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Summary

e Short-term, intense heat waves (hamsins) are common in the eastern Mediterranean region
and provide an opportunity to study the resilience of forests to such events that are predicted
to increase in frequency and intensity.

e The response of a 50-yr-old Aleppo pine (Pinus halepensis) forest to hamsin events lasting
1-7 d was studied using 10 yr of eddy covariance and sap flow measurements.

o The highest frequency of heat waves was c. four per month, coinciding with the peak pro-
ductivity period (March—April). During these events, net ecosystem carbon exchange (NEE)
and canopy conductance (g.) decreased by c. 60%, but evapotranspiration (ET) showed little
change. Fast recovery was also observed with fluxes reaching pre-stress values within a day
following the event. NEE and g. showed a strong response to vapor pressure deficit that
weakened as soil moisture decreased, while sap flow was primarily responding to changes in
soil moisture. On an annual scale, heat waves reduced NEE and gross primary productivity by
¢. 15% and 4%, respectively.

e Forest resilience to short-term extreme events such as heat waves is probably a key to its
survival and must be accounted for to better predict the increasing impact on productivity and

survival of such events in future climates.

Introduction

The current projections for global climate change forecast an
increase in the intensity and frequency of extreme climatic events,
such as droughts and heat waves (Reichstein eral., 2013; Reyer
eral., 2013). In the temperate and boreal regions, the forest trees
are typically adapted to a sufficient supply of water and moderate
temperatures. Severe heat waves, such as those that occurred in
2003 and 2010, can lead in this case to a considerable decrease in
gross primary productivity (GPP) and in net ecosystem CO,
exchange (NEE), temporarily converting forest ecosystems from
sinks to sources of CO, (Ciais etal., 2005; Girard etal., 2012)
while increasing tree mortality (Allen ez al., 2010; Maslov, 2010;
Tuzov, 2013) and wildfire frequency (Goldammer, 2010; Shvi-
denko & Schepaschenko, 2013). Such events induce a range of
ecophysiological responses, but with different effects among tree
species. For example, the annual stem basal area increment (BAI)
of Fagus sylvatica decreased from 2.8% to 1.3%, whereas the BAIs
of Crapinus betulus and Acer campestre were unaffected by heat
waves (Leuzinger eral., 2005). Severe drought may lead to the
mass mortality of trees from the direct effects of the drought or
indirectly from pest attacks (Maslov, 2010; Tuzov, 2013).

Less is known about the response of different forests and other
ecosystems in warmer biomes in which heat waves occur regu-
larly. In the semiarid regions where plants are regularly exposed
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to water and heat stress for extended parts of the year, increasing
the intensity, frequency, or length of droughts can be critical for
the survival of forests and other ecosystems (Bonan, 2008). In
some studies, resistance to heat waves is observed (Klein ez al.,
2014). To maintain a functional hydraulic system under dry con-
ditions, some tree species may also respond with transient stom-
atal closures, but long-term adjustments, such as leaf shedding,
changes in the xylem, and cell wall suberization, are also observed
(Maseda & Fernandez, 2006; Breda & Badeau, 2008). This
study was conducted in a stand of Pinus halepensis (Aleppo pine),
which is a common tree species across the Mediterranean region
(Neeman & Trabaud, 2000). This pine species survives in a wide
range of environmental conditions, from sea level to 2600 m in
elevation and from 200 to 1500 mm of annual precipitation. In
semiarid climates, the trees are exposed to seasonal heat waves,
particularly in spring during the short, peak productivity season,
which might affect their overall productivity and survival (Klein
et al., 2013).

Heat waves in the Mediterranean region are often associated
with winds that bring warm, dry air from the desert regions. In
the Middle East, such weather events are termed ‘hamsin’ or
‘sharav’. In other parts of the Mediterranean, similar phenomena
are also called sirocco (Italy), samum (Morocco), and leveche
(Spain). These events are more frequent in the transition seasons,
particularly in the spring (Goldreich, 2003). The word ‘hamsin’
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originates from the Arabic word for ‘fifty’ according to the popu-
lar belief that hamsin events occur on ¢. 50dyr . The typical
hamsin events are characterized by a sharp increase in the temper-
ature and the vapor pressure deficit (VPD) to high values of c.
35°C and ¢. 6000 Pa, respectively, over a few days for events that
typically last for 1-7 d. The events are followed by a rapid return
to pre-event values (below 20°C and 1000 Pa) within a day or so,
but in some cases, a rain event occurs in the first days following a
hamsin event. Thus, there is no commonly accepted definition of
a hamsin event (Goldreich, 2003). It can be defined by threshold
temperature and humidity values (Gat, 1990) or by deviation
from long-term mean values based on some threshold (Winstan-
ley, 1972; Goldreich, 2003). Under hamsin conditions, air
humidity decreases very rapidly, but such changes are in most
cases too rapid for soil moisture to change significantly, which
offers an opportunity to distinguish atmospheric from soil mois-
ture deficit effects on plant activities.

An important aspect of hamsin events is their high frequency,
specifically during the short active season in the semiarid environ-
ments (usually in spring; Maseyk ez al., 2008a). Would the stress
effects associated with the heat waves be long-lasting, a few of
these events could eliminate a large fraction of the productive sea-
son, enhancing tree mortality. Similarly, productivity and sur-
vival can be greatly impacted by the predicted increase in the
frequency and intensity of extreme weather events (Reichstein
eral., 2013; Reyer et al., 2013).

Here we quantify the resilience (i.e. the decline and recovery of
key functions) to seasonal heat waves of a semiarid pine stand,
and test the hypothesis that such resilience is a key factor in its
annual scale productivity, with potential implications for its sur-
vival if the frequency of such events were to markedly increase.

Materials and Methods

Study site

The Yatir forest is located at the northern edge of the Negev
desert (30°20'N, 35°03'E; 650 m above sea level; Rotenberg &
Yakir, 2010), covers an area of ¢. 2800 ha and is dominated by
Aleppo pine (Pinus halepensis Miller). The primary part of the
forest was planted in the mid-1960s. The stand density is «
300 trees ha . The soil is a predominantly light brown Rendz-
ina, 25-100 cm deep. Pine roots are concentrated mainly in
upper 60 cm with the maximum fine root density in the 20—
40 cm layer (Griinzweig et al., 2007; Klein et al., 2013). The cli-
mate is Mediterranean with prolonged summer drought periods
from May to October (average daily temperature in July is 25°C)
and with a winter period with moderate precipitation (mean
annual 290 mm) and temperatures (c. 10°C in January
(Grlnzweig et al., 2007); mean values for 1964-20006).

Measurement system

Begun in 2000, the eddy covariance (EC) and supplementary
meteorological measurements were conducted continuously in
the Yatir forest (Grinzweig etal, 2007; Rotenberg & Yakir,
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2010). The measurements were performed according to the
Euroflux methodology (Aubinet ezal., 2000) and were part of
the European EC sites quality assessment project (Gockede
etal., 2008). The concentrations of CO, and water vapor and
the fluxes of NEE (conventionally indicated as negative fluxes,
out of the atmosphere) and evapotranspiration (ET, conven-
tionally indicated as positive fluxes into the atmosphere) were
measured continuously using a combination of a sonic
anemometer (Gill R-50; Gill Instruments, Lymington, UK)
and a closed-path CO,/H,O infrared gas analyzer (IRGA, LI-
7000; Li-Cor, Lincoln, NE, USA) with the inlet placed 18.7 m
above ground. The sonic and IRGA variables were used to cal-
culate the ecosystem water VPD as the difference between the
air saturation humidity derived from the sonic air temperature
(corrected for humidity effects by the EC software) and the
ambient humidity measured directly by the IRGA.

Collected since 2005 (and on-going), soil moisture measure-
ments are available for the depths of 5, 15, 30, 50, 70 and 125 cm
(Raz Yaseef ez al., 2010). The measurements were conducted using
time-domain reflectometry (TDR) sensors (Trime-PICO 64;
IMKO, Ettlingen, Germany) in three pits at depths of 30, 70 and
125 cm. Additional soil moisture data in the upper 30 cm were
collected using another TDR sensor (Campbell Scientific, Logan,
UT, USA). All soil moisture data were integrated over a 30 min
time step and synchronized with the eddy flux measurements.

Collected since 2004 (and ongoing), tree sap flow was also
measured in eight to 24 trees in different years. During 2004—
20006, a homemade heat-pulse system (Schiller, 2011; Ungar ez
al., 2013) was used. Granier-type sensors have been used since
2005 (Granier, 1985), and additionally, after 2009, Cermak-type
(Cermak ez al., 2004) sensors were used (Klein ezal., 2012). Sap
flow upscaling from tree to stand level is described in Klein ez al.
(2016) and was performed by averaging sap flux density per unit
stem cross-section area among sample trees for each 30 min inter-
val and multiplying it by total stand basal area.

Upscaled sap flow (Q, in mm h™") was used in all further analy-
ses to represent the daily tree transpiration 7}. Therefore, the calcu-
lations that required the use of 7;, including the canopy daytime
conductance, g, and the apparent and intrinsic water-use efficiency
(Wand W, respectively) were performed only on a daily basis
using daily GPP and Q values and daytime VPD mean values.

The canopy conductance to CO, (g.) was calculated as follows
(see e.g. Beer et al., 2009):
&= Q- P/(1.6-VPD) Eqn 1
where Q and VPD are as noted earlier, P is the daily average
atmospheric pressure, and 1.6 is the ratio of conductance to CO,
and water (reflecting the higher molecular diffusivity of water).
The observed g. was corrected for the difference in the VPD
between that measured above the canopy and that at the level of
the leaf by the constant correction factor of 1.18, which was
found suitable for our system as described in Klein ezal. (2016).
W(in gC kg71 H,0) was calculated as GPP/Q. W; was defined
as Wi=GPP/g. (Farquhar eral., 1989; Keenan eral., 2013) and
was calculated as:
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W, = W - VPD Eqn 2

Supplementary meteorological variables

Air temperature and humidity at 5 m above the canopy (15 m
above ground) were measured with HMP45C sensor probes and
an air pressure sensor (Campbell Scientific). Radiation measure-
ments included atmospheric and ecosystem facing solar radiation
(CM21; Kipp&Zonen, Delft, the Netherlands). All meteorologi-
cal sensors were connected using a differential mode, and the data
were stored as half-hourly means via multiplexers to data loggers

(AM16/32, AM25 and two CR10s; Campbell Scientific).

Data gap filling

We used eddy flux and meteorological data measured over 10 yr,
which included periods of instrument failures that required data
gap filling for estimating daily and annual-scale carbon, water,
and energy budgets. We tested the commonly applied algorithm
for NEE gap filling and for carbon flux partitioning into ecosys-
tem respiration (R.) and GPP (Reichstein etal, 2005; heep://
www.bgc-jena.mpg.de/~-MDIwork/eddyproc/), but found that
for the Yatir forest our own site-specific algorithm was more suit-
able (Afik, 2009). Briefly, missing NEE values (including the
NEE night values when the wind friction velocity, U*, was below
a critical value, Ui Burba, 2013) were filled in with a three-step
algorithm: (1) missing NEE values were replaced by average NEE
values for the same time (&£ 0.5 h) of the days before and after the
day with the missing value, using the neighboring 2, 5 or 8 d if
needed in order to make sure that >20% of data were available
both before and after the gap; (2) for the rare occasions where a
larger number of days () with gaps remained, the values for the
same time (& 1.5 h instead of 0.5 h) from #/2 (if <8) or nd (if
n> 8) before and after the gap were used the same way as in (1);
(3) when larger gaps remained, the overall mean for the given
hour measured within 30d of the gap in the active season
(November—April), and within 60d in the nonactive season
(summer), was used.

After gap filling, daytime ecosystem respiration (R.4, in
umol m™?s™") was estimated based on measured night-time (i.e.
when the global radiation was <5 Wm ™ ?) values (R..,), averaged
for the first three half-hours of each night. The daytime respira-
tion for each half-hour was calculated according to Eqn 3
(Maseyk et al., 2008b; Afik, 2009):

Req= Ry~ (i + oy + o) Eqn 3
where f, P, and f¢ are coefficients that correspond to soil,
wood and foliage, respectively, d7; and d7, are soil and air
temperature deviations from the values at the beginning of the
night, and oy, o, and o3 are partitioning coefficients fixed at
0.5, 0.1 and 0.4, respectively. The f,, B, and f¢ coefficients
were calculated as follows: ff,=2.45 for wet soil (soil water
content in the upper 30 cm above 20% vol); f,=1.18 for dry

© 2015 The Authors
New Phytologist © 2015 New Phytologist Trust

soil (based on the Griinzweig eral, 2009 study at the same
site); f¢r=3.15-0.0367,; and

DoY — 162\°
B, = 1.34+0.46-exp(—0.5- (OTIG) ) Eqn 4

where DoY is the day of the hydrological year, starting from 1
October. Finally, GPP was calculated as GPP = NEE — R.. Nega-
tive values of the NEE and GPP indicate that the ecosystem is a
CO; sink.

In total, 82% and 36% of NEE values in the final dataset used
for further analysis were original values in the daytime and night-
time, respectively. During hamsin events, these values reached
88% and 43%, respectively. The high proportion of night gaps is
the result of excluding NEE values under low U*. In further anal-
ysis, only hamsin events with >80% of original daytime values
were used for statistics.

Detection of hamsin events

Hamsin events were detected using a custom-based method where
the end of the event corresponded to the day when its maximum
daily 7"and VPD exceeded the corresponding values for the fol-
lowing day by >5°C and > 1100 Pa, respectively. More details on
the method and its testing in comparison to other methods are
provided in the Supporting Information Methods S1.

Statistics

The effect of a specific hamsin event on a variable X was evaluated
by the relative span of Xas follows:

X%, %) — X
VX:(IMX:L) hv Eqn5

S

where X},, X, and X}, are the mean daytime X values for the day
before the hamsin, the day after the hamsin, and the days of the
hamsin, respectively, and X is the overall daytime mean from the
day before the hamsin to the day after the hamsin.

The soil moisture conditions were separated into three classes,
depending on the soil moisture in the top 30 cm (soil water con-
tent (SWC), % vol): dry (SWC<10%), medium
(10 <SWC <20%) and moist (SWC >20%).

Results and Discussion

Changes in environmental variables during hamsins

Based on our ‘end-of-hamsin’ detection method applied to the
site’s 10 yr dataset (see Notes S1 and Table S1), hamsin events
were most frequent during the period from February to June
(Fig. 1). Following the precipitation maximum for the rainy sea-
son in January (Fig. 1), April was the peak frequency of hamsin
events (three hamsin events per month on average for the study
period), which, notably, coincided with the peak in photosyn-
thetic activities for this ecosystem (Maseyk ez al., 2008a).
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Fig. 1 Median monthly hamsin events (detected by the ‘end-of-hamsin’

method), and mean monthly precipitation for 2000-2010 (whiskers
represent the 25-75% range).

Typically, the temperature and VPD increase during the onset
of the event and then fall rapidly at the end of the event, with
high night-time temperature (7;;,) and VPD values (Fig. 2a,b for
the wet and dry periods, respectively), which were typical for any
season (Table 1). The mean daytime VPD increased compared
with the day preceding the hamsin by 165% in dry conditions
(SWC<10%) and by over 240% in wetter conditions
(SWC>20%; Table1), with the highest increase reaching
4400 Pa. In addition, the range of VPD variation during a ham-
sin event (calculated as the difference between the daytime mean
VPD values during an event and the mean daytime VPD values a
day before and a day after an event) varied from 1597 Pa (for
SWC<10%) to 1299 Pa (for SWC>20%; see Table1). Air
temperature showed similar trends, with a temperature increase
of over 10°C on an event basis in both the wet and dry season
(Fig. 2a,b).

The incoming solar radiation (R,) did not change significantly
during hamsin events in the dry season, whereas in the wet sea-
son, R, decreased considerably after hamsin events. Simultane-
ously, the proportion of diffuse radiation increased considerably
during, and even more so after, hamsin events (Table 1). This
result was probably because the hamsin is usually associated with
a cloudless sky but also includes increased dust from the Arabian
Peninsula. Following hamsin events, the cloudiness often
increases, which is associated with the decreased R, but also with
the high diffuse radiation. However, the radiation characteristics
described earlier were average responses, and clear skies and
reduced diffuse radiation were also observed following hamsin
events.

Ecosystem response to hamsin events

Daytime NEE decreased (i.e. became less negative; with some-
what increased, more positive, night-time R.) during the hamsin
events and then fully recovered to pre-event values within the first
day following the end of the event, in both the rainy and dry sea-
sons (Figs 2e and f for the wet and dry periods, respectively; see
also Table 1). In relative terms, daytime NEE decreased to 75%,
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45% and 0% of its pre-event values with decreasing SWC during
the drying season (for SWC > 20%, in the range 10-20% and
<10%, respectively; Table 1), but the prehamsin NEE fluxes also
decreased by ¢. 90% for the same SWC intervals, from —9.2 to
—1.1 pmol m s ". Following the hamsin events, full recovery
to pre-event values was observed for NEE in the high and inter-
mediate SWC conditions. It was also observed in the low SWC
conditions for which fluxes were in general very low. Similar
results were obtained for GPP. Full recovery of GPP to pre-event
values was also observed immediately following the hamsin, often
with some enhancement relatively to prehamsin values in the dri-
est conditions.

During hamsin events, both NEE and GPP were linearly cor-
related with VPD, the dominant variable during such events,
with an overall R ranging between 0.2 and 0.8 for individual
hamsin events, with the lower values mainly from low flux sum-
mer periods (Table 2; see a typical example in Fig. 3b). While the
low fluxes in the dry period make it more difficult to assess
ecosystem response, the effects of VPD are still apparent, for
example on GPP and g (Fig. 3b,e), although with different sensi-
tivities, as discussed in the following section. Note also that, gen-
erally, canopy scale flux measurements show considerable greater
variation than other meteorological measurements (e.g. VPD),
somewhat reducing R values, especially when these fluxes are
low. Nonetheless, linear relationships improved when a higher
solar radiation threshold was used, that is, using midday values
only. For example, applying a threshold of R,>400 Wm™?
resulted in R values for NEE or GPP vs VPD that increased
from ¢ 0.4 to 0.7 and 0.6, respectively. This is because daily tran-
sition periods with low fluxes and variable light conditions
(morning and evening) show the largest deviations from the
regression lines in the parameters considered.

The canopy conductance, g, showed, on average, a strong
reduction during hamsin events (down to 17% of the pre-event
in the high SWC conditions; Table 1), and a clear response to
VPD in both the wet and dry seasons (Fig. 3e), but also a fast
recovery following the events. Note, however, that g depends on
VPD (Eqn 1), mediated by Q, and therefore reflects a complex
response to changes in the physical environment and physiologi-
cal response. Recovery (and even enhancement) of g. was
observed at all SWC values after the hamsin events, with values
between 131% and 141% of prehamsin values. This is probably
because VPD after the hamsin event was usually lower than
before the event (Table 1).

The water fluxes showed a weak and variable response to the
hamsin conditions. Indeed, the relative change in ET during a
hamsin event (Fig. 4) was, on average, one-third of that for GPP.
Daily ET and Q values showed some increase under high SWC
conditions and no, or a small, decrease under the drier condi-
tions. Similarly, the diurnal courses of both ET and Q did not
usually change markedly during hamsins (Fig. 2g,h; Table 1).
However, in the spring, ET often decreased considerably follow-
ing a hamsin event (Fig. 1g), which was probably associated with
the dramatic decrease in VPD and air temperature at the end of
the hamsin events, occasionally accompanied by rainfall.
Notably, changes in SWC at 5, 15 and 30 cm (Fig. 1¢,d) during
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Fig. 2 Typical behavior of climatic and ecosystem variables during 2 d of a hamsin event in the spring (a, ¢, e, g) and during a 3 d event in the summer (b, d,
f, h). Note the different scales in (e) and (f). SWC, soil water content; Q, rate of sap flow; VPD, vapor pressure deficit; NEE, net ecosystem carbon

exchange; ET, evapotranspiration.

hamsin periods were negligible. Changes in the SWC were
detected only in the top 5 cm layer, which reflected day to night
changes, and the overall reduction in the volumetric SWC in this
layer through 4 d of a hamsin was only ¢. 2% in the wet season.
The weak response of the water fluxes to hamsin events proba-
bly reflected a tight balance between the effects of the increasing
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VPD and decreasing stomatal (and canopy) conductance. Indeed,
the large increases in VPD during hamsin events were compen-
sated by a marked decrease in g. values (related to a decrease in
the atmosphere to leaf CO, flux and in the GPP). Accordingly,
the dependence of ET and Q on the VPD was associated with
low R values, <0.1 for 84% of events (Fig. 3¢; Table 2). The
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Table 1 Observed daytime average meteorological and gas exchange variables during hamsin events under different soil moisture conditions (midday

means are for daytime when incoming Ry >200 W m™?)

SWC (%vol) <10 (10-20) >20
Hamsin events 39 62 25
Before During After Before During After Before  During After
hamsin hamsin hamsin hamsin hamsin hamsin hamsin  hamsin hamsin
VPD (Pa) 2068 3416 (165) 1571 (76) 1471 2871 (195) 1154 (78) 858 2065 (241) 674 (79)
Air temperature (°C) 23.9 28.6(120) 23.2(97) 18.5 25.1(136) 18.1(98) 14.3 20.2 (141) 14.1 (99)
Rg (W m~?) 671.8 667.7 (99) 661.8 (99) 634.4 609.5 (96) 583.2 (92) 558.7 573.3(103) 454.8(81)
% of diffuse radiation 21.3 27.6 (130) 30.8 (145) 32.9 38.2(116) 48.5(148) 37.7 29.6 (79) 69.3(184)
NEE (pumol m—2s7") —1.06 —0.00(0) —1.44 (137) —5.14 —-2.29 (45) -5.85(114) —-9.26 —6.97(75) —9.46 (102)
GPP (umol m2s") 2.10 1.19 (57) 2.88(137) 6.98 4.45 (64) 7.76 (111) 11.10 9.43 (85) 12.07 (109)
ET (mmd~") 1.22 0.98 (80) 1.17 (96) 2.32 2.16 (93) 2.05 (88) 3.48 4.09 (118) 3.04 (87)
Q (mmd™" 0.60 0.56 (93) 0.48 (80) 1.20 1.22 (102) 1.17 (98) 1.93 2.12 (110) 1.77 (92)
Canopy conductance, 7.2 4.1(58) 9.6 (134) 241 11.7 (49) 31.4 (131) 53.2 20.8 (39) 78.3 (147)
g (mmd ")
Water-use efficiency, 4.5 3.5(77) 6.2 (138) 6.7 4.5 (68) 7.7 (115) 201 10.5 (52) 6.4 (32)
W (g Ckg " H,0)
Intrinsic water-use efficiency, 10.8 11.3 (104) 10.9 (101) 10.0 14.9 (150) 10.3(103) 18.1 21.5(119) 4.1 (23)

W, (g Ckg ™" H,O kPa)

Values of canopy conductance (g.), water-use efficiency (W) and intrinsic water-use efficiency (W)) are calculated on a daily basis. Values in parentheses
represent percentage of prehamsin values. Data with a statistically significant effect of hamsin (P <0.05) are shown in bold.
VPD, vapor pressure deficit; R, incoming global radiation; NEE, net ecosystem carbon exchange; GPP, gross primary productivity; ET, evapotranspiration;

Q, stand sap flow.

Table2 Mean slopes and correlation coefficients (R?, in parentheses) of
linear regression of flux variables on vapor pressure deficit (VPD) for differ-
ent soil moisture contents in the upper 30 cm

SWC span (%vol)

Regression slopes

d/dvPD >20 10-20 <10

NEE 2.71(0.48) 2.09 (0.60) 1.32(0.55)
(umolm~2s~"kPa™")

GPP 2.84 (0.44) 2.02 (0.58) 1.28(0.59)
(umolm~2s"kPa™")

ET (mmh~"kPa™") 0.059 (0.28) 0.016(0.13) —0.028 (0.21)
Q (mmh~"kPa™") 0.020 (0.33) 0.007 (0.21)  0.004 (0.20)

g (mmh~"kPa™") —14.03 (0.64) —8.74(0.82) —2.55(0.86)
w —11.73 (0.58) —2.95(0.56) —2.17(0.60)
(g CkgH,0 "kPa™™)

W, (g CkgH,O™") —0.78 (0.65) 3.26(0.66) —0.01(0.50)

Regressions were calculated for daytime (Rg >200 W m~—2) data of individ-
ual hamsin events using half-hourly values for net ecosystem carbon
exchange (NEE), gross primary productivity (GPP), evapotranspiration (ET)
and stand sap flow (Q) and on a daily basis for water-use efficiency (W),
canopy conductance (g.) and intrinsic water-use efficiency (W,). The day
before and the day after hamsin events are included in the regression. For
the NEE and GPP, only data with R? values of linear dependencies on VPD
above 0.4 were used (53% and 46% of hamsin events, respectively). For
ET and Q, the corresponding R? threshold was 0.1 (15% and 55% of ham-
sin events with the available data, respectively).

only exceptions were spring hamsin events, where R for the ET-
VPD  regressions reached 0.35-0.40. Such cases may occur
mostly under high SWC, when soil evaporation, directly depend-
ing on VPD, represents a considerable proportion of ET.
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The tradeoff between the increasing VPD and leaf conduc-
tance was also reflected in the Wand W, values. W decreased, on
average, during the hamsin events under all SWC conditions,
which could be expected because of the decrease in carbon fluxes
with little change in water fluxes (Table 1). The full recovery of
W to pre-event values was observed on the first day following the
hamsin in the intermediate and low SWC conditions, but not in
the high SWC conditions. Note, however, that the data were
highly variable, and the changes were significant only in the inter-
mediate SWC conditions (Table 1).

Changes in W; could also be expected, as the relative change in
g was generally greater than for GPP (see Table 1), which could
lead to an increase in W,. Indeed, W, values showed a strong
increase during hamsin in the intermediate SWC range, a lower
increase at high SWC, but little change in the driest conditions
(Table 1). Such variations in W, values reflect a differential
response to heat waves between canopy conductance and carbon
fluxes, associated with the sensitivity of the carbon fluxes to fac-
tors other than g (e.g. light, temperature, metabolic signals).
Generally, on daily to annual timescales, GPP tended to remain
proportional to transpiration, which resulted in a relatively con-
stant W and W on these timescales (Law ezal, 2000, 2002).
However, other studies, particularly those that examined
Mediterranean ecosystems, also reported a decrease in W under
low SWC (Reichstein ez al., 2002) or high VPD (Moriana ez al.,
2002).

Differential response to air and soil moisture

The intense but short-term changes during hamsin events (Fig. 1)
involved large changes in atmospheric parameters, such as VPD,
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but negligible changes in soil moisture content on the relevant
timescale (few days). However, the occurrence of hamsin events
throughout the seasonal drying period at different SWC values
provided the opportunity to examine the interactions of the
atmospheric (VPD) and soil (SWC) factors on limiting ecosys-
tem activities on the longer timescale (seasonal).

A decrease in the sensitivity of ecosystem variables to VPD as
soil dries up has been reported previously(Oren eral, 1999;
Addington ez al., 2004; Gu ez al., 2006; Maseyk, 2006). Here, we
examine the interactions of VPD and SWC as reflected in the
dependence of the slopes of the linear best-fit lines of dX/dVPD
on soil moisture, (where X'is a specific ecosystem variable; Fig. 5).
The observed dNEE/dVPD and dGPP/dVPD showed direct
dependence on soil moisture (Fig. 5a,b), with decreasing sensitiv-

ity (decreasing slope) of ANEE/dVPD and dGPP/dVPD with
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decreasing soil moisture (relatively low R values reflect the rela-
tively small fluxes and their sensitivity to a wide range of factors).
This dependence was stronger for SWC at the depths of 5 and
15 cm than for SWC at 30 cm (only data for 15 cm are shown).
These observations clearly demonstrated that as the soil dries out,
soil moisture availability becomes the dominant factor, over
VPD, in limiting ecosystem activities, with most functions ulti-
mately becoming insensitive to VPD.

The interactions of the water fluxes, ET and 7, with VPD and
SWC were more complex. As noted earlier, under high soil mois-
ture conditions, ET reflects the effects of VPD on soil evapora-
tion. This can explain the observations reported in Fig. 5(d),
showing increased sensitivity of ET to VPD with increasing soil
moisture. By contrast, 7}, represented by measured sap flow, is
influenced by the interactions of g and VPD noted earlier.
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observation (medians per soil water content (SWC) interval; error bars
represent quartiles). A negative span indicates that mean values under the
hamsin are higher than those before and after the event.

Consequently, the dQ/dVPD slope was generally lower than
dET/dVPD, as well as its response to soil moisture (Fig. 5c). Sap
flow exhibited a weak response to VPD on a daily timescale
(Fig. 6a), but a strong bimodal response to changes in SWC
(Fig. 6b). As expected, daily sap flow increased with water avail-
ability, but only up to about an SWC of 22%. Under conditions
of SWC>22%, corresponding to the wet season and character-
ized by more cloudy weather, sap flow exhibited a negative
response to an increase in SWC (Fig. 6b). This is explained by
the effects of the decreasing light intensity on stomatal conduc-
tance and g. This is consistent with the general correlation
between transpiration and GPP under nonstressed conditions.
GPP at our site had already been shown to be light-dependent,
with the light saturation at photosynthetically active radia-
tion> 1200 pmol m *s~" (Maseyk eral, 2008a). Indeed, the
correlation coefficient between daily sap flow values and net radi-
ation was 0.21 for SWC <22% in the summer, when saturating
light intensity prevailed, but increased to 0.60 for SWC>22% in
the winter, when light intensities were much lower and variable.

Note that on the seasonal timescale, the same range of VPD
values could have very different effects on ecosystem activities,
supporting the idea that the effect of SWC shown in Fig. 5 is not
simply a consequence of the possible correlation between SWC
and VPD (i.e. dry conditions associated with high VPD and vice
versa).

Based on these results, we concluded that on daily to seasonal
timescales, changes in daily transpiration were strongly (and
almost exclusively) dominated by soil moisture availability. The
interactions of Q or 7; with VPD were apparently important pri-
marily on the short, houtly, timescales (not shown), consistent
with the idea that stomata optimize the time and extent of carbon
uptake with respect to light and VPD, while preventing water
stress damage.

Interactions between air and soil moisture effects on ecosystem
activities were also noted recently in an irrigation study con-
ducted in a semiarid ponderosa pine stand (Ruehr ezal., 2014).
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This study showed a strong correlation between midday sap flow
and soil moisture, independent of VPD, and a strong dependence
of canopy conductance on both soil moisture and VPD. Both of
these results were consistent with our observations. These authors
also found that GPP and NEE were influenced both by summer
temperatures and VPD (—=17% and —38%, respectively) and by
a reduction in summer precipitation (—9% and —85%, respec-
tively), indicating strong interacting effects of both atmospheric
(VPD) and soil (precipitation) factors. Our results, although
qualitatively similar, may not be quantitatively comparable to this
other study because of the large differences in experimental setup
and climatic conditions between the two ecosystems.

Prediction of NEE based on hamsin data

The combination of a strong ecosystem response to large changes
in the environmental conditions and the fast and full reversibility
of the response offers an unusual testbed for developing predic-
tive algorithms. Based on the dependence of the ecosystem fluxes
on VPD and the flux sensitivity to seasonal changes in the SWC,
we tested our ability to forecast NEE over the annual cycle. We
performed regression analysis of NEE using two equations as fol-

lows:
NEE = (4 + 6SWC) + (2, + 5,SWC) - VPD, Eqn 6
and
NEE = [(4 + 6;SWC) + (a2 + 5SWC) - VPD] Eqn 7
1 —exp(=b3(R, — 0))].
Eqn6 was applied only to the midday values

(Rg>200Wm_2) to minimize the effects of large variations in
radiation. Eqn7 was applied to the entire daytime period
(Ry>5 W m™?) and also accounted for the NEE light response
curve (last term of the equation). Each equation was applied both
to the entire data set for the 10 yr study period and to the hamsin
events only during that same period.

Eqn 6 yielded a linear correlation between the measured and
predicted NEE values, with R values of 0.60 and 0.59 for the
entire data set and for the hamsin days only, respectively. Using
Eqn 7, the regressions yielded higher & values of 0.67 and 0.65
for the hamsin days and the entire dataset, respectively (possibly
as a result of better accounting for diurnal cycle effects). We then
used the fitted parameters for Eqns 6 and 7 that were obtained
for the hamsin days only to test the NEE forecast capabilities
across the entire data set. Using Eqn 7, the prediction based on
the parameters from the hamsin days only resulted in an almost
identical correlation coefficient to that obtained when using the
fitted parameters on the entire data set. In both cases, the pre-
dicted NEE values were within the range of the observed values
(not shown). These results suggest that the response mechanisms
to the short-term heat waves are not different from the general
response to seasonal and interannual variations in the local semi-
arid environmental conditions. The results also indicate that the
short-term  hamsin events could represent the range of
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Fig. 5 Dependence of net ecosystem carbon exchange (NEE; a), gross primary productivity (GPP; b), sap flow (Q; ¢), and evapotranspiration (ET; d)

sensitivity to vapor pressure deficit (VPD) (slope of linear correlation) on the soil water content (SWC) at different depths (depths with the best dependence
were selected) along the seasonal cycle. All slopes were calculated for daytime values (Rg>200 W m~2). For the NEE and GPP, only data with R? values for
corresponding dependences on VPD above 0.4 were used (53% and 46% of hamsin events, respectively). For ET and Q, the R? threshold was 0.1 (55% of

hamsin events with the available data).

environmental variations that would otherwise require a much
longer observation period.

Effects of hamsins on annual NEE

The strong reduction in carbon uptake (NEE or GPP; Fig. 1)
during hamsin events, combined with the high frequency of such
events at the peak activity period (Fig.2) implies that the fre-
quency and intensity of the events could significantly influence
the annual productivity of the forest. By contrast, the high degree
of resilience greatly reduces the extent of the hamsin effects and
allows maximum productivity (NEE), even when intervals
between events are short.

To assess the combined effects of heat waves and resilience on
the annual carbon budget of the forest, the relative difference
between the actual mean annual NEE was compared with the
mean NEE assuming that no hamsin events had occurred,
according to:

NEE — NEE*
"= % Eaqn 8

NEE* and NEE are the annual net CO, exchange flux excluding
or  including  hamsin  days,  respectively,  where:
NEE* = Fno hamsin * (Nhamsin + Nno hamsin); and NEE = Fno hamsin*
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Naohamsin + Fhamsin * Nhamsin and where NV and F are the number
of daysyr ' and the mean daily net CO, flux (during hamsin or
not, as indicated), respectively. The effects on the GPP were esti-
mated in a similar way.

This analysis indicated that annual average NEE and GPP
during the study period were reduced by the hamsin events
by 15.4% and 4.2%, respectively (in total, hamsin days con-
stituted 10.4% of the study period). Note, however, that for
NEE and GPP fluxes of —44.4 and
—159.1 mmol m~*d ™", respectively, the percentage differences
translate to a similar quantity of 6.8 and 6.7 mmolm *d .
Remembering that NEE=GPP + R, the results indicate that,
on average, hamsin events influenced predominantly GPP, the

the average

leaf photosynthetic CO, flux. The proportionally large effects
on NEE reflect the fact that it is a small residual flux of two
large opposing fluxes of GPP and R, and, accordingly, annual
R. did not change significantly as a result of hamsin effects
(annual average R. was 115 mmol m 2d~", both including
and excluding hamsin events). Finally, we note that the
annual-scale analysis can also be used to assess the importance
of the resilience component. For example, extending hamsin
events by 3d on average during the wet season (February—
May) would decrease annual NEE by ¢ 28% compared with
the no-hamsin scenario (with a smaller effect during summer
when fluxes are small).
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It is generally accepted that major episodic heat waves in tem-
perate regions lead to large decreases in ecosystem productivity
(Baldocchi, 1997; Ciais et al., 2005; Reichstein et al., 2013). Fur-
thermore, after droughts, forests often require long recovery peri-
ods (from months to several years). In particular, heat waves and
droughts can result in irreversible photoinhibition, mortality of
foliage, branches or entire trees, and enhanced pest attacks,
among other types of damage to the forest (Brodribb, 1996;
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20 15 The inserts represent medians and quartiles
of sap flow daily totals by VPD (a) and SWC
(b) classes.

Reichstein ez al., 2013; Saatchi ez al., 2013), including irreversible
changes in forest composition (Cavin ezal., 2013). Our results
have shown that in the case of the pine ecosystem adapted to
semiarid conditions (Weinstein, 1989; Rotenberg & Yakir, 2010;
Schiller, 2011), a high degree of resilience was achieved, with
rapid full recovery and no irreversible damage associated with the
short but intense heat wave events, with the highest frequency
during the short peak activity period. We suggest that this
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resilience is probably a key to the survival and productivity of the
forest in a harsh environment, which may become the prevalent
environment in many currently wetter regions. The results of this
study also demonstrate the utility of short-term heat waves in
studying the response of forest ecosystems to stress and in separat-
ing the effects of atmospheric (VPD and temperature) factors
from those of the soil (SWC).
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