this year. In P.
taeda, it may be that this effect of increased Gg with N is
greatest in the lower canopy, as short-term porometry studies
in 2005 did not detect such a decrease in Gg of foliage of the
upper third of the canopy (Maier et al. 2008). Indeterminate
species such as L. styraciflua may change leaf-specific conduc-
tivity by relatively rapid increases in leaf area, perhaps explain-
ing the shorter duration of this effect in this species. Without
more detailed data, however, such a transitory effect in either
species cannot be confirmed.

Other structural and hydraulic effects on Gg

While we chose A, as a representative structural characteristic
for the trees in this study, we cannot conclude that the
Ay — Ggpes relationships are driven by hydraulic limitations
alone. The changes in Ggg that accompany changes in Ay
could also result from a decrease in average leaf irradiance
with increases in canopy A, leading to a decrease in nitrogen
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per unit leaf area and photosynthetic rate. However, as photo-
synthesis and nitrogen distributions do not precisely follow the
distribution of light within forest canopies (Kull 2002), testing
such a hypothesis would require more intensive measurements
and analyses. Estimating light availability in a conifer-dominated
canopy requires detailed modeling efforts (Kim et al. 2011),
but represents a possible avenue for further investigation into
the relative supply of water and light resources to the canopy
between treatments and across years. We would note, how-
ever, that we did not observe clear relationships between A_
and any model parameters (data not shown), as we did for
Ggpes and Ay (Figure 11).

As noted in the introduction, Ay, is only an index of the scal-
ing of the hydraulic supply, which varies along the pathway.
It does not take into account scaling of root area, for example,
which may show a different relationship to treatments than
stem sapwood area (Ewers et al. 2000, Hacke et al. 2000,
Sperry et al. 2002). The 26% increase in P. taeda A, with eCO,
over the 2005-08 study period presented here was accom-
panied by a 24—-30% increase in stand fine root mass (Jackson
et al. 2009), which are both proportional to the 22-30%
increase in net primary productivity (McCarthy et al. 2010)
in this species and suggest that differences in Gg of this spe-
cies do not arise from changes in fine root-to-leaf-area ratio.
There was an increase of 135% in the sapwood conductivity
(ky, Eq. 1) of P. taeda coarse roots at maximum ¥ with eCO,
(Domec et al. 2010), which should lead to increased water
supply from the roots in the absence of changes in root-to-leaf-
area ratios. Thus, the hydraulic supply from coarse roots may
be one reason that Ggge in the EC treatment is higher than
predicted from changes in A, alone (Table 2).

Differences in the ratio of outer to mean sap flux in P. taeda
(Figure 8) would suggest differences between average ky (Eqg. 1)
at breast height in the combined (EF) treatment and that of the
other treatments. A general trend of increases in this ratio with
time in the other treatments may result from an increase in spe-
cific conductivity of sapwood with cambial age, as observed in
Pinus ponderosa (Douglas ex C. Lawson) (Domec et al. 2005), as
well as from a loss of functionality of older sapwood. It would
seem more likely that the specific conductivity of newly developed
xylem drops with fertilization in eCO, than the functional longevity
of sapwood grown before fertilization increases, though either
could lead to this result. In a longer-term experiment, this could
lead to changes in the A, — G relationship of the EF treatment.
Comparison of sapwood samples from plots of the original fertil-
ization experiment begun in 1999 to those plots initially fertilized
in 2005 may yield some insight into this possibility.

Modeling approach

While the general approach to modeling Gs as a series of inter-
acting empirical functions to environmental drivers (Eq. 2) is
over three decades old (Jarvis 1976), the hierarchical Bayes

state-space approach we employ here differs significantly from
most approaches used on such data sets. The most important
feature of our approach is that it represents a consistent way to
generate continuous estimates of £, and Gg from hundreds of
sap flux sensors over thousands of time steps (Figure 4). We
believe that this approach is most useful for large-scale and/or
long-term sap flux studies, where sensor replacement requires
changes in sampling locations over time and gaps in data are
unavoidable. By using a hierarchical structure that deals with
data at the sensor level, the former issue is dealt with effi-
ciently by the data model. The process of interest, canopy-
averaged G, is dealt with in a state-space structure that deals
with the latter issue and computes an uncertainty in this pro-
cess that can be inform further modeling or experimental
design efforts, such as constraining estimates of gross primary
productivity (Schafer et al. 2003, Kim et al. 2008). Proper
quantification of uncertainty in a hierarchical structure can also
assist experimenters in identifying which measurements con-
tribute the most to uncertainty in processes of interest, inform-
ing future sampling designs to optimize the allocation of limited
resources for monitoring networks (Clark et al. 2011).

Supplementary data

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