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Fig. 3. Relationship of CO2 and H2O fluxes and intrinsic water-use efficiency (WUEi)
to  SWC  in 30 cm depth during summer drought. Fluxes and WUEi 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. Ttree, GPP, Gs and WUEi 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, WUEi by an exponential function,
Ttree and Rstree by a second-order polynomial function. See appendix (Fig. A.2) for
data and regression models.

higher than the controls in July 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 0.015 m3 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 10 cm
depth) which were an average of 0.7 ◦C lower in the watered com-
pared to the control treatment (Table 1).

Watering did not affect Ttree (Fig. 2c) and Pnleaf (Fig. 2d)
in July, when the difference in SWC  (30 cm)  between treat-
ments was  small (watered: 0.20 m3 m−3, control: 0.17 m3 m−3).
As drought continued and REW in the watered compared
to the control treatment more than doubled, Pnleaf dif-
fered marginally between treatments at the end of August
(17 August, control: 1.48 ± 0.50 !mol  CO2 m−2 s−1, watered:
3.49 ± 0.72 !mol  CO2 m−2 s−1, t = 2.29, p = 0.055; 31 August,
control: 5.66 ± 0.85 !mol  CO2 m−2 s−1, watered: 7.73 ± 0.88 !mol
CO2 m−2 s−1, t = 1.68, p = 0.131). Tleaf 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 Ttree rates (derived from sap flow measurements),
which were significantly larger in the watered than the control
trees during August and September (Table 2). Synchronously, Gs
and Gs−ref differed between treatments (Fig. 4a and b, and Table 2).
Moreover, watering not only maintained Gs and Gs−ref, but also the
sensitivity of Gs to VPD (Fig. 4c and Table 2). This larger sensitiv-
ity of Gs to VPD (−dGs/d ln VPD) 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 Pnleaf rates in
the watered compared to the control trees due to similar stomatal
restrictions on assimilation caused by high VPDleaf 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 CO2 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 CO2 effluxes adversely). Rstree 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 Ttree 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

Table 1
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

VPDmax (kPa) 1.4 ± 0.7 2.8 ± 0.9 2.5 ± 1.0 1.6 ± 0.7
Soil  temperature (◦C) 13.6 ± 1.9 14.5 ± 2.0 18.8 ± 2.0 18.6 ± 1.5 20.0 ± 2.1 18.4 ± 1.8 15.3 ± 1.6 15.6 ± 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
Ttree (mm  d−1) 0.48 ± 0.12 0.61 ± 0.15 0.62 ± 0.10 0.73 ± 0.07 0.35 ± 0.10 0.58 ± 0.08 0.19 ± 0.05 0.30 ± 0.11
Gs (mmol m−2 s−1) 50.2 ± 15.4 63.7 ± 19.9 34.7 ± 12.8 40.8 ± 15.2 20.2 ± 8.0 39.2 ± 17.4 16.1 ± 9.7 35.2 ± 22.5
WUEi (!mol  mmol−1) 172 ± 45 – 210 ± 54 – 269 ± 91 – 296 ± 132 –
GPP  (g C m−2 d−1) 4.5 ± 0.7 – 4.3 ± 0.8 – 2.8 ± 0.7 – 1.9 ± 0.7 –
GPPa (g C m−2 d−1) 4.8 ± 0.6 4.8 ± 0.6 4.1 ± 0.6 4.0 ± 0.6 3.1 ± 0.9 3.9 ± 0.8 2.4 ± 1 3.3 ± 1.2
Rs  (g C m−2 d−1) 1.9 ± 0.2 2.3 ± 0.2 2.1 ± 0.1 2.8 ± 0.3 1.5 ± 0.3 2.8 ± 0.2 1.3 ± 0.2 2.3 ± 0.2
Rr/Rstree

b (%) 42 40 40 ± 14 26 ± 4 12 ± 8 28 ± 12 13 ± 6 32 ± 4

a Modeled using the relationship of GPP and Gs given in Fig. 6.
b Fraction Rr/Rstree from campaign measurements (June, n = 1; July, n = 4; August, n = 3; September, n = 3.

drought 

Figure 1: Relationship of weekly-averaged ecosystem fluxes and stomatal conductance with decreasing soil
water content during June–September 2010 for the study site. Published in Ruehr et al. (2012).

1



D
iscussion

P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|
D

iscussion
P
aper

|

Table 4. Effects of decreased drought compared to “normal” summer conditions derived from simula-
tions with the SPA model. Shown are seasonal changes (June–Sep) in soil evaporation (E), transpiration
(T), soil water storage (2 m soil depth) and drainage, as well as mean soil water content (0–40 cm soil
depth). Seasonal treatment effects for gross primary productivity (–GPP), net ecosystem exchange (–
NEE) and heterotrophic respiration (Rh) are given. The annual treatment effects are given in brackets.
The water addition treatments are in percent of water supplied to the irrigation experiment (w100obs).
The effects of reduced VPD are given for non-drought (w100 vpd1sim) and normal summer drought
conditions (ctrl vpd1sim).

Treatment Water E T Wstore Drain SWC0–40 GPP Rh NEE
(mm) (m3 m�3) (%)

2010

w30sim +131 +121 +3 +6 0 0.13 +1 (+1) +11 (+5) –9 (–4)
w40sim +175 +137 +15 +20 0 0.15 +7 (+5) +20 (+9) –1 (–1)
w50sim +218 +149 +25 +42 0 0.18 +11 (+7) +22 (+10) +6 (+3)
w100sim +436 +162 +39 +87 +145 0.21 +16 (+9) +23 (+10) +18 (+10)
w100 vpd1sim +436 +153 +45 +85 +151 0.21 +32 (+18) +23 (+11) +57 (+32)
ctrl vpd1sim +0 +0 +4 –3 +0 0.21 +15 (+8) –1 (+0) +36 (+21)

2011

w30sim +174 +134 +26 +31 0 0.16 +12 (+7) +32 (+17) +3 (–3)
w40sim +233 +139 +42 +49 0 0.20 +17 (+11) +33 (+19) +15 (+2)
w50sim +291 +145 +48 +81 +14 0.20 +19 (+12) +34 (+19) +20 (+4)
w100sim +582 +152 +51 +80 +294 0.21 +20 (+13) +34 (+20) +24 (+7)
w100 vpd1sim +582 +148 +66 +78 +284 0.21 +40 (+26) +36 (+22) +65 (+32)
ctrl vpd1sim +0 +0 +3 –5 +0 0.21 +12 (+8) –2 (+0) +28 (+18)

The annual treatment effect is given in brackets.

32

Figure 2: (Table 4 in the revised manuscript). Effects of decreased drought compared to “normal” summer
conditions derived from simulations with the SPA model. Shown are seasonal changes (June–Sep) in soil
evaporation (E), transpiration (T), soil water storage (2 m soil depth) and drainage, as well as mean soil water
content (0–40 cm soil depth). Seasonal treatment effects for gross primary productivity (–GPP), net ecosys-
tem exchange (–NEE) and heterotrophic respiration (Rh) are given. The annual treatment effects are given in
brackets. The water addition treatments are in percent of water supplied to the irrigation experiment (w100obs).
The effects of reduced VPD are given for non-drought (w100 vpd1sim) and normal summer drought conditions
(ctrl vpd1sim).
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Figure 3: (replaces “old” Figure 3 that was moved to the Supplementary) Changes in tree water relations with
declining soil water potential (SWP) for control and watered trees during summer 2011. Shown are changes in
(a) midday tree transpiration, (b) midday stomatal conductance (Gs) affected by changes in VPD and (c) percent
loss in tree conductivity (PLC). Open symbols indicate measurements taken outside the irrigation period in June
and September. The relationship of PLC with SWP is represented by a Weibull function that has been integrated
in the modified SPA model.
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Figure 4: (Figure 4 of the revised manuscript) Effects of experimentally decreased summer drought on soil
water content (SWC; a–b), transpiration (T ; c–d) and carbon fluxes (f–j). The model simulation w100sim
mimicked the field watering treatment (+436 mm in 2010 and +582 mm in 2011) and w30sim and w40sim are
30 and 40% of irrigation water added, the ctrlsim is the “normal” summer drought. The limiting effect of VPD
on GPP is indicated by running the w100sim scenario at low VPD conditions of 1 kPa (e–f). Note that simulated
winter-time SWC above field capacity (> 0.23 m3m−3) results from surface layer freezing. Observations of
SWC, T and heterotrophic respiration (Rh) in the watered treatment (w100obs) are depicted by the light colored
area (mean± error estimate). The duration of the water additions is highlighted in gray.
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Figure 5: (Fig S4 in the revised supplementary of the manuscript). The dynamics of observed and simulated
soil water potential (SWP) for control and watered treatment during the summer 2011. The simulation run
w100sim equals the irrigation treatment and the w30sim simulates 30% of the water added. The duration of
the watering treatment is highlighted by the gray area. Note the relative good accordance of the field watered
treatment with the w30sim during the irrigation period, and fast declines of observed SWP thereafter. Observed
SWP for the control matched the simulation (ctrlsim) relatively well, but were overestimated by the model in
September.
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