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Abstract
In this study the sensitivity of peach tree (Prunus persica L.) to three water stress levels

from mid-pit hardening until harvest was assessed. Seasonal patterns of shoot and fruit

growth, gas exchange (leaf photosynthesis, stomatal conductance and transpiration) as

well as carbon (C) storage/mobilization were evaluated in relation to plant water status. A

simple C balance model was also developed to investigate sink-source relationship in rela-

tion to plant water status at the tree level. The C source was estimated through the leaf area

dynamics and leaf photosynthesis rate along the season. The C sink was estimated for

maintenance respiration and growth of shoots and fruits. Water stress significantly reduced

gas exchange, and fruit, and shoot growth, but increased fruit dry matter concentration.

Growth was more affected by water deficit than photosynthesis, and shoot growth was

more sensitive to water deficit than fruit growth. Reduction of shoot growth was associated

with a decrease of shoot elongation, emergence, and high shoot mortality. Water scarcity

affected tree C assimilation due to two interacting factors: (i) reduction in leaf photosynthe-

sis (-23% and -50% under moderate (MS) and severe (SS) water stress compared to low

(LS) stress during growth season) and (ii) reduction in total leaf area (-57% and -79% under

MS and SS compared to LS at harvest). Our field data analysis suggested aΨstem threshold

of -1.5 MPa below which daily net C gain became negative, i.e. C assimilation became

lower than C needed for respiration and growth. Negative C balance under MS and SS as-

sociated with decline of trunk carbohydrate reserves –may have led to drought-induced

vegetative mortality.

Introduction
Water scarcity impacts various plant physiological processes and functions. These effects can
be observed at various plant scales from the organs up to the whole plant. Water deficit affects
shoot growth as well as fruit development [1]. Vegetative growth is highly sensitive to water
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deficit and can be reduced by drought—even more than fruit growth [1,2,3]. On the contrary,
several studies have shown that root growth is less sensitive to water deficit than shoot and
fruit growth [4]. In addition to growth reduction, water deficit increases the concentration of
pulp soluble solids and dry mass content of fruits, through the reduction of water accumulation
[5]. Two hypotheses have been suggested dealing with tree growth reduction under drought
conditions [6]. One is associated with a reduction in carbon (C) acquisition. Responses such as
transpiration reduction and photosynthetic limitation associated with stomatal closure have
been documented for many trees [7]. The second hypothesis is associated with the hydraulic
constraints limiting the cell expansion through a decrease in cell turgor [8]. When water ab-
sorption through the roots fails to keep up with transpiration, then loss of relative water con-
tent, decline of water potential and loss of turgor occur. The initial response of plants to water
stress is growth reduction, even before any decrease in assimilation [9].

Water stress effects on plant phenology, growth and photosynthesis capacity could lead to a
large effect on the C balance at the tree level. Under water stress conditions, tree C supply by
photosynthesis and C demand by respiration and growth are not necessarily affected to the
same extent [6]. Thus tree C reserves, key resource for bud-break to leaf area development,
could be partially or totally depleted and led to questioning long-term tree’s growth, durability
and survival [10]. Unlike forest trees, functioning and C economy of fruit trees under drought
and high temperature conditions have rarely been studied. Both drought and high temperature
can disrupt life processes and almost lead the tree to drought-related mortality [11,12].

In this research, we conducted a water stress experiment on a late-maturing peach (Prunus
persica L.) under Iranian semi-arid climate conditions—low rainfall, high temperature and
vapor pressure deficit and a maximum daily potential evapotranspiration as high as 15 mm. In
this study, an insight into the sensitivity of various processes/organs to water deficit is provided
with specific focus on (i) water relations, (ii) gas exchange, (iii) vegetative growth and mortali-
ty, (iv) fruit development, and (v) daily tree C balance and C gain. We hypothesized that the
balance between C demand and C supply changed as drought intensified, resulting in possible
C resource limitation. That assumption has been quantified by the daily C balance approach
and discussed in the light of our experimental findings. A relationship between tree water sta-
tus and tree C balance was also established, to indicate the progressive imbalance between C as-
similation and C demand. This relationship can be extremely useful in irrigation management
for peach orchards.

Materials and Methods

Study site and plant material
This study was conducted during 2011, in Shahdiran commercial orchard, Golmakan, Iran
(36° 29´ N, 59° 17´ E, around 1176 m above sea level). The orchard soil is sandy loam (64.0%
sand, 30.0% silt) with pH 7.51 and 2.5 m soil depth. The average annual rainfall is about
212 mm. The maximum daily vapor pressure deficit was about 5.8 kPa and the maximum
temperature ranged between 23°C and 38°C, at solar noon over the study period. Rainfall and
reference evapotranspiration (ETp) were monitored near the orchard at Golmakan’s meteoro-
logical station (Fig 1A). The commercial orchard belongs to Shahdiran Company which has an
agreement for research cooperation with Ferdowsi University of Mashhad and gave us permis-
sion to conduct the study on this site. Therefore, no specific permissions were required for
these locations. The field studies did not involve endangered or protected species.

The vigorous growing eight-year-old ‘Elberta’ peach trees grafted on G.H.Hale seedling
rootstocks were selected. The trees were spaced 4 × 5 m apart. Trees were managed according
to commercial practices for fertilization, pest and weed control and hand thinning was done
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before employing any treatment, leading to a crop load of about 280 fruits per tree. Irrigation
treatments were arranged in randomized complete block design with four replicate blocks per
treatment. Each treatment plot consisted of 3 sub-blocks, each containing 3 trees. The mea-
surements (plant water status, growth and composition, and gas exchange) were made on the
central trees (4 trees per treatment) and the other trees were considered as guard trees. More-
over, root excavations were carried out, indicating that roots were mainly located near the drip-
per-line (50 cm from the rank) and that no root was crossing the inter-rank, due to severe
drought and very low precipitation (data not shown).

Irrigation was carried out according to conventional irrigation applied in commercial or-
chards using a drip irrigation system with two lateral pipes per tree row and 6 emitters per
plant. Accordingly, it was scheduled at 5 days per week for 3 hours each day. Each emitter

Fig 1. Diurnal courses of environmental conditions and water deficit intensity. (A) Air temperature, rainfall and reference evapotranspiration, ETp at the
Golmakan meteorological station, Iran; (B) water deficit for different irrigation treatments during the 2011 growing season

doi:10.1371/journal.pone.0120246.g001
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delivered 8 L h-1 (low stress, LS—in other words, conventional irrigation), 4 L h-1 (moderate
stress, MS) and 2 L h-1 (severe stress, SS) for the lowest-to-highest drought stress, respectively.
Crop evapotranspiration (ETc) was calculated by multiplying ETp by the crop coefficient (Kc),
in which the latter depends upon crop growth stages [13]. The soil water balance was estimated
at full bloom depending upon the soil texture, soil water content and rooting depth [13]. Soil
stored water and supplied water by precipitation and irrigation under different treatments
compared to cumulative ETc during the growing season were used to estimate the water deficit
(Fig 1B). Accordingly, the trees grown under conventional irrigation (LS) were subjected to no
stress until mid-July and reached a water deficit of 30% at harvest (Fig 1B; Table 1), in other
words the water supply was 30% less than cumulative ETc. The water deficit rose to 53% and
64% at harvest for MS to SS modalities, respectively, and was imposed 2–3 weeks earlier than
that of LS modality.

Tree water status
Leaf water potential were measured at predawn (on August 13, 21 and 25 and September 8)
and midday (June 23 and 27, July 15 and 24, August 13, 21 and 25 and September 8) using a
pressure chamber (ELE, U.K.) on 3 fully expanded mature leaves—exposed to direct solar radi-
ation—per tree (i.e. 12 per treatment). Early in the morning on August 13 and 21 and Septem-
ber 8, leaves were enclosed in plastic bags covered with aluminum foil for the measurements of
stem water potential.

Gas exchange measurements
Under clear-sky conditions, leaf assimilation (on June 23, July 1, 15 and 24, August 1, 13 and
25 and September 8 and 23) and transpiration (on June 23, July 1, 15 and 24 and August 1 and
13) were determined using a portable gas exchange system, LCA-4 ADC (Analytical Develop-
ment Company, Hoddeson, England). Stomatal conductance and leaf temperature were com-
puted on June 23 and 26, July 1, 15 and 24, August 1, 13, 21 and 25 and September 8 and 23
using Decagon SC-1 Leaf Porometer (Pullman, Washington). Measurements were taken on
three fully-exposed upper-canopy leaves per tree, between 10 am and solar noon.

Shoot and fruit growth measurements
A sample of 10 fruit bearing shoots (FBS) per tree that represented about 12% of the total num-
ber of FBS was selected from within the tree crown for measurements of leafy shoots and fruits
growth. On each FBS, the number of leafy shoots and fruits were recorded, and the length of
leafy shoots and the cheek diameter and height of fruits were measured every week from

Table 1. Monthly water balance components: crop evapotranspiration (ETc), Sum of rainfall, irrigation and soil supply for different irrigation treat-
ments in the 2011 growing season.

Sum of rainfall, irrigation and soil supply (mm)

Month ETc (mm) Low stress Moderate stress Severe stress

Apr 6 94 94 94

May 80 306 306 306

June 254 469 422 397

July 604 632 507 442

Aug 950 790 588 482

Sep 1154 909 649 514

doi:10.1371/journal.pone.0120246.t001
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blooming stage to harvest. Shoot length was converted to dry mass based on an allometric rela-
tionship derived from data collected between 2011 and 2012. During the growing season up to
harvest (6 dates), three fruits per tree (i.e. 12 per treatment) were sampled in order to deter-
mine the fresh mass, dry mass (oven dried at 70°C) and dry matter content.

Fruit relative growth rate (RGR) was calculated as:

RGR ¼ ð1=vÞðdv=dtÞ ð1Þ
where v and t represent fruit volume and time, respectively. The peach fruit volume was calcu-
lated from mean fruit diameter assuming that the fruit was sphere.

At harvest, all leaves on a scaffold were collected and weighed to estimate total leaf fresh
weight. Leaf area was measured with an area meter (LI-3100C model) for five samples of
20 g of leaves per treatment. Samples were then oven-dried at 60°C for at least two days, and
their dry weights were determined, in order to assess specific leaf area (SLA, cm2 g-1), and
leaf dry matter content (LDMC, g 100g-1). Scaffold leaf area was estimated by multiplying
total leaf fresh weight per scaffold by leaf dry matter content (LDMC) and by specific leaf
area (SLA). An allometric relationship between shoot length and leaf area were estimated.
Leaf thickness (LT) was calculated based on SLA and LDMC (cm) at one unit of the leaf
fresh density [14]:

LT ¼ ðSLA� LDMCÞ�1 ð2Þ

Trunk carbohydrate measurements
At harvest, three samples of trunk outer bark tissue (down to the wood) per tree (i.e. 12 per
treatment) were collected. All trunk samples were immediately placed in liquid nitrogen,
stored at -20°C, freeze-dried and grounded in liquid nitrogen. Glucose, fructose, sucrose,
sorbitol and starch were extracted, and enzymatic analyze were carried out using a micro-plate
reader [15].

Tree carbon balance
A simplified source/sink approach was used to estimate tree carbon (C) balance. C source at
the tree level was calculated using the measured leaf area dynamics and leaf photosynthesis rate
during the season. The C source was scaled up by multiplying sunlit leaf photosynthesis rate by
a reducing factor—relating to light attenuation within the canopy—previously observed in
peach trees [16]. Based on the shoot and fruit growth measurements during growing season,
the carbohydrate need for maintenance respiration and growth was estimated. The mainte-
nance respiration is proportional to the dry mass, a maintenance respiration rate and a Q10
law to incorporate the effect of temperature [17]. The growth cost (respiration and dry biomass
accumulation) was estimated using a growth efficiency parameter for leafy shoots [18] and for
fruits [19]. The C concentration was 42% of the dry mass for the vegetative part [20], and
47.5% for the fruit [19]. Daily net C gain was computed as the daily difference between C
source and C maintenance, and growth costs [21].

Data analysis
All statistical analyses were made using R 2.15.0 software (R Development Core team, 2010).
The comparison of mean values for the three irrigation levels was made by one-way ANOVA,
followed by the Fisher’s least significant difference (LSD) test at the significant level of 0.05.
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Results

Tree water status
The different irrigation modalities significantly affected the plant water status. The SS treat-
ment reached lower predawn water potential values than the LS and MS treatments (Fig 2A),
except on the 25th of August which coincided with rain occurrence. From the 23rd of June on-
wards, i.e. less than 11 days after the treatment started, the SS midday leaf water potential was
significantly lower than that of LS (Fig 2B). Significant difference between the LS and the MS
treatment (Fig 2B) was observed 70 days after the treatment onset. The midday stem water po-
tential significantly differed between the irrigation treatments at most of the measuring dates

Fig 2. Evolution of tree water status under different irrigation levels. (A) Predawn water potential, midday (B) leaf and (C) stem water potential and (D)
stem to leaf water potential difference. Abbreviations: LS = low stress, MS = moderate stress and SS = severe stress treatment. Data are mean values of 12
replicates ± standard error. Differences between the irrigation treatments were either significant at P< 0.10 (*), P< 0.05 (**) or P< 0.01 (***) or non-
significant (NS) on each sampling date.

doi:10.1371/journal.pone.0120246.g002
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(Fig 2C). The stem to leaf water potential difference greatly decreased and it reached almost
zero under MS and SS treatments (Fig 2D).

Leaf gas exchanges
The leaf gas exchanges were significantly affected by the irrigation treatments. Indeed, the pho-
tosynthesis, stomatal conductance and transpiration were reduced by up to 25% for trees
under MS compared to trees under LS treatment, during the season (Fig 3A, 3B and 3C). The
reduction in gas exchange was up to about 50% for trees under SS compared to the trees under
LS treatment (Fig 3A, 3B and 3C).

Gas exchange versus midday leaf water potential
Stomatal conductance and leaf assimilation were plotted as a function of midday leaf water
potential (Cmidday) (Fig 4A and 4B). Stomatal conductance and leaf assimilation reduced
more than 50% whenCmidday decreased from -1.4 to -2 MPa. However, additional decrease
inCmidday (values lower than -2 MPa) only led to a slight decrease in stomatal conductance
and leaf assimilation. Fig 4B also shows that leaf assimilation values of LS trees were always
lower than maximum photosynthesis values previously calculated for peach trees [22]. Leaf as-
similation is in association with stomatal conductance (Fig 4C), and maximum rate of leaf as-
similation was achieved at the highest stomatal conductance. However, for a given stomatal
conductance, leaf assimilation of MS and SS trees was lower than that of LS trees (Fig 4C).
Although there was a tendency for leaf transpiration to increase with increasing stomatal con-
ductance, the transpiration rate reached a plateau against stomatal conductance greater than
40 mmol m-2 s-1 (Fig 4D).

Vegetative growth
For LS trees, the mean shoot length growth duration was about 100 days since the vegetative
bud-break, whereas it was shortened by 24 days and 60 days for the MS and SS compared
to LS, respectively. Shoot length (Fig 5B) of LS trees rapidly increased from the end of fruit
set and then reached a plateau. Significant reduction in shoot length growth occurred from
42 days (Jul 24th) and 15 days (Jun 27th) after the treatment onset for the MS and the SS trees
compared to LS trees, respectively. Furthermore, shoot relative growth rate (RGR) was signifi-
cantly declined during the main growth stage (Fig 6B). At fruit harvest, the mean shoot length
for MS and SS trees was, respectively, 44% and 72% shorter than that of LS trees.

The seasonal pattern of leafy shoot emergence of LS trees exhibited a two-step increase
followed by the complete halt of leafy shoot emergence (Fig 5A). The irrigation levels had sig-
nificant effects on the emergence of leafy shoots on the FBS. Two and a half month after the
treatment onset, the total number of new leafy shoots on the FBS for MS trees only represented
36% of that of the LS trees. For SS trees, no shoot emerged on the FBS throughout the season.

Shoot mortality was monitored due to water stress (Fig 5C). Up to about 7% and 19% of
previously emerged leafy shoots were died three months after treatment onset for MS and SS
trees, respectively (Fig 5C).

Specific leaf area (Table 2) declined by 10% for MS trees and up to 31% for SS trees com-
pared to LS trees. The leaf dry matter content (LDMC) of SS trees was about 30% greater than
that of LS trees, but no significant increase in LDMC was observed for MS trees. At harvest,
the leaves of MS and SS trees were respectively, 7% and 10% thicker than those of LS trees
(Table 2). Such an impact of water deficit on shoot emergence, growth and mortality led to a
large reduction in the tree leaf area (LA). The LA of MS and SS trees at harvest were only 43%
and down to 19% of that of LS trees (Table 2) respectively. Leaves on axillary shoots (sylleptic
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Fig 3. Evolution of the leaf gas exchange under different irrigation levels. (A) Assimilation, (B) Stomatal
conductance and (C) Transpiration. Data are mean values of 20 replicates ± standard error. Labels and
statistics are described in Fig 2.

doi:10.1371/journal.pone.0120246.g003
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ramification) and watersprouts contributed to 54% of the total LA at harvest in LS trees but
only to 23% in SS trees. Leaf dry weight (LDW) of MS and SS trees was only from 47% down to

Fig 4. Relations between tree water status and leaf gas exchanges. (A) Relations between stomatal conductance and midday leaf water potential, (B)
Relations between leaf assimilation and midday leaf water potential (C) Relations between leaf assimilation and stomatal conductance and (D) Relations
between leaf transpiration and stomatal conductance. Each point represents the average of 3 measurements on a tree. Labels and statistics are described in
Fig 2. In B, the dotted line indicates the predicted values of maximum photosynthesis from Ben Mimoun et al. equation [22]. All curves are smoothed fits of the
data points using the ‘lowess’method (R Development Core team, 2010).

doi:10.1371/journal.pone.0120246.g004
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Fig 5. Evolution of the vegetative growth under different irrigation levels. (A) Emergence of shoots on
the FBS since treatment onset. (B) Shoot length growth since treatment onset. (C) Shoot mortality. Data are
mean values of 40 replicates ± standard error. Labels and statistics are described in Fig 2.

doi:10.1371/journal.pone.0120246.g005
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Fig 6. Dynamic changes of relative growth rate (RGR) under different irrigation levels. (A) Fruit RGR. (B) Shoot RGR. Data shows mean
values ± standard error. Labels and statistics are described in Fig 2.

doi:10.1371/journal.pone.0120246.g006

Table 2. Leaf dry matter content (LDMC), specific leaf area (SLA), leaf thickness (LT) and leaf dry weight (LDW) and area per peach tree (LA) at har-
vest for different irrigation treatments.

Treatment LDMC (g 100g-1) SLA (cm2 g-1) LT (×10–2 cm) LDW per tree (g) LA per tree (m2) Proportion of LA on
axillary shoots and
water sprouts (%)

Low stress 26.78 ± 2.28 b 157.57 ± 1.12 a 2.57 ± 0.31 b 1880 ± 152 a 29.5 ± 2.4 a 54 ± 5 a

Moderate stress 27.65 ± 1.64 b 142.83 ± 0.78 ab 2.68 ± 0.18 b 888 ± 73 b 12.8 ± 1.0 b 32 ± 9 ab

Severe stress 34.91 ± 2.13 a 108.92 ± 0.98 b 2.76 ± 0.17 a 500 ± 85 c 5.6 ± 0.9 c 23 ± 8 b

Data shows mean values of twelve replicates ± standard error. In each column, values with the same letter are not significantly different.

doi:10.1371/journal.pone.0120246.t002
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27% of that of LS trees, respectively (Table 2). Such a larger decrease in LA compared to LDW
under SS shows that an increase in drought intensity affected growth per unit surface severer
than that per unit dry mass.

Fruit growth
The reduction of fruit growth started 15 days after the treatment onset, which at harvest re-
sulted in reduction of fruit volume by 34% and 56% on MS to SS trees compared to that of LS
trees, respectively (Fig 7A). LS fruit dry matter content (DMC) decreased throughout fruit
growth from 19% to 15% of fresh weight (Fig 7B). The fruit DMC of SS trees was significantly
increased compared to LS trees on most sampling dates. At harvest, fruit dry matter content in-
creased by 7% for MS and 11% for SS fruits compared to that of LS fruits (Fig 7B). In contrast
to the seasonal pattern of shoot RGR which showed a gradual decrease throughout the season
(Fig 6B), fruit RGR showed a typical pattern with two large growth periods, suspended during
the pit hardening stage (Fig 6A). The Fruit RGR under SS was significantly lower than that of
LS from one month after the treatment onset until harvest.

Tree carbon balance and trunk carbohydrate contents
Fig 8A and 8B shows the dynamic changes of net carbon (C) gain throughout the season for
trees grown under the different irrigation levels. The daily net C gain is always negative until
the leaf area is established, coinciding with mid-pit hardening, which means that previously
stored C is used for growth. Afterward it greatly increased from zero and reached about an av-
erage of 19 g day-1 for LS trees, while it did not increase much above zero for SS trees (Fig 8A).
LS trees accumulated excess C from about two months before harvest. Cumulative C balance
was greatly affected by the water stress intensity, and the C balance was always negative under
MS and LS treatments (Fig 8B). Daily net C gain decreased linearly with decreasing midday
stem water potential. The daily C balance is null for a threshold of -1.5 MPa (Fig 8C). Below

Fig 7. Evolution of the fruit growth under different irrigation levels. (A) Fruit volume. (B) Fruit dry matter content. Data shows mean values ± standard
error. Labels and statistics are described in Fig 2.

doi:10.1371/journal.pone.0120246.g007
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this threshold, the daily C balance is negative. Such negative C balance indicates that carbohy-
drates were retrieved from storage organs in order to sustain the C demand for the organs’
growth and respiration. Compared to LS trees, MS and SS trees starch concentration decreased
by 34% and 52% respectively. Among the non-structural carbohydrates (NSC) in the trunk
(Table 3), sorbitol was not significantly affected by the irrigation treatment, whereas glucose
and fructose decreased by about 19% and 12%, for SS compared to LS, respectively. The de-
crease in both starch and total soluble sugars led to a significant decrease in total
NSC concentrations.

Discussion
In this study severe drought affected the plant water status through the reductions of stem, and
leaf water potentials. These results are in agreement with Besset et al. [23]. Furthermore, the re-
duction of stem water potential was larger than the reduction of leaf water potential. This is
consistent with other reports indicating that midday stem water potential is a better indicator
of tree water status than midday leaf water potential [24,25]. The water deficit reduced the
stem to leaf water potential difference. Since the movement of water from the stem to the leaf is
driven by the stem to leaf water potential difference, the results of this study indicate that the
water flow to the leaf was severely to totally blocked for SS trees. These observations are in
agreement with severe reductions in leaf transpiration measurements as drought intensified.

Peach maximum leaf photosynthetic potential is around 20–22 μmol m-2 s-1 [22,26]. How-
ever, in our experiment, it did not increase above 12 μmol m-2 s-1 in LS trees during the season.
Furthermore, stomatal conductance was low (less than 100 mmol m-2 s-1) compared to other
studies [7]. Such low leaf assimilation and stomatal conductance could be due to the low leaf
water potential measured in our study, even for the LS modality. Decreased leaf assimilation
and transpiration associated with limited stomatal conductance have previously been reported
for fruit trees under drought [5,27,28] and it has been concluded that the reduction in leaf as-
similation during a drought is probably due to stomatal closure occurring when leaf water po-
tential declines below a threshold value. However, greater leaf assimilation for LS trees than for
SS trees for a given stomatal conductance suggests another limiting factor. In the field, heat
stress often accompanies water deficit through the limitation of the transpiration rate and the
increase in leaf temperature (data not shown). This increase in leaf temperature could lead to a

Fig 8. Evolution of net carbon gain under different irrigation levels. (A) Daily net carbon gain. (B)
Cumulative net carbon gain. (C) Relationship between daily C gain and midday stem water potential. Labels
are described in Fig 2.

doi:10.1371/journal.pone.0120246.g008

Table 3. Non-structural carbohydrate (NSC) concentrations of peach trunk after harvest for different irrigation treatments.

Concentration (g 100g-1 of dry weight)

Carbohydrate Low stress Moderate stress Severe stress

Sorbitol 1.39 ± 0.05 a 1.38 ± 0.02 a 1.40 ± 0.04 a

Glucose 3.02 ± 0.13 a 2.69 ± 0.12 ab 2.42 ± 0.12 b

Fructose 3.24 ± 0.09 a 3.00 ± 0.06 ab 2.83 ± 0.05 b

Total sugars 7.70 ± 0.21 a 7.30 ± 0.16 ab 6.75 ± 0.15 b

Starch 1.53 ± 0.20 a 1.01 ± 0.12 b 0.74 ± 0.08 b

Total NSC 9.26 ± 0.28 a 8.29 ± 0.27 b 7.49 ± 0.18 c

Data are mean values of twelve replicates ± standard error. Values followed by the same letter within a row are not significantly different.

doi:10.1371/journal.pone.0120246.t003
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decrease in the activation state of Rubisco, or impaired ATP synthesis, leading to photosynthe-
sis limitation [29,30]. Furthermore, mesophyll conductance to CO2 is a key variable for the
photosynthesis process, leading to possible limitation in the CO2 concentration to the chloro-
plast. Water deficit can induce a rapid reduction in mesophyll conductance [29,31] which leads
to reduction of photosynthesis by 20%-50%. Mesophyll conductance could be linked to leaf
structure [32,33]. Denser and thicker leaves with lower specific leaf area are likely to have lower
mesophyll conductance [31,34]. An increase in leaf dry matter content and thickness and an
associated decrease in the specific leaf area were observed in our study, as previously reported
under drought condition [35,36]. However, as leaf assimilation was more strongly affected by
water deficit than leaf transpiration, the decline in mesophyll conductance cannot be the only
limiting factor to reduce leaf assimilation, as it should similarly affect water and CO2 diffusion
within the mesophyll. Moreover, some studies have addressed the indirect effects of water defi-
cit on the limitation of leaf assimilation. Since growth is more severely affected than photosyn-
thesis [9], extra-assimilated carbon (C) is either stored as sugars or converted to starch for
storage. The accumulation of NSC has an impact on photosynthetic capacity through feedback
inhibition [8,37]. Therefore, with regards to the large growth decline under water stress in this
experiment, the decrease in leaf assimilation could also be related to a feedback inhibition of ac-
cumulated NSC in the leaves. Therefore, in association between leaf photosynthesis and
drought stress, leaf photosynthesis could be reduced in three ways: an increase in stomata and
mesophyll resistance, a rise in leaf temperature, and a negative feedback of stored carbohy-
drates within leaves.

Water deficit greatly reduced the shoot emergence on FBS, and especially during the end of
the fruit pit hardening. Indeed, SS trees showed no shoot emergence. Moreover, the leafy
shoots grown under water stress were shorter. Growth reduction appeared quickly after the
treatment onset under SS, and lasted until the end of the vegetative growth. Shorter duration of
vegetative growth and a lower relative growth rate of the shoots were associated with drought.
A shortened growth period and a slower radial growth rate for low soil water potential in
woody plants were reported [38]. Our results as reduction of shoot emergence and growth, are
in agreement with the finding of Hipps et al. [39] who showed that the shoot system architec-
ture of young peach trees was significantly affected by water availability. This is directly attrib-
uted to the decrease of water potential, rather than to the constraints on C availability [8,38].
However, other studies indicated that under prolonged drought, maintenance respiration was
maintained, while photosynthesis was severely reduced. This phenomenon probably resulted
in the carbohydrates limitations and thereby a decrease in organs growth [6,40,41].

Water stress had a large impact on shoot mortality. The injury was visible as a yellowing or
withering of the leaves, shriveling green fruits and drying of the wood. At the end of the vegeta-
tive growth, 20% of previously emerged leafy shoots on SS trees were dry. In contrast, water
deficit imposed during the harvest period on almond (Prunus dulcis) trees, had no effect on
spur mortality [42]. In this case, water stress occurred very late, long after completion of the
vegetative growth cycle, and thus did not impact shoot mortality. McDowell [11] has reviewed
the mechanisms of drought-induced mortality. Possible explanations rely either on (i) hydrau-
lic failure or (ii) C starvation or a coupling of both processes [11,43]. Hydraulic failure is linked
to xylem embolism, blocking the water flow within the xylem network [44] and thus the shoot
water supply. When C supply from photosynthesis and mobilization of NSC is lower than C
demand during respiration, it could lead to a large decrease in carbohydrate content which in-
duces shoot mortality. It has been suggested that higher temperature associated with drought
may result in a more rapid depletion of carbohydrate reserves associated with tissue mortality
[45]. Similar results were obtained in this study. A vulnerability curve for the embolism and
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native characterization of the percent loss of conductivity could help to determine the origin of
shoot mortality [12].

As drought intensified the reduction of leaf area (LA) was more than leaf dry weight (LDW)
per tree. Such results indicate the higher sensitivity of vegetative growth per surface unit com-
pared to growth per unit of dry mass. Such reduction of the LA has been already reported for
almonds and peach seedlings under water stress [2,27]. The reduction in LA was primarily
caused by a large reduction in shoot growth, but also by a decrease in shoot emergence and an
increase in shoot mortality. Similarly, the fruit volume was more affected than dry mass. Thus
fruit dry matter content (DMC) increased as drought intensified, which implies that water in-
flow to fruit was more restricted than carbohydrate import for SS trees. Similar results were re-
ported by Cui et al. [5].

Fruit dry mass of SS trees declined by 55% at harvest, whereas the leaves dry mass decreased
by 73%. Thus fruit growth is less sensitive to water deficit. The water stress appeared during
the fruit pit-hardening stage which is known to have very low sensitivity to drought [46].
Meanwhile, vegetative growth including shoot/leaf emergence and growth was still in progress,
leading to a larger effect on the vegetative growth. As drought intensified, the tree C acquisition
declined more than respiratory C loss, leading to limited tree C gain. The decrease in tree C ac-
quisition was partly associated with a decrease in leaf photosynthesis, but the primarily limiting
factor was the leaf area reduction. Our study demonstrated that SS led to a large depletion of
carbohydrates in the trunk, i.e. starch reserve decreasing by 52% and glucose and fructose by
19% and 12%. These trees had experienced extended periods of negative C balance. Interesting-
ly, sorbitol content, the main form in which C is translocated through phloem in the peach,
was not affected by the irrigation levels. The content of trunk NSC are consistent with those
were obtained by Da Silva et al. [47]. The depletion of C reserves in the trunk suggests that the
previously stored C has been remobilized to sustain the growth of the fruits, the shoots and the
root system in response to SS. For LS trees, the C balance was temporarily negative early in the
season until part of the leaf area was developed. In SS trees, the C balance is always negative,
even later in the season, leading to remobilization of the stored carbohydrates to meet above-
ground and root C demands [47]. Besides, the decrease in carbohydrate storage during the sea-
son may have dramatic consequences for the tree lifespan, since the stored carbohydrate will be
used for maintenance during winter and for bud burst and shoot growth the following spring
[10]. Long C deficit periods associated with a depletion of C reserves may be a possible cause of
drought-related vegetative mortality [11,48]. Drought-induced mortality due to decrease in
starch reserves in woody plants under drought stress has been reported. For example, loss of
starch in the roots of Norway spruce tree [40] or in the wood at collar of beech tree [49] which
was associated with subsequent root mortality and extensive defoliation, respectively. This
study data analysis showed a threshold midday stem water potential of -1.5 MPa below which
peach daily C balance was negative. It means that stem water potential should be maintained
higher than—1.5 MPa to prevent decrease of net C deficit. Such a threshold may be valuable in-
formation in order to manage irrigation under conditions of severe water scarcity.

Conclusions
Water availability is a crucial determinant of C assimilation and C allocation mainly through
altering organ emergence and growth within the tree. Water deficit affected tree C acquisition
primarily by reducing the leaf area, and subsequently through a reduction of the leaf photosyn-
thesis rate. The reduction in leaf area was mainly caused by the reduction in shoot growth, but
also by the prevention of shoot emergence, and the induction of shoot mortality. Under these
conditions, a midday stem water potential below a threshold of -1.5 MPa resulted in negative
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daily C balance. Such negative C balance associated with a depletion of carbohydrate storage
may result in drought-induced vegetative mortality. The results of this study also confirmed
that the vegetative growth was more strongly affected by water deficit than fruit growth. It
would be interesting to include these results into functional-structural models of tree growth
which have been developed for the peach tree [50,51] to provide more details of the whole-tree
functioning in relation to water deficit.

Acknowledgments
We would like to thank D. Bancel and E. Rubio for chemical analyses.

Author Contributions
Conceived and designed the experiments: MRMG GV. Performed the experiments: MR GHD
MGMBMA GV. Analyzed the data: MR GVMG. Contributed reagents/materials/analysis
tools: MR GHDMGMBMA GV. Wrote the paper: MR MG GV.

References
1. Romero P, Navarro JM, Perez-Perez J, Garcia-Sanchez F, Gomez-Gomez A, et al. (2006) Deficit irriga-

tion and rootstock: their effects on water relations, vegetative development, yield, fruit quality and min-
eral nutrition of Clemenules mandarin. Tree physiol 26: 1537–1548. PMID: 17169893

2. Egea G, Nortes PA, Domingo R, Baille A, Perez-Pastor A, et al. (2013) Almond agronomic response to
long-term deficit irrigation applied since orchard establishment. Irrig Sci 31: 445:454.

3. Yuan J, ZhanW, Dai Z, Zhao J, Li S (2009) Distribution of newly fixed 14C-photoassimilate under deficit
irrigation and half-root stress in peach trees. Plant Sci 177: 691–697.

4. Hsiao TC, Xu LK (2000) Sensitivity of growth of roots versus leaves to water stress: biophysical analy-
sis and relation to water transport. J Exp Bot 51: 1595–1616. PMID: 11006310

5. Cui N, Du T, Li F, Tong L, Kang S, et al. (2009) Response of vegetative growth and fruit development to
regulated deficit irrigation at different growth stages of pear-jujube tree. Agr Water Manage 96: 1237–
1246.

6. Sala A, Woodruff D, Meinzer F (2012) Carbon dynamics in trees: feast or famine? Tree Physiol 32:
764–775. doi: 10.1093/treephys/tpr143 PMID: 22302370

7. Higgins SS, Larsen FE, Bendel RB, Radamaker GK, Bassman JH, et al. (1992) Comparative gas ex-
change characteristics of potted, glasshouse-grown almond, apple, fig, grape, olive, peach and Asian
pear. Sci Hortic 1992: 313–329.

8. Woodruff DR, Meinzer FC (2011) Water stress, shoot growth and storage of non-structural carbohy-
drates along a tree height gradient in a tall conifer. Plant Cell Environ 34: 1920–1930. doi: 10.1111/j.
1365-3040.2011.02388.x PMID: 21722142

9. Muller B, Pantin F, Génard M, Turc O, Freixes S, et al. (2011) Water deficits uncouple growth from pho-
tosynthesis, increase C content, and modify the relationships between C and growth in sink organs. J
Exp Bot 62: 1715–1729. doi: 10.1093/jxb/erq438 PMID: 21239376

10. Jordan MO, Habib R (1996) Mobilizable carbon reserves in young peach trees as evidenced by trunk
girdling experiments. J Exp Bot 47: 79–87.

11. McDowell NG (2011) Mechanisms linking drought, hydraulics, carbon metabolism, and vegetation mor-
tality. Plant Physiol 155: 1051–1059. doi: 10.1104/pp.110.170704 PMID: 21239620

12. Choat B (2013) Predicting thresholds of drought-induced mortality in woody plant species. Tree Physiol
33: 669–671. doi: 10.1093/treephys/tpt046 PMID: 23878170

13. Allen R, Pereira L, Dirk R, Smith M (1998) Crop evapotranspiration guidelines for computing crop water
requirements. FAO Irrigation and Drainage Paper 56. Rome: Food and Agriculture Organization of the
United Nations.

14. Vile D, Garnier E, Shipley B, Laurent G, Navas ML, et al. (2005) Specific leaf area and dry matter con-
tent estimate thickness in laminar leaves. Ann Bot 96: 1129–1136. PMID: 16159941

15. Gomez L, Bancel D, Rubio E, Vercambre G (2007) The microplate reader: an efficient tool for the sepa-
rate enzymatic analysis of sugars in plant tissues—validation of a micro-method. J Sci Food Agric 87:
1893–1905.

Peach Shoot Growth and Mortality in Response to SevereWater Deficit

PLOS ONE | DOI:10.1371/journal.pone.0120246 April 1, 2015 17 / 19

http://www.ncbi.nlm.nih.gov/pubmed/17169893
http://www.ncbi.nlm.nih.gov/pubmed/11006310
http://dx.doi.org/10.1093/treephys/tpr143
http://www.ncbi.nlm.nih.gov/pubmed/22302370
http://dx.doi.org/10.1111/j.1365-3040.2011.02388.x
http://dx.doi.org/10.1111/j.1365-3040.2011.02388.x
http://www.ncbi.nlm.nih.gov/pubmed/21722142
http://dx.doi.org/10.1093/jxb/erq438
http://www.ncbi.nlm.nih.gov/pubmed/21239376
http://dx.doi.org/10.1104/pp.110.170704
http://www.ncbi.nlm.nih.gov/pubmed/21239620
http://dx.doi.org/10.1093/treephys/tpt046
http://www.ncbi.nlm.nih.gov/pubmed/23878170
http://www.ncbi.nlm.nih.gov/pubmed/16159941


16. Walcroft AS, Lescourret F, Génard M, Sinoquet H, Le Roux X, et al. (2004) Does variability in shoot car-
bon assimilation within the tree crown explain variability in peach fruit growth? Tree Physiol 24: 313–
322. PMID: 14704140

17. Grossman YL, DeJong TM (1994) Carbohydrate requirements for dark respiration by peach vegetative
organs. Tree Physiol 14: 37–48. PMID: 14967632

18. Penning de Vries F, Jansen D, ten Berge H, Bakema A (1989) Simulation of ecophysiological process-
es of growth in several annual crops. Wageningen, The Netherlands: Centre for Agricultural Publishing
and Documentation.

19. DeJong TM, Walton EF (1989) Carbohydrate requirements of peach fruit growth and respiration. Tree
Physiol 5: 329–335. PMID: 14972978

20. Lescourret F, Ben Mimoun M, Génard M (1998) A simulation model of growth at the shoot-bearing fruit
level I. Description and parameterization for peach. Eur J Agron 9: 173–188.

21. Zhao J, Hartmann H, Trumbore S, Ziegler W, Zhang Y (2013) High temperature causes negative
whole-plant carbon balance under mild drought. New phytol 200: 330–339. doi: 10.1111/nph.12400
PMID: 23822669

22. Ben Mimoun M, Lescourret F, Génard M (1999) Modelling carbon allocation in peach shoot bearing
fruit: simulation of the water stress effect. Fruits 54: 129–134.

23. Besset J, Génard M, Girard T, Serra V, Bussi C (2001) Effect of water stress applied during the final
stage of rapid growth on peach. Sci Hortic 91: 289–303.

24. Johnson RS (2008) Nutrient and water requirements of peach trees. In: Layne DR, Bassi D, editors.
The Peach: Botany, Production and Uses: CABI. pp. 303–331.

25. Mercier V, Bussi C, Lescourret F, Génard M (2009) Effects of different irrigation regimes applied during
the final stage of rapid growth on an early maturing peach cultivar. Irrig Sci 27: 297–306.

26. DeJong TM, Moing A (2008) Carbon assimilation, partitioning and budget modelling. In: Layne DR,
Bassi D, editors. The Peach: Botany, Production and Uses: CABI. pp. 244–263.

27. Centrito M, Lucas ME, Jarvis PG (2002) Gas exchange, biomass, whole-plant water-use efficiency and
water uptake of peach (Prunus persica) seedlings in response to elevated carbon dioxide concentration
and water availability. Tree Physiol 22: 699–706. PMID: 12091151

28. Rosati A, Metcalf S, Buchner R, Fulton A, Lampinen B (2006) Tree water status and gas exchange in
walnut under drought, high temperature and vapour pressure deficit. J Hortic Sci Biotech 81: 415–420.

29. Vico G, Porporato A (2008) Modelling C3 and C4 photosynthesis under water-stressed conditions.
Plant Soil 313: 187–203.

30. Egea G, Verhoef A, Vidale PL (2011) Towards an improved and more flexible representation of water
stress in coupled photosynthesis–stomatal conductance models. Agr Forest Meteorol 151: 1370–
1384.

31. Niinemets U, Dıaz-Espejo A, Flexas J, Galme J, Ẃarren CR (2009) Role of mesophyll diffusion conduc-
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