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Changes in the hydrological cycle, as predicted and currently observed, are expected to significantly
impact the water and carbon balance of water-limited forest ecosystems. However, differences in
the water-sensitivity of component processes make carbon balance predictions challenging. To exam-
ine responses of ecosystem components to water limitations, we conducted a study of tree, soil and
ecosystem-level processes in a young ponderosa pine stand under natural summer drought (control) and

geyw‘);‘:s" increased soil water conditions (watered). Weekly-averaged tree transpiration (Tiee ), r0ss ecosystem
rougt photosynthesis (GPP) and soil CO; efflux (Rsree; nearby trees) were related with soil water content (SWC;
Irrigation

polynomial form: Tiree R? =0.98 and Rsee R? =0.91, logarithmic form: GPP R? =0.86) and declined rapidly
when relative extractable soil water (REW)was <50%. The sensitivity of daily variations in canopy conduc-
tance (Gs) to vapor pressure deficit was affected by SWC (R? =0.97; logarithmic function), decreasing at
REW <50%. Watering maintained REW at about 70% in July and August but positively affected tree carbon
and water dynamics only at the end of summer when fluxes in the control treatment were strongly water-
limited. A tight coupling of above- and belowground fluxes became apparent. In the control treatment,
root-rhizosphere respiration (Rr) decreased along with GPP and Tee (R? =0.58) as drought progressed,
while watering maintained Rr, Tiee and Gs at a significantly higher level than those of the unwatered
trees in late summer. In contrast, microbial respiration responded instantaneously and strongly to the
watering compared to the control treatment. The net effect was that increased soil water availability dur-
ing the typical dry growing season has a negative effect on the short-term seasonal ecosystem C balance
due to a larger increase in decomposition than photosynthesis. However, longer-term effects remain
uncertain. In summary, our study highlights that understanding the dissimilar response of tree dynamics
and soil decomposition to water availability is a key component in predicting future C sequestration in
water-limited forest ecosystems.
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1. Introduction

Net ecosystem productivity (NEP) is the delicate balance
between photosynthesis (C gain) and respiration (C loss) processes
that are tightly coupled to the water cycle. Under water-stress
conditions (atmospheric and soil water deficit), transpiration is
controlled by stomatal conductance to prevent loss of function
of the hydraulic system while minimizing limitations to carbon
uptake (Meinzer, 2002; Chaves et al., 2003). While leaf and root res-
piration mostly decreases along with photosynthesis in response
to drought (for a detailed review see Atkin and Macherel, 2009),
microbial respiration has often been found to be less sensitive,
probably due to increasing temperatures partially compensating

* Corresponding author.
E-mail address: nadine.ruehr@kit.edu (N.K. Ruehr).

0168-1923/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.agrformet.2012.05.015

for soil moisture constrains on decomposition (e.g., Lavigne et al.,
2004; Irvine et al., 2008). Thus, the magnitude and direction of how
drought severity affects NEP depends on the water-sensitivity as
well as degree of water-limitation of each of the processes involved.
For instance, under modest drought stress, when trees have access
to deep soil water while the surface is dry, microbial respira-
tion might be more limited than photosynthesis, thus the net C
uptake would remain positive (e.g., Reichstein et al., 2002; Thomas
et al., 2009). However, under more severe drought, photosynthesis
has been found to generally decrease more strongly than respi-
ration (Schwalm et al., 2009), so that ecosystems might become
a CO, source to the atmosphere (Granier et al.,, 2007; Pereira
et al., 2007). Thus, a detailed understanding of ecosystem process
dynamics to variations in water availability is critical to enhance
predictions of ecosystems’ C sink strength under future conditions
(Reichstein et al., 2007; Jentsch and Beierkuhnlein, 2008; Gerten
et al, 2008; Ryan, 2011). Most of the information available on
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responses of forest ecosystems to changes in water availability is
from field observations during occasional and seasonal dry spells.
Some studies manipulate water availability in forests (either by
throughfall reduction or irrigation) allowing examination of the
fundamental control of soil water availability on ecosystem pro-
cesses. Often these studies focus either on short-term plant (e.g.,
Panek and Goldstein, 2001) or more longterm soil processes (e.g.,
Froberg et al., 2008), but less information is available on concur-
rent responses of processes in the plant-soil-system and net effects
from photosynthesis and respiration.

Semi-arid and Mediterranean type forest ecosystems are going
to be strongly affected by alterations in water availability as pre-
dicted with climate change (Schroter et al., 2005; Gerten et al.,
2008). This is not surprising, as water availability is the main driver
of the ecosystem carbon balance in these forest ecosystems (e.g.,
Pereira et al., 2007; Thomas et al., 2009). Ponderosa pine (Pinus
ponderosa Dougl. ex Laws.) forests cover wide areas in semi-arid
to Mediterranean climate zones of the United States. Recently,
stand-replacing fires in western US P. ponderosa have been increas-
ing due to higher stand densities and warmer temperatures, and
are expected to further intensify in a more drought-prone future
(Pierce et al., 2004). This may cause a shift in forest age-structures
towards younger (planted or natural regenerated) ponderosa pine
stands, and subsequently amplify the sensitivity of this forest type
to future conditions, as young trees are generally found to be
more vulnerable to drought conditions (Hanson and Weltzin, 2000).
Indeed, studies in young ponderosa pine reveal its high sensi-
tivity to changes in precipitation patterns and drought severity
(Goldstein et al., 2000; Irvine et al., 2002, 2004). Several mecha-
nisms may come into play. Domec et al. (2004) found the hydraulic
system in young compared to mature trees to be more vulnerable
to root embolisms that can act in phase with stomata to limit water
loss and thus C uptake. Moreover, young trees appear to use water
reserves less conservatively than old stands (Irvine et al., 2002,
2004), have reduced access to water deeper in the soil column due
to shallower rooting (Williams et al., 2001; Brooks et al., 2002) and
show high vulnerability to extreme heat events that may lead to
cavitation in the water conducting system and significantly impact
NEE (Goldstein et al., 2000). Thus, changes in water availability as
suggested by climate predictions for this region (e.g., wetter win-
ter/spring and drier summer), can be expected to strongly affect the
carbon and water balance of these semi-arid, regenerating forest
stands.

In this study, we investigated the degree of coupling of CO,
and H, O fluxes and examined their dependence on soil water con-
tent (SWC) and atmospheric water deficit (VPD) at the ecosystem,
tree and soil level in a post-fire regenerating young ponderosa pine
stand. We closely followed CO, and H,O flux dynamics during the
summer dry season, and compared flux dynamics to a well watered
treatment. We hypothesized (1) tree carbon and water fluxes are
tightly coupled, (2) root respiration is in-phase with aboveground
flux dynamics (in contrast to microbial respiration), and (3) pho-
tosynthesis increases relatively more than respiration along with
increasing water availability.

2. Methods
2.1. Study site

The study site (US-Me6) is located east of the Cascade Moun-
tains, near Sisters, Central Oregon (977 m a.s.l., 44°19'25.5”N,
—121°36'18.4”E) and is part of the Metolius cluster sites with
different age and disturbance classes within the AmeriFlux net-
work. After a severe fire in 1979, the site was salvage logged,
became US Forest Service land and was largely re-forested in 1986.

J
v EC tower
v O Tree
0 it Control plot
slom g -
88 % Watered plot

Water

O @)
tank o . % )

| ]
0 5 10 15 20m

Fig. 1. Map of the experimental set-up at the young ponderosa pine study site in
Central Oregon (US-Me6). The location of trees, the plots of the control and watered
treatment, as well as the set-up of the irrigation system are shown.

Due to poor survival additional planting was conducted in 1990.
The dominant overstory vegetation is 22-26-year old P. ponderosa
with an average height of 5.2 +£1.1 m. Summer maximum half-
sided leaf area index (LAI) was 0.8 m%m~2 in 2010. Tree density
is low with 162 trees ha~!. The understory vegetation is scattered
and dominated by antelope bitterbrush (Purshia tridentata (Pursh)
D.C.) and grasses (predominantly Bromus tectorum L.), with few
ponderosa pine saplings and greenleaf manzanitas (Arctostaphylos
patula Greene) interspersed. The soil is a freely draining sandy loam
(80% sand, 20% silt), derived from volcanic ash (soil depth>1m).
The climate can be described as Mediterranean with hot, dry sum-
mers and cool, wet springs and winters with precipitation mainly
falling as rain and occasionally snow when the site is in the polar
frontregion. The longterm 30-year (1971-2000) precipitation aver-
age is 460 mm with average monthly minimum and maximum
temperatures ranging between —5.5 and 10.5 during winter, and
2.5and 27.8 °Cduring summer (PRISM Climate Group, Oregon State
University, http://prism.oregonstate.edu, created 31 Oct 2008).

2.2. Experimental setup

About 50 m southeast of a flux tower within an area of about
30x30m, 10 trees were selected and assigned to the control
and watered treatment (Fig. 1). To ensure representativeness of
the trees within the tower footprint and to ensure a relatively
homogenous sample, we choose trees with similar height (con-
trol: 4.17 £ 0.27 m, watered: 3.94 + 0.26 m), lush green needles and
healthy appearance. Selected trees were more than 3 m apart from
each other, and treated as independent plots. An area of 2 x 2m
surrounding each tree was assigned to soil CO, efflux, soil temper-
ature and moisture measurements that generally represented the
area under the crown and largely horizontal root distribution (Law
et al, 2001a).

To partition soil CO, efflux under trees (Rsree) into root and
microbial respiration, we measured soil CO, efflux on plots in
existing gaps within the forest (0.5 x 1.5m, n=3 per treatment),
where the measurements were at least 5m away from the near-
est tree (Fig. 1). Soil CO, efflux from these plots reflects mostly
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microbial respiration (Rm; e.g., see Brumme, 1995; Tang et al.,
2005), as plots were kept free of herbaceous and grassy ground veg-
etation (which are mainly dormant from about mid July onwards)
and root invasion was negligible. Root coring at the end of the
experiment to 30 cm depth resulted in 8 gm~—2 woody fine roots
and 33 gm~2 herbaceous/grassy fine roots (compare to 420 g m~2
fine root biomass in the tree plots).

Soil moisture (10HS, Decagon Devices, Inc., WA, USA) and tem-
perature probes (Hobo Pro Series, Onset Computer Corporation,
Bourne, MA, USA) were installed at 10cm depth in each plot.
To monitor deeper soil water content (SWC) we inserted addi-
tional soil moisture probes at 30 cm depth (n=2, per treatment).
To increase accuracy of SWC measurements, we calibrated the
10HS sensors to the site-specific soil to produce estimates of abso-
lute SWC (+£0.02m3m3). The difference in SWC (10cm depth)
between the plots in the open and under the trees in both treat-
ments was minor and within the range of accuracy of the SWC
probes (<0.02 m3m~—3), thus we provide SWC for the tree plots only.
Relative extractable soil water (REW) was calculated as the ratio of
actual extractable water to maximum extractable water following
Granier et al. (2000). Minimum SWC was estimated as 0.06 m*m~3
with a water retention curve (using data from a young ponderosa
pine stand close-by; Irvine et al. (2002)). Maximum water content
was approximated as the SWC after 1 day of drainage after the
wettest SWC had been reached (0.24 m3 m—3). REW was calculated
for the single soil depth of 30 cm, as this is about the average depth
from which the majority of water extraction in young ponderosa
pine is occurring (Irvine et al., 2004).

Plots assigned to the watered treatment were equipped with
pressure-regulated drippers (Dig Irrigation Products, Vista, CA,
USA). To ensure homogenous distribution of irrigation water, drip-
pers were spaced uniformly so that each dripper covered an area
of 0.25m?. Irrigation timing and amount was controlled by a
timer connected to a water pump. Constant pressure ensured uni-
form water supply with only a small variation of +5% between
drippers. Irrigation was started after the last rain event on 24
June 2010, when SWC was high. Plots were supplied with water
every other day, averaging at 5.5mm d~! (i.e., 221d~! per tree)
between 24 June and 23 July, and 7.3 mm d-! (i.e.,, 291d-! per
tree) between 24 July and 31 August. The amount of supplied
water was largely sufficient to maintain transpiration, since tree
water-use under non-water limiting summer conditions averaged
261d-1 in July. In total, we applied about 97201 of water (approx.
17001 per tree) to the watered treatment between 24 June and
31 August 2010.

2.3. Flux tower and meteorological data

Meteorological parameters included air temperature (Tj;
HMP45C, Vaisala, Helsinki, Finland and RTD-1000, R.M. Young
Company, Traverse City, MI, USA) and relative humidity (RH;
HMP45C, Vaisala, Helsinki, Finland), photosynthetic active radi-
ation (PAR; PARlite, Kipp & Zonen, Delft, The Netherlands) and
precipitation (TE525MM with 8” funnel, Campbell Scientific, Logan,
UT) that were measured at about 14 m aboveground. Ecosystem
evapotranspiration and carbon exchange were estimated by the
eddy-covariance (EC) technique. In brief, the EC measurement
setup consisted of a three-dimensional sonic anemometer (CSAT3,
Campbell Scientific, Logan, UT, USA) and an open path infrared gas
analyzer (Li-7500, Li-Cor, Lincoln, NB, USA) deployed 14 m above-
ground. We applied initial quality control and eddy-covariance
flux calculations to compute 30-min averages as described in
Thomas et al. (2009). Data during rain as well as extraordinary
high fluxes (>20 wmol CO; m~2s-1) were discarded (only 2% of
the data).

2.4. Transpiration and canopy conductance

We measured sap flux density of each tree using the heat dis-
sipation technique (Granier, 1987), as described for P. ponderosa in
more detail by Irvine et al. (2002). In brief, sap velocities were calcu-
lated from probe temperature differentials based on an empirical
relationship (Granier, 1987). Zero flow was estimate from nights
when VPD < 0.3 kPa and linearly interpolated between nights. All
xylem was assumed to transport water, as young ponderosa pine
trees have not developed heartwood yet (Irvine et al., 2002). To
scale sap flux to ground area we multiplied sap velocities and
sapwood area. Sapwood area was derived from tree inventories
of 4 x 17 m radius plots by estimating diameter at sensor height
(30 cm below first branches) from diameter at breast height using a
tapering equation (y=1.11x+1.18, R2 =0.95) and subtracting aver-
age bark thickness (0.7 cm). We also accounted for the decrease of
sap flux density with sapwood depth as published in Irvine et al.
(2004). Small data gaps (<1h) were linearly interpolated. Unfor-
tunately, due to failure of two sensors, sap flux data were only
available for four trees per treatment. To derive estimates of tran-
spiration (Tiree) from sap flux, one has to account for the time lag
between water uptake and transpiration caused by stem water
storage (Schulze et al., 1985). This is normally done by finding the
best fit between sap flux and environmental variables (Oren et al.,
1998; Chuang et al., 2006). Here, the best fit between sap flux and
VPD was achieved by shifting sap flux time series back by a half-
hour. This short time-lag indicates little stem water storage which
is in agreement with Phillips et al. (2003), who found water storage
to be small in young ponderosa pine and to account only for 2-4%
of daily water-use.

Canopy stomatal conductance (Gs) was calculated by a simpli-
fied form of the Penman-Monteith equation from Tiee following
Monteith and Unsworth (2007):

o — Kc(Ta)T
>~ " VPD

where T is tree transpiration (g m~2), VPD is vapor pressure deficit
of the air (kPa), T, is air temperature (°C) and K¢ is the conduc-
tance coefficient (115.8 +0.4236T; kPa m> kg~!), accounting for
temperature effects on the psychometric constant, latent heat of
vaporization, specific heat of air at constant pressure, and air den-
sity (Ewers and Oren, 2000). G5 values were converted from m?2 s~!
to mmol m? s~! following Pearcy et al. (1989). This simplified form
of the Penman-Monteith equation requires well-mixed conditions,
when the boundary layer resistance is negligible and thus, VPD,
equals VPDjey¢. Indeed, given a daytime-average wind velocity of
3.1+ 1.4ms~! and an average fascicle diameter of 1.6-2.1 mm, we
estimated mean daytime leaf boundary layer conductance aver-
aging 160 times Gs (Jones, 1992), indicating a high degree of
canopy-atmosphere coupling. Moreover, for the same forest type,
Irvine et al. (2002) found the degree of coupling was large dur-
ing midday with the decoupling factor £2 averaging 0.05 (Jarvis
and McNaughton, 1986). Therefore, we assumed it appropriate to
use Eq. (1) for Gs estimates in this study. To keep relative errors
of Gs <10%, Gs was only calculated if VPD > 0.6 kPa (see Ewers and
Oren, 2000).

To disentangle the effects of VPD and SWC on stomatal response
of relatively isohydric ponderosa pine (Martinez-Vilalta et al.,
2004), we determined stomatal sensitivities to VPD during the
course of the summer dry season by fitting Gs to VPD under non-
limiting light conditions (PAR> 1200 wmolm~—2s-1; Oren et al.
(1999)):

Gs =b —aln(VPD) (2)

(1)

where bisreference Gs at VPD = 1 kPa (Gs_,ef) and ais the slope of the
regression representing the sensitivity of Gs to VPD (—dGs/d In VPD).
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2.4.1. Photosynthesis

On the south-facing side of each tree, at about 1.8 m height,
we choose two fascicles of current (2010 age-class) and previ-
ous year (2009 age-class) needles. We measured only south-facing
sunlit needles as they exhibit similar conditions than the canopy
and no differences in photosynthesis between north- and south-
facing needles of P. ponderosa have been found (see Panek and
Goldstein, 2001). Current-year needles were measured from 30
July onwards, when they were long enough to fit without damage
inside the chamber. The same fascicles were measured through-
out the experiment. Each measurement campaign lasted from 9:30
to 12:00 PST. Trees were measured in the same order, iterating
between control and watered treatment. Photosynthesis (Pnjeyf),
transpiration (Tje,r) and stomatal conductance (gs) were measured
at ambient CO, of 380ppm under non-limiting light condi-
tions (PAR=1800 pmol m—2s~!: determined from light-response
curves) with a Li-6400 equipped with a Li-6400-02B LED light
source (Li-Cor, Lincoln, NB, USA). After clamping the needles in the
chamber, we allowed the needles to acclimate and fluxes to stabi-
lize for 2 min before measuring. Chamber temperature and relative
humidity were set to mimic ambient conditions, resulting in an
average relative humidity of 27.944.2%, VPDe4 of 2.8 0.4 kPa
and leaf temperature of 25.5+1.7°C.

Total leaf area was calculated by assuming each fascicle was a
cylinder divided into n needles (Panek and Goldstein, 2001). We
upscaled Pnje,f, Tiear and gs rates (average of 2009 and 2010-age
class needles; no significant differences between needle age-
classes; t-test, p=0.68) from m?2 leaf area to m? ground area by
multiplying with overstory LAI (2x half-sided). LAl was estimated
by optical techniques at the beginning and end of the summer sea-
son along two transects within the footprint area of the flux tower
following methods in Law et al. (2001). We measured current-year
needle elongation (on three fascicles at one branch per tree) with
a caliper during each measurement campaign and visually deter-
mined needle loss from monthly tree photographs. Since we did
not find a difference between treatments in current-year needle
elongation (linear mixed effect models, treatment effect: t=0.72,
p=0.55) we determined one site-specific LAL In brief, LAl was
interpolated for each measurement campaign from observations
of current-year needle elongation and estimates of percentage nee-
dle loss of the three-year-old needles (2007-age-class) by assuming
each needle-age class (i.e., 2007, 2008, 2009 and 2010) comprised
25% of the LAI at the end of the 2010 growing season.

2.4.2. Soil CO; efflux

Prior to manual and automated Rm and Rsiee measurements,
polyvinyl chloride (PVC) collars (manual: inside diameter of
10.1 cm, n=16; automated: inside diameter of 20.3 cm, n=6) were
inserted 2 cm deep in all plots. For Rsiee measurements the PVC
collars were placed within 1 m south-west from the tree base, for
Rm measurements the PVC collars were placed in the center of the
plots in the open. Soil CO, efflux was measured at high temporal
and spatial resolution as described in the following. Half-hourly
measurements of Rs were made with an automated chamber sys-
tem (Li-8100 with LI-8150 multiplexerand 8100-101 and 8100-104
chambers; Li-Cor, Lincoln, NB, USA) in three plots per treatment
(Rsgree: n=2 and Rm: n=1 per treatment). The length of one mea-
surement period ranged between 60 and 90s (depending on efflux
rates). Data coverage was about 70%, due to equipment and power
failure, as well as omission of data that did not meet the quality cri-
teria (coefficient of variation of flux computation < 2%). To cover the
spatial variability of soil CO, efflux among plots and to estimate dif-
ferences in Rs¢ree and Rm, we measured soil CO, efflux with a closed
manual chamber system (Li-6400; Li-Cor, Lincoln, NB, USA) at one
location in each of the plots as follows. After placing the cham-
ber on the PVC collar, [CO,] was scrubbed to below ambient and

then allowed to rise above ambient while soil CO, efflux was deter-
mined. Measurements were conducted bi-weekly between 14:00
and 16:00 PST. The CO, and H, O zeros and spans of the Li-6400 and
Li-8100 gas analyzers were calibrated before the beginning of the
experiment, controlled monthly, and re-calibrated if the difference
in zero gas was >2 ppm.

Power functions of Rsgee and Rm (Knohl et al., 2008) showed
that 9 of the 11 measurement campaigns were within 30% of the
full population mean at the 95% confidence interval (CI), suggesting
confidence in the precision of soil efflux estimates. For area scal-
ing of Rs we first accounted for the area cover of trees vs. open
area and weighted fluxes of Rsiee and Rm accordingly. To up-scale
automated Rs to the site-level, the regression between automated
(campaign-days between 14:00 and 16:00) and manual Rs rates
with a high precision (within 20% of the full population mean at
the 95% CI) was used (see Fig. A.1; y=1.02x+0.45, R2 =0.95). Com-
paring site-level Rs to Reco (ecosystem respiration from night-time
NEE) resulted in a ratio of 0.72 on average over the period studied
(compare to 0.76 obtained by Law et al., 1999 in a forest close-by).

2.4.3. Gap-filling of EC and soil CO5 efflux

Small data gaps (<2h) of continuous half-hourly flux mea-
surements were substitute by linear interpolation, but only after
estimation of model parameters for filling larger gaps. To fill larger
data gaps (=2 h) we proceeded as follows. First, Reco and Rs (RsSree
and site-scaled automated measurements) were split in two SWC
intervals (0-30 cm; threshold of 0.16 m3 m—3) and net ecosystem
exchange (NEE) and evapotranspiration (ET) data were divided in
monthly periods. Then, the data was filtered (4 x SD of 10-day inter-
vals) to exclude extreme fluxes which are likely non-biological
driven and therefore not accounted for in the models. Reco derived
from night-time NEE estimates (PAR < 20 pmolm~2s~1) and Rs of
each chamber was fitted to the following Lloyd-Taylor temperature
response function in case SWC>0.16 m3m3:

Reco, Rs = Ryef eE0((1/(Trer=To))~(1/(Tm=To))) 3)

where R,f is respiration under standard conditions (at Tyef = 10°C),
Eop (K=1) is the parameter for the activation energy, Ty =—46.02°C,
as in the original Lloyd and Taylor model (Lloyd and Taylor, 1994)
and Ty, is the measured temperature (air or soil temperature,
depending on best-model fit). For cases when SWC<0.16 m3 m—3
the Lloyd-Taylor model (Eq. (3)) was modified to account for the
water limitation of respiration by substituting R..f with

Rief = (aSWC + b) (4)

by assuming R to be linearly dependent on SWC. Rs of the
watered treatment was simply fitted to Eq. (3), as SWC was above
0.16 m® m~3 during most of the study.

Gross primary productivity (GPP) was estimated as

GPP = NEE — Reco (5)

where NEE is daytime data only (PAR > 20 pmolm—2s-1),

To fill day-time data gaps GPP was fit to a light-response model
as in Falge et al. (2001) accounting for VPD limitations on photo-
synthesis (modified after Lasslop et al., 2010)

aPAR

GPP = (1 — (PAR/1800)) + ((a PAR)/(Amax exp(—k VPD)) ®)

where a is the ecosystem quantum yield (umolCO, m2s-1)
and represents the initial slope of the light response curve,
Amax is the maximum CO, uptake at light saturation (here at
PAR=1800 wmolm~2s~1), k is a dimensionless parameter for the
sensitivity of GPP to changes in VPD. Because we found the param-
eter k was well constrained at low VPD, we did not include a VPD
threshold as in Lasslop et al. (2010). To fill ET daytime data gaps,
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we fitted a linear model of ET vs. potential evapotranspiration (see
Thomas et al., 2009). Night-time ET data gaps were set to zero.

2.5. Statistics

To test overall differences in flux dynamics between treat-
ments and to account for repeated measures in time, we used
linear mixed effect models (Ime) with treatment and time as fixed
effects and plots as random effect, following Zuur et al. (2009).
We also accounted for the autocorrelation structure at lag one for
time series of continuous data. To test for differences in stoma-
tal response to VPD between treatments, we assigned treatment
and In VPD as fixed effects and tree as random effects, allowing the
intercept and the slope to vary between trees. We applied t-tests
to test for differences in treatments at single measurement cam-
paigns. For a better comparison of the variety of fluxes assessed,
and to focus on flux dynamics in response to drought rather than
on absolute numbers, we calculated fluxes relative to those of
pre-drought conditions (20-24 June 2010) before initiation of the
watering. Data processing and statistical analyses were performed
using R 2.11.1 (R Development Core Team, 2010) with the nlme
package for linear mixed effects models (Pinheiro et al., 2010).

3. Results
3.1. Effects of drought progression on CO, and H50 fluxes

The spring of 2010 was exceptionally wet with 70.3 mm pre-
cipitation from May to mid June, exceeding the longterm average
(1971-2000, PRISM Climate Group, Oregon State University) by
about 50%, resulting in high SWC at the start of the dry season
(Fig. 2b). Cold temperatures accompanied the spring rain, causing a
late onset of bud break and needle elongation. Bud break occurred
18 June, almost 3 weeks later than the 4-year-average of 29 May at
a nearby young pine site. After bud break and the end of the cold-
wet weather period, ET and Tiee continued to increase, with the
magnitude in Tiree tracking daily weather conditions (Fig. 2a and
¢). Ttree reached a maximum of 0.78 mmd~! on 20 July and level
off thereafter, then declining with SWC to below 50% at the end of
August (Figs. 2b and c, and 3). GPP declined earlier than Tiree and
ET in response to the drought. From mid July onwards, when SWC
declined to 0.11m3m~3 at 10cm and 0.17m3m~3 at 30 cm depth,
GPP remained below pre-drought conditions (Fig. 2b and d) while
LAI continued to increase until mid August (data not shown). In
fact, weekly GPP was strongly related to SWC (30 cm), decreasing
by about 50% when SWC dropped from 0.22 to 0.11m3m~3 (i.e,,
88% and 19% REW; Fig. 3). This reduction in GPP was accompanied
by an increase in the intrinsic water use efficiency (WUE; = GPP/Gs;
Fig. 3), nearly doubling between June and September (Table 1). The
increase in WUE; translates to a larger reduction in Gs than in GPP
(Fig. 3). Consequently, resulting in a non-linear relationship of Gs
with GPP (see also Fig. 6a). Although SWC was a strong driver of GPP
and Gs, VPD exerted substantial control as seen in the tight coupling
of half-hourly Gs with VPD (Fig. 4a). This VPD-induced response of
Gs (and consequently control over GPP) was affected by soil water
availability, as clearly seen by the decreasing sensitivity of Gs to
VPD with drought progression (Fig. 4a).

Also soil surface CO, fluxes declined during the seasonal
drought. Rsiee (automated) generally followed patterns in Tiee
dynamics, and both declined sharply when REW dropped below
40% (SWC of 0.14m3 m~3; Figs. 2c and e, and 3). Interestingly,
root-rhizosphere respiration (Rr=Rsee — Rm) was more sensitive
to drought than microbial respiration in the control plots. While
Rstree rates (both automated and manual) declined (Figs. 2e and 5a),
Rm rates remained surprisingly constant (Fig. 5b), suggesting the
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Fig. 2. Dynamics of atmospheric conditions and soil water content (SWC), as well
as CO, and H,O fluxes relative to pre-drought conditions during the summer 2010.
(a) 3-day moving average of daytime vapor pressure deficit (VPD) and photosyn-
thetic active radiation (PAR), (b) sum of daily precipitation and averaged daily SWC
in 10cm (n=5) and 30 cm depth (n=2) per treatment, (¢) 3-day moving average of
tree transpiration (Tyee ) per treatment (n=4) as well as evapotranspiration (ET), (d)
3-day moving average of gross primary production (GPP, dark gray line), as well
as campaign-averages of net photosynthesis (Pnje,s) per treatment (n=5), and (e)
averaged daily soil CO, efflux (Rs¢ree) from automated (n=2) and manual chambers
(n=5) for each treatment are shown. Longer data gaps (>1 d) are indicated by inter-
mittent lines. Solid shaded areas and black error bars are +1SE; gray vertical lines
(VPD, ET, GPP) are £1SD. The dashed vertical lines indicate the start (24 June) and
end (31 August) of irrigation in the watered treatment.

reduction in Rsiee Was largely caused by highly water sensitive
root-rhizosphere respiration (Rr = Rsee — Rm). Indeed, the contri-
bution of Rr to Rsyee declined with drought from 42% at the start of
the dry season to 12% in August. (Fig. 5c and Table 1), and the reduc-
tion in Rr was linearly related to Tiee (y=2.52x—0.33; R2=0.58,
p<0.01).In summary, this points towards a tight coupling of below-
and aboveground tree dynamics in this semi-arid forest ecosystem.

3.2. Effects of watering on CO, and H,O0 fluxes

Irrigation maintained SWC (0-30 cm) at about 0.20 m3 m~3 (i.e.,
70%REW) during July and August (see Table 1), so that SWC was 28%
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Fig. 3. Relationship of CO, and H,O fluxes and intrinsic water-use efficiency (WUE;)
to SWCin 30 cm depth during summer drought. Fluxes and WUE; are fractions rela-
tive to pre-drought conditions (20-24 June). Curves were fitted to 7-day (gap-filled)
averages from mid June (after last major rain event, before onset of dry season) to
mid September (before major rain event, partially recharging SWC), excluding days
with rain and the following day. Tiree, GPP, G; and WUE; are day-time data only. The
relationships with SWC were best explained by functions of different forms, GPP
and Gs were expressed by a logarithmic function, WUE; by an exponential function,
Tiree and Rsyee by a second-order polynomial function. See appendix (Fig. A.2) for
data and regression models.

higher than the controls inJuly and 90% in August. Directly after irri-
gation (every other night to keep evaporative loss at a minimum)
of 11 mm in June and July and 14.6 mm in August, SWC (0-30 cm)
increased by about 0.015m3 m~3 and 0.025 m3 m~3, respectively.
This translates to about 4.5 and 7.5 mm of water remaining in the
upper 30 cm of the soil, while about 6-7 mm should have infiltrated
deeper in the soil, substantially re-wetting it to a depth of at least
60 cm. These pronounced changes in soil water content had albeit
only a marginal effect on soil temperatures (measured at 10cm
depth) which were an average of 0.7 °C lower in the watered com-
pared to the control treatment (Table 1).

Table 1

Watering did not affect Tiee (Fig. 2c) and Pnje,s (Fig. 2d)
in July, when the difference in SWC (30cm) between treat-
ments was small (watered: 0.20m3 m—3, control: 0.17 m3 m—3).
As drought continued and REW in the watered compared
to the control treatment more than doubled, Pnjy dif-
fered marginally between treatments at the end of August
(17 August, control: 1.48+0.50 pmolCO, m2s~!, watered:
3.49+0.72 umolCO, m2s~1, =229, p=0.055; 31 August,
control: 5.66 +0.85 pmol CO, m~—2s~!, watered: 7.73 + 0.88 pmol
CO,m 25!, t=1.68, p=0.131). Tiesr and gs followed similar
dynamics, only slightly responding to increased water availability
in August (data not shown).

The effect of watering on tree physiology became more clear
when comparing Tiee rates (derived from sap flow measurements),
which were significantly larger in the watered than the control
trees during August and September (Table 2). Synchronously, G
and G,_ s differed between treatments (Fig. 4a and b, and Table 2).
Moreover, watering not only maintained Gs and G,_ ., but also the
sensitivity of Gs to VPD (Fig. 4c and Table 2). This larger sensitiv-
ity of Gs to VPD (—dGs/dInVPD) of watered compared to control
trees caused differences in Gs between treatments to diminish at
VPD > 3 kPa (Fig. 4a), thereby partly de-coupling Gs from soil water
availability. This might explain the almost unchanged Pnje,¢ rates in
the watered compared to the control trees due to similar stomatal
restrictions on assimilation caused by high VPD,.,¢ conditions (on
average 2.8 + 0.4 kPa) during leaf chamber measurements.

In contrast to the modest effect of watering on aboveground
tree dynamics, soil CO, effluxes showed a much stronger, nearly
instantaneous response to the irrigation (Fig. 5 and Table 3). The
treatment effect increased from autotrophic to heterotrophic dom-
inated respiration. Rm responded almost instantaneously to the
watering, and compared to the control remained significantly
higher during the entire treatment period (Fig. 5b; excluding 30
August, when the first summer rain along with colder tempera-
tures affected soil CO, effluxes adversely). Rsiee dynamics differed,
initally responding only slightly to the watering, then increased
to 54% higher than the control one month after the start of irri-
gation (Fig. 5a and Table 3). Rr was the least and last affected by
the watering, and became significantly larger than the control only
from mid August onwards (Fig. 5c and Table 3). This agrees well
with the observed patterns in Tiee and Gs, indicating above- and
belowground tree dynamics vary in-phase to changes in soil water
availability.

3.3. Effects of soil water availability on the ecosystem C balance

To estimate the effects of soil water availability on the ecosys-
tem C balance over the growing season (June-Sep 2010), we

Monthly averages of daily weather conditions, amount of rain (control) and irrigation (watered), as well as relative soil water content (REW) and ecosystem fluxes for the
control (‘natural drought’) and the watered treatment. Monthly means (of daily averages) £1SD are given.

June July August September

Control Watered Control Watered Control Watered Control Watered
VPDpax (kPa) 14 +0.7 28 +09 25 +£1.0 1.6 +0.7
Soil temperature (°C) 136 +£1.9 145 +£2.0 188 +£2.0 186 +1.5 200 +2.1 184 +1.8 153 +£1.6 156 +1.2
Rain/irrigation (mm) 46 41 0.1 169 6 227 25 0
REW (%) 80 +4 81 +4 60 +0.09 75 +2 30 +7 71 +9 19 +1 36 +10
Tiree (mmd—1) 048 +0.12 0.61 +0.15 062 40.10 0.73 +0.07 035 £0.10 0.58 +0.08 0.19 40.05 030 +0.11
Gs (mmolm=—2s-1) 502 +154 63.7 +19.9 347 +12.8 40.8 +15.2 202 +8.0 392 +174 16.1 +£9.7 352 +225
WUE; (pmol mmol-1) 172 +45 - 210 +54 - 269 491 - 296 +132 -
GPP (gCm2d") 45 407 - 43 408 - 28 +£0.7 - 1.9 +07 -
GPP? (gCm~2d-1) 48 +0.6 48 +06 41 406 40 +06 3.1 £09 39 +08 24 +£1 33 £1.2
Rs(gCm2d1) 1.9 +02 23 £0.2 21 £0.1 28 +03 1.5 +03 28 +£0.2 1.3 +02 23 £0.2
Rr/Rsree” (%) 42 40 40 +14 26 +4 12 +8 28 +12 13 +6 32 +4

2 Modeled using the relationship of GPP and G; given in Fig. 6.
b Fraction Rr/Rs¢ee from campaign measurements (June, n=1; July, n=4; August, n=3;

September, n=3.
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Fig. 4. Sensitivity of canopy conductance (Gs) to VPD for the control and the water treatment during the summer dry season (July-September). (a) Half-hourly G, vs. VPD
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Gs_ref and —dGs/d In VPD with SWC are described by the following logarithmic functions: Gs_ef = 240.6 +95.4 In(SWC) and —dGs/d In VPD = 163.3 + 64.6 In(SWC).

estimated GPP for both treatments using the significant rela-
tionship of daily GPP with Gs in control trees (Fig. 6a). The
derived seasonal C uptake (GPP¢s) was 435+39gCm~2 for the
control (compare to GPP of 413gCm2 derived from EC) and
487 +39gCm~2 for the watered treatment. Watering therefore
increased GPP¢s by only 12% (Fig. 6b). This corresponds very well
to the results from needle photosynthesis measurements which
indicate a 14% increase averaged over the study period. Further
the highly significant linear relationship between daytime ET and
Ttree (R2=0.69, y=3.4x+0.86) suggests that Gs rates derived from
Tiree in @ small number of trees should be relatively representa-
tive for the study area and thus can be used to upscale to the
site-level. Comparing the increased C uptake of watered trees
(+52 gCm~2)with soil Closs derived from site-scaled soil CO, efflux
measurements (+95gCm~2; watered: 311+47gCm 2vs. con-
trol: 216432 gCm™2) indicates that increased water availability
affected belowground fluxes more strongly than photosynthe-
sis. This larger effect of watering on site-scaled automated Rs
is also in agreement with campaign measurements that indi-
cate an overall treatment effect of 48%. In summary, increased
soil water availability during otherwise hot dry summers poten-
tially negatively affects the short-term seasonal NEE due to a
larger response of soil CO, efflux than photosynthesis (assuming
a positive or no response of aboveground respiration on the water-
ing).

4. Discussion

We observed a tight coupling of carbon and water dynamics
in a young ponderosa pine stand during the summer dry season.
The magnitude of component ecosystem CO, and H,O fluxes was
closely linked to soil water availability (Fig. 3) and atmospheric
water deficit (Fig. 4). Nevertheless, component fluxes differed in
their sensitivity to the summer drought and were affected differ-
ently by artificially increased water availability (e.g., Fig. 5). In the
following, we will discuss the progression of drought and effects of
watering in the context of (1) carbon and water coupling, (2) below-
ground vs. aboveground flux dynamics and (3) water availability
and C balance.

4.1. Coupling of carbon and water dynamics

Water and carbon fluxes were as hypothesized tightly coupled,
nevertheless they differed in their drought sensitivity. After onset of
the dry season flux dynamics markedly differed with a decline in G
and GPP, while Tiree and Rsgree continued to increase. The observed
initial increase in Tyee Was mainly caused by higher evaporative
demand of the atmosphere and to some extend by an increase
in leaf area. Transpiration rates in young P. ponderosa are found
to be generally high when not limited by soil water availability
(Irvine et al., 2002, 2004). Nevertheless, isohydric tree species, such
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#x 0.01 >p>0.001). The dashed vertical lines indicate the start and end of irrigation
in the watered treatment.

as ponderosa pine, tightly regulate stomatal conductance to limit
excessive water loss and maintain relatively high leaf water poten-
tials to protect the xylem from cavitation (Martinez-Vilalta et al.,
2004). This tight regulation of stomatal conductance may explain
the decline of weekly-averaged Gs early in the season while no
reduction in G,_ef and —dGs/d In VPD occurred (between June and
July, Table 2). The lack of a treatment effect in response to the
irrigation in Tyee and Gs at this early stage of the drought

(difference in SWC was 0.03m>3 m~3 between treatments) indi-
cates that soil water was not the limiting factor. Thus, the slight
decline of GPP at this initial phase of the dry season should be

Table 2
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Fig. 6. Ecosystem net photosynthesis (GPP) in relation to canopy conductance and
cumulative C gain and loss for both treatments. (a) GPP (only if non-gapfilled GPP
n>12d-1) vs. mean Gs (VPD>0.6kPa and excluding rain events) of control trees
fitted with an exponential saturation model, and (b) cumulative soil C loss (Rs, n=3
per treatment, upscaled to site-level) as well as ecosystem C gain for both treatments
estimated from the relation of average Gs with daily sums of GPP (see panel a), and
‘normal’ cumulative GPP (dashed black line) are shown. Please note, we accounted
for slightly higher Gs of watered trees prior irrigation and multiplied Gs by 0.80
before deriving estimates of GPP for the watered treatment. The dashed vertical
lines indicate the start and end of irrigation in the watered treatment.

largely due to VPD induced stomatal restrictions on C uptake. How-
ever, we can not totally exclude effects on GPP by early soil water
limitation in shallow rooting herbs and grasses (i.e., REW in 10 cm
depth dropped from 55% to 25% between 1 and 15 July), which
had senesced by the end of July. Because grasses were sparse and
generally low in productivity (approx. 16gCm=2y~!, measured
at young pine site close-by) there was likely no noticeable effect
of grass senescence on ecosystem C uptake, contrary to findings
commonly reported in other Mediterranean forest ecosystems with
dense grass coverage (e.g., Unger et al., 2009).

Due to the relatively late start of the dry season, pronounced
drought effects on ecosystem fluxes occurred only at the begin-
ning of August and were likely driven by a continuous decline in
soil water availability. In contrast, Goldstein et al. (2000) suggested
for a young ponderosa pine plantation that extreme hot days may
have led to cavitation, causing a reduction in ET and GPP that was

Results of the linear mixed effects models to test for treatment differences in daily Tree (mmd-1) and in the sensitivity of half-hourly Gs to In VPD. Means, 95% confidence
intervals (Clos, 1.96 times SE) and t-values of fixed effects for separate monthly models are shown. The treatment term represents the difference of the intercept and the
interaction term represents the difference in the slope of the regressions. In case of T the slope represents the time course. In case of G the intercept represents Gs_ref, (Gs
at VPD =1 kPa) and the slope the sensitivity of Gs to InVPD (—dGs/d In VPD). Significant t-values are in bold. Time is in days.

June July August September

Mean +Clgs t Mean +Clgs t Mean +Clgs t Mean +Clgs t
Transpiration (Tree)
Intercept 0.56 +0.14 8.01 0.70 +0.20 7.33 0.88 +0.22 8.15 0.10 +0.29 0.65
Treatment 0.14 +0.20 1.40 0.09 +0.25 0.66 -0.12 +0.29 -0.81 0.62 +041 299
Time 0.01 +0.00 6.73 0.00 +0.00 —245 -0.01 +0.00 —6.58 0.00 +0.00 0.66
Treatment x time 0.00 +0.00 0.29 0.00 +0.00 0.54 0.01 +0.00 3.14 -0.01 +0.00 -257
Stomatal conductance (Gs)
Intercept 65.01 +16.76 7.60 74.79 +£22.52 6.51 39.33 +£19.50 3.95 16.58 +13.31 244
Treatment 16.06 +23.70 133 12.14 +31.83 0.75 3829 +£27.58 272 26.18 +18.82 273
VPD -53.41 +£17.19 -6.09 -51.94 +17.72 —5.74 —-22.18 +15.70 —-2.77 -13.02 +9.70 —-2.63
Treatment x VPD -14.24 +24.30 -1.15 -7.64 +£25.07 -0.60 -29.32 42217 —2.59 -20.25 +13.70 -2.90
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Table 3

Results of the linear mixed effects models to test for treatment differences in soil CO, effluxes and Pnye,r over the time course of the experiment. Means, 95% confidence
intervals (Clgs, 1.96 times SE) and t-values of fixed effects are given. The treatment term represents the difference of the intercept and the interaction term represents the
difference in the slope (different variation with time) of the regressions. Significant t-values are in bold. Time is in days.

Rs Rm Rr Pnyear

Mean +Clgs t Mean +Clgs t Mean +Clgs t Mean +Clgs t
Intercept 3.28 +0.58 11.08 1.66 +0.53 6.18 1.08 +0.46 4.64 877 +1.71 10.06
Treatment 0.38 +0.81 0.91 120 +0.75 3.13 -0.30 +0.63 -0.94 046 +2.41 0.37
Time -0.02 +0.01 -4.31 0.00 +0.01 -0.03 -0.01 =+0.01 -3.80 -0.08 +0.03 —5.54
Treatment x time 0.02 +0.01 2.80 -0.01 +0.01 -1.09 0.02 +0.01 3.77 0.01 +0.03 0.31

sustained over the summer season. Here, we clearly found tree C
uptake to be limited by water availability, as can be seen by the
decline of Gs_..f and —dGs/d In VPD with soil water content. Inter-
estingly, the relationship of Gs_ e and —dGs/dInVPD with SWC
appears to be identical in both treatments (i.e., shown by the single-
response lines; Fig. 4b and c), with a strong decline at REW <50%,
confirming a pivotal role of water availability on stomatal control.
Moreover, the observed threshold for water-limitation at about
40-50% REW seems consistent for a wide range of forest ecosys-
tems (Breda et al., 2006; Granier et al., 2007; Domec et al., 2009),
and may emerge as a general rule of thumb to identify forests under
drought stress.

Simultaneously with soil water-stress, we found the ecosys-
tem’s water loss to be restricted more than C uptake and release,
causing the WUE; to increase (Fig. 3). Similar patterns have been
observed in a young ponderosa pine plantation close-by where
the inherent WUE (calculated as GEP times VPD divided by ET)
was found to more than double during the seasonal summer
drought over the 5 years measured (Vickers et al., 2012). The
non-linear relationship between assimilation and conductance has
often been observed to increase WUE, since water loss is being
restricted more than the inhibition of photosynthesis (Chaves
et al., 2003). Thus, changes in Gs under water-limiting conditions
(Gs <25 mmolm~2s-1) should affect GPP relatively more than at
unstressed conditions and large Gs. Hence, slight weather changes
that dampen drought severity (i.e., small rain events, increased
cloudiness) may increase stomatal conductance and largely affect
C uptake, e.g., as seen at the end of August, when two hot-dry days
(VPD of 2.7 kPa) were followed by two cooler days (VPD of 1.1 kPa:
PAR>900 wmolm~2s~1) and GPP more than doubled (from 2.5 to
6.6 wmol CO, m—2s~1). In addition, small rain events (1 and 5mm
on 29 and 31 August) affected CO, fluxes, causing a pulse of CO,
from the soils and a stimulation of photosynthesis (see Fig. 2).
While soil microbes were affected directly by the increase in soil
water (see Jarvis et al., 2007), the response of photosynthesis was
very likely caused by positive effects of low VPD on G rather than
increased soil water availability, as only the very shallow soil layers
were re-wetted during the rain event. VPD effects occurring along
with rain events, especially in isohydric species, should be consid-
ered when interpreting responses of semi-arid ecosystems to rain
pulse events.

4.2. Above- and belowground coupling

Often, during drought, assimilation rates are found to decrease
more strongly than respiration, so that ecosystems can become a
CO, source to the atmosphere (Schwalm et al., 2009). Here, we
found Rsree to be less affected than GPP early in the summer dry
season, and Rsree continued to increase while GPP began declining.
However, later in the season with increasing drought severity the
picture changed and relative fluxes of Rs¢ee and GPP were reduced
to a similar extend.

Root-rhizosphere respiration seemed to be the main determi-
nant for the strong decline in soil CO, efflux during drought, while

microbial respiration only slightly decreased (Fig. 5b and c). The
apparently drought-insensitivity of Rm is also reported elsewhere
(Lavigne et al., 2004; Irvine et al., 2008), but is in contrast to
other studies (e.g., Borken et al., 2006), and contradicts the strong
response of Rm to the watering in our study. In a mature pon-
derosa pine forest close-by, Irvine et al. (2008) concluded that soil
water constraints on decomposition might be compensated by a
simultaneously strong increase in temperature. In the relatively
open forest we studied, shallow soil temperatures increased during
summer and reached as much as 45 °C. Also high solar irradiance,
facilitating decomposition by breaking down larger organic com-
pounds to smaller molecules (e.g., Gallo et al., 2006) may be another
explanatory factor largely masking water constrains on decompo-
sition. The degree of water-limitation on decomposition becomes
clearer, considering the response of Rm under well-watered condi-
tions. Just shortly after the start of the watering, when shallow SWC
(10 cm depth) differed by only 0.06 m3> m—3 between treatments
(control: 0.14m3 m—3 vs. watered: 0.20m3 m~3), Rm rates in the
watered treatment were already significantly increased, translat-
ing to a RWC threshold of Rm at about 50% for the upper 10cm
of soil. With further drying of the soil (control: 0.03m3m3 vs.
watered: 0.20m3 m~3), Rm rates in the watered compared to the
control treatment more than doubled. Constantly higher Rm rates
under watering point towards sufficient amounts of labile soil C
to be available, largely preserved from decomposition under “nor-
mal” water-limiting summer conditions (Kelliher et al., 2004). This
is confirmed by Noormets et al. (2010) who found years with wet-
ter climate to have higher Rm rates and soil C loss compared to
drought years in a loblolly pine plantation. Longer-term studies
over multiple years of water manipulations indicate a continuing
effect on soil C dynamics. In the fifth year of summer irrigation, Rs
was increased by 58% in the wet compared to the control treat-
ment in a Mediterranean woodland (Cotrufo et al., 2011), and after
13-years of precipitation manipulations soil C stocks in the O hori-
zon were lower under wet vs. control and dry conditions (Froberg
et al., 2008). In summary, this clearly demonstrates soil CO, loss
to be restricted by low soil moisture, and highlights a possible
risk of reducing soil C stocks due to larger decomposition under
moist and warm conditions, if not compensated by increased plant
Cinputs.

Confirming our second hypothesis, the trend in root-
rhizosphere respiration followed largely aboveground tree dynam-
ics. Rrrates remained relatively stable in the watered treatment but
decreased in the control along with progressing drought (Fig. 5c).
Root-rhizosphere respiration in young ponderosa pine should be
largest under favorable growing conditions when carbohydrate
supply is high (C source) and the C demand of roots is large (C
sink). In fact, fine root growth in young ponderosa pine is largest
in early summer with a peak in fine root biomass between late
July and beginning of August (Andersen et al., 2008). Hence, when
the C sink strength is reduced along with a reduction in C sup-
ply, this may lead to a larger reduction in Rr later in the growing
season. Less available C from photosynthesis, as seen by the con-
current drop in GPP, together with a longer retention time of
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carbohydrates in leaves, reduces belowground C allocation and
exudation under drought conditions (Ruehr et al., 2009), which
should indeed cause root and microbial-rhizosphere respiration
to be decreasing. The significantly higher Rr rates in the watered
treatment in late summer, which occurred simultaneously with
increased Tgee and Gs in the watered trees, point towards suf-
ficient amounts of carbohydrates being available and allocated
to the root system for maintenance and root growth. This result
is in agreement with findings of Irvine et al. (2005) made on
young pines that were watered on one side compared to con-
trol trees during summer drought. They concluded that changes
in assimilation rates between treatments were mainly responsi-
ble for the observed differences in Rr rates. In fact, the significant
linear relationship of Rr with daily Tiee as observed in our study
and reported from a mature ponderosa pine forest (Irvine et al.,
2008), adds evidence for a tight control of aboveground tree
dynamics on belowground processes in these semi-arid pine sys-
tems.

One might speculate that lower soil water availability (i.e., less
winter/spring precipitation) at the onset of the seasonal drought
reduces the length of favorable growing conditions, inhibits root
growth earlier in the season which further amplifies tree water-
stress, and may ultimately carry over into the following year.
Carry-over effects, following severe or multi-year drought have
been observed to impact the carbon and water cycle in ponderosa
pine forests (Thomas et al., 2009), however, an in-depth under-
standing of the role of belowground processes has yet to emerge.

4.3. Effects of water availability on C balance

The significant relationship of GPP with Gs during natural sum-
mer drought gave us the opportunity to estimate ecosystem C
uptake under well-watered conditions. We assumed the same Gs
vs. GPP relationship applies to watered trees, hence presumed
no changes in photosynthetic capacity. In a study on young pon-
derosa pine trees during mild summer drought, irrigated trees were
found to have a slightly higher photosynthetic capacity than con-
trol trees, likely caused by increased nitrogen uptake of watered
trees (Panek and Goldstein, 2001). Leaf nitrogen concentrations
(measured on current year and last year needles at the end of
the experiment), however, did not differ between treatments in
our study (p=0.30; control: 1.24% + 0.04; 1.30% + 0.03). Moreover,
consensus has emerged that the limitation of CO, diffusion due to
stomatal closure and reduced mesophyll conductance is the main
cause of decreased photosynthesis under water stress conditions
(Flexas et al., 2004). This seems to confirm our approach of deriv-
ing estimates on C uptake from stomatal conductance. Although
derived GPPg; of the watered treatment was 12% larger than under
control conditions during the study period (June-September), this
was largely offset by the strong increase of Rm in response to the
irrigation as discussed above. However, longer-term effects are less
clear. Modeling exercises find that productivity generally increases
along with more precipitation and higher temperatures, as net pri-
mary production is stimulated more than decomposition (Luo et al.,
2008). Indeed, multiyear water manipulation experiments indicate
plant productivity increases with water availability (Cotrufo et al.,
2011; Metcalfe et al., 2010). In contrast, the net effect on soil C is
less distinct. Some studies find the net effect on soil C to be zero (the
effect on soil input and output balance each other; Cotrufo et al.,
2011)while others find it to be negative (higher soil C content under
drought compared to control/wet conditions; Sardans et al., 2008;
Froberg et al., 2008). To allow predictions of net effects on the C
balance under future conditions, a more thorough understanding
of the contrasting responses of tree and soil C dynamics to water
availability is clearly needed.

5. Conclusions

We studied the coupling of component ecosystem CO, and H,O
fluxes in relation to soil water content (SWC) and atmospheric
water deficit (VPD) under natural summer drought and irrigation
in a post-fire regenerating young ponderosa pine stand. Carbon
and water fluxes were tightly coupled and strongly decreased as
drought progressed. As hypothesized, above- and belowground
tree fluxes were in-phase as seen by the concurrent decline in
root-rhizosphere respiration along with GPP and Tiee as drought
progressed, while watering largely maintained Rr along with Tree
and Gs. In contrast to our hypothesize, net carbon uptake appears
to be higher under natural summer drought than under well-
watered conditions, because microbial respiration increased more
than photosynthesis with water additions. This clearly highlights
the importance of understanding the dissimilar response of tree
and soil dynamics when estimating C sequestration potential in
water-limited forest ecosystems. Further, while soil water avail-
ability was the major driver of seasonal trends in flux dynamics,
VPD induced daily changes in Gs that affected Tiee and photosyn-
thesis, with the sensitivity of Gs to VPD being in turn controlled
by soil water availability. These short- and long-term dynamics
should be considered in future water manipulation studies and
accounted for interactively in ecosystem process models when pre-
dicting impacts on ecosystems to future climate conditions.
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Appendix A.

See Appendix Figs. A.1 and A.2.
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Fig. A.1. Relationship of Rs from manual and automated measurements. The Rs
average is calculated from weighted Rsiee and Rm measurements accordingly to
spatial cover of trees vs. open area. Campaign-averages of manual Rs are within 20%
precision at the 95% confidence interval. The thin gray line is the one-to-one line. The
dashed lines represent the 95% confidence interval of the regression. The offset from
the one-to-one line suggest that the automated chambers do not directly provide
an estimate of site Rs.
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