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Stomatal conductance controls carbon and water fluxes in forest ecosystems. Therefore, its
accurate characterization in land-surface flux models is necessary. Sap-flux scaled canopy
conductance was used to evaluate the effect of drought, disturbance, and mortality of three oak
species (Quercus prinus, Q. velutina, and Q. coccinea) in an upland oak/pine stand in the New
Jersey Pine Barrens from 2005 to 2008. Canopy conductance (G_.) was analyzed by performing
boundary line analysis and selecting for the highest value under a given light condition. Regressing
G, with the driving force vapor pressure deficit (VPD) resulted in reference canopy conductance
at 1 kPaVPD (G, ). Predictably, drought in 2006 caused G, to decline. Q. prinus G, was
least affected, followed by Q. coccinea, with Q. velutina having the highest reductions in G ..
A defoliation event in 2007 caused G, to increase due to reduced leaf area and a possible
increase in water availability. In Q. prinus, G, quadrupled, while doubling in Q. velutina, and
increasing by 50% in Q. coccinea. Tree mortality in 2008 led to higher G_ . in the remaining
Q. prinus but not in Q. velutina or Q. coccinea. Comparing light response curves of canopy
conductance (G, ) and stomatal conductance (g,) derived from gas-exchange measurements
showed marked differences in behavior. Canopy G, failed to saturate under ambient light
conditions whereas leaf-level g, saturated at 1,200 umol m~ s™'. The results presented here
emphasize the differential responses of leaf and canopy-level conductance to saturating light
conditions and the effects of various disturbances (drought, defoliation, and mortality) on the

carbon and water balance of an oak-dominated forest.
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INTRODUCTION

Interactions between climate change, forests, and disturbance
events will undoubtedly change ecosystem dynamics and ecosystem
function (Dale et al., 2000, 2001). As humans rely on forests for
timber, fuel, water storage, and other ecosystem services, current
understanding, and future predictions of disturbance events and
their impact on forest ecosystem services are crucial. Some of the
significant ecosystem services of forests are carbon (C) sequestra-
tion and water (H,O) flux regulation. Protecting these ecosystem
services are pivotal for human existence, thus knowledge of their
intricate interactions will help guide modeling as well as conserva-
tion efforts.

Forest disturbance such as insect outbreaks and fire are predicted
to increase under global climate change due to an expansion or
range shift of insects, higher survival rates of pest insect populations
and increased fire proneness due to increased droughts (Ayres and
Lombardero, 2000; Seidl et al., 2008; Jonsson et al., 2009; Régniere
et al., 2009; Cudmore et al., 2010; Metsaranta et al., 2010). In addi-
tion, the impact of forest disturbance on ecosystem services such
as timber extraction incurs economic costs (Seidl et al., 2008). The
effect of forest disturbances on energy and gas-exchange may result
in increased vulnerability to disturbance and further climate altera-
tion, thus creating a positive feedback loop (Ayres and Lombardero,
2000; Heliasz etal.,2011). Reduced leaf area after defoliation events

have been shown to decrease interception and thus increasing
soil moisture and increasing soil temperature thereby potentially
increasing soil respiration (Classen et al., 2005). These changes in
the microclimate of forests will affect ecosystem scale processes.
Forest carbon and water cycling are, therefore, intermediaries of
these disturbance and climate events and, thus, need to be accu-
rately characterized (Ayres and Lombardero, 2000).

Stomata are the gateway for carbon dioxide (CO,) and H,O
exchange at the leaf-level, thus regulating not only the gas but also
the energy exchange between the biosphere and the atmosphere.
This exchange of energy and gas is likely to be altered not only
under changing climate and elevated CO, conditions, but also dur-
ing disturbance events such as fire and herbivory. Stomata oper-
ate under the constraints of limiting water loss and preventing
cavitation along the soil — plant — atmosphere continuum (Sperry
et al., 1998). Based on these hydraulic considerations, stomata
respond in a predictable manner to one of its primary driving
forces, vapor pressure deficit (VPD, Oren et al., 1999b). However,
under stress these responses may be altered, and therefore, are often
ill-parameterized in models (Ball et al., 1987). It is well known that
stomata close under drought conditions to prevent further water
loss (Alder et al., 1996; Cochard et al., 1996; Sperry et al., 1998),
but less is known about how stomata respond to disturbance. Some
leaf-level investigations suggest an increase in photosynthesis after
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defoliation as a means to compensate for lost leaf area (VanderKlein
and Reich, 1999; Wallin et al., 2003; Turnbull et al., 2007; Delaney,
2008; Gélvez and Tyree, 2009). However, the scaling of individual
leaf responses to the entire canopy is rarely investigated.

An integrated approach to investigate canopy stomatal con-
ductance (G_) responses with respect to disturbance and drought
events is offered with sap-flux scaled canopy conductance (Oren
etal., 1999a,b). This has the advantage of integrating across hori-
zontal and vertical canopy strata, thus allowing a more general-
ized interpretation of forest canopy responses to environmental
conditions and stress. It is conceivable that different disturbance
regimes will have differential responses in stomatal conductance
(g,) or G_.. For example, a pine bark beetle infestation limits water
supply thus mimicking drought stress, whereas a defoliator such
as gypsy moth limits demand, thus leaving more water available
to remaining leaves (Gdlvez and Tyree, 2009). In the first instance,
one would expect a reduction in g or G_ and, in the latter case,
an increase. In addition, a reduction in leaf area due to defoliation
will increase light transmission through the canopy potentially
increasing G without necessarily effecting individual leaf-level g,
(Classen et al., 2005). Therefore, the objective of this study was to
investigate the differential responses of g, and G, to environmental
parameters such as light and VPD under varying stressor regimes
including drought and defoliation. Variation in G, in three differ-
ent oak species over a 4-year period were investigated including
a baseline year (2005), a drought year (2006), a defoliation year
(2007), and a recuperation year (2008) after the defoliation event.

MATERIALS AND METHODS

STUDY SITE

The study site was located in Central New Jersey, USA, in the
New Jersey Pinelands also known as the New Jersey Pine Barrens
(39.916825,-74.598045). The New Jersey Pine Barrens are the larg-
est protected area in the state comprising more than 4,500 km?. The
Pine Barrens Reserve is comprised of 80% forest, 10% non-forested
areas, with the remainder made up of agricultural land, wetland,
and water bodies (Luque, 2000). The forested area contains oak/
pine, pine/oak, and pine forests. This study was conducted in an
oak/pine forest at the Rutgers University Pinelands Research Station
(Silas Little Experimental Forest) with a maximum canopy height
of 18.8 m and a mean of about 8 m. The mean temperature from
2005 to 2008 was 12.2 £ 1.1°C (SE) and mean monthly precipita-
tion was 83.5 + 6 mm (SE) with most precipitation occurring in
spring and least at the end of summer. The soil is a nutrient-poor
sand (>97%, Table 1) and characterized as a podzol (Rhodehamel,
1998). Soil sample analysis was performed at the soil testing lab of
the University of Massachusetts, Amherst, USA.

METEOROLOGICAL DATA

Environmental data including air temperature (T ), relative
humidity (RH, HMP45C Vaisala Inc.), net radiation (R , NRLite,
Kipp and Zonen, Inc.), photosynthetic photon flux density (PPFD,
Li-190, LiCor Inc, Lincoln, NE, USA), and precipitation (P, TE525,
Texas Electronics Inc, TX ) were measured from a 19-m weather
tower every 10 s, and half-hourly averages were recorded in a data-
logger (CR23X, Campbell Scientific, Inc, Logan, UT, USA). Soil
moisture (© m* m~, CS616, Campbell Scientific, Inc, Logan, UT,

USA) was only available in 2006. T, _and RH were used to calculate
VPD. All meteorological data are available on the Ameriflux web
site at http://public.ornl.gov/ameriflux/. Mean soil moisture condi-
tion in 2006 was 0.08 m® m~ but during the height of the drought
© averaged 0.04 m’ m~, which lasted for 2 weeks in August 2006.

BIOMETRIC MEASUREMENTS

Details of the measurement setup and plot details are described in
Schiferetal. (2010). Briefly, diameters at breast height for trees and
saplings >2.5 cm dbh were measured at the end of each year from
which sapwood area per unit ground area (A:A ;) was derived. The
measurement plot area was 0.3 ha. Sapwood area was estimated
from a relationship of dbh to sapwood area measured via tree cores.
Leaf area index (LAI) estimates were calculated from litter traps
(Clarketal.,2010). Understory tree leaves (dbh < 2.5 cm) were also
captured in the traps, but the overall water flux, and thus stomatal
conductance, did not include their sapwood area. However, the
overall reduction in G_ due to the inclusion of small tree leaf areas
would be rather small (Schifer et al., 2010).

Leaf area dynamics during the defoliation event were captured
using light detection and ranging (LiDAR; Skowronski et al., 2007),
which captured the dynamics of the entire canopy and not individu-
als or individual species. This could potentially bias the G, calcula-
tions at the beginning and end of the season as well as the onset of
the defoliation and during re-flushing. Therefore, data for analysis
were selected outside of these transitional times in order to have a
clearer response pattern with respect to pre- and post-defoliation.
The total amount of leaf area for each plant functional group was
determined by litter traps, thus reflecting the closest approximation
to the leaf area re-flushed after defoliation.

SAP-FLUX MEASUREMENTS AND SCALING TO G,

Sap-flux was measured with Kucera-type sensors using the heat
balance method (Cermak et al., 1973) inserted into the north side
of the tree (Model P4.2, EMS Brno, CZ) in six mature individu-
als of Quercus prinus (chestnut oak), five Q. velutina (black oak),
and seven Q. coccinea (scarlet oak). Kucera-type sensors con-
sist of three heated and one non-heated sensor with an input of
0.5-2.4 W and the insertion depth of the sensors approximately
equal to the sapwood depth. This eliminated the need for radial
pattern adjustments (Phillips et al., 1996) or corrections for sen-
sors located in non-conducting tissue (Clearwater et al., 1999).
Measurements were recorded every 30 s and 30 min averages were
stored in the system data-logger, which were then converted to sap-
flux (gu,0 m~ s™) using system software (Mini32 version 4.1.5.0)
programmed according to the instruction manual (May 2003, EMS
Brno, CZ).

Sap-flux was scaled to stand transpiration (E_) by multiplying
the mean sap-flux for each species (n = 5-7) by A:A  of each tree
species. It should be noted that dead trees are taken out of the analy-
sis, thus the sample size slightly decreased in 2008 by two trees for
Q. velutina and three trees for Q. coccinea. Transpiration per unit
leaf area (E, ) was calculated by dividing E__ by LAI for each species.
LAI dynamics were partially derived from litter traps and partially
from LiDAR measurements, especially during the defoliation event
in 2007 (Skowronski et al., 2007; Schifer et al., 2010). Species-
specific canopy conductance (G,) was calculated using E, divided
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by VPD (Eq. 1) with corrections for unit conversion (Kostner et al.,
1992). Canopy conductance calculations are only valid when the
canopy is well-coupled to the atmosphere and storage contribu-
tions are accounted for (Granier and Loustau, 1994). This canopy
is well-coupled to the atmosphere and storage contributions were
accounted for by lagging E to VPD (Granier and Loustau, 1994).

Canopy conductance was calculated according to Kostner et al.
(1992) as follows:

GVT;irpEL

G.=
VPD (1)

where G, (0.462 m’ kPa kg™ K') is the universal gas constant
adjusted for water vapor, T (in K) is T, © is density of water in
liquid form (998 kg m™), and E, is canopy transpiration per unit
leaf area (mmol m™s™'). In order to limit errors, canopy conduct-
ance was only calculated for VPD > 0.6 kPa (Ewers and Oren, 2000).

GAS-EXCHANGE MEASUREMENTS

In the summer of 2006, monthly gas-exchange measurements were
performed on five individuals of each of the three oak study species
at three different canopy-levels with a LiICOR 6400 (LiCOR inc,
Lincoln, NE, USA; Schifer et al., 2010). Stomatal conductance (g;)
measurements were used to corroborate or refute observed patterns
in calculated G .. Leaf gas-exchange measurements were comprised
of light response (PPFD — g.) measurements and CO, concentra-
tion response measurements to photosynthesis (A — C, curves).

ANALYSIS

The overall coefficient of variation of sap-flux within species varied
between 38 and up to 220% depending on species, time of day
and year, whereby early morning at the onset of transpiration, the
highest variation occurred. The G data of the three oak species
were subjected to a boundary line analysis (Schifer et al., 2000),
separating them first into light levels of 250 umol m™ s™ incre-
ments, and selecting all values above the mean plus 1 SE above
the mean in each light bin. The selected values were subjected to a
regression with the natural logarithm of VPD (Oren et al., 1999D).
The resulting intercept and slope are the reference conductance
at 1 kPa VPD (G, ) and the sensitivity to VPD (G ) for each
light level respectively. This ensures (1) independent data, i.e., no
autocorrelation, (2) best possible environmental conditions, and
(3) similar conditions for comparison among different species
and between different years. Regressions and statistical analysis
were performed using Sigmaplot (version 11, Systat software Inc,
Chicago, IL, USA). In order to analyze the effect before and after
drought and disturbance G, a paired t-test of the three (n = 3)
species for the highest light level was performed. Due to the small
sample size a p value of = <0.1 was deemed significant for this
analysis. For the leaf-level analysis however, sufficient samples
(n = 15) were available to test for within and among species effect
of drought in 2006.

RESULTS

EFFECTS OF DROUGHT ON LEAF-LEVEL STOMATAL CONDUCTANCE
Leaf-level stomatal conductance (g,) under saturating light con-
ditions (1,500 umol m s™') was significantly reduced by drought
in Q. velutina (p = 0.004) and Q. coccinea (p < 0.001) but not in

Q. prinus (p = 0.9, Figures 1A,B). In Q. velutina, maximum g
decreased from 180 mmol m™ s before the drought to 90 mmol
m~ s~ during the drought. In Q. coccinea, g, decreased from 180
to 80 mmol m™s™ and in Q. prinus, g, remained constant at about
110 mmol m™ s7". There were no differences between the various
canopy layers in each species either before or during the drought
(data not shown).

EFFECTS OF DROUGHT ON CANOPY STOMATAL CONDUCTANCE

Unlike the leaf-level ¢—PPFD curves, canopy-level stomatal
conductance (G ) did not saturate at any measured PPFD
level during the pre-drought period in any of the oak species
(Figure 2A). However, during the drought, all three oak species
failed to respond to increasing light levels (Figure 2B). Likewise,
G, ;at the highest measured light levels (PPFD > 1,500 pmol m~
s™') was significantly different before and during the drought in
all three oak species (p = 0.09, Student’s pair-wise comparison;
Figure 2). Drought conditions reduced G, at maximum light
conditions from 120 to 35 mmol m™? s7! in Q. velutina, from 70
to 40 mmol m™2 s7! in Q. coccinea and from 70 to 30 mmol m™
s™'in Q. prinus.
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FIGURE 1 | Stomatal conductance (g;) to light (PPFD) response curves
measured with the LiCOR 6400 for Quercus prinus (filled circle),

Q. velutina (open circle), and Q coccinea (filled triangle) (A) before the
onset of drought in June 2006 and (B) during drought in August of 2006.
Error bars are the SE around the mean.
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FIGURE 2 | Reference canopy stomatal conductance (G, ) with respect
to light (PPFD) (A) pre-drought and (B) during drought. Quercus prinus
(filled circle), Q. velutina (open circle), and Q coccinea (filled triangle).
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G, FOLLOWING DISTURBANCE AND DEATH

In 2008 after the previous year’s gypsy moth (Lymantria dispar L.)
defoliation, only 73% of the canopy trees leafed out (dbh>2.5 cm),
indicating 27% mortality after the defoliation (Figure 3). The
mortality was unevenly distributed among species, with 59% of
Q. coccinea dead, 53% of Q. velutina and only 17% of Q. prinus
dead within the measurement plot. The dbh classes of dead trees
were evenly distributed indicating no preferential losses among a
particular dbh class (Figure 3).

Comparing the light response of G, in a pre-defoliation
year (2005) vs. a post-defoliation year (2008), shows that G,
at maximum light conditions increased in Q. prinus from 100
to 130 mmol m™ s7!, remained constant in Q. velutina at about
130 mmol m™ s7!, and decreased in Q. coccinea from 120 to
90 mmol m~s™' (Figure 4). Likewise, all species showed a linear
increase in G . with increasing light signaling a lack of satura-
tion on a canopy-level in either year (similar to the 2006 pre-
drought data).

An overall comparison of G__, for all three oak species for the
years 2005-2008 under “saturating” light conditions is presented in
Figure 5. The error bars represent the average of light conditions
greater than 1,200 umol m™ s™' based on saturating light condi-
tions for leaf-level g.. As predicted, G, declined under drought
and increased after defoliation (Figure 5). In 2008, G, increased
for Q. prinus, but declined for Q. velutina and Q. coccinea after
mortality occurred in this forest (Figure 5). As LAI was determined
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FIGURE 3 | Percentage of trees of each species within the measurement
plot alive (white bars) and dead (black bars) in 2008 after the previous
year’s gypsy moth defoliation for each diameter in breast height (dbh)
class.
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FIGURE 4 | Reference canopy stomatal conductance (G, ) vs. light
(PPFD) response (A) before drought and disturbance in 2005 and (B) after
mortality occurred in 2008. Quercus prinus (filled circle), Q. velutina (open
circle), and Q coccinea (filled triangle).
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FIGURE 5 | Reference canopy stomatal conductance (G, ) under
non-limiting light conditions for all years investigated (2005-2008). In
2006, the black bars denote before, the white bars during drought and in 2007,
the black bars denote before, and the white bars after the defoliation event.
QR Quercus prinus; QV, Q. velutina; QC, Q. coccinea.

by litter traps, no bias is introduced in calculating G.. However, due
to the mortality, a bias is introduced due to the changed sample
size and thus mean sap-flux.

DISCUSSION

COMPARISON OF CANOPY AND LEAF-LEVEL STOMATAL RESPONSES
There are only a limited number of studies on canopy stomatal
responses under conditions of actual defoliation by insect out-
breaks (Ewers et al., 2007). Therefore, comparison of these data
with existing literature is limited to gas-exchange measurements
made on the leaf-level or simulated defoliation conditions. As was
shown here, responses of conductance to light may differ between
leaf-level and canopy-level. Overall canopy stomatal responses
are spatially integrated, and therefore, do not necessarily reflect
responses on the leaf-level. In a study on Liquidambar styraciflua
under elevated CO,, Wullschleger et al. (2002) found that G_ was
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reduced less than g, under elevated CO, compared to ambient CO,.
However, earlier investigations have shown good matches between
sap flow and leaf gas-exchange measurements (Schulze et al., 1985).
The overall response of Q. velutina and Q. coccinea on the leaf-
level matched qualitatively with canopy-level responses showing
decreased conductance during drought in both instances. However,
this was not the case for Q. prinus (compare Figures 1 and 2) where
under conditions of drought, G_, . was reduced under high PPFD
levels but not g.. As was already mentioned by Wullschleger et al.
(2002) the integration of space on the canopy-level dampens leaf-
level responses. Therefore, depending on the questions and scope
of the investigation, the appropriate scale needs to be applied. For
land-surface flux models, the canopy-level responses investigated
here may be more informative for disturbance and drought events
than leaf-level responses.

RESPONSES OF G, FOLLOWING DROUGHT

Under drought, G, . displayed a lack of response to an increase in
light, emphasizing the extremely water-limited environment of the
New Jersey Pine Barrens (Figure 2B). This indicates strong stomatal
control to limit water loss and prevent hydraulic failure, which is par-
ticularly sensitive in ring-porous species (Sperry et al., 1993, 1998,
2008). Despite soil water-limiting conditions, this forest stand still
shows moderate productivity (Clark et al., 2010; Schifer et al., 2010)
and does not seem to be impaired by nitrogen limitation (Table 1).
A soil moisture limitation may also explain the increase in G, after
mortality, as the available soil moisture is used by 30% fewer trees.
Schiferetal. (2010) found that the reduction in canopy assimilation
was almost as pronounced during a drought year as a defoliation
year compared to a year with no drought and disturbance, emphasiz-
ing the severity of water limitations in this ecosystem. It should be
noted that Q. velutina and Q. coccinea suffered more under drought
conditions than Q. prinus, which may also explain the differential
recovery responses after defoliation (see below).

RESPONSES OF G, FOLLOWING DISTURBANCE

A quadrupling or doubling in G__, after defoliation as was shown
here for Q. prinusand Q. velutina, was also observed for g in Populus
tremuloides in a simulated defoliation experiment (Gélvez and Tyree,
2009). Thus, trees compensate for leaf area losses and reduced CO,
uptake by capitalizing on higher water availability for the remaining
leaves. Likewise, Pataki et al. (1998) showed an increase in G. pro-
portional to the reduction in leaf area caused by cutting, simulating a
defoliation event. Thus, stomata compensated for leaf area losses by
increasing conductance to water vapor possibly in order to maintain
positive carbon balance. However, Cunningham et al. (2009) found
that tree sap flow was strongly reduced by leaf herbivory propor-
tional to the leaf area losses. Assuming comparable atmospheric
conditions, this would yield a reduction in G proportional to the
leaf area losses. Increased G, following defoliation suggests that
the overall sap flow remained stable or may have slightly increased,
therefore, decreased canopy leaf area would yield higher G,.. It should
again be noted that species-specific leaf area was not directly assessed
and an error may have been introduced in G, calculations. However,
overall leaf area was estimated using litter traps, thus the overall
trajectory of G changes are qualitatively correct.

Table 1| Soil of the upper horizon and leaf characteristics of the site and
species investigated, QP, Quercus prinus; QV, Q. velutina; QC, Q. coccinea.

Soil QP av Qc
Bulk density (g cm~2) 1.1
Organic matter (%) 4.8
Soil (pH) 4.1
Buffer (pH) 5.9
*CEC meq/100G 1.4
% **BS K/Mg/Ca 0.5/1.1/2.54
Nitrate (NO3, ppm) 0.0
N (%) 0.1 19 2.2 19
C(%) 3.1 59.0 59.4 56.6
C:N 31 31 27 30
P (ppm) 25 1228.6 1433.3 1050.0
K (ppm) 24.0 6900.0 7000.0 5550.0
Ca (ppm) 63.0 5985.7 6816.7 3700.0
Mg (ppm) 170 1500.0 2650.0 1350.0
Na (ppm) 85.7 100.0 50.0
Al (ppm) 60.5 741 69.7 475
B (ppm) 0.2 62.4 49.3 33.0
Mn (ppm) 5.7 580.6 956.3 571.0
Zn (ppm) 0.9 18.9 38.3 235
Cu (ppm) 0.2 1.9 13.2 10.0
Fe (ppm) 335 83.6 64.2 53.5
S (ppm) 6.4
Pb (ppm, extract) 3.0 0.0 1.8 0.0
Pb (ppm, estimate) 675
Cd (ppm) 0.0 0.0 0.0 0.0
Ni (ppm) 0.0 1.9 1.7 2.0
Cr (ppm) 0.0 1.0 0.8 1.5

*Cation exchange capacity, **base saturation, all extractable macro- and

micronutrients (not total).

CONCLUSION

The differential responses of G, of the three oak species inves-
tigated here, has implications to overall water balance of forests.
While Q. prinus recuperated and capitalized on available water,
Q. coccinea and Q. velutina were not able to take advantage.
Thus, it is conceivable that Q. prinus will potentially outcompete
the other two oak species under disturbance regime. Recovery
may take 5-15 years in order for CO, and H,O fluxes to resume
to pre-disturbance levels (Amiro et al., 2010; Metsaranta et al.,
2010). In a study on Tamarisks (Tamarix spp), Hultine et al.
(2010) found that water savings occur after repeated defoliation
events, but whether this will translate into more stream water
or groundwater recharge is unclear. As the Pine Barrens of New
Jersey and the Kirkwood-Cohansey aquifer beneath it are a vital
water resource to New Jersey residents, the effect of defoliation
and tree mortality on groundwater recharge will require further
investigation. Thus, changes in G_ will have consequences to the
overall water loss and carbon dioxide uptake in forests under
disturbance (Amiro et al., 2010; Hultine et al., 2010; Metsaranta
et al., 2010). Reduced leaf area will also cause increased light
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availability to the understory and forest floor, thus enhancing
temperature and soil respiration fluxes. Consequently, the overall
H,0 and CO, budget of the entire forest ecosystem will depend
on the changed microenvironment, speed of recovery of canopy

foliage and species composition.
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