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Abstract

Drought is a major environmental constraint affecting growth and distribution

of plants in the desert region of the Inner Mongolia plateau. Caragana micro-

phylla, C. liouana, and C. korshinskii are phylogenetically close but distribute

vicariously in Mongolia plateau. To gain a better understanding of the ecologi-

cal differentiation between these three species, we examined the leaf gas

exchange, growth, water use efficiency, biomass accumulation and allocation by

subjecting their seedlings to low and high drought treatments in a glasshouse.

Increasing drought stress had a significant effect on many aspects of seedling

performance in all species, but the physiology and growth varied with species

in response to drought. C. korshinskii exhibited lower sensitivity of photosyn-

thetic rate and growth, lower specific leaf area, higher biomass allocation to

roots, higher levels of water use efficiency to drought compared with the other

two species. Only minor interspecific differences in growth performances were

observed between C. liouana and C. microphylla. These results indicated that

faster seedling growth rate and more efficient water use of C. korshinskii should

confer increased drought tolerance and facilitate its establishment in more

severe drought regions relative to C. liouana and C. microphylla.

Introduction

Vicarious distribution in closely related species is com-

mon in plants, which is defined as one species replacing

another in an ecosystem and becoming a geographical

replacement (Zhang 2000; Zhao 2002). However, eco-

physiological basis for evolutionary differentiation of

plant species that display vicarious distribution remains

poorly understood. As various abiotic and biotic factors

play key roles in plant growth and distribution, examin-

ing the responses of plants species to major ecological

gradients (such as temperature and water availability) is

thus an important step toward understanding their

ecological differentiation.

The genus Caragana, belongs to the family Legumi-

nosae, contains more than 80 species worldwide and often

dominantly occupies cold-temperate dry and arid scrub-

lands, montane meadows, and deserts (Zhang et al.

2002). In China, Caragana species are well known for

their role in sand fixation, and as fodder, green manure,

fuel, honey resource, as well as medical applications (Ma

et al. 2008). Due to its environmental benefit and eco-

nomic value, this genus has been attracting increasing

attention (Zhou et al. 2005; Meng et al. 2009; Zhang

et al. 2009; Niu et al. 2013). Caragana microphylla,

C. liouana, and C. korshinskii are three of the most com-

mon species in the desert region of the Inner Mongolia

plateau. The three species are phylogenetic close and

derived from the same ancient species, but now C. micro-

phylla mainly occurs in the eastern plateau, C. liouana in

middle, and C. korshinskii in the west of the plateau

(Zhang et al. 2009). As such, these three species provide

an ideal system to study physiological mechanisms under-

lying their ecological differentiation, and the interference

with phylogeny and life history among species can be

avoided (Liu et al. 2012). Recently, a morphological and
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physiological comparison among the three species in dif-

ferent areas of China has been described (Ma et al. 2003a,

2003b). And it has been found that the formation of

interspecific alternative distribution was a result of plant

adaptation to its natural environments and closely corre-

lated with species morphological and physiological char-

acteristics. However, a comprehensive understanding of

how these three species respond to changes in soil water

availability is still lacking.

In arid and semiarid environments, the maintenance of

a positive carbon balance under drought stress is key to

drought tolerance in plants. Leaf physiological traits such

as photosynthetic capacity, stomatal conductance, water

use efficiency, as well as the stable carbon and nitrogen

isotope ratios (d13C and d15N) which are indicators for

integrated water use efficiency and nitrogen fixation, have

significant influence on net carbon gain and plant growth

(Farquhar et al. 1989; Wright et al. 2004; Schulze et al.

2014). The relative growth rate (RGR), together with its

components including net assimilation rate (NAR), leaf

area ratio (LAR), specific leaf area (SLA), and leaf mass

fraction (LMF), is a measure of plant growth efficiency

(Shipley 2000; Elberse et al. 2003). In the present study,

we subjected seedling of these three species to two water

treatments (low and high drought treatments) and

examined the traits mentioned above. The aim of this

experiment was to test differences in drought tolerance

among the three species and the corresponding distribu-

tion area of each species.

Materials and Methods

The experiment was conducted at the University of

Ningxia, Yinchuan, China (39°170N, 108°020E). Seeds of

Caragana microphylla, C. liouana, and C. korshinskii were

collected from trees growing in three different regional

populations. Seeds of C. microphylla were collected from

Ulan’aodu in the Khorchin Sandland, Inner Mongolia,

and those of C. liouana and C. korshinskii were collected

from Yanchi in the Mu Us Sandland, Ningxia Hui

Autonomous Region, and Minqin in the Tengger Desert,

Gansu Province. The corresponding mean annual rainfall

(MAR) values for Ulan’aodu, Yanchi, and Minqin are

311, 297, and 110 mm, while the mean annual tempera-

tures (MAT) are 6.1, 8.1, and 8.8°C, respectively.
Seeds were germinated and grown in growth chambers

for 1 month. A total of 54 seedlings of each species with

no statistical differences in height and size were selected

and replanted into plastic pots with a homogeneous mix-

ture (sand and perlite, 1:1 by volume) (three seedlings

Table 1. Comparison of all variables measured in the experiment. The P-values are presented for the watering treatments, species, and their

interactions.

Variables Abbrev. Species (S) Treatment (T) S 9 T

Net photosynthetic rate PN 19.03*** 1156.20*** 26.70***

Stomatal conductance gs 4.91** 1073.96*** 4.53*

Intercellular CO2 concentration Ci 6.71** 489.94*** 27.50***

Transpiration rate E 9.35*** 1417.67*** 10.88***

Stomatal limitation value Ls 9.14*** 413.83*** 20.25***

instantaneous water use efficiency WUEi 38.63*** 428.39*** 22.42***

Total dry mass (g) TDM 8.95** 195.93*** 4.53*

Leaf dry mass (g) LDM 7.59** 139.71*** 6.89**

Stem dry mass (g) SDM 3.69* 164.82*** 2.20

Root dry mass (g) RDM 9.41** 99.60*** 5.97**

Height increment (cm) Ht 9.78*** 167.55*** 2.31

Stem diameter increment (mm) Sd 1.45 46.90*** 7.39**

Total leaf area (cm2) TLA 0.39 324.08*** 1.05

Specific leaf area (cm2�g�1) SLA 64.14*** 15.31*** 30.65***

Leaf area ratio (cm2�g�1) LAR 43.38*** 0.61 16.45***

Leaf mass ratio (g�g�1) LMR 2.85* 11.63** 2.48

Stem mass ratio (g�g�1) SMR 0.78 11.66** 0.20

Root mass ratio (g�g�1) RMR 0.15 82.98*** 0.90

Root shoot ratio (g�g�1) RSR 2.85 3.05 1.87

Relative growth rate (mg�g�1�day�1) RGR 10.84*** 405.98*** 23.94***

Net assimilation rate (g�cm�2�day�1) NAR 64.14*** 262.69*** 15.06***

Carbon isotope ratio (&) d13C 10.33** 307.42*** 2.90

Nitrogen isotope ratio (&) d15N 168.07*** 4080.15*** 165.53***

Carbon nitrogen ratio C/N 365.11*** 7.59* 32.71***

*P < 0.05; **P < 0.01; ***P < 0.001.
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per pot). All pots were randomly placed in a canopied

and naturally lit glasshouse with sides being always

opened for aeration throughout the experiment to

maintain the ambient outside temperature. Prior to the

experiment, all pots were periodically watered to maximal

field capacity (FC) for 2 months to allow the seedlings to

become established.

The study was carried out with 3-month-old seedlings

from July through September in 2014, lasting for 60 days.

For each species, 14 pots were selected and divided into

two lots of seven pots (low and high drought stress treat-

ments). The remaining pots were used to determine the

initial biomass. The low and high drought stress treat-

ments were achieved by watering to 80% and 30% of FC.

Soil water content was maintained by weighing the pots

every 2 days and then immediately rewatering to the des-

ignated water level. The soil water content was main-

tained at 22–24% and 9–10% for low and high drought

treatment, respectively. A total of 8 g slow release fertil-

izer was added before the experiment.

Figure 1. Net photosynthetic rate (PN, A), stomatal conductance (gs, B), transpiration rate (E, C), intercellular CO2 concentration (Ci, D), stomatal

limitation value (Ls, E), and water use efficiency (WUEi, F) of Caragana korshinskii, C. liouana, and C. microphylla subjected to low and high

drought treatments. Different letters denote significant differences (P < 0.05) between means for species and treatments.
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Leaf gas exchange

Instantaneous gas exchange variables including net photo-

synthetic rate (PN), stomatal conductance (gs), transpira-

tion rate (E), and intercellular CO2 concentration ratio

(Ci) were measured under artificial, saturating photon

flux density (1500 lmol�m�2�s�1) at an ambient CO2

concentration of 380 lmol�mol�1 using a LI-6400XT

infrared gas analyzer (IRGA; LI-COR, Lincoln, NE). Mea-

surements were taken between 09: 00 and 11: 30 h on a

sunny day (August 7, 2014) from five plants in each treat-

ment for each species. During measurements, leaf temper-

ature and leaf-to-air vapor pressure deficit were

maintained at 31.79 � 0.12°C and 1.94 � 0.03 Kpa,

respectively. Instantaneous water use efficiency (WUEi)

was calculated as PN/E. Stomatal limitation value (Ls) was

defined as 1 � Ci/Ca.

Growth

Due to possible within-pot effects, such as competition

for resources, each pot was considered to be a single

replicate. To estimate the biomass production during

the experiment, four pots (12 seedlings) from each spe-

Figure 2. Relative growth rate (RGR) in relation to total dry mass (TDM, A), specific leaf area (SLA, B), net assimilation rate (NAR, C), and leaf

area ratio (LAR, D) of Caragana korshinskii, C. liouana, and C. microphylla subjected to low (filled circles) and high (empty circles) drought

treatments. The coefficient of determination (R2) and significance are shown for each regression.
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cies were harvested at the beginning of the experiment

(t1) and five pots (15 seedlings) were harvested at the

end of the experiment (t2). From each pot, the three

seedlings were combined and then divided into three

parts: leaves, stems, and roots. Biomass was dried for

48 h at 80°C in an oven and weights were divided by

three to determine per plant values from the per pot

values. Total biomass (per plant) is reported on a dry

weight basis. Different biomass partition parameters like

root shoot ratio (RSR), root mass fraction (RMF), stem

mass fraction (SMF), LMF, LAR, and SLA were deter-

mined. Based on these data, RGR and NAR for each

species and each treatment were also computed (Naga-

kura et al. 2004).

Chemical and isotope analysis

Leaves with a dry weight of c. 0.2 g were collected from

each seedling on which photosynthetic rate was made

and then finely ground with a TissueLyser (Retsch,

Haan, Germany). The leaf samples were then analyzed

for d13C and d15N by isotope mass spectrometer (Finni-

gan Delta Plus, Bremen, Germany). Carbon and nitro-

gen isotope values were expressed relative to the Pee

Dee Belemnite standard as the ratio (&): dZ = (Rsample/

Rstandard � 1) 9 1000, where Z is the heavy isotope of

either nitrogen or carbon, and R is the ratios of 13C/12C

or 15N/14N in the sample and the standard. Carbon and

nitrogen contents (LCC and LNC) in leaves were also

determined.

Statistical analysis

The effects of the drought treatments, the tested species,

and their interactions on the examined variables were

determined by general linear model (Proc GLM) using a

SPSS software package (SPSS Inc., Chicago, IL). A

Tukey’s honestly significant difference test was used for

multiple comparisons of means. Linear regressions

between variables were performed using SigmaPlot ver-

sion 12.5 (Systat Software, Inc., Chicago, IL).

Results

Leaf gas exchange

The leaf gas exchange parameters like PN, gs, Ci, E, Ls,

and WUEi were significantly affected by species, drought,

and their interactions (Table 1). PN, gs, E, and Ci

decreased significantly in all species with increasing

drought stress, while Ls and WUEi significantly increased

(Fig. 1). However, the changed extent of PN and WUEi to

drought was highest in C. microphylla, followed by T
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C. liouana, and lowest in C. korshinskii. These results

directly resulted in significantly higher PN and WUEi in

C. korshinskii than those in C. liouana and C. microphylla.

Additionally, there was a strong correlation between PN
and gs across treatments in the study (Fig. 2).

Biomass and leaf area

The effects of drought, species, and their interactions on

TDM, LDM, RDM, SLA, SDM, TLA, and LAR were visible

(Table 1). Under drought conditions, the TDM, LDM,

SDM, and RDM were significantly higher in C. korshinskii

than those in C. liouana and C. microphylla, but the latter

two species showed no significant differences (Table 2).

Although TLA decreased in all species with increasing

drought stress, the differences between species were not

significant. Only SLA and LAR of C. korshinskii signifi-

cantly decreased from low to high drought stress, resulting

in lower values of SLA and LAR in comparison with those

of the other two species. In addition, regardless of the

drought treatments and species, a strong and positive rela-

tionship between PN and TDM we observed (Fig. 2).

Biomass allocation

The drought treatment had a significant effect on LMF,

SMF, and RMF, while the species effect was significant

only in LMF and there was no interactive effect on LMF,

SMF, RMF, and RSR (Table 1). From low to high

drought stress, all species showed an increase in RMF and

a decrease in SMF, and slight changes in LMF except for

C. liouana whose LMF increased (Table 2). C. korshinskii

tended to increase more biomass to roots, whereas there

were no significant differences in RSR for C. liouana and

C. microphylla between treatments (Table 2).

Plant growth

The effects of drought, species, and their interactions were

significant on RGR, NAR, and height increment (Ht), while

the increase of stem diameter (Sd) was significantly influ-

enced by drought and the interactive effect (Table 1).

Although increasing drought stress resulted in significant

decreases in RGR, NAR, shoot, and stem growth in all

species, C. korshinskii exhibited higher RGR NRA and Ht

than C. liouana and C. microphylla (Table 2). In addition,

regardless of the effect of drought and species, no significant

relationship could be observed between RGR and LAR (R2 =
�0.088, P = 0.483), or SLA (R2 = �0.087, P = 0.483)

(Fig. 3). Hence, RGR was most likely a strict function of

NAR, as indicated by the tight correlation between these two

variables (R2 = 0.966, P < 0.001) (Fig. 3).

Leaf isotopes

Leaf carbon and nitrogen isotopes (d13C and d15N) were

significantly affected by species and drought stress, but

their interactive effect was only significant on d15N. With

Figure 3. Net photosynthetic rate (PN) in relation to total dry mass (TDM) and stomatal conductance (gs) of Caragana korshinskii, C. liouana, and

C. microphylla subjected to low (filled circles) and high (empty circles) drought treatments. The coefficient of determination (R2) and significance

are shown for each regression.
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increasing drought stress, d13C and d15N increased in all

species. However, C. korshinskii tended to exhibit signifi-

cantly higher values of d13C than the other two species in

high drought stress conditions while values of d15N were

significantly higher in C. korshinskii and C. liouana than

those in C. microphylla (Fig. 4). The ratio of carbon to

nitrogen content (C/N) of the three species also showed a

distinct response to drought, with C. korshinskii and

C. liouana exhibiting slight changes in C/N between treat-

ments but a decrease of C/N in C. microphylla. The C/N

of C. korshinskii was also significantly higher than other

two species at high drought treatment (Fig. 4). In addi-

tion, strong correlations between d13C and WUEi, as well

as d15N, were observed (Fig. 5).

Discussion

The three studied Caragana species are phylogenetically

close but distribute vicariously in desert regions of the

Inner Mongolia plateau. Drought is a major environmen-

tal constraint affecting growth and distribution of plants

in these regions (Ma et al. 2004). Determining the inter-

species differences in drought tolerance can aid in under-

standing their ecological differentiation.

Growth performance is essential for plant adaptation to

drought (Richter et al. 2012). Plant species with higher

drought tolerance exhibit less growth inhibition and have

relatively higher growth and biomass production than

drought-sensitive species (T€urkan et al. 2005; Couso and

Fern�andez 2012). In this study, increasing drought stress

decreased growth and biomass accumulation in all species,

in conformity with other reports (Dias et al. 2007; Ma

et al. 2010; Yang et al. 2014). We also found RGR was

strongly correlated with TDM and NAR across treatments,

but not with SLA (Fig. 2). This is also consistent with the

observations of Poorter and Nagel (2000) that changes in

NAR were mainly due to the decreases of RGR and, to a

lesser extent, changes in SLA. However, the growth

responses to increasing drought stress varied significantly

with species, with the growth performance of C. korshin-

skii being less affected by high drought stress than that of

C. liouana and C. microphylla (Table 2). Furthermore, at

high drought stress treatment, C. korshinskii could exhibit

significantly higher TDM, RGR, NAR, and Ht compared

with the other two species. These results suggested C. kor-

shinskii having a higher capacity to sustain growth and

production in face of high drought stress conditions.

Drought affects plant growth by influencing leaf gas

exchange rates (Zhang and Marshall 1994; Bacelar et al.

2007; Ma et al. 2010; Sapeta et al. 2013). In the present

study, increasing drought stress restricted photosynthesis

of all species but this negative effect was species depen-

dent (Fig. 1). C. korshinskii exhibited lower sensitivity of

PN to increasing drought stress compared with the other

two species and showed highest values of PN under high

drought conditions, which was followed orderly by

C. liouana and C. microphylla. Moreover, there was a

tight correlation between TDM and PN across treatments,

indicating that the primary contributing factor to higher

growth rates and biomass accumulation of C. korshinskii

was its leaf gas exchange rate.

Stomatal and nonstomatal limitations are considered to

be the main causes of reduced photosynthesis in drought-

stressed plants (Flexas et al. 2014). In the present study,

Figure 4. Nitrogen isotope ratios (A, d15N), carbon isotope ratios (B,

d13C), and the ratios of carbon to nitrogen (C, C/N) of Caragana

korshinskii, C. liouana, and C. microphylla subjected to low and high

drought treatments. Different letters denote significant differences

(P < 0.05) between means for species and treatments.
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although PN and gs of the three species both decreased

significantly with increasing drought stress, we found a

significant and positive correlation between PN and gs
across treatments (Fig. 3). We also found all species

showed decreases of Ci and increases of Ls at high

drought treatment. Form these results, we can therefore

draw a conclusion that stomatal closure brought on by

drought stress strongly accounted for the reduced photo-

synthesis (Michelozzi et al. 2011; Flexas et al. 2014).

Water use efficiency is essential for plants dealing with

drought stress (Lambers et al. 1998) and plants with

higher water use efficiency are generally able to survive

drought stress (Jones 1993). In the present study, PN and

E of all species decreased significantly in response to

drought stress, but the greater decreased extent of E com-

pared to that of PN produced an increased WUEi, which

was agreed with our previous studies (Ma et al. 2010,

2014). Decreased gs and E at high drought treatment

would alternate the source of carbon fixation, leading to

an increase of the ratios of 13C/12C and subsequent leaf

carbon isotope ratio (d13C) (Fotelli et al. 2003; Kume

et al. 2003). Our results also showed d13C was strongly

increased by high drought stress in all species and the

strong and positive correlation between d13C and WUEi

Figure 5. Relationships between the ratio of carbon and nitrogen isotopes (d13C and d15N) and water use efficiency (WUEi) of Caragana

korshinskii, C. liouana, and C. microphylla subjected to low (filled circles) and high (empty circles) drought treatments. The coefficient of

determination (R2) and significance are shown for each regression.
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across treatments is also consistent with the results of

previous studies (Farquhar et al. 1989; Os�orio and Pereira

1998; Zhang and Marshall 1994). However, water use

efficiency (WUEi and d13C) was significantly higher in

C. korshinskii than those in C. liouana and C. microphylla,

suggesting that C. korshinskii could use water more

efficiently than the other two species, and subsequently

contributing to its higher growth rate and biomass pro-

duction. The lack of difference in growth performance

and integrated water use efficiency (d13C) between

C. liouana and C. microphylla may be due to the similar

annual rainfall of regions of origin which influences plant

response to drought (Mclean et al. 2014).

The higher growth and photosynthesis may also be

related to the lower SLA and higher root shoot ratio.

These two traits have been reported to provide fitness

benefits for plants in arid environments (Ram�ırez-

Valiente et al. 2010; Yang et al. 2013). Low SLA allows

the plant to avoid excess of water use, maintaining photo-

synthetic activity and carbon accumulation. Enhanced

root shoot ratio allows the plants to absorb water and

nutrients more efficiently. In the present study, a signifi-

cant increase of RSR and a significant decrease of SLA

were found in C. korshinskii while RSR and SLA of the

other two species showed no significant change between

treatments. These morphological changes of C. korshinskii

therefore exhibited a more adaptive response to drought

stress than the other two species (Yang et al. 2013).

The interpretation of leaf nitrogen isotope ratio (d15N)
value is more complex than that of d13C because it inte-

grates the conditions of nitrogen source, physiological

mechanisms within the plant, and mycorrhizal associa-

tions (Michelsen et al. 1998; Kolb and Evans 2002). The

significant enhancement of leaf d15N in all species under

drought stress is similar to results of other studies (Aus-

tin and Sala 1999; Aranibar et al. 2004; Lotter et al.

2014; Schulze et al. 2014). One possible explanation is

that more nitrogen is lost relative to turnover as the

water availability decreases (Aranibar et al. 2004). As an

N2-fixing legume, Caragana species can form symbiotic

relationship with arbuscular mycorrhizal fungi which

provide N for the host but discriminate against 15N dur-

ing fungal N assimilation (Hobbie et al. 2000). This sym-

biotic relationship is considered to very sensitive to

environmental constraints, which is weakened under

drought conditions (Arrese-Igor et al. 2011). Unfortu-

nately, our data do not allow us to discern which pro-

cesses were occurring and at what intensity, but our data

do show different N use strategies or microbe activities

among species. Leaf d15N value has been related to water

status due to the strong and positive correlation between

d15N and d13C across treatments, as well as WUEi (Sta-

matiadis et al. 2007).

In conclusion, interspecific differences were found in

growth, gas exchange, water use efficiency, and biomass

production among the three Caragana species subjected

to increasing drought stress. C. korshinskii appeared to

be the most drought-tolerant species with superior

growth performance and water use efficiency associated

with lower SLA and higher root shoot ratio compared

with the other two species. The growth and integrated

water use efficiency of C. microphylla and C. korshinskii

were not significantly different between treatments,

which may be a result of similar MAR in their regions

of origin. These results can certainly provide useful

information in demonstrating the ecological differentia-

tion among the three species. However, more population

for each species and more interactive experiments

between environmental factors, such as drought and

heat stress, are needed in the future for deeper

understanding the mechanisms underlying their vicari-

ously distribution.

Acknowledgments

This study was supported by grants from the National

Natural Science Foundation of China (Nos 31260166,

31360185 and 31560345).

Conflict of Interest

The authors declared no conflict of interests.

References

Aranibar, I. N., L. Otter, S. A. Macko, C. J. W. Feral, H. E.

Epstein, P. R. Dowty, et al. 2004. Nitrogen cycling in the

soil-plant system along a precipitation gradient in the

Kalahari sands. Glob. Change Biol. 10:359–373.
Arrese-Igor, C., E. M. Gonzalez, D. Marino, R. Ladrera, E.

Larrainzar, and E. Gil-Quintana. 2011. Physiological response

of legume nodules to drought. Plant Stress 5:24–31.
Austin, A. T., and O. E. Sala. 1999. Foliar d15N is negatively

correlated with rainfall along the IGBP transect in Australia.

Aust. J. Plant Physiol. 26:293–295.

Bacelar, E. A., J. M. Moutinho-Pereira, B. C. Goncalves, H. F.

Ferreira, and C. M. Correia. 2007. Changes in growth, gas

exchange, xylem hydraulic properties and water use

efficiency of three olive cultivars under contrasting water

availability regimes. Environ. Exp. Bot. 60:183–192.
Couso, L. L., and R. J. Fern�andez. 2012. Phenotypic plasticity

as an index of drought tolerance in three Patagonian steppe

grasses. Ann. Bot. 110:849–857.

Dias, P. C., W. L. Araujo, G. A. B. K. Moraes, R. S. Barros,

and F. M. DaMatta. 2007. Morphological and physiological

responses of two coffee progenies to soil water availability.

J. Plant Physiol. 164:1639–1647.

ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 2771

F. Ma et al. Drought Tolerance in Three Caragana Species



Elberse, I. A. M., J. M. M. Van Damme, and P. H. Van

Tienderen. 2003. Plasticity of growth characteristics in wild

barley (Hordeum spontaneum) in response to nutrient

limitation. J. Ecol. 91:371–382.

Farquhar, G. D., K. T. Hubick, A. G. Condon, and R. A.

Richards. 1989. Carbon isotope fractionation and plant

water-use efficiency. Ecol. Stud. 68:21–40.

Flexas, J., A. Diaz-Espejo, J. Gago, A. Gall�e, J. Galm�es, J.

Gul�ıas, et al. 2014. Photosynthetic limitations in

mediterranean plants: a review. Environ. Exp. Bot. 103:12–
23.

Fotelli, M. N., H. Rennenberg, T. Holst, H. Mayer, and A.

Geßler. 2003. Carbon isotope composition of various tissues

of beech (Fagus sylvatica) regeneration is indicative of recent

environmental conditions within the forest understory. New

Phytol. 159:229–244.
Hobbie, E. A., S. A. Macko, and M. Williams. 2000.

Correlations between foliar d15N and nitrogen

concentrations may indicate plant-mycorrhizal interactions.

Oecologia 122:273–283.
Jones, H. G. 1993. Drought tolerance and water-use efficiency.

Pp. 93–203 in J. A. C. Smith and H. Griffiths, eds. Water

deficits: plant responses from cell to community. BIOS

Scientific Publishers, Oxford.

Kolb, K. J., and R. D. Evans. 2002. Implications of leaf

nitrogen recycling on the nitrogen isotope composition of

deciduous plant tissues. New Phytol. 156:57–64.

Kume, A., T. Satomura, N. Tsuboi, et al. 2003. Effects of

understory vegetation on the ecophysiological characteristics

of an overstory pine, Pinus densiflora. For. Ecol. Manage.

176:195–203.

Lambers, H., F. S. Chapin, and T. L. Pons. 1998. Plant

physiological ecology. Springer, New York, NY.

Mclean, E. H., S. M. Prober, W. D. Stock, D. A. Steane, B. M.

Potts, R. E. Vaillancourt, et al. 2014. Plasticity of functional

traits varies clinally along a rainfall gradient in Eucalyptus

tricarpa. Plant Cell Environ. 37:1440–1451.

Liu, J., Y. Sun, X. Ge, L. Gao, and Y. Qiu. 2012.

Phylogeographic studies of plants in China: advances in the

past and directions in the future. J. Syst. Evol. 50:267–275.

Lotter, D., A. J. Valentine, E. A. Van Garderen, and M. Tadross.

2014. Physiological responses of a fynbos legume, Aspalathus

linearis to drought stress. S. Afr. J. Bot. 94:218–223.
Ma, C. C., Y. B. Gao, H. F. Liu, J. L. Wang, and H. Y. Guo.

2003a. Interspecific transition among Caragana microphylla,

C. davazamcii and C. korshinskii along geographic gradient.

Ecological and RAPD evidence. Acta Bot. Sin. 45:1218–1227.
Ma, C. C., Y. B. Gao, H. Y. Guo, and J. L. Wang. 2003b.

Interspecific transition among Caragana microphylla, C.

davazamcii and C. korshinskii along geographic gradient.

Characteristics of photosynthesis and water metabolism.

Acta Bot. Sin. 45:1228–1237.

Ma, C. C., Y. B. Gao, H. Y. Guo, and J. L. Wang. 2004.

Photosynthesis, transpiration, and water use efficiency of

Caragana microphylla, C. intermedia, and C. korshinskii.

Photosynthetica 43:65–70.

Ma, C. C., Y. B. Gao, H. Y. Guo, J. L. Wang, J. B. Wu, and J.

S. Xu. 2008. Physiological adaptations of four dominant

Caragana species in the desert region of the Inner Mongolia

Plateau. J. Arid Environ. 72:247–254.
Ma, F., C. M. Zhao, R. Milne, M. F. Ji, L. T. Chen, and J.

Q. Liu. 2010. Enhanced drought-tolerance in the

homoploid hybrid species Pinus densata: implication for

its habitat divergence from two progenitors. New Phytol.

185:204–216.

Ma, F., T. T. Xu, M. F. Ji, and C. M. Zhao. 2014. Differential

drought tolerance in tree populations from contrasting

elevations. AoB Plants 6:plu069.

Meng, Q. X., Y. Niu, X. W. Niu, R. H. Roubin, and J. R.

Hanrahan. 2009. Ethnobotany, phytochemistry and

pharmacology of the genus Caragana used in traditional

Chinese medicine. J. Ethnopharmacol. 124:350–368.
Michelozzi, M., F. Loreto, R. Colom, F. Rossi, and R.

Calamassi. 2011. Drought responses in Aleppo pine

seedlings from two wild provenances with different climatic

features. Photosynthetica 49:564–572.
Michelsen, A. C., C. Quarmby, D. Sleep, and S. Jonasson.

1998. Vascular plant 15N abundance in heath and forest

tundra ecosystems is closely correlated with presence

and type of mycorrhizal fungi in roots. Oecologia

115:406–418.

Nagakura, J., H. Shigenaga, A. Akama, and M. Takahashi.

2004. Growth and transpiration of Japanese cedar

(Cryptomeria japonica) and Hinoki cypress (Chamaecyparis

obtusa) seedlings in response to soil water content. Tree

Physiol. 24:1203–1208.
Niu, X. F., Y. M. Li, H. Hu, X. Liu, and L. Qi. 2013. Chemical

constituents from Caragana tangutica. Biochem. Syst. Ecol.

51:288–290.

Os�orio, J., M. L. L. Os�orio, M. M. Chaves, and J. S. Pereira.

1998. Water deficits are more important in delaying growth

than in changing patterns of carbon allocation in Eucalyptus

globulus. Tree Physiol. 18:363–373.
Poorter, H., and O. Nagel. 2000. The role of biomass

allocation in the response of plants to different levels of

light, CO2, nutrients and water: a quantitative review. Aust.

J. Plant Physiol. 27:595–607.
Ram�ırez-Valiente, J. A., D. S�anchez-G�omez, I. Aranda, and F.

Valladares. 2010. Phenotypic plasticity and local adaptation

in leaf ecophysiological traits of 13 contrasting cork oak

populations under different water availabilities. Tree Physiol.

30:618–627.

Richter, S., T. Kipfer, T. Wohlgemuth, C. C. Guerrero,

J. Ghazoul, and B. Moser. 2012. Phenotypic plasticity

facilitates resistance to climate change in a highly variable

environment. Oecologia 169:269–279.

Sapeta, H., J. M. Costa, T. Lourenco, J. Maroco, P. van der

Lindee, and M. M. Oliveiraa. 2013. Drought stress response

2772 ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Drought Tolerance in Three Caragana Species F. Ma et al.



in Jatropha curcas: growth and physiology. Environ. Exp.

Bot. 85:76–84.

Schulze, E. D., D. Nicolle, A. Boerner, M. Lauerer, G. Aas, and

I. Schulze. 2014. Stable carbon and nitrogen isotope ratios

of Eucalyptus and Acacia species along a seasonal rainfall

gradient in Western Australia. Trees 228:1125–1135.
Shipley, B. 2000. Plasticity in relative growth rate and its

components following a change in irradiance. Plant Cell

Environ. 23:1207–1216.

Stamatiadis, S., C. Christofides, E. Tsadila, D. Taskos, C.

Tsadilas, and J. S. Schepers. 2007. Relationship of leaf stable

isotopes (d13C) and (d15N) to biomass production in two

fertilized merlot vineyards. Am. J. Enol. Vitic. 58:67–74.

T€urkan, I., M. Bor, F. Ozdemir, and H. Koca. 2005.

Differential responses of lipid peroxidation and

antioxidants in the leaves of drought tolerant P. acutifolius

Gray and drought-sensitive P. vulgaris L. subjected to

polyethylene glycol mediated water stress. Plant Sci.

168:223–231.

Wright, I. J., P. B. Reich, M. Westoby, et al. 2004. The

worldwide leaf economics spectrum. Nature 428:821–827.

Yang, Y, G. Wang, L. Yang, and J. Guo. 2013. Effects of

drought and warming on biomass, nutrient allocation, and

oxidative stress in Abies fabri in eastern Tibetan plateau.

J. Plant Growth Regul. 32:298–306.

Yang, J., L. J. Hu, Z. K. Wang, W. L. Zhu, and L. Meng.

2014. Responses to drought stress among sex morphs of

Oxyria sinensis (Polygonaceae), a subdioecious perennial

herb native to the East Himalayas. Ecol. Evol.

4:4033–4040.
Zhang, M. L. 2000. Studies on geographical distribution pattern

of the subgenus Pogonophace (Fabaceae: Astragalus) in China

using GIS technique. Acta Bot. Sin. 42:849–854 (In Chinese).

Zhang, J. W., and J. D. Marshall. 1994. Population differences

in water use efficiency of well-watered and water-stressed

western larch seedlings. Can. J. For. Res. 24:92–99.

Zhang, M. L., Y. P. Landiges, and G. S. Nelson. 2002. TASS

and an analysis of the genus Caragana. Acta Bot. Sin.

44:1213–1218.
Zhang, M. L., P. W. Fritsch, and B. C. Cruz. 2009. Phylogeny

of Caragana (Fabaceae) based on DNA sequence data from

rbcL, trnS–trnG, and ITS. Mol. Phylogenet. Evol. 50:547–

559.

Zhao, YZ. 2002. A distribution pattern and migration route of

Anemone rivularis and A. rivalaris var. flore-minore. Acta

Scientiarum Naturalium Universitatis NeiMongol

33:443–445 (In Chinese).

Zhou, D. W., Z. L. Liu, and Y. Q. Ma. 2005. The study on

phytogeographical distribution and differentiation of

Caragana Fabr., Leguminosae. Bull. Bot. Res. 25:471–487.

ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 2773

F. Ma et al. Drought Tolerance in Three Caragana Species


