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Abstract Photosystem II (PSII) plays an especially

important role in the photosynthetic response of higher

plants to environmental perturbations and stresses. In this

study, a pot experiment was conducted to investigate the

differences in the photochemical efficiency and activity of

PSII between Bothriochloa ischaemum and Lespedeza

davurica in mixtures under three soil water regimes

[80 ± 5 % FC (field capacity) (HW), 60 ± 5 % FC (MW)

and 40 ± 5 % FC (LW)]. The maximum PSII quantum yield

(Fv/Fm), non-photochemical quenching (NPQ), photochemi-

cal quenching (qP) and rapid light curve-derived parameters

(rETRmax, maximum relative electron transport rate; Ik,

minimum saturating irradiance; a, initial slope of the curve)

of each species were investigated during the heading period

(HP), flowering period (FP) and mature period (MP). The

results showed that under HW and MW regimes, the averaged

Fv/Fm values of B. ischaemum in mixtures at the HP were

significantly higher than in monoculture, and the mean

rETRmax values of B. ischaemum during the HP and FP in

mixtures were significantly higher than in monoculture. Fv/

Fm values of B. ischaemum in the HP were significantly

lower than in the other two growth periods under LW regime.

During the MP, the averaged Fv/Fm values of L. davurica in

mixtures were significantly higher than in monoculture under

the HW regime, and the mean rETRmax values of L. davurica

in mixtures were significantly higher than in monoculture

under each water regime. In the same mixture ratio, NPQ

values of B. ischaemum were significantly higher than those

of L. davurica, but the rETRmax and Ik values of B. ischae-

mum were significantly lower than those of L. davurica under

each water regime. The results indicated that application of

mixture planting enhanced the photosynthetic performance of

both species depending on the developmental stage of the

individual plant. B. ischaemum showed the maximal photo-

synthetic performance in the HP and FP while L. davurica in

the MP under both sufficient water supply and water stress

conditions.
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Abbreviations

a Initial slope of the curve

Ik Minimum saturating irradiance

FC Field capacity

Fm Maximal fluorescence yield

Fo Minimal fluorescence yield

Fv/Fm Maximum PSII quantum yield

NPQ Non-photochemical quenching

PSII Photosystem II

qP Photochemical quenching

rETRmax Maximum relative electron transport rate

UPSII Effective quantum yield of PSII
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Introduction

Photosynthesis is the physico-chemical process by which

plants use light energy to drive the synthesis of organic

compounds, and it is the basis of plant production (Whit-

marsh 1999). Within photosynthetic organisms, photosys-

tem II (PSII) plays a very important role in the photosynthetic

response of plants to environmental stress (Baker 1991; Krall

and Edwards 1992). The operating quantum efficiency of

electron transport through PSII in leaves is related to CO2

assimilation (Genty et al. 1989), which is most likely to be

affected by water shortage. However, the photosynthetic

apparatus appears to be very resistant to drought stress, and a

mild or moderate water deficit does not induce a significant

decrease in the quantum yield of the primary photochemistry

of PSII (Cornic and Fresneau 2002; Cornic and Massacci

2004), whereas the structures and functions of PSII would be

strongly limited under more severe drought stress (Liu et al.

2006; Oukarroum et al. 2009). Generally, decreases in PSII

quantum yield can result from the photo-protective increase

in thermal energy dissipation induced by an excess of

adsorbed light energy (Colom and Vazzana 2003). The most

important photo-protective mechanism of plants is the abil-

ity to dissipate excess light energy in PSII through non-

photochemical quenching (NPQ) under environmental

stress, which was assumed to be the actual physiological

photo-protection capacity of the photosynthetic organism

(Lambrev et al. 2012; Ruban and Murchie 2012). In contrast,

photochemical quenching (qP) reflects the share of light

energy absorbed by PSII antenna pigments, which are used

for photochemical electron transfer (Schreiber et al. 1986).

NPQ and qP values vary with the growth period or with

changing environmental factors; one desert perennial spe-

cies was found to have higher NPQ during the summer

months, allowing more excess light energy to be dissipated

for its growth, but with higher qP in the spring months,

allowing more light energy to be used in photochemical

processes (Barker et al. 2002). Therefore, the measurement

and analysis of chlorophyll fluorescence have become one of

the most powerful and widely used methods of assessing

photosynthetic efficiency under stressful environment

(Ralph et al. 2002; Schreiber 2004). The fluorescence rapid

light curves can provide detailed information on the satura-

tion characteristics of electron transport, and on photosyn-

thetic activity (Ralph and Gademann 2005).

Many studies have been conducted to assess the photo-

synthetic efficiency and activity of species in isolation as

single plant or in monoculture under natural or artificial water

stress conditions (Balaguer et al. 2002; Christen et al. 2007;

Duan et al. 2012), while less attention has been paid to species

in competitive environments or in more complex mixtures.

Within multi-species systems, individuals may affect each

other indirectly through intermediaries, such as shared

resources or common enemies, which will compete for mul-

tiple potentially limiting environmental resources (i.e., light,

water and nutrients) or benefit from their symbiotic relation-

ship (Chesson et al. 2004; Silvertown 2004). Mixing species

with differences in life-form traits (i.e., photosynthetic path-

way, symbiotic nitrogen fixation, root architecture) could

affect their physiological response to water availability, and

the plant species in mixtures responses to environmental

drought may be very different from those grown in isolation as

single plants or as monocultures (Dijkstra et al. 2010).

Accordingly, the competitive environment and water stress

could eventually result in the alteration of the photosynthetic

performance of each species. Therefore, it is necessary to

understand their photosynthetic response to interspecific

competition under different water regimes.

Water shortage is the major limiting factor that affects

plant photosynthesis, growth, production and distribution

in the semiarid region on the Loess Plateau of China (Shan

et al. 2000; Xu et al. 2007). Bothriochloa ischaemum

L. Keng (a C4 herbaceous grass) and Lespedeza davurica

(Laxm.) Schindl. (a C3 leguminous subshrub) are two

native, co-occurring dominant species in natural grassland

communities in the area. In addition, they are excellent

natural pasture species, and have many agronomic attri-

butes that make the two wild species ideal forage species

due to their high adaptability and quality (Xu et al. 2011a,

b). These two species have strikingly different life forms

and eco-physiologies, and there have been no direct

comparisons of the leaf photosynthetic physiology in the

context of variation in soil water availability under com-

petitive environment, which would improve our knowl-

edge of their co-existence mechanisms and eventually be

useful for taking appropriate measures for using them in

practice (Xu et al. 2011b). Thus, we investigated the

interactive effects of water stress and interspecific com-

petition on the photosynthetic activity and efficiency of the

two species across three growth periods. The aims were:

(1) to compare the Fv/Fm, NPQ, qP, and the rapid light

curve-derived parameters (rETRmax, Ik and a) of both

B. ischaemum and L. davurica under water stress; (2) to

determine the photosynthetic activity and efficiency of

each species in monocultures or mixtures; and (3) to

identify the differences between the two species across the

growth periods.

Materials and methods

Plant materials and growth conditions

Seeds of B. ischaemum and L. davurica were collected in

the autumn of 2011 from the experimental fields at Ansai
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Research Station (ARS) of the Chinese Academy of Sci-

ences (CAS) (altitude of 1,068–1,309 m, 36�510N,

109�190E) located at the centre of the semiarid hilly-gully

region on the Loess Plateau. After drying for 1 week out-

side in the sunlight, seeds were stored in a laboratory in a

sealed container. An one-pot experiment was conducted

from April to November 2012 in Yangling, Shaanxi

Province, China (altitude of 530 m, 34�120N, 108�70E),

which has a mean annual temperature of 12.9 �C, a max-

imum mean monthly temperature of 26.7 �C in July, a

minimum temperature of -1 to -2 �C in January, and a

mean annual rainfall of 637.6 mm.

The loessial soil used in the experiment was collected

from the upper 20 cm of a cultivated field at ARS. The soil

gravimetric moisture content at field capacity (FC) and

wilting point (WP) was 20.0 and 4.0 %, respectively. The

soil pH value was 8.77, and the soil organic matter content

was 0.36 %. The soil total N, total P and total K contents

were 0.025, 0.066 and 1.90 %, respectively, and the soil

available N, P and K contents were 19.62, 50.78 and

101.55 mg kg-1, respectively. As base fertilisers, 0.481 g

CON2H4 and 3.949 g KH2PO4 were applied after mixing

with 9.0 kg of air-dried soil, and the mixture was packed

into each pot (20 cm in diameter and 30 cm in depth) on

1 April 2012. A vertical plastic pipe placed adjacent to the

inner wall of each pot was used to supply water.

Species combination and water treatments

A replacement series design method was used at a density

of 12 plants per pot, and seven sowing ratios of B. is-

chaemum to L. davurica (0:12, 2:10, 4:8, 6:6, 8:4, 10:2 and

12:0) were arranged. Seeds of two species were sown in 12

equally spaced dibbles in each pot on 3 April, 2012. The

pots were initially well watered to ensure seedling estab-

lishment. When seedlings of B. ischaemum had five leaves

and were approximately 0.10 m high, three water regimes

[80 ± 5 % FC (HW), 60 ± 5 % FC (MW) and 40 ± 5 %

FC (LW)] were initiated, on 28 May 2012. Before water-

ing, a layer of perlite was spread on the soil surface of each

pot (20 g, approximately 2.0 cm deep) to reduce evapora-

tion from the soil surface. Daily evapo-transpiration was

assessed at 18:00 h by weighing the pots, and the water

losses were replaced via the plastic pipes to maintain the

desired water regime. Each treatment was replicated three

times, and all pots were distributed in a completely ran-

domised design inside the rainfall shelter.

Chlorophyll fluorescence measurements

Chlorophyll fluorescence kinetics parameters and rapid

light curves of the two species were determined using a

pulse amplitude modulated chlorophyll fluorescence

system (Imaging PAM, Walz, Effeltrich, Germany). The

measurements were conducted during their three growth

periods (based on the growth period of B. ischaemum):

heading period (HP, 9–13 July), flowering period (FP,

11–15 August) and mature period (MP, 10–14 September).

The corresponding growth periods for L. davurica were the

budding period, flowering period and productive period.

In each pot, two newly expanded healthy leaves of each

species were measured from 06:00 to 09:30 h every day.

The selected leaves were dark adapted for 30 min prior to

fluorescence kinetics measurement. Minimal fluorescence

yield (Fo) was measured with relatively weak measuring

light pulses (0.5 lmol m-2 s-1) at a low frequency (1 Hz).

Maximal fluorescence yield (Fm) was determined by

applying a pulse saturation light (duration 0.8 s,

1,580 lmol m-2 s-1). Following this, actinic light

(200 lmol m-2 s-1) was switched on and saturating pulse

was applied at 20-s intervals for 5 min to determine the

maximum fluorescence yield of light adapted leaf (Fm
0), and

the steady fluorescence during the actinic illumination (Fs).

For each interval, saturation pulse values of various chlo-

rophyll fluorescence parameters were captured. Subse-

quently, the maximum PSII quantum yield [Fv/Fm =

(Fm - Fo)/Fm], effective PSII quantum yield [UPSII =

(Fm
0 - Fs)/Fm

0], electron transport rate [ETR = UPSII 9

PAR 9 0.5 9 0.84], photochemical quenching [qP =

(Fm
0 - Fs)/(Fm

0 - Fo
0)] and non-photochemical quenching

[NPQ = (Fm - Fm
0)/Fm

0] were obtained automatically

using the ImagingWin software (Version 2.40, Walz). The

two measured values for each species per pot were averaged

as one replicate, and the average values of three replicates

per treatment were used in the analysis.

Rapid light curves of the same leaves were obtained

after the fluorescence kinetics measurement through the

application of a series of saturation pulses with 10-s

intervals between irradiances under increasing actinic

irradiance (1, 27 62, 87, 207, 337, 507, 717, 967, 1,257 and

1,537 lmol m-2 s-1). The relative electron transport rate

(rETR) was calculated at each level of irradiance as

rETR = UPSII 9 PAR, where UPSII is the effective quan-

tum yield of PSII (Ralph et al. 2002). Data from the rapid

light curves were fitted by the exponential equation of

(Platt et al. 1982). The regression equation was expressed

as:

P¼ Ps � ½1� expð�a�Ed=PsÞ� � expð�b�Ed=PsÞ ð1Þ

Ps is a scaling parameter defined as the maximum

potential rETR, a is measured by the initial slope of the rapid

light curve before the onset of saturation, Ed is the down-

welling irradiance (wavelength 400–700 nm), and b is the

negative slope of the rapid light curve for high irradiances.

The parameters rETRmax and Ik were estimated using the

following equations (Ralph and Gademann 2005):
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rETRmax ¼ Ps � a=ðaþ bÞ½ � � b=ðaþ bÞ½ �b=a ð2Þ
Ik ¼ rETRmax=a ð3Þ

Curve fitting was achieved using the non-linear Leven-

berg–Marquardt regression algorithm in the Origin soft-

ware program (Origin 6.0, Microcal software Inc.,

Northampton, MA, USA), and the fitted curves were good

(R2 [ 0.93) in all cases.

Statistical analysis

Statistical analyses were performed using the SPSS statis-

tical package (Version 16.0 for Windows, SPSS, Chicago,

USA). Differences between the treatment means among

three water regimes, seven mixture ratios, three growth

periods and two species were compared using Tukey’s

HSD (honestly significant difference) test at the 0.05

probability level.

Results

Maximum PSII quantum yield (Fv/Fm)

Water stress disproportionately decreased Fv/Fm values of

each species in different growth periods (Fig. 1). Under the

HW and MW regimes, there were no significant differences

among the three growth periods for B. ischaemum in

Fig. 1 Maximum photochemical efficiency (Fv/Fm) of Bothrio-

chloa ischaemum (B) and Lespedeza davurica (L) across their

growing periods (HP heading period, FP flowering period, MP

mature period) at different mixture ratios and for each water regime

[HW (a, b) 80 ± 5 % field capacity, MW (c, d) 60 ± 5 % field

capacity, LW (e, f) 40 ± 5 % field capacity]. Values are mean ± SE

(n = 3)
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monoculture or mixtures, except the averaged Fv/Fm values

in mixtures at the HP (0.795 and 0.786, respectively) were

significantly (P \ 0.05) higher than in monoculture (0.785

and 0.776, respectively) (Fig. 1a, c). Under the LW regime,

no significant differences were observed between mono-

culture and mixtures under each growth period, and the

Fv/Fm values of B. ischaemum in the HP were significantly

lower than in the other two growth periods (P \ 0.05)

(Fig. 1e).

For L. davurica under each water regime, the lowest Fv/

Fm values were found in the HP and the highest values

were found in the FP (Fig. 1b, d, f). During the MP, the

averaged value in mixtures (0.816) was significantly higher

than in monoculture (0.807) under the HW regime

(P \ 0.05), and there were no significant differences

between those values under the MW or LW regime

(Fig. 1b, d, f).

In the same mixture ratio, the Fv/Fm values of B. is-

chaemum were significantly lower than those of L. davurica

in the different growth periods under each water regime

(P \ 0.05), except in the HP under the HW and MW regimes

(Fig. 1).

Non-photochemical quenching (NPQ)

There were no obvious changing trends in NPQ values of

both species under different mixture ratios (Table 1).

Compared with the averaged NPQ values of B. ischaemum

under the HW regime, water stress (MW and LW)

increased by approximately 15.7 and 30.9 % in the HP,

13.7 and 12.3 % in the FP, and 7.4 and 22.7 % in the MP,

respectively (Table 1). In the same mixture ratio, there

were no obvious variation trends among the three growth

periods for B. ischaemum under each water regime, except

that the NPQ values in the HP or MP were significantly

higher than in the FP under the LW regime (P \ 0.05), and

there were no significant differences between the former

two periods (Table 1).

Compared to the HW regime, MW and LW regimes

increased the NPQ values of L. davurica by approximately

12.5 and 27.9 % in the HP, 26.1 and 104.1 % in the FP,

and 7.3 and 22.0 % in the MP, respectively (Table 1).

Under each water regime, the averaged NPQ value of

L. davurica was significantly higher in the FP and lower in

the MP (P \ 0.05) (Table 1). NPQ values of B. ischaemum

Table 1 Non-photochemical quenching values (NPQ) of Bothrio-

chloa ischaemum (B) and Lespedeza davurica (L) across their

growing periods (HP heading period, FP flowering period, MP

mature period) at different mixture ratios and for each water regime

(HW 80 ± 5 % field capacity, MW 60 ± 5 % field capacity, LW

40 ± 5 % field capacity)

Water regime B/L B. ischaemum L. davurica

HP FP MP HP FP MP

HW 0/12 0.174 ± 0.006 0.164 ± 0.005 0.140 ± 0.005

2/10 0.434 ± 0.005 0.444 ± 0.009 0.417 ± 0.002 0.156 ± 0.004 0.163 ± 0.006 0.134 ± 0.006

4/8 0.462 ± 0.011 0.412 ± 0.008 0.415 ± 0.010 0.165 ± 0.005 0.166 ± 0.005 0.141 ± 0.002

6/6 0.417 ± 0.008 0.406 ± 0.014 0.392 ± 0.008 0.164 ± 0.004 0.157 ± 0.003 0.131 ± 0.004

8/4 0.404 ± 0.011 0.437 ± 0.013 0.510 ± 0.010 0.147 ± 0.005 0.176 ± 0.002 0.131 ± 0.004

10/2 0.374 ± 0.008 0.433 ± 0.008 0.431 ± 0.008 0.136 ± 0.003 0.159 ± 0.004 0.132 ± 0.004

12/0 0.436 ± 0.011 0.463 ± 0.007 0.476 ± 0.012

MW 0/12 0.193 ± 0.007 0.181 ± 0.004 0.163 ± 0.005

2/10 0.546 ± 0.013 0.430 ± 0.006 0.498 ± 0.016 0.191 ± 0.005 0.170 ± 0.006 0.137 ± 0.004

4/8 0.522 ± 0.010 0.494 ± 0.019 0.463 ± 0.016 0.179 ± 0.006 0.183 ± 0.005 0.149 ± 0.002

6/6 0.474 ± 0.010 0.462 ± 0.007 0.494 ± 0.006 0.174 ± 0.006 0.241 ± 0.007 0.163 ± 0.003

8/4 0.478 ± 0.016 0.442 ± 0.011 0.510 ± 0.009 0.173 ± 0.006 0.241 ± 0.008 0.155 ± 0.005

10/2 0.440 ± 0.015 0.517 ± 0.012 0.479 ± 0.013 0.178 ± 0.006 0.201 ± 0.005 0.149 ± 0.004

12/0 0.496 ± 0.011 0.544 ± 0.009 0.485 ± 0.005

LW 0/12 0.208 ± 0.005 0.321 ± 0.011 0.186 ± 0.006

2/10 0.577 ± 0.016 0.482 ± 0.021 0.555 ± 0.009 0.211 ± 0.009 0.325 ± 0.007 0.159 ± 0.004

4/8 0.542 ± 0.010 0.422 ± 0.001 0.559 ± 0.010 0.222 ± 0.009 0.316 ± 0.008 0.163 ± 0.004

6/6 0.543 ± 0.012 0.470 ± 0.007 0.561 ± 0.013 0.204 ± 0.005 0.303 ± 0.007 0.170 ± 0.005

8/4 0.554 ± 0.015 0.517 ± 0.008 0.550 ± 0.017 0.203 ± 0.005 0.324 ± 0.010 0.178 ± 0.004

10/2 0.521 ± 0.013 0.476 ± 0.014 0.530 ± 0.010 0.208 ± 0.003 0.253 ± 0.008 0.187 ± 0.006

12/0 0.571 ± 0.015 0.526 ± 0.006 0.562 ± 0.006

Values are mean ± SE (n = 3)
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were significantly higher than L. davurica under each

water regime or mixture ratio treatment (P \ 0.05)

(Table 1).

Photochemical quenching (qP)

Water stress (MW and LW) decreased the averaged qP

values of B. ischaemum by approximately 6.5 and 17.1 %

in the HP, 7.5 and 7.4 % in the FP, 7.4 and 14.0 % in the

MP, respectively, compared with the HW regime

(Table 2). The averaged values in the HP (0.669) and MP

(0.686) were significantly higher than in the FP (0.643)

under the HW regime (P \ 0.05), but the opposite trend

occurred under the LW regime (P \ 0.05), and there were

no significant differences among the three periods under

the MW regime (Table 2).

For L. davurica, the MW and LW regimes decreased by

approximately 1.8 and 3.5 % in the HP, 3.6 and 6.6 % in

the HP, and 3.1 and 5.3 % in the HP, respectively

(Table 2). Under the HW, MW and LW regimes, the

averaged qP values of L. davurica in the HP (0.667, 0.658

and 0.642, respectively) were significantly higher than in

the FP (0.649, 0.630 and 0.621, respectively) or MP (0.646,

0.626 and 0.614, respectively) (P \ 0.05), and there were

no significant differences between the later two periods

(Table 2).

In same mixture ratio, there was no obvious changing

trend between the two species in different growth periods

under each water regime, except in the case of the averaged

qP values of B. ischaemum during the HP and MP (0.567

and 0.578, respectively), which were significantly lower

than those of L. davurica under the LW regime (P \ 0.05)

(Table 2).

Maximum relative electron transport rate (rETRmax)

The averaged rETRmax values of B. ischaemum decreased

by 20 and 40 % in the HP, 20 and 30 % in the FP or MP

under the MW and LW regimes, respectively, compared

with those under the HW regime (Fig. 2a, c, e). In the HP

period, the averaged values of B. ischaemum in mixtures

(163.3 or 126.3) were significantly higher than in mono-

culture (145.6 or 106.2) under the HW or MW regime,

respectively, while in FP, the corresponding averaged val-

ues in mixtures (170.6 or 132.5) were significantly higher

than in monoculture (155.4 or 123.8) under the HW or MW

Table 2 Photochemical quenching (qP) of Bothriochloa ischaemum

(B) and Lespedeza davurica (L) across their growing periods (HP

heading period, FP flowering period, MP mature period) at different

mixture ratios and for each water regime (HW 80 ± 5 % field

capacity, MW 60 ± 5 % field capacity, LW 40 ± 5 % field capacity)

Water regime B/L B. ischaemum L. davurica

HP FP MP HP FP MP

HW 0/12 0.631 ± 0.008 0.676 ± 0.009 0.657 ± 0.014

2/10 0.604 ± 0.010 0.626 ± 0.015 0.668 ± 0.002 0.666 ± 0.025 0.627 ± 0.022 0.659 ± 0.017

4/8 0.631 ± 0.014 0.639 ± 0.014 0.699 ± 0.011 0.695 ± 0.012 0.656 ± 0.008 0.638 ± 0.012

6/6 0.671 ± 0.014 0.629 ± 0.008 0.707 ± 0.012 0.711 ± 0.010 0.650 ± 0.017 0.632 ± 0.014

8/4 0.680 ± 0.018 0.663 ± 0.021 0.662 ± 0.008 0.689 ± 0.010 0.671 ± 0.011 0.617 ± 0.015

10/2 0.728 ± 0.023 0.651 ± 0.022 0.715 ± 0.005 0.667 ± 0.009 0.617 ± 0.016 0.673 ± 0.016

12/0 0.697 ± 0.010 0.650 ± 0.021 0.667 ± 0.008

MW 0/12 0.628 ± 0.012 0.646 ± 0.012 0.637 ± 0.015

2/10 0.583 ± 0.016 0.593 ± 0.020 0.661 ± 0.018 0.648 ± 0.014 0.649 ± 0.020 0.635 ± 0.011

4/8 0.601 ± 0.009 0.613 ± 0.010 0.596 ± 0.014 0.671 ± 0.004 0.642 ± 0.003 0.633 ± 0.006

6/6 0.650 ± 0.008 0.594 ± 0.014 0.634 ± 0.016 0.680 ± 0.018 0.638 ± 0.008 0.621 ± 0.016

8/4 0.633 ± 0.011 0.662 ± 0.013 0.626 ± 0.012 0.667 ± 0.008 0.640 ± 0.010 0.601 ± 0.014

10/2 0.651 ± 0.017 0.628 ± 0.016 0.601 ± 0.012 0.655 ± 0.010 0.565 ± 0.007 0.630 ± 0.008

12/0 0.647 ± 0.020 0.576 ± 0.013 0.632 ± 0.015

LW 0/12 0.624 ± 0.020 0.609 ± 0.009 0.619 ± 0.015

2/10 0.527 ± 0.014 0.607 ± 0.006 0.571 ± 0.006 0.643 ± 0.014 0.588 ± 0.015 0.647 ± 0.020

4/8 0.591 ± 0.014 0.612 ± 0.007 0.586 ± 0.010 0.644 ± 0.016 0.593 ± 0.020 0.616 ± 0.004

6/6 0.525 ± 0.004 0.616 ± 0.011 0.584 ± 0.011 0.638 ± 0.020 0.638 ± 0.019 0.620 ± 0.012

8/4 0.577 ± 0.022 0.625 ± 0.022 0.570 ± 0.009 0.644 ± 0.005 0.645 ± 0.013 0.596 ± 0.011

10/2 0.624 ± 0.021 0.613 ± 0.014 0.567 ± 0.008 0.659 ± 0.012 0.655 ± 0.009 0.587 ± 0.008

12/0 0.557 ± 0.007 0.580 ± 0.012 0.591 ± 0.014

Values are mean ± SE (n = 3)
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regime, respectively (P \ 0.05) (Fig. 2a, c). Under the LW

regime, the mean rETRmax values in the FP and MP were

significantly higher than in the HP (P \ 0.05) (Fig. 2e).

For L. davurica, the corresponding decreases were 10 %

during each growth period under the MW or LW regime

(Fig. 2d, f). The averaged rETRmax value of L. davurica in

the FP was significantly higher than in the HP or MP, and

there were no significant differences between the later two

periods (P \ 0.05) (Fig. 2b, d, f). Under the HW, MW or

LW regimes, the averaged rETRmax values of L. davurica

in mixture (272.9, 251.4 or 237.2) were significantly higher

than in monoculture (253.1, 240.8 or 226.4, respectively) at

the MP (P \ 0.05), and the rETRmax values of L. davurica

at the ratio of 2:10 were relatively higher than other mix-

ture ratios under each water regime (Fig. 2b, d, f). The

rETRmax values of B. ischaemum were significantly lower

than those of L. davurica under each water regime or

mixture ratio (P \ 0.05) (Fig. 2).

Minimum saturating irradiance (Ik)

There were no consistent changes in Ik values for both

species in monoculture or for mixtures under each water

regime (Table 3). Moderate (MW) and severe (LW) water

stress had different effects on the Ik values of B. ischae-

mum during their growth periods in monoculture or mix-

tures; the MW regime increased the Ik values of

B. ischaemum by approximately 20 % during the HP in the

monoculture, whereas the averaged Ik values decreased by

approximately 20 % in the FP (Table 3).

Fig. 2 Maximum relative electron transport rate (rETRmax) of

Bothriochloa ischaemum (B) and Lespedeza davurica (L) across their

growing periods (HP heading period, FP flowering period, MP

mature period) at different mixture ratios and for each water regime

[HW (a, b) 80 ± 5 % field capacity, MW (c, d) 60 ± 5 % field

capacity, LW (e, f) 40 ± 5 % field capacity]. Values are mean ± SE

(n = 3)
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Compared to the HW regime, the LW regime on average

decreased the Ik values by approximately 20 % in the FP or

MP (Table 3). There were significant differences among

the three growth periods of B. ischaemum under each water

regime, with the highest values in the MP (288.8, 288.9 and

262.8 for the HW, MW and LW regimes, respectively) and

the lowest values in the HP (193.6, 218.9 and 190.0 for the

HW, MW and LW regimes, respectively) (P \ 0.05)

(Table 3).

For L. davurica, the MW and LW regimes decreased by

approximately 10 % in the HP or FP, while the corre-

sponding decreases were 10 % in the MP under the LW

regime, compared with the HW regime (Table 3). There

were no significant differences among the three growth

periods of L. davurica under the HW regime, and the

averaged Ik values in the HP (379.0) were significantly

lower than in the FP (404.7) and MP (406.4) under the MW

regime (P \ 0.05), while those values in the HP (362.6)

and FP (366.3) were significantly lower than those in the

MP (393.2) (P \ 0.05) (Table 3). In the same mixture

ratio, the Ik values of L. davurica were significantly higher

than those of B. ischaemum under each water regime

(P \ 0.05) (Table 3).

Initial slope of the curve (a)

Compared with the mean a value under the HW regime,

MW and LW regimes decreased this value in B. ischae-

mum by approximately 20.4 and 19.9 % in the HP, 11.5

and 28.1 % in the FP, and 16.6 and 23.1 % in the MP,

respectively. While for L. davurica, the corresponding

decreases were 2.2 and 5.6 % in the HP, 5.3 and 4.5 % in

the FP, 3.6 % in the FP and 6.1 % in the MP, respectively

(Table 4). In the same mixture ratio, the averaged a value

of B. ischaemum was lower than that of L. davurica under

each water regime (P \ 0.05), and this value in both spe-

cies in the FP was higher than in the other two periods,

except when L. davurica had ratios of 6:6 and 8:4 during

the FP under the MW regime (Table 4).

Discussion

Species differences in response to water stress

Multi-species systems with plants in different life forms

may affect their physiological response to lower water

Table 3 Minimum saturating irradiance (Ik, lmol m-2 s-1) of

Bothriochloa ischaemum (B) and Lespedeza davurica (L) across their

growing periods (HP heading period, FP flowering period, MP

mature period) at different mixture ratios and for each water regime

(HW 80 ± 5 % field capacity, MW 60 ± 5 % field capacity, LW

40 ± 5 % field capacity)

Water regime B/L B. ischaemum L. davurica

HP FP MP HP FP MP

HW 0/12 411.9 ± 8.9 443.7 ± 7.0 411.7 ± 12.2

2/10 176.8 ± 4.8 283.4 ± 7.0 309.5 ± 10.2 435.4 ± 10.7 465.2 ± 8.6 455.2 ± 11.4

4/8 172.6 ± 1.6 266.1 ± 7.0 293.1 ± 7.8 405.4 ± 10.7 428.6 ± 11.4 434.2 ± 13.8

6/6 183.1 ± 1.4 247.2 ± 5.4 285.9 ± 9.2 405.6 ± 9.6 403.4 ± 11.1 414.6 ± 7.7

8/4 211.5 ± 6.7 263.1 ± 4.3 303.3 ± 11.6 425.8 ± 11.7 401.0 ± 14.2 408.2 ± 6.8

10/2 198.4 ± 7.7 273.4 ± 9.0 286.0 ± 9.5 408.0 ± 9.2 398.6 ± 13.3 419.2 ± 5.6

12/0 198.8 ± 6.4 266.3 ± 4.5 282.0 ± 8.1

MW 0/12 376.0 ± 8.1 395.5 ± 13.1 397.5 ± 7.5

2/10 209.3 ± 3.5 242.6 ± 6.8 293.2 ± 3.6 432.7 ± 11.7 436.2 ± 11.8 427.8 ± 11.7

4/8 213.1 ± 4.2 249.6 ± 5.6 284.2 ± 6.9 403.0 ± 12.5 403.0 ± 9.8 408.5 ± 14.1

6/6 193.7 ± 6.3 211.5 ± 2.9 277.6 ± 7.4 371.0 ± 9.1 407.7 ± 5.1 422.9 ± 2.4

8/4 201.5 ± 4.4 230.8 ± 5.7 298.8 ± 3.0 372.3 ± 9.0 418.6 ± 7.5 399.4 ± 9.3

10/2 202.2 ± 7.0 233.8 ± 8.5 257.6 ± 6.8 361.0 ± 9.4 403.4 ± 8.8 417.7 ± 3.1

12/0 233.8 ± 11.6 211.8 ± 3.5 295.6 ± 7.8

LW 0/12 359.5 ± 8.1 346.8 ± 3.8 383.1 ± 2.8

2/10 191.4 ± 5.3 231.0 ± 4.6 224.9 ± 5.1 389.8 ± 9.9 395.6 ± 7.6 413.6 ± 4.2

4/8 192.9 ± 7.0 232.5 ± 3.0 261.4 ± 8.9 357.1 ± 3.7 378.8 ± 11.3 402.1 ± 10.6

6/6 200.6 ± 6.9 238.0 ± 7.5 273.6 ± 6.7 361.4 ± 10.6 377.2 ± 13.1 408.2 ± 14.2

8/4 199.6 ± 5.6 229.0 ± 3.6 267.2 ± 8.4 370.1 ± 3.0 388.8 ± 10.9 375.6 ± 4.0

10/2 215.0 ± 7.4 218.5 ± 6.6 283.3 ± 8.4 381.6 ± 10.0 389.0 ± 12.3 416.8 ± 10.1

12/0 180.2 ± 3.0 217.8 ± 3.3 263.5 ± 8.1

Values are mean ± SE (n = 3)
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availability (Cornic and Fresneau 2002; Grzesiak 2009),

and can potentially lead to changes in structure and func-

tion of the communities (Porporato et al. 2004; Liu et al.

2011). Drought damage effects on plant photosynthetic

apparatus depend on the degree of water deficit and the

susceptibility of individual species (Griffiths and Parry

2002; Ashraf and Harris 2013). Fv/Fm was a parameter that

is typically used in the monitoring of plant drought survival

under water deficit conditions (Woo et al. 2008), and the

values of Fv/Fm in the non-stressed plants were normally

0.75–0.85 (Bolhar-Nordenkampf et al. 1989). The results in

this study showed that Fv/Fm values of both B. ischaemum

and L. davurica in different growth periods were generally

greater than 0.75, regardless of water regime and mixture

ratio, which might be because the PSII of those species

appears to be very resistant to drought stress, and the Fv/Fm

measured in dark-adapted leaves did not change even in

more severe drought conditions (Cornic and Fresneau

2002; Terzi et al. 2010), which demonstrated that the PSII

of both B. ischaemum and L. davurica had strong drought

resistance. This result is further supported by the fact that

the primary photochemistry in PSII of the plants was

hardly affected by water stress (Lu and Zhang 1999).

PSII photochemical efficiency has been used to clarify the

involvement of regulation of photosynthesis in drought

tolerance strategies for plants (Terzi et al. 2010). However,

different species often show different photosynthetic per-

formances or drought adaptation strategies in response to

water availability due to their differences in morphology and

physiology (Li and Wang 2003; Zhang et al. 2004; Lei et al.

2006; Sánchez-Rodrı́guez et al. 2012). The results in this

study showed that water stress (MW and LW regimes) sig-

nificantly decreased the Fv/Fm, qP and the rapid light curve-

derived parameters (rETRmax, Ik or a) of both B. ischaemum

and L. davurica during their growth periods, but the former

species decreased much more than the later species, espe-

cially under the LW regime. This was consistent with pre-

vious studies that showed that B. ischaemum was more

sensitive (and less stable) to soil water stress, compared with

L. davurica (Xu et al. 2007). Additionally, the differences in

the photosynthetic responses of two co-occurring species to

lower water availability have also been reported in species of

grasses, shrubs and trees (Szota et al. 2011; Ogaya et al.

2011; Maricle and Adler 2011), which indicate that B. is-

chaemum and L. davurica may possess different physio-

logical strategies for coping with drought stress.

Table 4 Initial slope of the curve (a, mol electrons mol photons-1) of

Bothriochloa ischaemum (B) and Lespedeza davurica (L) across their

growing periods (HP heading period, FP flowering period, MP

mature period) at different mixture ratios and for each water regime

(HW 80 ± 5 % field capacity, MW 60 ± 5 % field capacity, LW

40 ± 5 % field capacity)

Water regime B/L B. ischaemum L. davurica

HP FP MP HP FP MP

HW 0/12 0.633 ± 0.006 0.654 ± 0.001 0.625 ± 0.005

2/10 0.548 ± 0.008 0.615 ± 0.013 0.525 ± 0.006 0.641 ± 0.014 0.677 ± 0.016 0.626 ± 0.004

4/8 0.569 ± 0.016 0.629 ± 0.005 0.521 ± 0.013 0.657 ± 0.019 0.666 ± 0.008 0.617 ± 0.011

6/6 0.528 ± 0.011 0.660 ± 0.005 0.500 ± 0.009 0.643 ± 0.011 0.653 ± 0.023 0.631 ± 0.006

8/4 0.499 ± 0.017 0.671 ± 0.019 0.495 ± 0.016 0.632 ± 0.009 0.679 ± 0.010 0.635 ± 0.013

10/2 0.527 ± 0.008 0.630 ± 0.014 0.561 ± 0.010 0.628 ± 0.006 0.691 ± 0.019 0.647 ± 0.009

12/0 0.511 ± 0.008 0.606 ± 0.006 0.512 ± 0.011

MW 0/12 0.618 ± 0.006 0.623 ± 0.005 0.606 ± 0.003

2/10 0.434 ± 0.008 0.576 ± 0.005 0.445 ± 0.004 0.609 ± 0.017 0.627 ± 0.009 0.614 ± 0.005

4/8 0.410 ± 0.016 0.544 ± 0.002 0.437 ± 0.006 0.616 ± 0.012 0.638 ± 0.017 0.613 ± 0.007

6/6 0.432 ± 0.012 0.587 ± 0.021 0.433 ± 0.009 0.628 ± 0.020 0.619 ± 0.012 0.585 ± 0.007

8/4 0.411 ± 0.013 0.568 ± 0.011 0.407 ± 0.001 0.643 ± 0.012 0.625 ± 0.013 0.619 ± 0.005

10/2 0.422 ± 0.012 0.558 ± 0.018 0.453 ± 0.013 0.642 ± 0.021 0.656 ± 0.010 0.597 ± 0.006

12/0 0.410 ± 0.007 0.537 ± 0.006 0.426 ± 0.010

LW 0/12 0.594 ± 0.009 0.627 ± 0.005 0.591 ± 0.008

2/10 0.421 ± 0.010 0.461 ± 0.005 0.449 ± 0.004 0.600 ± 0.007 0.654 ± 0.004 0.583 ± 0.011

4/8 0.430 ± 0.012 0.480 ± 0.014 0.403 ± 0.009 0.601 ± 0.012 0.651 ± 0.017 0.595 ± 0.018

6/6 0.427 ± 0.009 0.459 ± 0.008 0.375 ± 0.012 0.621 ± 0.005 0.626 ± 0.006 0.577 ± 0.018

8/4 0.419 ± 0.014 0.497 ± 0.006 0.399 ± 0.005 0.604 ± 0.011 0.628 ± 0.008 0.602 ± 0.018

10/2 0.410 ± 0.008 0.483 ± 0.010 0.392 ± 0.005 0.615 ± 0.006 0.647 ± 0.006 0.585 ± 0.002

12/0 0.416 ± 0.007 0.420 ± 0.007 0.390 ± 0.009

Values are mean ± SE (n = 3)
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The rapid light curve measures the effective quantum

yield as a function of irradiance, which provides detailed

information on the saturation characteristics of electrons

and is a powerful tool to assess photosynthetic activity

(Ralph et al. 2002), and the decreases of rETRmax and Ik

also suggested the reduction in photosynthetic efficiency of

plants under environmental stress (Song et al. 2013). In this

study, B. ischaemum consistently showed significantly

lower Fv/Fm and the rapid light curve-derived parameters

(rETRmax or Ik) than L. davurica under water stress, indi-

cating that the photosynthetic activity and efficiency of

L. davurica were higher than those of B. ischaemum

(Figs. 1, 2), which may be attributed to the tap root system

of L. davurica offering an advantage for soil water acqui-

sition over the fibrous root system of B. ischaemum.

Additionally, the PSII activity of C4 species is always

parallel to variations in the quantum yield of CO2 fixation,

whereas the C3 species showed relatively higher PSII

activity that typically partitioned between photosynthesis

and photorespiration (Krall and Edwards 1992). Similar

results were also reported by Throop et al. (2012), who

demonstrated that the C3 shrub (honey mesquite Proso-

pis glandulosa) consistently maintained higher physiolog-

ical activity in leaves than the C4 grass (black grama

Bouteloua eriopoda) during the dry seasons in the Chi-

huahuan Desert natural grasslands.

The dissipation of excitation energy at the chloroplast

level through NPQ under high light or water stress was

thought to be an indicator of an essential regulation and

photo-protection mechanism in photosynthetic organisms

(Ruban and Murchie 2012; Lambrev et al. 2012). NPQ in

B. ischaemum was significantly higher than in L. davurica

among the three growth periods under each water regime

and mixture ratio (P \ 0.05), and the opposite trend

occurred for the averaged qP values for all three growth

periods between the two species under the MW and LW

regimes, indicating that more light energy in B. ischaemum

was dissipated in the form of heat, which may further explain

the lower Fv/Fm values of B. ischaemum due to its relatively

higher efficiency in NPQ and lower efficiency of qP

(Tables 1, 2). On the other hand, it implies that B. ischae-

mum has stronger ability to dissipate excess light energy in

PSII through NPQ to protect its photosynthetic organisms

under water stress (Ruban and Murchie 2012).

Different responses in monoculture and mixtures

Ecological theory predicts that productivity will be higher

in mixtures if species use environmental resources (light,

water and nutrient) differently in time or space (Kelty

1992; Tilman 1997; Wilsey 2010). A previous study indi-

cated that there were complementary effects to grow

B. ischaemum and L. davurica together because of higher

relative yield total and transpiration water use efficiency

(Xu et al. 2011a, b). Field experiments showed that the row

ratios of B. ischaemum to L. davurica of 8:2 and 6:4 were

beneficial in improving the photosynthesis and water use

efficiencies of B. ischaemum (Wang et al. 2012). The

results in the present study showed that the photosynthetic

activity and efficiency of B. ischaemum in mixtures during

the HP or FP were significantly higher than in monoculture

under the HW and MW regimes (P \ 0.05), whereas

L. davurica in mixtures had significantly higher photo-

synthetic activity and efficiency in the MP under each

water regime (P \ 0.05) (Figs. 1, 2), which illustrated that

mixture planting benefited the photosynthetic performance

and may have enhanced the drought-resistant ability of

both B. ischaemum and L. davurica under water stress.

However, the maximal photosynthetic performances of

both species under each water regime in mixed culture

depended on the developmental period of the individual

plant, with the photosynthetic activity and efficiency of

B. ischaemum in the HP and FP performing better than in the

MP under sufficient water supply and moderate water stress

conditions, whereas L. davurica showed the opposite trend

under each water regime (Figs. 1, 2). According to previous

studies, the coexistence of co-occurring species is deter-

mined by the balance between competition and resource

partitioning (Barron-Gafford et al. 2013), and the ability of

mixed species to compete for light, water and nutrient

resources that are varied throughout the growing period

(Pearcy et al. 1981; Yachi and Loreau 2007). In this study,

there are differences in the photosynthetic activity and effi-

ciency of B. ischaemum and L. davurica in mixtures across

growth periods under each water regime. These potential

explanations are that the ability of B. ischaemum to compete

for resources decreases with the passing of the growth peri-

ods, and that it is a superior competitor in acquiring water or

nutrient resources in the HP or FP, whereas L. davurica is

more active in capturing resources in the MP. Furthermore,

the competition ability of B. ischaemum in resource acqui-

sition may be inhibited by the LW regime (Figs. 1, 2).

Photosynthetic performance differences of mixed spe-

cies among each growth period are associated with their

physiology and morphology and with environmental fac-

tors (Robledo and Freile-Pelegrı́n 2005; Sage and Kubien

2007). In the present study, the photosynthetic performance

of both species obviously differed among their growth

periods, and the B. ischaemum showed relatively higher

photosynthetic activity and efficiency in the FP, while

L. davurica showed relatively higher photosynthetic

activity and efficiency in the FP and MP (Figs. 1, 2), which

can be mainly attributed to the fact that the C4 species are

active in the higher temperature summer season while the

C3 species flourish in the cool autumn (Kemp and Williams

1980; Sage and Kubien 2007).
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In summary, we contributed to identification of the

physiological basis for differences in the photosynthetic

responses of two co-occurring plant species. The results

suggested that their maximal photosynthetic performances

in mixed culture depend on the developmental stage of the

individual plants. Under both sufficient water supply and

water stress conditions, the application of mixture planting

enhances the photosynthetic performance of B. ischaemum

in HP and FP while that of L. davurica only in the MP.
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