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Editorial on the Research Topic

Adaptation of Dryland Plants to A Changing Environment

Currently, the earth is undergoing rapid and major environmental changes mostly because of 
anthropogenic activities (IPCC, 2014). The biogeochemical cycles and the structure and function of 
ecosystems in several regions of the world are being substantially changed due to water scarcity and  
climate change (Koutroulis, 2019). The dryland ecosystem, which covers 40−50% of earth’s terrestrial 
surface and is home to more than a third of the world’s human population (Mortimore et al., 2009; 
Schimel, 2010), is being dramatically affected the most. The changes in the environment are not 
only amplifying the pressure exerted on the drylands but also placing new challenges (Gonzalez-
Megias and Menendez, 2012; Reed et al., 2012; Koutroulis, 2019). The effect of such human-caused 
environmental changes is already recognizable in the responses and dynamics of dryland ecosystems 
(e.g., Maestre et al., 2015; Butterfield and Munson, 2016; Schlaepfer et al., 2017). The adaptation 
of dryland plants and their development, fitness, and competitiveness in a changing environment, 
however, are currently poorly understood. There is no doubt that scientists need to improve 
their understanding of the mechanisms of plant adaptation and the processes that are triggered 
by human-driven changes to the environment and provide that information to policy makers 
and dryland managers to develop strategies for sustainable management of dryland ecosystems. 
The studies included in this research topic examined how dryland plants respond and evolve in a 
changing environment. Addressing questions on the impact of environmental change on drylands, 
with a particular focus on drought (limited water) and heat (high temperature), not only offers new 
perspectives but also provides ideas and outlines critical challenges that need to be researched.

Typically, the ecological understanding of the response to environmental conditions and changes 
rely on three approaches: (i) manipulative experiments, (ii) long-term observational records by 
monitoring the response to ambient environmental fluctuations using repeat sampling of plots, and 
(iii) space-for-time substitutions derived from sampling along environmental gradients and across 
time scales. The three approaches are valuable but sometimes produce inconsistent estimates of 
the magnitude of plant community response to environmental changes (Yuan et al., 2017; Barner 
et al., 2018; Knapp et al., 2018). There is therefore a need for using a combination of experimental, 
monitoring, and gradient approaches to provide different insights on the response to environmental 
changes. This research topic brings together the results from a number of studies exploring plant 
adaptation to a changing environment in drylands using such different methods.

Six of the 12 articles in the issue deal with manipulative experiments, an ongoing commonly used 
approach in ecology research. They address a variety of topics, notably the responses of a vast range 
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of dryland plant species to experimental drought (Mahajan et al.; 
Wang et al; Li et al.) and nutrient addition (Cui et al.). Mahajan 
et al. quantified the impact of moisture stress on the physiological 
changes and reproductive capacity of emerging problematic 
weed species (Sisymbrium thellungii) to understand reasons for 
its spread and develop appropriate management strategies. Wang 
et al. measured the performance of root systems of two contrasting 
plant species (Bothriochloa ischaemum, C4 herbaceous species, 
and Lespedeza davurica, C3 leguminous species) under different 
soil moisture regimes to understand interactions between the 
shrub–grass species. Cui et al. measured the N response of two 
temperate desert plant species (Malcolmia africana, an ephemeral, 
and Salsola affinis, an annual) to understand their aboveground 
and belowground growth performance and N retention, thus 
helping understand the relative competitiveness and species 
composition under different environmental conditions. Li et al. 
conducted experiments to understand the interaction between 
endophytes isolated from desert plants on the performance of 
Hedysarum scoparium under different soil water conditions. 
They observed that endophytes established a positive symbiosis 
and further enhanced the biomass and antioxidant activities of 
the host plant particularly under water-deficit conditions.

The study of Zhou et al. reviewed leaf gas exchange in 
response to experimental drought in drylands and provides 
new information on the responses of plant function to 
drought, highlighting the importance of linking plant traits 
and particularly the correlation between hydraulic conductivity 
and photosynthesis. In their study in northern China, Liu et al. 
describe the effects of defoliation caused by animal grazing and 
hay production on plant regrowth and conclude that resource 
reallocation is specific to species. In drylands, particularly in 
deserts, plants and their seeds often experience various degrees 
of sand burial and exposure to wind erosion. Plant adaptation 
to these environmental stresses is thus critical for successful 
seed germination, seedling emergence, and initial establishment 
(Pimentel and Kounang, 1998). The study of Fan et al. showed 
that desert shrubs take a bet-hedging strategy to adapt to 
such arid environments. All of these studies report significant 
changes in the processes of dryland plants responding to various 
experimental treatments, highlighting the importance of even a 
tiny alteration of environments in drylands for their functioning. 
Therefore, the studies on this research topic could provide a 
powerful tool to establish cause–effect relationships and to test 
specific hypotheses regarding the impacts of environmental 
change.

In the study of Haberstroh et al. terpenoid emissions from 
two woody species that have developed photoprotective 
mechanisms to adapt to environmental pressures associated 
with Mediterranean climate were monitored. Gang et al. 
monitored drought conditions in China’s drylands over 12 
years and found that the carbon assimilated and the water 
used by dryland forests were more affected by drought than 
in dryland grasslands. Yan et al. investigated the possible 
drought-related patterns of plant functional traits across a 

macroecological gradient, that is, a precipitation transect 
where they sampled 39 dominant species in 22 sites in the 
Inner Mongolian grassland, finding that dryland plants have 
adapted to drought in four different ways. Fang et al. focused 
on the variation in plant/soil carbon, nitrogen, and phosphorus 
stoichiometry along a latitudinal gradient of ~500 km  
in northern China’s drylands. Both studies demonstrate 
that environmental changes are likely to affect plant cover, 
community composition, and functional traits. The studies 
also highlight that environmental change can cause significant 
impacts on drylands. By analyzing 720 soil samples from 72 
paired sites in northeastern China, Wu et al. discuss the role of 
deep soils on dryland plants at a large geographic scale.

The research described in this research topic highlights the 
various mechanisms underlying the potential response of dryland 
plants to a changing environment, dependent on the component 
considered and the amount and duration of the abiotic or biotic 
stress. The plant-soil-environment feedback, together with other 
disturbances, might lead to functional alterations of ecosystem 
resilience in drylands. Short- and long-term adaptations may 
differ, which is why experiments, monitoring, and gradient 
observations are needed (Elmendorf et al., 2015; Yuan and Chen, 
2015; Blume-Werry et al., 2016; Yuan et al., 2017). In particular, 
long-term environmental changes could result in a new stable 
state of the dryland ecosystem, and its structural persistence might 
strongly depend on the adaptive capacity/plasticity of individuals 
and populations to environmental impacts. As shown in this 
special issue, drylands are inhabited by many species that respond 
in different ways to a changing environment. Undoubtedly, 
the broad range of articles in this research topic could deepen 
our current understanding of ecological mechanisms by which 
plants respond and adapt to environmental changes in dryland 
ecosystems. This topic still remains as a frontier in plant science 
with an urgent need to be understood to predict the impacts of 
environmental changes on drylands.
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Drought is a major environmental constrain affecting plant performance and survival,
particularly in Mediterranean ecosystems. Terpenoids may play a protective role under
these conditions, however, observations of drought effects on plant terpenoid emissions
are controversial ranging from decreased emissions to unaffected or increased release
of terpenoids. In the present study we investigated terpenoid emissions of cork
oak (Quercus suber) and gum rockrose (Cistus ladanifer) in response to summer
drought stress in 2017. Pre-dawn leaf water potential (9PD) decreased from −0.64
to −1.72 MPa in Q. suber and from −1.69 to −4.05 MPa in C. ladanifer, indicating
a transition from mild to severe drought along summer. Total terpenoid emissions
decreased with drought, but differed significantly between species (p < 0.001) and
in response to 9PD, air temperature and assimilation rates. C. ladanifer emitted a
large variety of >75 compounds comprising monoterpenes, sesquiterpenes and even
diterpenes, which strongly decreased from 1.37 ± 0.23 µg g−1 h−1 to 0.40 ± 0.08 µg
g−1 h−1 (p < 0.001) in response to drought. Total emission rates were positively
correlated to air temperature (p < 0.001). C. ladanifer behavior points toward terpenoid
leaf storage depletion and reduced substrate availability for terpenoid synthesis with
increasing drought, most likely accelerated by high air temperatures. Q. suber emitted
mainly monoterpenes and emissions declined significantly from June (0.50 ± 0.08 µg
g−1 h−1) to August (0.29 ± 0.02 µg g−1 h−1) (p < 0.01). Emission rates were weakly
correlated with net assimilation rates (R2 = 0.19, p < 0.001), but did not respond strongly
to 9PD and air temperature. Early onset of drought in 2017 most likely reduced plant
metabolism in Q. suber, resulting in diminished, but stable terpenoid fluxes. Calculation
of standard emission factors (at 30◦C) revealed contrasting emission patterns of
decreasing, unaffected, or increasing fluxes of single terpenoid compounds. Unaffected
or drought-enhanced emissions of compounds such as α-pinene, camphene or manoyl
oxide may point toward a specific role of these terpenoids in abiotic stress adaptation.
In conclusion, these results suggest a strong negative, but species- and compound-
specific effect of severe drought on terpenoid fluxes in Mediterranean ecosystems.
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INTRODUCTION

Vegetation exerts a strong impact on atmospheric trace gasses,
e.g., by buffering the effect of elevated CO2 through enhanced
carbon sequestration, but inversely by emitting a diverse array
of reactive hydrocarbons to the atmosphere. These biogenic
volatile organic compounds (BVOC) are involved in a variety of
functions in plants such as defense, reproduction or adaptation
to stressful conditions (Kesselmeier and Staudt, 1999; Possell
and Loreto, 2013). Terrestrial vegetation is estimated to emit
around 1000 Tg carbon per year as BVOC (Guenther et al., 2012).
Once released into the atmosphere BVOCs are highly reactive
and exert a strong influence on atmospheric chemistry and air
quality (Atkinson and Arey, 2003; Loreto et al., 2014), as they
are involved in tropospheric ozone production, aerosol formation
and ultimately influence climate (Holopainen and Gershenzon,
2010). BVOCs include a variety of chemical compounds such
as terpenoids, alkanes, alkenes, alcohols, esters, carbonyls, or
organic acids (Kesselmeier and Staudt, 1999; Dudareva et al.,
2013), with terpenoids being the largest and most diverse cluster
(Tholl, 2015). Terpenoids are organic substances all sharing a
common C5 building block synthesized via the plastidic 2-C-
methyl-D-erythritol 4-phosphate (MEP) pathway or the cytosolic
mevalonic acid (MVA) pathway (Vickers et al., 2009; Tholl,
2015). Further transformation of C5 building blocks results
in a large variety of compounds such as hemiterpenes (C5),
monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20),
and terpenoids with even higher molecular mass (Vickers
et al., 2009). Hemiterpenes, monoterpenes, and sesquiterpenes
are considered to be volatile compounds as they have a high
vapor pressure (Dudareva et al., 2006; Loreto et al., 2014).
Diterpenes on the other hand, are either considered semi- or non-
volatile (Niinemets, 2010; Loreto et al., 2014), but have recently
been reported in terpenoid emissions of Mediterranean shrub
species (Yáñez-Serrano et al., 2018). Especially emissions of the
hemiterpene isoprene are thought to have a large influence on
various protective mechanisms against abiotic and biotic stresses
(Kesselmeier and Staudt, 1999; Loreto et al., 2014). In non-
isoprene emitting plants, monoterpenes and sesquiterpenes are
assumed to fulfill similar functions (Vickers et al., 2009; Loreto
et al., 2014). These compounds act, for example, as membrane
stabilizers, antioxidants or signal substances (Peñuelas et al.,
2005; Vickers et al., 2009; Possell and Loreto, 2013).

While the response of BVOC emissions to abiotic factors such
as temperature or light is well described (e.g., Kesselmeier and
Staudt, 1999), results regarding their response to drought stress
are more controversial (Staudt et al., 2002; Ormeno et al., 2007;
Lluisà et al., 2016). Several studies suggest, that the intensity of
stress appears to be the key predictor for emissions, as mild stress
increases emissions, while they strongly decrease under severe
drought (Ormeno et al., 2007; Lluisà et al., 2016). These emission
patterns are often related to a decline in photosynthetic activity
induced by prolonged drought (Lavoir et al., 2009). However, it is
of high importance to comprehend the BVOC emission pattern
of plants and ecosystems to drought stress, as the uncertainty of
stress response strongly limits the reliability of models predicting
BVOC emissions and, thus, projections of future emissions and

impact on atmospheric chemistry (Niinemets, 2010; Guenther
et al., 2012).

A region which is considered to contribute substantially to
those uncertainties is the Mediterranean basin, where climate
change impacts are already visible, such as prolonged drought
periods and heat waves (Costa et al., 2010; Caldeira et al., 2015).
Mediterranean ecosystems are characterized by pronounced
summer drought and are, due to co-occurring high light
intensities and air temperatures, strong BVOC emitters (Seco
et al., 2011). Recent studies and models regarding climate
change report an increasing risk of prolonged drought periods
due to changed precipitation patterns and rising temperatures
(Páscoa et al., 2017). Consequently, climate change will most
likely influence BVOC emissions of Mediterranean ecosystems
significantly. An excellent model system to study BVOC emission
patterns in this regard are savannah type, man-made cork oak
(Quercus suber) ecosystems, also called “montados” or “dehesas”.
Given their large distribution, especially in the Iberian Peninsula
(David et al., 2007), montado BVOC emissions may potentially
affect regional atmospheric chemistry. In some areas, these
socio-economically and ecologically important ecosystems are
threatened by the invasion of shrubs such as gum rockrose (Cistus
ladanifer), often as a result of land abandonment (Bugalho et al.,
2011). While this native shrub itself has a high potential for
BVOC emissions (Alías et al., 2012), it competes with Q. suber
and Q. ilex, thereby reducing water and carbon fluxes, as well
as resilience and resistance of trees (Rolo and Moreno, 2011;
Caldeira et al., 2015). However, while we are only at the beginning
of understanding the interaction between invasive species and
native trees under drought (Rascher et al., 2011; Caldeira et al.,
2015), even less is known, on how BVOC emissions of these
different plant types respond to severe drought. To this end, we
aim to shed new light onto the emission patterns of Q. suber
and C. ladanifer under natural conditions in response to drought
stress. We focus on terpenoids, since this BVOC class has
been shown to play a vital role in plant stress responses (e.g.,
Dudareva et al., 2006). Q. suber is regarded as monoterpene
emitter (Staudt et al., 2004, 2008; Pio et al., 2005; Bracho-
Nunez et al., 2013) with a large intraspecific variability in
emissions (Loreto et al., 2009). The lack of specialized storage
organs for terpenoids indicates a high dependency of emissions
on photosynthetic activity and light intensity (Loreto et al.,
1996; Kesselmeier and Staudt, 1999). C. ladanifer, on the other
hand, also emits monoterpenes (Pio et al., 1993), but possesses
secretarial trichomes on its leaf surfaces, where terpenoids are
accumulated (Gülz et al., 1996). This species has the potential
to emit substantial amounts of monoterpenes, sesquiterpenes,
and diterpenes (Yáñez-Serrano et al., 2018), which is in line
with reported high terpenoid contents in essential oils of this
species (Gomes et al., 2005; Verdeguer et al., 2012). Significant
isoprene emissions have neither been detected from Q. suber, nor
from C. ladanifer (Pio et al., 1993, 2005; Staudt et al., 2004).
However, little is known on the influence of environmental
drivers on terpenoid emissions of these species, particularly
in response to prolonged summer drought. In this regard, we
hypothesize that (i) the terpenoid emissions of Q. suber and
C. ladanifer may rise with mild drought stress, but significantly
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decrease with severe plant water deficit, and that (ii) the emission
patterns and emitted terpenoid compounds differ between the
two investigated species.

MATERIALS AND METHODS

Experimental Set-Up and Study Site
The effects of drought stress on terpenoid emissions were studied
in a cork oak ecosystem partially invaded by the native shrub
C. ladanifer in Vila Viçosa (Alentejo, 38◦ 47′ N, 7◦ 22′ W,
430 m a.s.l.), Portugal. The climate is characterized as typical
Mediterranean with mild winters and a mean annual temperature
of 15.9◦C1 (Instituto Português do Mar e da Atmosfera [IPMA],
1981–2010). The bulk of the mean annual precipitation of
585 mm falls in winter, which leads to a distinct period of drought
in summer (Caldeira et al., 2015). Q. suber is an evergreen tree
belonging to the Eurasian subgenus Cerris and expressing a high
intraspecific variability in plant traits (Manos et al., 1999; Loreto
et al., 2009). Trees are adapted to the Mediterranean climate
and withstand summer drought mainly by accessing deep water
resources, hydraulic lift and stomatal control of transpiration
(David et al., 2007; Grant et al., 2010). C. ladanifer is a woody
semi-deciduous shrub belonging to the family Cistaceae which
is well distributed in the Mediterranean Basin (Núñez-Olivera
et al., 1996; Frazao et al., 2018). High growth rates and water-use-
efficiency characterize this species (Correia et al., 1987; Werner
et al., 1999; Correia and Ascensao, 2016). The density of Q. suber
in this ecosystem is 160 ± 18.6 trees per ha. Shrubs form a
dense understorey in monoculture (21,667 ± 2602 shrubs per
ha), suppressing any other vegetation. Trees are approximately
6.6 ± 0.5 m high and on average 50 years old. The even aged
C. ladanifer shrub layer reaches 2–3 m in height at an average
age of 15 years. The soils are about 0.4 m deep with a high
proportion of gravel, derived from schist and classified as haplic
Leptosol (FAO, 2006). Terpenoid sampling and gas exchange
measurements were conducted during three field campaigns in
2017 from 14 – 16 June, 11 – 13 July, and 2 – 4 August.
Those dates usually represent three divergent phases of plant
water status in the Mediterranean climate: (1) pre-drought period
(2) onset of drought stress and (3) severe drought period (e.g.,
Otieno et al., 2006). All sampling days were characterized by
stable weather conditions and clear skies. Measurements of
meteorological conditions, water availability, sap flux density and
leaf water potential were already started in May to characterize
the meteorological and ecophysiological conditions prior to the
terpenoid sampling.

Meteorological Conditions and Water
Availability
Meteorological parameters such as air temperature, relative
humidity, precipitation and photosynthetically active photon
flux density (PPFD) were retrieved continuously from a
meteorological station installed on a scaffold tower and stored
half-hourly on a data logger (DL2e, Delta-T Devices Ltd.,

1www.ipma.pt

Cambridge, United Kingdom). Vapour pressure deficit (VPD)
was calculated from half-hourly values of air temperature and
relative humidity. Further meteorological data was retrieved
from a meteorological station nearby1 (Instituto Português do
Mar e da Atmosfera [IPMA], 1981–2010). Volumetric soil water
content from four different depths (0.1, 0.2, 0.3, and 0.4 m) was
measured continuously with EC-10 probes (Decagon Devices,
Pullman, WA, United States) in four profiles and stored half-
hourly on a data logger (CR10X and AM16/32 multiplexer,
Campbell Scientific, Logan, UT, United States).

Ecophysiological Parameters
To determine the water status and overall physiological
performance of the sampled plants, several ecophysiological
parameters were measured during the field campaigns. Seven
shrubs and nine trees were included to allow for a more
robust identification of differences between species. Pre-dawn
(9PD) and midday (9MD) leaf water potential measurements of
Q. suber and C. ladanifer were conducted with a Scholander-
type pressure chamber (PMS 1000, PMS Instruments, Corvalis,
Oregon, OR, United States) between 3 and 6 am and 1 and 3 pm,
respectively. 950 for Q. suber and C. ladanifer was retrieved
from literature (Quero et al., 2011; Pinto et al., 2012) and safety
margins calculated as in Choat et al. (2012) as the difference
of 9MD and 950. 950 corresponds to the value where plants
have already lost 50% of their hydraulic conductivity, and is
considered to be a critical value, as surpassing this margin will
likely result in persistent xylem damage and negative long-
term effects (Choat et al., 2012). Sap flux density was measured
continuously on site with Granier-type thermal dissipation
probes (TDP30 sensors, Dynamax, Texas, United States) for
seven trees as described in Caldeira et al. (2015). Thermal
dissipation probes were installed radially at breast height with
a north-west orientation to minimize the influence of external
environmental factors on measurements. Due to the small
diameter of the stems of C. ladanifer, sap flow of shrubs (n = 4)
was measured via sap flow gauges (SGA13, Dynamax, Texas,
United States) using the stem heat balance method of Sakuratani
(1984). Measurements of terpenoids were not conducted on
individuals with sap flow gauges, but on neighboring plants
which were growing under the same conditions. Values for
sap flow gauges and thermal dissipation probes were recorded
every minute and stored as 30-min average on a data logger
(CR1000 and AM16/32 multiplexer, Campbell Scientific, Logan,
UT, United States). For determination of functional sap wood
area of trees and shrubs, installation and protection of sensors
see Caldeira et al. (2015). Gas exchange parameters such as
net CO2 assimilation rate and stomatal conductance were
recorded with a LI-6400XT portable photosynthesis system (LI-
COR Inc., Nebraska, United States) with a light source and
CO2 mixer. Measurements were conducted on sun exposed
leaves of both species in the morning between 8 and 9 am
and during midday between 1 and 2 pm. PPFD was set to
1200 µmol m−2s−1 for sun leaves, which is known to be
saturating for photosynthesis (Tenhunen et al., 1985). CO2-
concentration in the chamber was set to 400 ppm; relative
humidity and leaf temperature followed ambient values. The
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flow through the system was set to 500 ml min−1. Due
to the inaccessibility of leaves at the height of the sunlit
tree canopy, large branches were cut and leaves immediately
measured. Tests were previously performed, indicating stable
gas exchange readings for about 2 min after cutting (Lobo-
do-Vale et al., 2017, unpublished data). In rare cases of
stomatal closure new branches were sampled. C. ladanifer and
Q. suber leaves not filling the cuvette (6 cm2) completely were
taken and measured for actual leaf area with a customary
scanner (EPSON EXPRESSION 1680) and analyzed with the
software WinSEEDLE (Regent Instruments Inc., Canada) in
the laboratory. Afterwards, gas exchange was corrected for the
obtained leaf area.

Terpenoid Sampling
On each BVOC sampling day, terpenoids were measured on up
to four different twigs of the same individual. In total, eight
Q. suber and four C. ladanifer individuals were selected for
measurements. Care was taken that always the same individuals
were chosen. Selected twigs included visually healthy current
or last year leaves 2 – 3 m above ground for Q. suber and
0.3 – 1 m above ground for C. ladanifer. Twigs from the lower
part of the open tree canopies had to be selected for terpenoid
sampling, due to constrains regarding the accessibility of the tree
crown and to avoid condensation problems arising in fully sunlit
enclosures in both species. Where necessary, twigs were shielded
with neutral density meshes to avoid direct sunlight causing
condensation due to enhanced transpiration and to assure
a comparable sampling treatment. Terpenoids were collected
using a dynamic enclosure system. Selected twigs were placed
in custom-made enclosures (∼460 ml volume), which were
made of chemically inert Nalophan foil (Bratschlauch, Toppits R©,
Minden, Germany) (Kessler et al., 2015) and perfluoroalkoxy
(PFA) tubing (Swagelok, Karlsruhe, Germany). The outlets were
connected via PFA tubing to air sampling pumps (210-1003MTX,
SKC, Germany), to minimize terpenoid losses due to reactions
and/or adsorption to enclosure walls and tubing. For emission
measurement, twigs with 4–26 leaves were carefully placed into
the enclosures, which were slightly, but not completely closed
to allow non-treated, ambient air to enter the system. Prior to
terpenoid sampling, enclosured twigs were flushed thoroughly
for approximately 5 min to allow the leaves to acclimate to
the new conditions. Subsequently, adsorbent tubes filled with
polydimethylsiloxane (PDMS) foam (GERSTEL GmbH & Co.
KG, Müllheim a.d. Ruhr, Germany) were installed between the
outlet of the enclosure and the air sampling pumps for terpenoid
trapping. During sampling, adsorbent tubes were covered with
aluminum foil. The sampling time was set to 60 – 90 min at a flow
rate of 200 ml min−1. In addition, controls with empty enclosures
were installed approximately 2 m above ground and sampled
concurrently to correct for ambient terpenoid concentrations.
Immediately after sampling, twigs were cut and gas exchange was
measured at a PPFD of 300 µmol m−2 s−1 to match the light
conditions of terpenoid measurements under shaded conditions.
Leaves were stored in a cooler bag for the determination of leaf
area (see above) and dry leaf weight; adsorbent tubes were also

stored cool before taking them to the laboratory, where they
were kept at 4◦C in Labco Exetainers (Labco Limited, Lampeter
Ceredigion, United Kingdom) to avoid external influences until
the analysis. For the determination of dry leaf weight, leaves
were dried at 65◦C for 48 h and weighed. The whole terpenoid
sampling procedure was conducted between 8 am and 3 pm on
each sampling day.

Terpenoid Analysis
Terpenoids were analyzed on a gas chromatograph (GC,
model 6890A, Agilent Technologies Böblingen, Germany)
connected to a mass-selective detector (MSD, 5975C, Agilent
Technologies Böblingen, Germany) and equipped with a
thermodesorption/cold injection system (TDU-CIS, Gerstel,
Germany). Sampling tubes were heated to 220◦C, and,
thermodesorbed volatiles channeled into the cold injection
system where they were cryotrapped at −50◦C; subsequently the
cold injection system was heated to 240◦C, releasing the volatiles
onto the separation column (DB-5UI, Agilent Technologies
Böblingen, Germany). Helium was used as a carrier gas at a
flow of 1 ml min−1. The GC oven and MSD conditions as
well as identification and quantification procedures are given
in Kleiber et al. (2017). Briefly, the oven temperature began
at 40◦C, increasing at a rate of 6◦C min−1 until 100◦C were
reached, thereafter the temperature ramp speeded up to 16◦C
min−1 until the oven was heated up to 230◦C. The MSD was
run at 70 eV at an ion source temperature of 230◦C and a
quadrupole temperature of 150◦C. Retention index (RI) values
were calculated using the tool of Lucero et al. (2009). As
standards, the monoterpenes α-pinene, β-pinene, limonene and
1,8-cineole, the sesquiterpene caryophyllene and the diterpene
ent-16-kaurene were chosen to quantify the final concentration
of measured terpenoids. The mass spectra were analysed with
the MassHunter Software (Agilent Technologies Böblingen,
Germany). Measured terpenoid flux rates (Em) in µg g−1 h−1

were calculated with equation 1:

Em=
(co − ci)

dw∗t
(1)

where co (µg) is the terpenoid concentration in plant enclosures,
ci (µg) is the terpenoid background concentration in control
samples, dw (g) is the dry weight of leaves and t (h) is the
sampling time. Terpenoids were grouped into monoterpenes
(MT), oxygenated monoterpenes (MTO), sesquiterpenes (SQT),
and diterpenes (DT). To account for the temperature dependence
of emissions, standard emissions factors (Es) were calculated
using equation 2 (Guenther et al., 1993) to standardize measured
emission rates (Em) to a standard temperature (Ts) of 30◦C, by:

Em = Es exp [β (T − Ts)] (2)

where T (◦C) is the ambient temperature during the terpenoid
sampling, Ts is the standard temperature (30◦C) and β (◦C−1)
is an empirical temperature coefficient varying for different
terpenoids. Es (µg C g−1 h−1) were calculated for all terpenoid
compound groups and single compounds the same way for both
species.
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Statistical Analysis
To identify significant differences in terpenoid emission rates,
standard emission factors and ecophysiological parameters
between species and over time, two-way repeated measure
analysis of variance (RMANOVA) were performed and post hoc
Tukey’s test applied when statistical differences were found. If
the assumptions for ANOVA were not met (normal distribution,
equality of variances), the data was transformed. Data was
tested for normal distribution with the Shapiro–Wilks test.
Terpenoid emission rates, standard emission factors, leaf water
potential, sap flux density and gas exchange data were either
log- or square root transformed. Sap flux density was fitted
with a non-parametric smoothing kernel regression for plotting
purposes. To test for correlations of environmental factors
with terpenoid emissions, linear and exponential regressions
were performed. Heat maps were created using the packages
‘MetaboAnalystR’ and ‘pheatmap’ in R. ‘MetaboAnalystR’ was
used to log-transform and cluster emission data (method:
‘complete’) to identify similar emission patterns over time for
single terpenoid compounds. The package ‘pheatmap’ allowed to
produce publication ready heat maps. For statistical analysis and
plots of terpenoid emissions only parameters of the measured
plant individuals were used. Graphical plots except heat maps
were created with SigmaPlot (version 14, Systat, United States).
Statistical analysis and heat maps were conducted with the
statistical software R (version 3.3.1 for Windows 10).

RESULTS

Meteorological Conditions and Plant
Water Status
Meteorological conditions in spring and summer 2017 were
characterized by an early onset of drought due to rapidly rising
air temperatures and only minor precipitation events (Figure 1).
In general, all three sampling dates fell into heat waves with air
temperatures and VPD reaching maximum values of 40.9◦C and
6.2 kPa in June, 43.7◦C and 7.9 kPa in July and 39.0◦C and
5.3 kPa in August, respectively (Figure 1A). The last significant
rainfall event occurred in May, thereafter soil water content
declined, succeeded by only minor (<5 mm) precipitation, one
occurring shortly before the second campaign in July as a short,
intense convective event (Figure 1B). Therefore, cumulative
precipitation from June to August was only 5.2 mm. The bulk of
precipitation in the hydrological year fell in winter from October
to February (325 mm), followed by 141 mm of rainfall from
March to May prior to the terpenoid measurements. Overall
precipitation of the hydrological year was 481 mm which is below
the long-term average2 of 585 mm (Instituto Português do Mar e
da Atmosfera [IPMA], 1981–2010).

The decline in soil water content from mid-May onwards was
visible in all soil depths (Figure 1B), and clearly reflected onto
the plant water status of both species (Figure 2): a significant
decrease (p < 0.001) in pre-dawn water potentials (9PD) and
sap flux density (p < 0.01) was evident for both species from

2www.ipma.pt

FIGURE 1 | Smoothing mean for air temperature and vapor pressure deficit
(VPD) (A), mean daily soil water content (n = 4 per depth) and total
precipitation (B) in Vila Viçosa during the sampling period. Symbols indicate
values measured half-hourly. Due to sensor failure, the period between 25
May and 6 June represents an overall trend in soil water content, but not
actually measured values. Arrows indicate the sampling campaigns.

the beginning to the end of the experiment. However, clear
interspecific differences were detected in response to plant water
deficit. C. ladanifer was able to endure lower 9PD and 9MD,
which strongly declined from June to August (from −1.69 MPa
to −4.05 MPa and from −2.99 MPa to −4.67 MPa, respectively).
Subsequently, safety margins at 950, i.e., the margin to 9 when
50% xylem cavitation occurs, diminished by more than half. Still
C. ladanifer maintained a significantly higher safety margin in
August, compared to Q. suber (p < 0.01). The deep-rooted oak
on the other hand, maintained much higher water potentials
through the entire drought period. While 9PD responded
to declining water resources and approached values of 9MD
(Figures 2A,B), midday water potentials never declined below
−2 MPa and both, 9MD and safety margins (0.95 ± 0.04 MPa)
maintained stable over time. Such isohydric behavior came at the
expense of lower sap flux density, which was markedly reduced in
Q. suber over time (Figure 2C). In contrast, sap flux density was
significantly higher in C. ladanifer throughout the measurement
period (p < 0.001). Noticeably, sap flux density rapidly declined
in both species from June onwards after a peak corresponding
to the last strong rainfall in the middle of May. This indicates an
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early onset of drought in June with progressive development until
August.

Gas Exchange and Total Terpenoid
Emissions
Carbon assimilation rates of Q. suber and C. ladanifer sun
leaves illustrated two different patterns (Figures 3A,B). Net
assimilation rates of C. ladanifer decreased from 9.16 ± 1.28 to
3.69 ± 1.45 µmol m−2 s−1 from June to August in the morning
period (Figure 3B), as VPD increased and water availability
declined. Stomatal conductance declined concomitantly,
though not being as strongly reduced as net assimilation
rates in August compared to June (Figure 3D). In June,
Q. suber sun leaves showed already reduced assimilation
of 6.12± 0.42 µmol m−2 s−1 compared to C. ladanifer
(Figure 3A). However, Q. suber was able to maintain stable net
assimilation rates over time, resulting in higher rates in August
(6.71± 0.78 µmol m−2 s−1) at lower stomatal conductance,
compared to C. ladanifer (Figures 3C,D). Especially for Q. suber,
a midday depression of carbon assimilation was evident,
responding to rising VPD and stomatal closure. Hence, highest
net assimilation rates were measured in the morning period.

Similarly, to assimilation rates and stomatal conductance,
total measured terpenoid emissions differed between species.
Emissions of Q. suber were in the range of 0.24 – 0.50 µg
g−1 h−1 and decreased significantly from June to July (p < 0.01).
Thereafter, a slight, but not significant increase in emissions
occurred (Figure 3E). In total, 14 monoterpenes (MT), 10
oxygenated monoterpenes (MTO), and 8 sesquiterpenes (SQT)
could be identified in Q. suber. SQT emissions decreased
from 1.50 × 10−3

± 5.50 × 10−4 µg g−1 h−1 in June to
8.84 × 10−5

± 2.30 × 10−5 µg g−1 h−1 in August (data not
shown). Overall emissions of C. ladanifer were in the range of
0.40 – 1.37 µg g−1 h−1 and were not only significantly higher
than those of Q. suber (p < 0.001) but also more variable and
diverse. Emissions decreased consistently from June to August,
which was most pronounced for SQT (Figure 3F). In August,
terpenoid emissions reached a significantly lower level (p < 0.01)
than in previous months, comparable to the emissions of Q. suber.
Overall, emissions comprised 14 MTs, 19 MTOs, 37 SQTs,
and even 4 diterpenes (DT). Measured emissions of the DTs
cembrene, manoyl oxide, verticillol and ent-16-kaurene were low
at rates of 7.92 × 10−5 – 13.97 × 10−5 µg g−1 h−1, but the
exclusive presence of these species in terpenoid emissions is
noticeable.

Correlations of Terpenoid Emission With
Environmental Factors
The correlation between terpenoid emissions and environmental
factors during drought differed clearly between species. Q. suber
revealed only a slight, non-significant decrease in emissions with
declining 9PD (Figure 4A). Terpenoid emissions of C. ladanifer,
on the other hand, were significantly (p < 0.001) negatively
correlated with decreasing 9PD (Figure 4B). Similarly, increasing
air temperatures also exerted a significant positive influence on
terpenoid emissions (Figure 4D). Especially in July, when the

FIGURE 2 | Pre-dawn (9PD) and midday leaf water potential (9MD) for
Quercus suber (QS, n = 9) and Cistus ladanifer (CL, n = 7) with standard error
(A). Safety margins (B) were calculated according to Choat et al. (2012). Sap
flux density for Q. suber (QS, n = 7) and C. ladanifer (CL, n = 4) was fitted as
non-parametric kernel-regression (C). Symbols are the values measured for
each individual. Statistical differences (RMANOVA) between species are
indicated by asterisks over bars at a significance level of ∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001.

highest air temperatures occurred, the pronounced exponential
increase of emissions at higher air temperatures was highly
significant (R2 = 0.68, p < 0.001). Hence, terpenoid emissions of
C. ladanifer were temperature-standardized for further analysis
to account for the variability caused by diurnal air temperature
variations. Similar to 9PD, the relationship of emissions and
air temperature was weak in Q. suber (Figure 4C). At most,
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FIGURE 3 | Assimilation rates and stomatal conductance for sun leaves for Q. suber (left, n = 9, A,C) and C. ladanifer (right, n = 7, B,D) with standard error for June,
July, and August field campaigns. Letters indicate statistical differences (RMANOVA) of assimilation rates and stomatal conductance between sampling periods at a
significance level of p < 0.05 for each species separately. Average measured terpenoid emissions of Q. suber (left, n = 6 for June, n = 8 for July and August, E) and
C. ladanifer (right, n = 3 for June, n = 4 for July and August, F) with standard error. Emissions are grouped into monoterpenes (MT), oxygenated monoterpenes
(MTO), and sesquiterpenes (SQT).

a slight, non-significant tendency of decreasing emissions with
increasing air temperature was evident in June; whereas in
July and August no correlation was found. However, there was
a weak, yet significant correlation of assimilation rates and
stomatal conductance with terpenoid emissions of Q. suber
(Figures 5A,C). Hence, more terpenoids were released at
higher carbon assimilation and stomatal conductance. Due
to the high degree of correlation of stomatal conductance
and assimilation rates (R2 = 0.76), the influence of each
individual factor on terpenoid emissions is difficult to evaluate.
In addition, results have to be interpreted with care as the R2

of regressions were low (Figures 5A,C). C. ladanifer showed
decreasing carbon assimilation and stomatal conductance in
the sampling period, yet no correlation with standardized or
measured terpenoid emissions was found (Figures 5B,D and
Supplementary Figures 1A,B).

Standard Emission Factors of Single
Terpenoid Compounds
To allow for a better comparability of emission rates with
progressing drought, standard emission factors at an air
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FIGURE 4 | Response of measured terpenoid emission rates to pre-dawn leaf water potential (9PD) and air temperature for Q. suber (A,C) and C. ladanifer (B,D).
Significant trends (linear and exponential regressions) are illustrated by solid lines at a significance levels of ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

temperature of 30◦C were calculated. It must be denoted that no
significant correlation of air temperature and terpenoid emission
rates was found for total terpenoid emissions of Q. suber.
Nevertheless, emissions were standardized to 30◦C to allow
for a comparison of standard emission factors of both species
and literature. Due to the low temperature dependence, the
standardization procedure did not alter the pattern of emission
rates for MT and MTO emissions, as only SQT emissions
of Q. suber did express a temperature dependence. For a
comparison, calculations with non-standardized emissions of Q.
suber are also shown in the appendix (Supplementary Figure 2).
To identify common temporal patterns within the diversity of
emitted terpenoids, heat maps clustering compounds with similar
emission patterns, were created, showing the relative change
in standard emission factors over time (Figures 6, 7). Overall,
increasing (red, 0 – 1), unaffected (white, 0), and decreasing (blue,
0 – −1) emission patterns of single terpenoid compounds were
found, which could be assigned to two main clusters for Q. suber
(Figure 6) and three main cluster for C. ladanifer (Figure 7). The
biggest cluster (I) in both species was characterized by different
terpenoids whose emissions decreased with progressive drought
(Figures 6, 7), and dominated the total terpenoid emissions, as
already evident from Figures 3, 4. Most of the emitted SQTs, such
as δ-cadinene (Figure 8D) could be allocated to this cluster, but
also MT such as β-pinene or sabinene (see also Tables 1A,B).

Nevertheless, there were also a few compounds in this cluster
with emission peaks in July, such as limonene or the DT ent-
16-kaurene for C. ladanifer or the SQTs alloaromadendrene
and ledene for Q. suber. However, those changes were non-
significant (p > 0.05), as evident from Figures 8A,E for
limonene and ent-16-kaurene emissions of C. ladanifer. The
second cluster II was characterized by more irregular patterns of
standard emissions factors (Figures 6, 7). For Q. suber, cluster
II contained compounds with lowest standard emission factors
in July and increases somewhat thereafter, best illustrated by
the MTs α-pinene, camphene and γ-terpinene (Figures 6, 8B,C
and Table 1A). While the changes of α-pinene were minor and
non-significant (p > 0.05), the increase of camphene in August
was highly significant (p < 0.001). Although, α-pinene and
camphene did not show the same pattern in C. ladanifer, cluster II
also contained compounds with lowest standard emission factor
in July, such as myrcene or 1,8-cineole (Figure 7). However,
there was a small, third cluster containing larger compounds,
such as the DTs manoyl oxide and verticillol, whose standard
emission factors increased progressively over time (Figure 8E and
Table 1B). While this increase was not significant for manoyl
oxide (p > 0.05), it was highly significant (p < 0.001) for verticillol
from June to July. The standard emission factor of cembrene
on the other hand decreased non-significantly from June to July
(Figure 8E). Because heat maps only illustrate relative changes in
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FIGURE 5 | Relationship of measured terpenoid emission rates for Q. suber (A,C) and standardized terpenoid emission rates for C. ladanifer (B,D) to net
assimilation rate and stomatal conductance. Significant trends (linear and exponential regressions) are illustrated by solid lines at a significance levels of ∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001.

emissions, the standard emission factors as well as the empirical
temperature coefficients (β) of the most important terpenoid
compounds are compiled in Tables 1A,B for each species. The
only compound group which revealed a positive correlation with
air temperature for Q. suber were SQT emissions, as evident
from positive β-values. β-values of MT and MTO emissions
were mostly negative and should be interpreted with care. On
the other hand, β values of all terpenoid compound groups of
C. ladanifer were positive and increased in the following order:
MTs < MTOs < DTs < SQTs (Table 1B). Interestingly, β values
of SQTs increased strongly over time from 0.111 ± 0.029 in June
to 0.201 ± 0.037 in August. Manoyl oxide and cembrene had
the highest β value amongst the four emitted diterpenes. A table
of all emitted compounds including standard emission factor,
empirical temperature coefficient (β), RI values and match factors
of compound identification is given in Supplementary Tables 1, 2
of the Supplementary Material.

DISCUSSION

Our results show that the decline in terpenoid emissions from
co-occurring Q. suber and C. ladanifer during summer was
significantly correlated with increasing drought stress. This

correlation was clearly species-specific, which showed differences
in terpenoid emission rates, emitted compounds and reaction to
environmental conditions (water stress and diurnal temperature
changes). Standard emission factors revealed interesting patterns
of decreasing, unaffected and increasing emission rates of
individual terpenoid compounds with increasing summer
drought.

Terpenoid Emissions in Relation to
Drought Adaptation Strategies
Cistus ladanifer was not only characterized by higher terpenoid
emission rates than Q. suber, but, in particular, by a high diversity
of over 75 different compounds. Overall, the emission rates
observed in our study were in the lower range of emissions
reported earlier for Cistus spp. (3 – 21 µg g−1 h−1, Pio et al., 1993;
Ormeno et al., 2007; Lluisà et al., 2010). Compared to Q. suber,
C. ladanifer showed a stronger responsiveness to changing
environmental conditions. This pattern is in agreement with the
characteristic adaptation strategy of this species to withstand
summer drought. Low thresholds for xylem cavitation and
hydraulic failure (Quero et al., 2011) allow a high physiological
activity, even when water resources start to decline (Núñez-
Olivera et al., 1996; Ramírez et al., 2012). As terpenoid production
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FIGURE 6 | Relative change of single terpenoid compound emissions over time for Q. suber illustrated as clustered heat maps. Emissions are standardized to a
temperature of 30◦C (Guenther et al., 1993). The color code indicates the relative changes of emissions over time. Red colors indicate increasing emission rates on a
scale from 0 to 1; where a color code of 0 corresponds to unaffected emission rates and a color code of 1 corresponds to strongly increased emission rates. Blue
colors indicate decreasing emission rates on a scale from 0 to –1, where a color code of 0 corresponds to unaffected emission rates and a color code of –1
corresponds to strongly decreased emission rates.

is dependent on plant metabolism (e.g., Kesselmeier and Staudt,
1999), it is likely that C. ladanifer was able to synthesize a
substantial amount of terpenoids in June, when assimilation
rates were still quite high (Ramírez et al., 2012). Most probably,
these compounds were either emitted directly or maintained
in the storage pools of terpenoids present in the leaves of this
species (Alías et al., 2012), as also demonstrated for C. albidus
and C. monspeliensis under drought conditions (Lluisà and
Peñuelas, 1998; Lluisà et al., 2010). Lluisà and Peñuelas (1998)
suggested that plants under mild to moderate drought stress
accumulate carbon which is then often allocated to defense
compounds such as terpenoids, when growth is restricted by
water limitation. The emission of stored terpenoids is mostly
temperature dependent (Lluisà and Peñuelas, 1998; Staudt et al.,
2017), because the volatility of these compounds increases at
higher air temperatures (Lerdau et al., 1997; Peñuelas and Lluisà,
2001), which is supported here by the significant correlation
with diurnal temperature variations (Figure 4D). Nevertheless,
with prolonged drought conditions terpenoid fluxes declined,
which was clearly visible in the seasonal patterns of standard
emission factors and in line with declining 9PD and carbon
assimilation, indicating an increase of shrub and tree drought
stress over time (Grassi and Magnani, 2005). In the absence of

severe drought stress seasonal terpenoid emissions have been
shown to increase from spring to summer for Cistus spp. (Lluisà
and Peñuelas, 2000; Rivoal et al., 2010) and Q. suber (Staudt
et al., 2004; Pio et al., 2005), only declining in autumn, probably
caused by lower air temperatures and leaf senescence. Hence, it
is likely that severe drought stress was the determining factor
for the observed reduction in terpenoid emissions. Although no
direct link between carbon assimilation and terpenoid emissions
was found in C. ladanifer, diminished substrate availability
for terpenoid biosynthesis probably contributed to the overall
decline of emissions. With increasing drought stress, assimilation
rates were stronger reduced compared to those of Q. suber
as a result of the opportunistic, water-spending strategy of
C. ladanifer. Compound concentrations in storage pools possibly
got depleted by high air temperatures and cumulative drought
stress over time and were not refilled to the same level
(Lluisà et al., 2006; Staudt et al., 2017), as evident from SQT
emissions which are known to be stored in leaves of Cistus
spp. (Lluisà and Peñuelas, 2000; Ormeno et al., 2007). There
is also substantial evidence, that terpenoid storing species may
release terpenoids from de novo biosynthesis dependent on
substrate availability from photosynthesis (Lluisà et al., 2010;
Staudt et al., 2017), which decreased strongly in C. ladanifer
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FIGURE 7 | Relative change of single terpenoid compound emissions over time for C. ladanifer illustrated as clustered heat maps. Emissions are standardized to a
temperature of 30◦C (Guenther et al., 1993). The color code indicates the relative changes of emissions over time. Red colors indicate increasing emission rates on a
scale from 0 to 1; where a color code of 0 corresponds to unaffected emission rates and a color code of 1 corresponds to strongly increased emission rates. Blue
colors indicate decreasing emission rates on a scale from 0 to –1, where a color code of 0 corresponds to unaffected emission rates and a color code of –1
corresponds to strongly decreased emission rates.
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TABLE 1 | Standard emission factor Es (µg C g−1 h−1) with 95% confidence interval and empirical temperature coefficient β (◦C−1) with 95% confidence interval for
Quercus suber (A) and Cistus ladanifer (B).

(A)

Compound Es β Es β Es β

Quercus suber June (n = 18) July (n = 32) August (n = 32)

Total terpenoids 0.543 ± 0.208 −0.062 ± 0.038 0.224 ± 0.043 −0.021 ± 0.015 0.245 ± 0.047 −0.033 ± 0.023

Monoterpenes 0.456 ± 0.202 −0.068 ± 0.043 0.186 ± 0.039 −0.038 ± 0.016 0.216 ± 0.042 −0.036 ± 0.023

Oxy. Monoterpenes 0.053 ± 0.032 −0.047 ± 0.058 0.026 ± 0.009 0.035 ± 0.027 0.025 ± 0.007 −0.007 ± 0.031

Sesquiterpenes 5.32 × 10−4
± 4.29 × 10−4 0.139 ± 0.077 2.56 × 10−4

± 1.17 × 10−4 0.168 ± 0.036 3.53 × 10−5
± 2.76 × 10−5 0.164 ± 0.091

Limonene 0.159 ± 0.109 −0.005 ± 0.067 0.077 ± 0.038 −0.059 ± 0.038 0.043 ± 0.026 −0.092 ± 0.071

α-Pinene 0.039 ± 0.043 −0.149 ± 0.107 0.022 ± 0.008 −0.084 ± 0.027 0.024 ± 0.008 −0.001 ± 0.040

β-Pinene 0.036 ± 0.033 −0.131 ± 0.091 0.012 ± 0.005 −0.068 ± 0.032 0.012 ± 0.004 −0.048 ± 0.043

γ-Terpinene 0.017 ± 0.014 −0.121 ± 0.077 0.007 ± 0.003 −0.030 ± 0.030 0.025 ± 0.008 −0.043 ± 0.038

Sabinene 0.031 ± 0.033 −0.151 ± 0.103 0.005 ± 0.003 −0.053 ± 0.041 0.005 ± 0.002 0.003 ± 0.053

(B)

Cistus ladanifer June (n = 9) July (n = 16) August (n = 16)

Total terpenoids 1.027 ± 0.345 0.064 ± 0.033 0.590 ± 0.119 0.099 ± 0.017 0.298 ± 0.109 0.097 ± 0.043

Monoterpenes 0.630 ± 0.270 0.053 ± 0.042 0.428 ± 0.098 0.089 ± 0.019 0.223 ± 0.084 0.087 ± 0.044

Oxy. Monoterpenes 0.181 ± 0.051 0.038 ± 0.027 0.092 ± 0.015 0.092 ± 0.014 0.057 ± 0.021 0.111 ± 0.042

Sesquiterpenes 0.200 ± 0.060 0.111 ± 0.029 0.063 ± 0.015 0.149 ± 0.020 0.014 ± 0.005 0.201 ± 0.037

Diterpenes 4.98 × 10−5
± 3.34 × 10−5 0.116 ± 0.066 6.04 × 10−5

± 1.09 × 10−5 0.084 ± 0.015 5.98 × 10−5
± 2.29 × 10−5 0.135 ± 0.045

γ-Terpinene 0.208 ± 0.129 0.053 ± 0.060 0.135 ± 0.032 0.096 ± 0.020 0.068 ± 0.028 0.121 ± 0.047

α-Pinene 0.150 ± 0.041 0.043 ± 0.027 0.125 ± 0.032 0.074 ± 0.022 0.051 ± 0.017 0.057 ± 0.040

Limonene 0.033 ± 0.021 0.082 ± 0.061 0.046 ± 0.010 0.086 ± 0.019 0.024 ± 0.008 0.074 ± 0.041

2,6-dimethyl-5-
hepten-1-ol

0.049 ± 0.022 0.032 ± 0.043 0.032 ± 0.009 0.059 ± 0.024 0.018 ± 0.007 0.125 ± 0.048

α-Terpinene 0.047 ± 0.044 0.039 ± 0.090 0.029 ± 0.008 0.093 ± 0.022 0.015 ± 0.004 0.140 ± 0.034

Manoyl oxide 1.32 × 10−5
± 7.64 × 10−6 0.122 ± 0.056 1.83 × 10−5

± 4.25 × 10−6 0.108 ± 0.020 2.14 × 10−5
± 8.25 × 10−6 0.139 ± 0.045

Cembrene 2.28 × 10−5
± 1.80 × 10−5 0.124 ± 0.076 1.21 × 10−5

± 4.40 × 10−6 0.103 ± 0.031 1.13 × 10−5
± 7.17 × 10−6 0.131 ± 0.075

Verticillol 3.23 × 10−6
± 3.03 × 10−6 0.079 ± 0.093 2.20 × 10−5

± 5.49 × 10−6 0.063 ± 0.021 1.64 × 10−5
± 7.69 × 10−6 0.130 ± 0.055

Ent-16-kaurene 3.13 × 10−6
± 4.60 × 10−6 0.089 ± 0.142 3.31 × 10−6

± 8.33 × 10−7 0.066 ± 0.021 2.84 × 10−6
± 1.16 × 10−6 0.119 ± 0.048

Es and β were calculated according to Guenther et al. (1993) (see equation 2), where Es is the y-intercept and β the slope of the regression. For Q. suber the different
terpenoid compound groups and the five terpenoid compounds with the highest emission rates are displayed, for C. ladanifer single diterpene compounds are additionally
displayed.

over time. Since the diurnal temperature dependence, as well
as the decrease of MT emissions with drought was lower
compared to SQT, it seems likely that a substantial amount of
MTs originated from de novo biosynthesis, as recently suggested
by Yáñez-Serrano et al. (2018). However, these effects cannot
be disentangled from our field measurements, where emissions
might have been influenced by other co-varying factors, such as
PPFD or biotic interactions. Nevertheless, studies of terpenoid
emissions in a natural environment are rare and illustrate actual
emission patterns more closely than controlled environment
experiments.

Quercus suber pursues a different strategy to cope with water
scarcity compared to C. ladanifer. The access to deep water
resources with a tap root system and stomatal control over
transpiration (David et al., 2007) allow this species to maintain
relatively high water potentials and to minimize transpiration
losses, probably to avoid hydraulic failure. However, this strategy
leads to reduced carbon assimilation rates and the typical midday

depression of gas exchange (e.g., Chaves, 1991) and affects the
metabolism of plants. As Q. suber, in contrast to C. ladanifer,
does not possess specialized storage organs for terpenoids in the
leaves, emissions are assumed to be almost completely dependent
on de novo biosynthesis (Loreto et al., 1996). Hence, lower
emission rates in periods of water scarcity are most likely a
direct consequence of this drought avoiding strategy and the
lack of specialized terpenoid storage pools. However, in contrast
to our assumptions, terpenoid emissions of Q. suber were not
strongly dependent on 9PD and air temperatures within the
sampling period, as observed in closely related species such as
Q. ilex (e.g., Lavoir et al., 2009). Thus, most likely, Q. suber
did respond to the early onset of drought in June, as 9PD,
9MD and sap flux density indicate that trees were already
trying to avoid substantial water losses, possibly to prevent
hydraulic failure (Pinto et al., 2012; Kurz-Besson et al., 2014).
In agreement with this assumption, net assimilation rates of
Q. suber of 6.12 ± 0.42 µmol m−2 s−1 were already reduced in
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FIGURE 8 | Absolute change of standard emissions factors (30◦C, Guenther
et al., 1993) of selected terpenoid compounds over time for Q. suber (A–D)
(n = 18 for June, n = 32 for July and August) and C. ladanifer (A–E) (n = 9 for
June, n = 16 for July and August) with a confidence interval of 95%. Selected
compounds are the monoterpenes limonene (A), α-pinene (B), camphene (C),
the sesquiterpene alloaromadendrene (D) and the diterpenes cembrene,
manoyl oxide, verticillol and ent-16-kaurene (E). Compounds were selected
according to their quantitative importance and development of emissions over
time. Letters indicate statistical differences (RMANOVA) of selected terpenoid
emissions between sampling periods and species at a significance level of
p < 0.05.

June, compared to typical spring values of 13 – 14 µmol m−2 s−1

(Tenhunen et al., 1985; Kurz-Besson et al., 2014), but more
stable than assimilation rates of the water spending shrub
C. ladanifer. The tendency of declining emissions at higher air
temperatures in June, especially for MTs and MTOs, can be
regarded as an interaction of drought and heat stress, which can
lead to an inhibition of enzymes involved in de novo emissions
of terpenoids (Loreto and Schnitzler, 2010). Hence, at higher
air temperatures, primary substrate availability and terpenoid
synthesis are reduced in non-storing species (Lavoir et al., 2009;
Grote et al., 2010). Under severe drought, this response to air
temperature is offset in non-storing plants (Brilli et al., 2007;
Fortunati et al., 2008), which explains the pattern observed in
July and August. A further indication that drought conditions
were nevertheless an important determinant of emissions is
given by the weak relationship of terpenoid emissions and
carbon assimilation, which are usually highly correlated in non-
storing species (Kesselmeier and Staudt, 1999; Niinemets et al.,
2014). This finding further points toward a limitation in the
terpenoid synthesis pathway. Although SQT emissions were
low and declined strongly in Q. suber, they expressed a high
temperature dependence, comparable to the SQTs emitted by
C. ladanifer. Hence, it seems possible that SQTs were not only
emitted from de novo biosynthesis, but also from small, probably
temporary, storage pools in leaves of Q. suber (Pio et al., 2005).
Noteworthy, the terpenoid emissions of Q. suber in our study
were low compared to previously published results (10 – 43 µg
g−1 h−1, Staudt et al., 2004; Pio et al., 2005; Staudt et al., 2008;
Bracho-Nunez et al., 2013). As stated above, such low emission
rates were most likely a consequence of the predominant
environmental conditions during spring and summer 2017,
which were characterized by very low precipitation compared to
the long-term average, in combination with high air temperatures
during the terpenoid sampling dates. Hence, to further unravel
the effect of severe drought on terpenoid emissions of Q. suber
and C. ladanifer, more studies characterizing emission patterns
in pre-drought and recovery periods are required. Next to the
different environmental conditions present in our experiments
compared to other studies on terpenoid emissions of Q. suber
(Staudt et al., 2004, 2008; Pio et al., 2005; Bracho-Nunez
et al., 2013) and Cistus spp. (Pio et al., 1993; Ormeno et al.,
2007; Lluisà et al., 2010), it must be denoted that emission
rates may be underestimated for those terpenoids which show
fast reaction with ozone (Vickers et al., 2009), because we
did not use ozone scrubbers during terpenoid sampling in
the field. Apart from varying environmental conditions, other
differences in methodology, such as sampling flow rate, enclosure
volume, terpenoid storage and analysis were minor and thus,
should have had a negligible effect on terpenoid emission
rates.

Significance of Emitted Compounds for
Stress Adaptation
In contrast to the decline in total terpenoid emission rates with
enhanced drought stress over the season, emission of some
individual terpenoid species was unaffected or even increased

Frontiers in Plant Science | www.frontiersin.org 13 July 2018 | Volume 9 | Article 107120

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-01071 July 19, 2018 Time: 16:33 # 14

Haberstroh et al. Terpenoid Emissions and Drought Stress

in both species, as evident from standard emission factors.
Among these compounds were the MTs α-pinene, camphene and
γ-terpinene (Figure 6). Standard emissions of α-pinene, a main
compound emitted by both investigated species, were essentially
unaffected in Q. suber and partly also in C. ladanifer. Camphene
and γ-terpinene were emitted even at higher rates in Q. suber
in August (Figure 8C and Table 1A). As emission of terpenoids
represents a carbon loss (e.g., Vickers et al., 2009), this investment
is likely to have a beneficial effect for the plants (Possell and
Loreto, 2013). In contrast, emissions of other terpenoids such as
limonene, the dominant MT of Q. suber in Portugal (Loreto et al.,
2009), were decreasing continuously, indicating their minor role
in stress adaptation, as also suggested by Lluisà et al. (2005) for
limonene. It is well understood that prolonged drought stress in
combination with high air temperatures and light intensities can
increase the abundance of reactive oxygen species in leaves (e.g.,
Miller et al., 2008), which potentially damages the photosynthetic
apparatus of plants (Peñuelas et al., 2005; Velikova and Loreto,
2005). Particularly for the long-lived leaves of Q. suber, any
damage would be costly for trees (Loreto et al., 2014); thus these
evergreen Mediterranean trees have developed multiple strategies
to protect these organs (Werner et al., 2002). Hence, when
preventing hydraulic failure by stomatal closure, those terpenoids
showing increased emission rates might play a particular role
to avoid permanent damage to the photosynthetic apparatus
under stressful conditions (Vickers et al., 2009; Loreto et al.,
2014), e.g., by maintaining the stability of thylakoid membranes
(Velikova et al., 2011, 2012). Specific terpenoids therefore might
provide effective protection during summer drought (Delfine
et al., 2000; Loreto et al., 2004; Copolovici et al., 2005; Possell
and Loreto, 2013). MT emission seems to be a general feature of
Mediterranean plants, which supports the assumption that they
provide a strategy to withstand drought, heat and light stress.

Leaves of C. ladanifer on the other hand, are reported to
remain photo-protected and potentially active during the early
onset of summer drought, to take immediate advantage of
favorable conditions such as short summer rains (Núñez-Olivera
et al., 1996; Ramírez et al., 2012). To this end, higher carotenoid
content in leaves, exudation of flavonoids and DTs and the
incorporation of phenolic substances into the xylem have been
reported as effective protection measures against oxidative stress
(Núñez-Olivera et al., 1996; De Micco and Aronne, 2007; Valares
Masa et al., 2016). Hence, the diverse blend of terpenoids detected
in the emissions of this species likely also contributes to the
high drought tolerance of C. ladanifer. Whereas the role of
MTs in stress response is quite well established, the role of
SQTs is less well understood (Vickers et al., 2009). Decreasing
release of SQTs, such as δ-cadinene with progressing drought,
suggests that the main function of SQT is not solely abiotic stress
adaptation. Several SQT compounds have been identified in the
allelopathic oil of C. ladanifer (Gomes et al., 2005) indicating
an important role in biotic interactions (Verdeguer et al., 2012).
Even more intriguing is the role of DTs in terpenoid emissions
of C. ladanifer. Although only small emission rates occurred,
DTs were so far rather considered as semi-volatile or non-volatile
(Dudareva et al., 2006; Niinemets, 2010; Loreto et al., 2014)
and indeed there are very few studies which report volatile

diterpenoid emissions (Otsuka et al., 2004; Von Schwartzenberg
et al., 2004; Matsunga et al., 2012). However, recently Yáñez-
Serrano et al. (2018) detected significant emissions of the
DT ent-16-kaurene not only from C. ladanifer, but also from
Halimium halimifolium, a related Mediterranean shrub species.
Moreover, the DTs manoyl oxide and ent-16-kaurene are known
as major components in essential oils of other related species
such as C. monspeliensis and C. creticus (Demetzos et al.,
1997; Angelopoulou et al., 2002), which could indicate that
DT emissions may occur from more Mediterranean species
than previously thought. The ecological role of DT emissions
is yet to be determined, but there is evidence that they are
involved in photoprotective mechanisms during stressful periods
(Munné-Bosch and Alegre, 2000; Munné-Bosch et al., 2001)
and possess allelopathic and antimicrobial properties (Demetzos
et al., 1997; Alías et al., 2012). Increasing and unaffected
emissions of verticillol, manoyl oxide and ent-16-kaurene under
progressing drought might indeed indicate an important role
of DTs in abiotic stress adaptation. Hence, the compound-rich
blend of biochemicals identified in C. ladanifer might provides
a competitive advantage for this species to withstand stressful
periods (De Micco and Aronne, 2007; Valares Masa et al., 2016).
Next to the scarce knowledge about DT emissions, the influence
of these long-chained terpenoids on atmospheric chemistry is
yet to be determined (Otsuka et al., 2004; Yáñez-Serrano et al.,
2018). While the reaction rate constant toward ozone and
hydroxyl radicals is low for ent-16-kaurene (1.2 × 10−17 cmł
molec−1 s−1 and 72.5 × 10−12 cmł molec−1 s−1) and manoyl
oxide (1.8 × 10−18 cmł molec−1 s−1 and 56.7 × 10−12 cmł
molec−1 s−1) (EPI Suite, Environmental Protection Agency,
United States), verticillol and cembrene are assumed to react
faster. The reaction rate constant toward ozone is approximately
twofold higher for verticillol (86.0 × 10−17 cmł molec−1

s−1) and fourfold higher for cembrene (186.0 × 10−17 cmł
molec−1 s−1) compared to β-caryophyllene (44.2 × 10−17 cmł
molec−1 s−1) or α-pinene (43.0 × 10−17 cmł molec−1 s−1).
In comparison to isoprene (105.1 × 10−12 cmł molec−1 s−1),
verticillol (201.6 × 10−12 cmł molec−1 s−1) and cembrene
375.7 × 10−12 cmł molec−1 s−1) are assumed to react
approximately two and four times faster toward hydroxyl radicals
(EPI Suite, Environmental Protection Agency, United States).
Thus, given the large impact of other terpenoids in ozone
production and aerosol formation (Holopainen and Gershenzon,
2010), DT emissions might amplify the impact of terpenoids on
atmospheric chemistry.

CONCLUSION

Our results suggest a species- and terpenoid-specific behavior of
severe drought and terpenoid emissions. Q. suber and C. ladanifer
differed strongly in relation to the diversity of emissions and
reactions to assimilation rates, water potentials and diurnal
air temperature variations. While overall terpenoid emissions
strongly decreased over time, unaffected or increasing emissions
of some terpenoid compounds illustrate the importance of
terpenoids in drought adaptation.
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Rainfall is the main resource of soil moisture in the semiarid areas, and the altered rainfall
pattern would greatly affect plant growth and development. Root morphological traits
are critical for plant adaptation to changeable soil moisture. This study aimed to clarify
how root morphological traits of Bothriochloa ischaemum (a C4 herbaceous species)
and Lespedeza davurica (a C3 leguminous species) in response to variable soil moisture
in their mixtures. The two species were co-cultivated in pots at seven mixture ratios
under three soil water regimes [80% (HW), 60% (MW), and 40% (LW) of soil moisture field
capacity (FC)]. At the jointing, flowering, and filling stages of B. ischaemum, the LW and
MW treatments were rewatered to MW or HW, respectively. At the end of growth season,
root morphological traits of two species were evaluated. Results showed that the root
morphological response of B. ischaemum was more sensitive than that of L. davurica
under rewatering. The total root length (TRL) and root surface area (RSA) of both species
increased as their mixture ratio decreased, which suggested that mixed plantation of
the two species would be beneficial for their own root growth. Among all treatments,
the increase of root biomass (RB), TRL, and RSA reached the highest levels when soil
water content increased from 40 to 80% FC at the jointing stage. Our results implied
that species-specific response in root morphological traits to alternated rainfall pattern
would greatly affect community structure, and large rainfall occurring at early growth
stages would greatly increase their root growth in the semiarid environments.

Keywords: rewatering, root morphology, growth stage, total root length, root surface area, mixture ratio

INTRODUCTION

Grasslands play a key role in improving ecological environment in the semiarid and arid regions
(Niu et al., 2016; Xiong et al., 2017). Rainfall, as the main resource of soil moisture, greatly
affects the development of natural grasslands in such areas (Zhu et al., 2014; Gao et al., 2015).
It is forecasted that climate change will alter the seasonal distribution, frequency, and intensity
of rainfall events in the semiarid and arid areas, which may result in more serious drought with
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fewer and heavier rainfall events (Li et al., 2012; IPCC, 2014).
Amount and seasonal changes of precipitation would strongly
affect not only plant growth and distribution, but also community
structure (Miranda et al., 2011; Niu et al., 2016). The root
system is the central part of plant or community, evaluating root
response characteristics to variable soil moisture environment
that will provide insights into how variable rainfall affects plant
growth and ecosystem process (Bardgett et al., 2014; Nie et al.,
2014; Han et al., 2015; de Vries et al., 2016; Ramamoorthy et al.,
2017).

Root morphological characters, such as total root length
(TRL), root average diameter (RAD), and root surface area
(RSA), are the key components of the root response mechanism
under variable soil moisture environments (Li et al., 2011; Zeppel
et al., 2014; Xu et al., 2015). In general, mild drought would
stimulate plants to increase TRL and produce finer roots (Subere
et al., 2009; Bengough et al., 2011; Li et al., 2011), whereas
severe drought greatly limits root growth (Xu et al., 2012; Zhao
et al., 2017). Root morphological response to drought differs
at different growth stages (Kano et al., 2011; Han et al., 2015).
Plant root systems usually have higher morphological plasticity
when suffering drought stress at the early growth stages, and
higher root morphological plasticity is strongly related to the
carbohydrate allocation strategy, physiological activity, growth
rate, and water requirement (Dhief et al., 2011; Xu et al., 2015;
Niu et al., 2016). Under highly pulsed and irregular rainfall
conditions, plants’ survival not only depends on their drought
resistance but also on their ability to recover after rainfall in
which root morphological characters play a critical role (Li et al.,
2011; Chen et al., 2016). The excellent performance of cassava
yield is attributed to the quick recovery of its adventitious root
elongation under dramatic fluctuation in soil moisture conditions
(Subere et al., 2009). Moreover, root morphological response to
soil water improvement is also affected by antecedent soil water
contents (Ogle and Reynolds, 2004; Xiong et al., 2017; Zhao et al.,
2017). Tap roots of shrubs distributed in the semiarid Patagonia
steppe did not always respond to large precipitation events, only
when the 30–60 cm soil layer was relatively dry where their roots
distributed (Golluscio et al., 1998). The effects of the timing and
intensity of drought on root growth have been widely evaluated,
but how root morphology in response to variable rewatering at
different growth stages under rainfall alternation in semiarid and
arid regions was largely ignored (Li et al., 2011; Padilla et al., 2013;
Han et al., 2015).

Root growth and morphological response to soil moisture
fluctuation are also affected by interspecific or intraspecific
competition as well as root types (Ogle and Reynolds, 2004;
Xiong et al., 2017; Zhao et al., 2017). Intercropping or mixture of
plants with contrasting root traits, such as legume shrub (taproot
system)–grass (fibrous root system) mixture, could alleviate
intraspecific competition and promote root growth, RSA, and
TRL in dry environments, compared with pure stand of the same
species (Xu et al., 2012, 2015; Qiu and Li, 2016). Rational mixed
sowing of legume shrubs plus gramineous grass is beneficial
for improving plant biomass accumulation, water use efficiency,
and ecosystem service, because there exist complementary and
mutually reinforcing roles, which are closely related to their

root characters (Qiu and Li, 2016; Zhao et al., 2017; Xu et al.,
2018). Generally, fibrous root systems develop thinner lateral
roots to obtain water from the shallow soil layer, whereas taproot
systems mainly absorb water from the deep soil layer, and the
latter exhibit lower responsive plasticity than fibrous root systems
under drought conditions (Zeppel et al., 2014; Barkaoui et al.,
2016; Zhao et al., 2017). Morphological responses including RSA
and TRL of fibrous roots tend to be more sensitive to variable
drought stress than taproots as well as the physiological and
growth response, which have been confirmed in Bothriochloa
ischaemum (a C4 gramineae species, fibrous root system) and
Lespedeza davurica (a perennial C3 leguminous sub-shrub, tap
root system) in our previous studies (Xu et al., 2012, 2015; Zhao
et al., 2017).

In the semiarid Loess Plateau region, B. ischaemum and
L. davurica are codominant species and occupy great positions
in natural grasslands (Xu et al., 2015, 2016; Liu et al., 2017).
Water is the most crucial environmental factor affecting their
growth and distribution. In the area, the mean annual rainfall
is about 540.4 mm with 60–80% distribution in July to
September (Niu et al., 2016; Xiong et al., 2017). The unevenly
distributed and unpredictable rainfall is the main resource of
soil moisture (Niu et al., 2016; Xiong et al., 2017). Plants
distributed in this region are continuously exposed to drought
followed by rewatering under field conditions (Xu et al., 2016;
de Vries et al., 2016; Liu et al., 2017). However, knowledge
about the response characters of the contrasting root systems
under rewatering in B. ischaemum and L. davurica is scarce,
especially when grown in mixtures. Here, we conducted a soil
moisture-controlled pot experiment to investigate the response
of their root growth and morphological traits including RAD,
TRL, and RSA to rewatering in the community at three
main growth stages. Under different water supplies, three
rewatering regimes were applied at each growth stage to test
the performance of these root traits. Meanwhile, the differences
of root response between B. ischaemum and L. davurica in
both mixture and monoculture were evaluated. We hypothesized
that: (1) response degrees of root morphological traits are
strongly influenced by the intensity and timing of rewatering;
(2) root morphological response of B. ischaemum under
rewatering is more sensitive than that of L. davurica; (3) mixture
plantation is beneficial for improving root density, RSA, and
root growth of the two species under rewatering after phase
drought.

MATERIALS AND METHODS

Plant Material and Growth Condition
The seeds of B. ischaemum (L.) Keng and L. davurica (L.) Schindl
were harvested in the autumn of 2011 from the natural grassland
at the Ansai Research Station (ARS) of the Chinese Academy of
Sciences (36◦51′30′′N, 109◦19′23′′E, 1068 to 1309 m a.s.l.). The
station is located in the central part of the semiarid hilly gully
Loess Plateau region. Seed germination rates of two species were
both above 90% at 25◦C in the culture chamber.
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Seeds were sown in the cylindrical plastic pots (20 cm in
diameter and 30 cm in depth) with a plastic pipe adjacent to
the inner wall for watering. The loess soil obtained from the
upper 20 cm of an arable field in ARS was utilized. The soil was
sandy loam with the properties as described in Supplementary
Table S1. As basal fertilizers, 0.481 g CON2H4 and 3.949 g
KH2PO4 were mixed with 9.0 kg air-dried soil for each pot. The
pot experiments were conducted under a rainout shelter in the
Institute of Soil and Water Conservation located in Yangling,
Shaanxi Province, China (34◦12′N, 108◦7′E, 530 m a.s.l.). The
mean monthly temperature ranged from −1◦C (January) to
26.7◦C (July), while the mean annual temperature is 13.0◦C.

Species Combination and Water
Treatment
According to the replacement series design described in the
previous study (Xu et al., 2015), two species were grown at seven
mixture planting ratios (12:0, 10:2, 8:4, 6:6, 4:8, 2:10, and 0:12)
with a density of 12 plants per pot on April 1, 2012. All pots were
well watered [80 ± 5% FC (field capacity)] to ensure seedling
establishment till the tillering stage (June 10) of B. ischaemum
when drought stress was imposed.

The water treatments were implemented according to the
growth stage of B. ischaemum with three water regimes [80± 5%
FC (HW), 60 ± 5% FC (MW), and 40 ± 5% FC (LW)]
commenced at the tillering stage of B. ischaemum (June 10,
2012). Then, three rewatering regimes were carried out at three
rewatering periods as follows: at the jointing stage (July 10),
flowering stage (August 10), and filling stage (September 10)
of B. ischaemum, soil water contents were raised from MW to
HW (referred to as M-HW), LW to HW (L-MW), and LW to
MW (L-HW) through rewatering, respectively (Supplementary
Figure S1). For the nursing of desired water regimes, the water
losses caused by daily evapo-transpiration were replaced at 18:00
after weighing the pots. A layer of perlite (20 g, approximately
2.0 cm deep) was put on the soil surface of each pot to
reduce evaporation. And the levels of soil water contents after
rewatering were maintained until withering stage (October 10).
Each treatment of constant water regimes or rewatering was
replicated five times. A total of 420 pots were used in this study.

Shoot and Root Samplings
Shoot and root samples of each species were separately collected
from three randomly selected pots for each treatment at the end
of the growth stage (October 10). Particularly, the whole root
system of each pot was carefully washed using a gentle water jet
and collected all roots through a sieve (aperture size 0.25 mm,
60 meshes). In each pot, the roots were carefully separated for
each species in water. Due to the difficulty of separating each
species into individual and large root biomass, approximately
30% of total roots of each species were selected to assess root
morphological traits. The selected root subsamples were dyed
using 0.5% methylene blue solution for 5 min and gently dried
with absorbent paper, and then fixed through two transparent
plastic sheets. The dyed root systems were scanned (BENQ
color scanner 5560) and analyzed (DT-Scan, Delta T-Devices)

to determine TRL (m), RSA (cm2), and RAD (mm). Then, the
selected subsamples and the rest of roots and shoots samples were
oven-dried for 48 h at 80◦C. Specific root length (SRL, m g−1) and
specific root area (SRA, cm−2 g−1) were determined by the root
length and root area of subsamples divided the corresponding
root dry biomass. TRL and RSA were calculated through SRL
and SRA by individual root dry weight of each individual plant,
respectively. The root/shoot ratio (RSR) was calculated through
dividing the root dry biomass by the shoot dry biomass of each
individual plant (Xu et al., 2015).

Statistical Analysis
Differences in the mean values of root biomass and each
morphological trait were compared among treatments
(rewatering period and regime, mixture ratio, species or
mixture vs. monoculture) by one-way analysis of variance
(ANOVA) followed by the Tukey least significant difference
(LSD) multiple range tests in SPSS 19 (IBM, United States).
Statistical significance was set at P ≤ 0.05. To evaluate the
interactive effects of rewatering period and regime on root
morphological traits and root biomass of each species, the mixed
linear model was used, in which rewatering period and regime
were fixed factors and mixture ratio and antecedent soil water
contents as random effects. To clarify the effect of mixture ratio
on root morphological traits and root biomass of each species,
the mixed linear model was used and in which mixture ratio
was the fixed factor and rewatering period and regime were
the random effects. To investigate the effect of species on the
response of these root traits to rewatering, the mixed linear
model with species as fixed factor including the mixture ratio,
rewatering period and regime as random effects was performed.
To assess the relationship among root biomass (RB), TRL and
RSA and reveal the effects of water treatments on these root
traits, the linear regression analysis was carried out for each
species under each water treatment.

RESULTS

Root Biomass and Root/Shoot Ratio
Under each rewatering treatment, the RB of B. ischaemum was
significantly higher than that of L. davurica at the same mixture
ratio. The RB of B. ischaemum per plant evidently decreased as its
ratio increased in the mixture, while such a trend was not detected
in L. davurica (Figure 1).

The regime and period of rewatering and their interaction
generated significant effects on RB of B. ischaemum and
L. davurica (Table 1). When soil water contents (SWC) increased
from 40 to 80% FC at the jointing stage, RB of B. ischaemum
and L. davurica increased about 190.0 and 45.0% compared
with those under 40% FC, respectively. The RB increment of
each species was higher than those under the other rewatering
treatments. Under each rewatering regime, RB response degrees
of both species reached the lowest levels at the filling stage.
The RB of B. ischaemum per plant evidently decreased as its
ratio increased in the mixture, whereas such a trend was not
detected in L. davurica (Figure 1). Meanwhile, the shoot biomass
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FIGURE 1 | Root biomass (RB) per plant of B. ischaemum (B) and L. davurica (L) at different mixture ratios under each water treatment. HW: 80 ± 5% FC; MW:
60 ± 5% FC; LW: 40 ± 5% FC; M-HW: soil water content increased from MW to HW; L-MW: soil water content increased from LW to MW; L-HW: soil water content
increased from LW to HW. The vertical bars indicate the LSD values (P ≤ 0.05) for the RB difference of each species among rewatering periods at each mixture ratio.

of each species showed similar trends with RB in response to
rewatering across mixture ratios (Supplementary Figure S2).
The RSR response degree of both species also got the highest
levels when SWC increased from 40 to 80% FC at the jointing
stage. The corresponding RSR of B. ischaemum and L. davurica
significantly decreased about 27.0 and 39.0% compared with
those under 40% FC, respectively (Supplementary Figure S3).
Rewatering regime and period and their interaction significantly
affected the RSR of the two species (Table 1).

Root Average Diameter
For B. ischaemum, the averaged RAD value in mixtures was
significantly higher than that of monoculture under L-HW (40–
80% FC) at the jointing and flowering stages as well as M-HW
(60–80% FC) at the jointing stage. No significant difference
between mixture and monoculture was detected in the RAD of
L. davurica under rewatering treatments (Figure 2). For each
rewatering period, there was no notable changing trend of RAD
for B. ischaemum or L. davurica among three rewatering regimes
(Figure 2). Rewatering regime generated significant effects on
the RAD of both species. The effects of rewatering period on
L. davurica and the interaction of rewatering period and regime
on B. ischaemum were significant (Table 1).

Total Root Length
For each rewatering treatment, the TRL level of B. ischaemum was
significantly greater than that of L. davurica. The TRL of both
species tended to decrease as their ratios increased in the mixtures
(Figure 3).

Rewatering period and regime and their interaction produced
significant effects on the TRL of B. ischaemum and L. davurica
except rewatering regime on L. davurica (Table 1). When SWC
increased from 40 to 80% FC at the jointing stage, the TRL of B.
ischaemum increased about 1.6 times compared with those under

40% FC, and the increased degree was higher than under other
rewatering treatments. When SWC increased from 60 to 80% FC,
the TRL of B. ischaemum increased about 48.0% at the jointing
stage and 34.0% at the flowering stage. When SWC increased
from 40 to 60% FC, remarkable improvement of TRL of about
47.0% at the jointing stage and 52.0% at the flowering stage were
detected in B. ischaemum. However, there was no obvious change
detected in the TRL of B. ischaemum at the filling stage under
three rewatering regimes. For L. davurica, TRL ranged from 1.6
m to 20.8 m per plant, and there was no remarkable change
trend detected among rewatering periods or regimes (Figure 3).
Under each rewatering treatment, only B. ischaemum had linear
relationships between TRL and RB, and the slopes of regressed
lines of TRL on RB at the flowering and filling stages were greater
than that at the jointing stage (Supplementary Table S2).

Root Surface Area
The RSA of B. ischaemum and L. davurica decreased as their
ratios increased in the mixtures under each rewatering regime.
The averaged RSA values of B. ischaemum were approximately
20.1 times higher than those of L. davurica in the mixture, and
21.5 times higher in the monoculture (Figure 4).

Rewatering period and regime and their interaction
significantly affected the RSA of B. ischaemum and L. davurica
with the exception of rewatering regime on L. davurica (Table 1).
Both B. ischaemum and L. davurica exhibited the highest increase
in RSA of about 240 and 67.7% when SWC increased from 40
to 80% FC at the jointing stage, respectively. For B. ischaemum,
RSA increased about 62.0 and 34.9% when SWC improved from
60 to 80% FC at the jointing stage and flowering stage. At the
same rewatering periods, 62.2 and 82.0% improvement of RSA
were achieved in B. ischaemum when SWC increased from 40
to 60% FC, respectively. For L. davurica, RSA increased about
41.25 and 56.94% when SWC improved from 40 to 60% FC at
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the jointing and flowering stages. However, there was no obvious
change of RSA detected in L. davurica when SWC increased
from 60 to 80% FC (Figure 4). Under rewatering, B. ischaemum
had significant (P ≤ 0.05) linear correlativity between RSA and
RB, whereas no such trend was identified in L. davurica; when
rewatering was applied at the flowering and filling stages, the
slope of linear regression of RSA on root biomass was greater
than that at the jointing stage in B. ischaemum (Supplementary
Table S3). Significant linear correlations between RSA and TRL
were also detected in both species (Supplementary Table S4).

Specific Root Length and Specific Root
Area
For each rewatering treatment, the SRL and SRA of L. davurica
remarkably decreased as its ratio increased in the mixture, which
was not detected in B. ischaemum. The mean values of SRL
and SRA in B. ischaemum were about 8.7 times and 8.6 times
larger than those of L. davurica in the mixtures, and about 18.75
times and 17.69 times larger in the monoculture, respectively
(Figures 5, 6). Except the SRA of L. davurica, rewatering period
produced significant effects on the SRL and SRA of two species,
whereas rewatering regime just generated significant effects on
the SRL of B. ischaemum. The interaction of rewatering period
and regime significantly affected the SRA of two species and the
SRL of L. davurica (Table 1).

DISCUSSION

Rewatering stimulated the root growth of B. ischaemum and
increased TRL and RSA to enlarge soil exploration and root–
soil contact interface (Table 1 and Figures 1, 3, 4), but the
response degree of roots was associated with the rewatering
regime as well as antecedent soil water content (Han et al.,
2015; Sandhu et al., 2016). When soil water contents increased
from 40 to 80% FC, the response degrees in root biomass,
TRL, and RSA of B. ischaemum were greater than those under
the other two rewatering treatments, respectively (Figures 1,
3, 4). The decreased intensities in TRL and RSA production
per unit of root biomass were positively correlated (P ≤ 0.05)
with the rewatering degree at the jointing stage (Supplementary
Tables S2, S3), revealing that the energetic costs of TRL and
RSA were negatively related to the increment of soil water
contents (Xu et al., 2012). Moreover, the response degrees of
TRL and RSA of L. davurica to the same increase of soil water
content under 40% FC were greater than those under 60%
FC (Figures 1, 3, 4). These confirmed our hypothesis that root
morphological response of the two species enhanced with the
increment of soil water contents and closely related to antecedent
soil water contents (Elazab et al., 2012, 2016).

The root morphological response is closely associated with
rewatering timing (Subere et al., 2009; Han et al., 2015). Greater
water and nutrient availability at early growth stages would
improve the root proliferation in the shallow soil layer (Elazab
et al., 2016). Rainfall change occurring early in the growing
season had larger effects on plant productivity, which was closely
related to root morphological response (Zeppel et al., 2014;
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FIGURE 2 | Root average diameter (RAD) of B. ischaemum (B) and L. davurica (L) at various mixture ratios under each water treatment. HW: 80 ± 5% FC; MW:
60 ± 5% FC; LW: 40 ± 5% FC; M-HW: soil water content increased from MW to HW; L-MW: soil water content increased from LW to MW; L-HW: soil water content
increased from LW to HW. The vertical bars indicate the LSD values (P ≤ 0.05) for the RAD difference of each species among water treatments and mixture ratios
under each rewatering period or constant water supply.

FIGURE 3 | Total root length (TRL) per plant of B. ischaemum (B) and L. davurica (L) at various mixture ratios under each water treatment. HW: 80 ± 5% FC; MW:
60 ± 5% FC; LW: 40 ± 5% FC; M-HW: soil water content increased from MW to HW; L-MW: soil water content increased from LW to MW; L-HW: soil water content
increased from LW to HW. The vertical bars indicate the LSD values (P ≤ 0.05) for the TRL difference of each species among water treatments at each mixture ratio.

Ramamoorthy et al., 2017). Here, rewatering periods generated
significant effects on root growth and morphological traits
in both species except the RAD of B. ischaemum (Table 1).
B. ischaemum exhibited considerable increases in root biomass,
TRL, and RSA under rewatering at the jointing and flowering
stages, whereas no obvious change was detected at the filling stage
(Figures 1, 3, 4). The higher sensitivities at early growth stages
might be due to the changes of the biomass allocation strategy
along with growth stages or the difference of water amount
received among rewatering treatments. The biomass invested

to roots would be decreased from the vegetative growth stage
to the reproductive stage (Xie et al., 2006; Vandoorne et al.,
2012; Han et al., 2015). Higher physiological activities including
IAA, photosynthesis, and sucrose metabolism of plants at early
growth stages could also contribute to high root morphological
plasticity (Han et al., 2015; Backer et al., 2017). Our previous
studies showed that leaf photosynthesis in June was greater
than that in August in their mixtures (Niu et al., 2016; Xiong
et al., 2017), which could be an explanation for their higher root
morphological plasticity under rewatering at early growth stages.
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FIGURE 4 | Root surface area (RSA) per plant of B. ischaemum (B) and L. davurica (L) at various mixture ratios under each water treatment. HW: 80 ± 5% FC; MW:
60 ± 5% FC; LW: 40 ± 5% FC; M-HW: soil water content increased from MW to HW; L-MW: soil water content increased from LW to MW; L-HW: soil water content
increased from LW to HW. The vertical bars indicate the LSD values (P ≤ 0.05) for the RSA difference of each species among water treatments at each mixture ratio.

FIGURE 5 | Specific root length (SRL) of B. ischaemum (B) and L. davurica (L) at various mixture ratios under each water treatment. HW: 80 ± 5% FC; MW:
60 ± 5% FC; LW: 40 ± 5% FC; M-HW: soil water content increased from MW to HW; L-MW: soil water content increased from LW to MW; L-HW: soil water content
increased from LW to HW. The vertical bars indicate the LSD values (P ≤ 0.05) for the SRL difference of each species among water treatments at each mixture ratio.

On the basis of the performance of root morphological response
to rewatering periods, we considered that rewatering applied at
early growth stages would be better for the root growth (Niu et al.,
2016).

As we hypothesized, the sensitivity of root morphological
responses of B. ischaemum was much higher than L. davurica
among different rewatering periods. It reported that root
morphological response differed in plant functional types (Subere
et al., 2009; Li et al., 2014; Elazab et al., 2016; Xiong et al.,
2017). Fine roots are more sensitive to nutrient and moisture
than taproots (Zhao et al., 2017). Consistent with the previous
study, root biomass, TRL, and RSA of both species significantly
(P ≤ 0.05) declined under 60% FC and 40% FC, and the C4
gramineous B. ischaemum (fibrous root system) had a larger

reduction in root growth than the C3 leguminous L. davurica
(taproot system) (Jangpromma et al., 2012; Xu et al., 2012, 2015;
Zhao et al., 2017). Even so, the recovery magnitude of root
biomass, TRL, and RSA in B. ischaemum under rewatering was
higher than that in L. davurica (Figures 1, 3, 4). The greater
plasticity of root biomass could enable B. ischaemum root to
display more notable morphological plasticity (de Vries et al.,
2016). Higher plasticity of these root traits (root biomass, TRL,
and RSA) might contribute to improved competitiveness of
B. ischaemum in the mixtures under rewatering (Kano et al., 2011;
Xu et al., 2011; de Vries et al., 2016; Zhao et al., 2017). Besides, the
relative insensitive performance of L. davurica’s taproots might be
caused by the stronger competitiveness of B. ischaemum’s fibrous
roots (Xu et al., 2011, 2013).
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FIGURE 6 | Specific root area (SRA) of B. ischaemum (B) and L. davurica (L) at various mixture ratios under each water treatment. HW: 80 ± 5% FC; MW: 60 ± 5%
FC; LW: 40 ± 5% FC; M-HW: soil water content increased from MW to HW; L-MW: soil water content increased from LW to MW; L-HW: soil water content
increased from LW to HW. The vertical bars indicate the LSD values (P ≤ 0.05) for the SRA difference of each species among water treatments at each mixture ratio.

SRL and SRA are considered as efficient indicators for root
resource uptake ability (Hajek et al., 2013; Elazab et al., 2016;
Olmo et al., 2016; Page et al., 2016). Compared with L. davurica,
the significantly higher values of SRL and SRA indicate that
B. ischaemum could invest less biomass to construct a root system
with larger root density and root–soil interface area in a given soil
volume (Xie et al., 2006; Bonifas and Lindquist, 2009; Lynch et al.,
2014). Furthermore, a significantly linear relationship between
TRL or RSA and root biomass was detected in B. ischaemum, but
not in L. davurica among rewatering treatments (Supplementary
Tables S2, S3). Both SRL and SRA are negatively correlated
with RAD (Ostonen et al., 2007; Song et al., 2010; Elazab et al.,
2016). Although the rewatering regime generated a significant
difference on RAD of B. ischaemum and L. davurica (Table 1), the
response of their RAD was relatively insensitive compared with
those of TRL or RSA (Figure 2) (Xu et al., 2015). The synergic
changes in TRL, RSA, and root biomass, and the relatively stable
RAD alleviated the effects on the SRL and SRA of both species
caused by the different rewatering intensities. The RSR reveals
the allocation strategy of carbohydrates between roots and shoots
(Elazab et al., 2016). Similar to other reports (Elazab et al., 2012;
Carvalho et al., 2014), the RSR of the two species showed a
negative relationship to soil water content, especially L. davurica.
Among the rewatering regimes, the declined degree of RSR in
L. davurica positively correlated with the increment of soil water
content. Compared with L. davurica, the RSR of B. ischaemum
was relatively stable among all the rewatering regimes, which
might be attributed to the simultaneous growth regulation in
shoot and root of B. ischaemum, and the lower plasticity of root
growth and morphological traits in L. davurica in their mixtures
(Supplementary Figures S2, S3) (Xu et al., 2011; Zhao et al.,
2017).

Our previous studies found that the mixed plantation of
B. ischaemum and L. davurica could improve their root growth

and increase the TRL and RSA under water deficit. In the current
study, the average values of TRL and RSA in the mixture were
significantly higher than those in the monoculture regardless
of the species under each rewatering regime (Figures 3, 4),
indicating that the capacity in uptaking soil water was enhanced
in their mixture, which accorded with our last hypothesis. It is
reported that root growth and extension would be greater as
the non-self-neighborhood increased in the mixture, especially
in the initial growth stage (de Kroon, 2007). The intraspecific
competition in roots was more intense than the interspecific
competition when plants with the fibrous roots intercropped
with plants with taproots (Zhao et al., 2017). The root biomass,
TRL, and RSA of B. ischaemum declined as its ratio increased in
the mixtures with L. davurica under each rewatering treatment
(Figures 1, 3, 4). The TRL and RSA of L. davurica had similar
performance with B. ischaemum among mixture ratios under
rewatering as well as its SRL and SRA (Figures 3–6). All these
suggested that the mixed plantations of species with different
root types (such as taproot system and fibrous root system)
would favor them to coexist and adapt to the altered rainfall
in the semiarid and arid grassland community (Zhao et al.,
2017).

CONCLUSION

Our results showed that root morphological traits of the
two codominant native species were significantly affected
by the magnitude and timing of rewatering and mixture
ratio. The response of root biomass, TRL, and RSA showed
positive relationships with rewatering degree, particularly in
B. ischaemum. Higher sensitivity of their root morphological
response to rewatering at the jointing stage revealed that
sufficient water at early growth stages would be beneficial for their
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root growth. This implied that an increase of rainfall amount
during early growth stages would stimulate plant growth and
community dynamics. Greater plasticity of TRL and RSA under
rewatering indicated that B. ischaemum would be superior to
L. davurica in their communities. Meanwhile, mixed plantations
enhanced root density and root–soil contact interface of each
species under rewatering. These observations implied that the
coexistence of legume shrub–grass would be helpful for their
growth and grassland stability under variable rainfall in the
semiarid and arid areas. In this study, we focused only on the
effects of rewatering time and regime on root morphological
traits, whereas the potential effect of rewatering amount on root
morphology at different growth stages should also be considered,
which needs further investigation.
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Calligonum mongolicum is a dominant native perennial shrub on sand dunes in arid
deserts of northwestern China, and is therefore widely used in sand dune stabilization
in these regions. However, it remains largely unknown how seedling emergence of
C. mongolicum has adapted to unpredictable sand movement and extreme drought.
Here we examined effects of seed burial depth, light intensity, and seed age on seedling
emergence, and considered seed germination and seedling emergence strategies
for the shrub’s adaption to the desert environment. In our pot experiment, the
optimum seeding depth for emergence of C. mongolicum was 2 cm, indicating that
for germination and seedling emergence only moderate sand burial is required. Light
intensity at the surface soil (0 cm) was important for seedling emergence, while there
was no significant difference between 50 and 20% light flux density, at burial depths of
1 and 2 cm, indicating that C. mongolicum seeds had adapted to sand burial, while not
exposure from sand erosion. We also found C. mongolicum seedlings emerged in spring
and in late summer to early autumn. Meanwhile, seedling emergence percentage for 3-
year-old seeds was similar to that of 1-year-old seeds, which meant that C. mongolicum
seeds were well preserved under normal sand dune conditions, thus were capable
of developing a persistent, but shallow soil seed-bank. These results indicated that
germination and seedling emergence take a bet-hedging strategies to adapt to variable
desert environments. Our study confirmed that C. mongolicum desert shrubs combine
strategies in its adaption to arid and variable sand environments.

Keywords: desert pioneer shrub, seed burial depth, light intensity, seed age, seedling emergence strategy

INTRODUCTION

Understanding how organisms cope with and adapt to changes in their environments is a central
theme to evolutionary ecology (Botero et al., 2015). Germination and seedling emergence are
critical transition periods during which a plant leaves the relative safety of the seed stage and
enters the highly vulnerable seedling stage (Gremer et al., 2016). The ecology of seeds and their
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germination patterns determine a species’ adaptation to various
environments and allows us to explain and predict ecological
dynamics (Huang et al., 2016). In deserts, seeds and plants often
face varying degrees of sand burial and exposure by wind erosion,
thus their ability to respond to these environmental cues is
of great importance for successful seed germination, seedling
emergence, and initial establishment, which may ultimately affect
population viability. It is well known that seed germination and
seedling emergence depend on many factors, such as soil light
intensity (Tobe et al., 2006; Zhang et al., 2014), moisture (Tobe
et al., 2005), temperature (Liu et al., 2013) and others. Sand burial
and exposure from wind erosion can easily affect these factors
in the microenvironment of dune plants (Poulson, 1999; Qu
et al., 2014), which may influence seed germination and seedling
emergence of the plants. Although tolerance to burial was found
to differ considerably among species, burial was considered an
important selective force (Maun, 2004; Dech and Maun, 2005; Liu
et al., 2007; Xu et al., 2013).

For some species, the timing of emergence plays a critical
role in seedling establishment (Bush and Van Auken, 1991)
and as expected, also a strong selective force (Gremer et al.,
2016). Delaying germination for a year or within season
time scales, which is described as biological bet-hedging, has
been demonstrated to significantly benefit plants by escaping
unfavorable conditions and spreading risk of seedling failure
(Simons, 2009; Gremer and Venable, 2014; Gremer et al.,
2016). Meanwhile, the volume of seeds persisting in the soil
reflects the relative risks around a seed remaining viable in
the soil and to germinate under conditions that are more
favorable. Plants that can reduce the effect of environmental
uncertainty in this way are considered to exhibit a bet-hedging
strategy (Arroyo et al., 2006; Yu et al., 2007). Many studies
have reported on seed germination and seedling emergence
of annual plants growing in different deserts of the world
(Went, 1949; Tevis, 1958; Venable and Brown, 1988; Venable,
2007; Gremer et al., 2016; Huang et al., 2016). However,
very few studies of this type have been applied to desert
perennial shrubs (Baskin et al., 1993; Gutterman, 2000). The
reproductive strategies employed by plants are very important
for adaption to extreme desert environments. Accordingly, it
is either phenotypic plasticity (Angert et al., 2010; Botero
et al., 2015) or a bet-hedging strategy (Simons, 2011) or both
(Simons, 2014; Gremer et al., 2016) that are essential for plants
to adapt to desert environments. Thus, it remains unknown
which strategy was adopted by pioneer shrubs to inhabit mobile
sand dunes and to adapt to unpredictable sand movement
and extreme drought. Calligonum mongolicum (Polygonaceae)
is a dominant native perennial shrub in active sand dunes
in arid deserts of northern China, and is widely used for
vegetation restoration in desert region (Fan et al., 2018). In
these sandy habitats, each mature shrub produces numerous
quantities of fruit and seeds are dispersed considerable distances
by prevailing winds. In recent years, C. mongolicum exhibited a
population expansion in mobile sand dunes in the arid Minqin
Desert. Previous greenhouse experiments on the species have
shown the impact of hydration–dehydration cycles as well as
different pre-sowing seed treatments on seed germination of

several Calligonum sp. (Ren and Tao, 2003, 2004), despite all of
the above, it remains unclear how C. mongolicum seedling
emergence has adapted to the sand environment. In this study,
we investigated C. mongolicum seedling emergence by examining
the effects of seed burial depth, light intensity and seed age.
The objective was to investigate seed germination and seedling
emergence strategies in the shrub’s adaption to arid desert
environments, and to evaluate its usage in conservation strategies
of mobile sand dunes.

MATERIALS AND METHODS

Seed Collection and Selection
Over the previous three growing seasons in the Minqin County,
fresh seeds from C. mongolicum were collected from the surface
of desert sand dunes under the shrubs. These seeds were air
dried in paper bags and stored in year-collected batches for
use in germination and emergence pot trials. Meanwhile, we
randomly selected 3 subsamples of 100 seeds from these fresh
seeds and measured, seed length, seed width, seed bristle length
and weight. All seeds were air-dried at room temperature by
spreading on tables. Prior to the pot experiment, 50 seeds from
each seed age group (one- and three-year-old), were subjected
to the tetrazolium chloride viability test, which indicated that in
each seed age group >90% of the embryos appeared light colored
and thus were regarded as viable.

Field Seedling Emergence Experiments
Based on C. mongolicum’s ability to endure considerable sand
movement, the potted seedling emergence experiment included
three treatments: sand burial, burial depth with light intensity,
and burial depth with seed age.

Sand Burial Experiments
All sand burial treatments consisted of five replicates of 20 seeds.
Each replicate of 20 seeds were planted at 0, 1, 2, 4, 6, and 8 cm
depths in plastic pots (14 cm in diameter) filled with sand from
mobile dunes. The potted sand dune soil dried quickly in the hot,
dry conditions of our study site, however, previous unpublished
work indicated that flooding with excess irrigation water limited
C. mongolicum’s emergence. Therefore, the pots were moistened
daily with a garden watering-can, fitted with a fine rosette to
mimic light rainfall in very small quantities, as would be the case
in the desert, i.e., moist soil with maximized air filled porosity, the
volume of which was based on our previous unpublished work.
Meanwhile, seedling appearance at the sand surface was recorded
daily for 5 months, and on completion of the study.

Light Intensity, Seed Age, and Sand
Burial Experiments
Seed burial depth preliminary experiment on seed burial
depth indicated an optimal seeding depth of 2 cm,
followed by 1 cm and with no germination from seeds
placed on the soil surface (0 cm). Therefore, these three
depths (0, 1, and 2 cm) were chosen to assess emergence
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response to light density and burial depth. Shade netting
was used to obtain three levels of light intensity, 100%
natural light (CK), 50% light flux density (LFD) and
20% LFD.

To assess the impact of seed age on germination percentage,
seeds that were dry stored for 1 and 3 years were sown in
pots containing sandy soil from mobile sand dunes at five
seed burial depths (0, 1, 2, 4, and 6 cm). Since seedlings
failed to emerge from 3-year-old seeds at burial depths of 0
and 6 cm from previous work, time to emergence was only
recorded at 1, 2, and 4 cm seeding depths for both seed
ages.

Statistical Analyses
Seedling emergence was measured using two indices: the final
emergence percentage and the initial emergence time. The
percentage of seedling emergence was the number of seedlings
at the end of the experiment divided by the number sown.
The initial emergence time was defined as the time from
sowing to the first seedling emergence day, i.e., days after
sowing (DAS).

The statistical package SPSS 16.0 software (SPSS, Chicago,
IL, United States) was used for the analyses. One-way ANOVA
was used to test the differences in initial emergence time
and the final percentage emergence among different seed
burial depths. A two-way ANOVA was used to analyze
the effect of light intensity, seed burial depth and their
interaction, seed age, seed burial depth, and their interaction
on the seedling emergence percentage. Where there was a
significant difference, a multiple comparison LSD determined
the level of difference among treatments at P < 0.05. Before
analysis, data were arcsine transformed for homogeneity of
variance. Data means ± SE and figures were created with
Origin 8.0.

RESULTS

Mean seed weight of the collected C. mongolicum seeds was
0.11 ± 0.00 g (mean ± SE) with a length of 1.64 ± 0.16 cm. Mean
bristle length was 4.15 ± 0.91 mm and was about 25 percent of
the length of the seed.

C. mongolicum Seedling Emergence
Process at Different Seeding Depths
Under field conditions and within the same season,
C. mongolicum seedlings largely emerge at two different
times during June and August. In the pot trials, seedlings at
seed burial depths of 1 and 2 cm began to emerge 15 DAS,
while those at 4 cm depth began to emerge 16 DAS. The DAS
did not differ significantly among seed burial depths of 1,
2, and 4 cm (Figure 1). However, at 0, 6, and 8 cm seeding
depths, seedlings failed to emerge in July, but finally emerged
in August. Emergence percentage at 1 and 2 cm seeding depths
was significantly higher than 0, 4, and 6 cm seeding depths.
Seedling emergence percentage was only 1% at 0 cm and 3% at
6 cm seeding depths, in contrast to 7, 3, and 10% emergence

FIGURE 1 | Seedling emergence process of C. mongolicum at different seed
burial depths [14–22 days after sowing (DAS) is in May; 112 DAS is in August].

FIGURE 2 | Effects of seed burial depth on the seedling emergence
percentage of C. mongolicum in June and August. Values with different
uppercase letters within each seed burial depth in the same month are
significantly different (P < 0.05); Values with different lowercase letters
between months under same seed burial depth are significantly different
(P < 0.05).

for 1, 2, and 4 cm seeding depths in August, respectively
(Figure 2). Seedling emergence in August at 1 and 2 cm depths
was significantly lower than those at corresponding depths in
July (Figure 2). Two-way ANOVA showed that the percentage
of seedling emergence of C. mongolicum were significantly
affected by soil depth, time and their interactions (P < 0.001)
(Table 1).

TABLE 1 | Effects of time and seed burial depth on the seedling emergence
percentage.

Source SS df MS F

Time 1633.02 1 1633.01 29.72∗∗∗

Burial depth 4358.78 4 1089.69 19.83∗∗∗

Time × Burial depth 2532.52 4 633.13 11.52∗∗∗

∗∗∗P < 0.001.

Frontiers in Plant Science | www.frontiersin.org 3 August 2018 | Volume 9 | Article 116737

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-01167 August 7, 2018 Time: 8:52 # 4

Fan et al. Calligonum mongolicum Seedling Emergence in Deserts

TABLE 2 | Two-way analysis of variance of the effect of light intensity, seed burial
depth and their interactions on final seedling emergence in pot trials.

Source SS df MS F-value p-value

Light intensity 103.333 2 51.667 0.216 0.807

Burial depth 6603.333 2 3301.667 13.789 0

Light intensity × Burial depth 1173.333 4 293.333 1.225 0.317

FIGURE 3 | Effects of light intensity and seed burial on the seedling
emergence percentage of C. mongolicum (Mean ± SE). Values with different
uppercase letters within each light treatment under same seed burial depth are
significantly different (P < 0.05); Values with different lowercase letters among
each seed burial depth under same light are significantly different (P < 0.05).

Effects of Light Intensity and Sand-Burial
Depth on Seedling Emergence
Seeding depth had a significant effect on seedling emergence
of C. mongolicum, while emergence was not affected
by light intensity or the interaction of light intensity
and seed burial depth (Table 2). Seedling emergence
experiments under different light densities showed that
seedlings failed to germinate placed on the sand surface
(0 cm) in 100% LFD treatments, but emerged in 50
and 20% LFD with no significant difference between the
two treatments, and both were not significantly different
from that observed in 100% LFD (CK) (Figure 3).
Meanwhile, there were no significant difference in seedling
emergence percentages at 1 and 2 cm seeding depths
among different light densities or different seed burial depths
(Figure 3).

TABLE 3 | Two-way analysis of variance of the effect of seed age, seed burial
depth and their interactions on final seedling emergence in pot trials.

Source SS df MS F-value p-value

Seed age 46.944 1 46.944 0.204 0.657

Burial depth 2503.472 2 1251.736 5.438 0.014

Seed age × Burial depth 128.472 2 64.236 0.279 0.76

Effects of Seed Age and Sand-Burial
Depth on Seedling Emergence
Calligonum mongolicum seedling emergence in pot trials was
not affected by seed age or the interaction of seed age and
seed burial depth. However, seed burial depth had a significant
influence on seedling emergence (Table 3). Seedling emergence
from the 2 cm seed burial depth was 39% for 1-year-old
and 41% for 3-year-old seed. Seedling emergence significantly
improved at 4 cm seeding depth. Seed buried at 1 cm was
similar in emergence to 2 cm seeding depth, but as burial depth
increased to 4 cm, seedling emergence significantly decreased
by 51.3% for 1-year-old seeds and 76% for 3-year-old seeds
(Figure 4A). The initial seedling emergence time (DAS) was
not significantly different between 1- and 3-year-old seed, at
either 1 or 4 cm seeding depths, except at 2 cm seeding depth
(Figure 4B).

DISCUSSION

Calligonum mongolicum shrubs are simultaneously and quite
often exposed to wind erosion and sand burial, but serve well
as a pioneer species in the Minqin deserts (Fan et al., 2018). In
this study, we investigated the effects of burial depth, seed age,
and light intensity on the seedling emergence of C. mongolicum,
and found that the species in seedling emergence stage are well
adapted to sand, and have a procreation bet-hedging strategy to
adapt to the extreme environment stresses in the desert.

Adaptation to Sand Burial Environments
Improved growth vigor of individual plants after sand burial
is a characteristic feature of dune perennials, well-adapted
to frequent sand burial conditions (Maun, 1998). In this
study, C. mongolicum seeds showed characteristics typical
for a species well adapted to sand burial environments. On
one hand, seeds buried by sand ranging from 1 to 6 cm
burial depths, showed a much better emergence, while our
unpublished data on seed germination of C. mongolicum in
laboratory, showed almost no seed germinated in Petri dishes
(2.00 ± 1.22%) under light conditions or (1.00 ± 1.00%)
under dark conditions, respectively. This is due to the high
degree of seed dormancy of C. mongolicum seeds, which contain
water-soluble germination inhibiting substances in peels and
seeds (Yu and Wang, 1998). In the desert, these inhibition
substances could decrease or even disappear with time, due to
high gaseous exchange in sandy soil, which increases seedling
emergence by up to 40%. Meanwhile, Baskin and Baskin (1989)
noted that a “primary reason of non-dormant seeds not to
germinate in the soil, is not having the light requirement
for germination.” Similarly, our study showed that light at
surface soil (0 cm seed burial depth) was important for seedling
emergence, while there was no significant difference between
50 and 20% LFD at burial depths of 1 and 2 cm, indicating
that seeds of C. mongolicum may not require high-density
light for their germination and emergence. Here we have
extended this to sand burial, as the direct effect of burial on
seed was a loss of illumination. A similar reaction to light
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FIGURE 4 | Effects of seed age and seed burial depth on (A) seedling emergence and (B) days of first emergence of C. mongolicum (P < 0.05).

had been reported in other species distributed in deserts, e.g.,
Agriophyllum squarrosum (Tobe et al., 2005), Larrea divaricata
(Barbour, 1969), and Citrullus colocynthis (Koller et al., 1963).
However, unpublished data of seed germination in Petri dishes
under light and dark conditions were not significantly different
(F = 0.4, p = 0.55), which may be due to the very low seed
germination percentages for these two light treatments. The
data also indicated that light may not be the decisive factor
for C. mongolicum germination, since sand burial could change
many micro-environmental factors simultaneously. In general,
there was substantial evidence from our research to conclude that
C. mongolicum seeds are well adapted to sand burial, while not
sand erosion.

Although seedling emergence of C. mongolicum possess
adaptations for sand burial, in our pot experiment, seedlings
of C. mongolicum emerged from 1, 2, 4, and 6 cm seeding
depths, but not from depths greater than 6 cm. The results are
essentially in agreement with other reports on seed germination
of desert species, which is directly related to the depth at
which the seeds are buried (Baskin and Baskin, 1989; Zhang
and Maun, 1990; Gutterman, 1993; Benvenuti et al., 2001;
Zheng et al., 2005; Liu et al., 2011; Zhu et al., 2014; Luo and
Zhao, 2015). Both oxygen deficiency and higher mechanical
resistance may inhibit germination and seedling elongation in
deeper sand (Tobe et al., 2005). Additionally, the optimum
depth for improved seedling emergence of a species is generally
acknowledge to be related to seed size. C. mongolicum seeds
at about 1.42–1.84 cm of fruit length, and 1.1–1.93 cm fruit
width, indicated that the optimum seeding depth for seedling
emergence was near 2 cm, which is in line with a previous
investigation in the same species (Ren et al., 2002). Based on
this result, seedling emergence of C. mongolicum in sand is
regulated by seed burial depth, and the vertical distribution of

seed bank is expected to determine the proportion of seeds able
to germinate.

The Bet-Hedging Strategy
In a variable environment, organisms must have strategies
to deal with unpredictable changes in conditions (Gremer
et al., 2016). The bet-hedging strategy benefits plants by
avoiding unfavorable conditions and to spread risks from
extreme drought (Simons, 2009; Gremer and Venable, 2014;
Gremer et al., 2016). Seed germination and seedling emergence
timing influence the environmental conditions that seedlings
will experience (Barga et al., 2017), thus they have important
ecological implications (Huang et al., 2016). Under procreation
bet-hedging, germinating and emerging at multiple times
during the season can reduce the risk of emergence failure
for seeds buried in deep sand (Simons, 2009). In Minqin
desert, emerging and vulnerable seedlings are highly likely
to suffer or die, due to erosion or sand burial from strong
and unpredictable winds during early spring to summer.
C. mongolicum seedling emergence generally occurs under
suitable soil water and temperature conditions in spring.
However, only about 40% of seedlings emerged under these
conditions, while a further 7% emerged in the late summer
or early autumn. Seeds that emerge in either July or August
indicate that C. mongolicum emergence takes a “cautious”
strategy to spread the risks, which is described as biological
bet-hedging (Botero et al., 2015). The seedling emergence rate
of C. mongolicum under pot trials in the field, was much
higher at moderately seed burial depths in spring, than in
early autumn, which could lower survival risk under more
favorable conditions for growth and reproduction (Gremer et al.,
2016), especially during annual summer rains in northwestern
China.
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Additionally, seeds that persist in the soil seed bank for more
than 1 year are considered to exhibit a bet-hedging adaptation to
environmental uncertainty (Yu et al., 2007). Plant communities
in arid habitats persist in the face of high temperatures and
low rainfall (Ooi et al., 2009). Thus only persistent long-lived
seed banks will ensure that viable seeds are available to take
advantage of sporadic rainfall events (Gutterman, 1993; Facelli
et al., 2005) and play a significant role in the regeneration of plant
communities (Bekker et al., 1997; Norbert and Annette, 2004).
Our results indicated that final seedling emergence percentage
for 3-year-old seeds was similar to that of 1-year-old seeds.
As mentioned previously, mature C. mongolicum seeds contain
significant germination inhibitors, resulting in deep dormancy
(Yu and Wang, 1998). C. mongolicum seed viability appeared
long-lived under natural conditions due to deep dormancy,
which offers an effective mechanism for seeds to persist in the
soil (Grime, 1981; Dalling et al., 2011). Thus, the results presented
here suggest that C. mongolicum could be capable of developing
a short-term shallow soil seed-bank in dunes, while waiting for
suitable conditions to germinate, and it is thought to have evolved
a bet-hedging adaptation in response to the unpredictable desert
environment.

CONCLUSION

The present study indicated that faced with variable winds
and scarce precipitation in Minqin desert environment,
C. mongolicum has adopted bet-hedging strategies to adapt
to desert conditions. On one hand, the species has evolved
to spread the risk in an uncertain environment through an
extended germination time. On the other hand, it has developed

a persistent soil seed-bank strategy to adapt to wind erosion and
sand burial. Although this represents an interesting perspective
on the adaptation of C. mongolicum to sand dune environments,
we stress that more investigations on natural-regeneration
are required to understand the reproductive ecology of this
important pioneer perennial shrub.
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Sisymbrium thellungii O. E. Schulz is an emerging problematic weed in the northern
grain region of Australia. Several different biotypes exist in this region but not all
biotypes exhibit the same growth and reproduction behavior. This might be due
to local adaptation to the different agro-ecosystems, however, information on this
aspect is limited. To determine whether adaptation to water stress was a factor in
biotype demographic growth and reproduction behavior, we evaluated the physiological
and biochemical responses of two Australian S. thellungii biotypes, selected from
high (Dalby) and medium (St. George) rainfall areas, to different pot soil moisture
levels corresponding to 100, 75, 50, and 25% of soil water holding capacity (WHC).
Averaged across moisture levels, the St. George biotype (medium rainfall area) had
89% greater biomass and produced 321% more seeds than the Dalby biotype. The
St. George biotype was less affected by increased levels of water stress than the
Dalby biotype. The Dalby biotype produced 4,787 seeds plant−1 at 100% WHC and
only 28 seeds plant−1 at 25% WHC. On the other hand, the St. George biotype
produced 4,061 seeds plant−1 at 25% WHC and its seed production at 100% WHC
was 9,834 seeds plant−1. On a per leaf area basis and averaged across all moisture
levels, the St. George had significantly lower net carbon assimilation compared with
the Dalby biotype, accompanied by a trend for lower stomatal conductance, which
might indicate an adaptation to water stress. Across the moisture levels, the St.
George biotype had higher phenolics and total soluble sugar, but free proline content
was higher in the Dalby biotype compared with the St. George biotype. Like total
soluble sugar, proline content increased with water stress in both biotypes, but it
increased to a greater extent in the Dalby biotype, particularly at the 25% of WHC.
Branching, flowering and maturity occurred earlier in the St. George biotype compared
with the Dalby biotype, indicating relatively faster growth of the St. George biotype,
which again seems to be an adaptation to water-limited environments. In conclusion,
the St. George biotype of S. thellungii had higher reproductive capacity than the
Dalby biotype across all the moisture regimes, which suggests greater invasiveness.
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Overall, the large size and rapid growth of the S. thellungii population from the medium
rainfall area, together with its physiological response to water stress and its ability
to maintain seed production in dry conditions, may enable this biotype to become
widespread in Australia.

Keywords: photosynthesis, ecology, proline, soluble sugar, water stress, drought adaptation, weed

INTRODUCTION

Sisymbrium thellungii O. E. Schulz is an emerging problematic
C3 weed of the northern grain region of Australia, where it
has evolved resistance to acetolactate synthase (ALS) inhibiting
herbicides (Heap, 2018); therefore, herbicidal control of this weed
winter crops like canola (Brassica napus L.), chickpea (Cicer
arietinum L.) and wheat (Triticum aestivum L.) is challenging. For
this reason, a better understanding of the biology of S. thellungii
has become a priority for its proper management.

Weeds compete with crops for resources like water, light, and
nutrients. Among them, water is the most limiting factor for
attaining optimum yield in any crop (Brown, 1995). Changes
in cultural practices and rapid adaptability to climate change
frequently favor the dominance of weeds in agro-ecosystems
(Mahajan et al., 2012). Modeling studies on climate change
have shown that rising temperatures in Australia would lead
to an increase in the frequency of droughts and a reduction
in rainfall events (DEE, 2017). It has been observed that crops
in the northern grain region of Australia sometimes experience
severe drought, resulting in weed abundance and yield loss
(Parreira et al., 2015). Limited soil water availability influences
crop-weed competition to a significant degree, and in general,
weed growth is favored due to the greater plasticity of weeds as
compared to crops (Crusciol et al., 2001; Chauhan and Mahajan,
2014; Mahajan et al., 2015). Drought plays an important role in
weed invasion by affecting weed physiology and weed ecology
(Bajwa et al., 2016). The availability of soil moisture determines
whether weeds will establish and subsequently spread (Chauhan
and Johnson, 2010). Weed species and even weed biotypes
collected from different environmental conditions can vary in
their response to soil moisture.

Higher atmospheric CO2 levels as a result of global warming,
may reduce stomatal conductance and transpiration in plants,
thereby lowering latent heat loss and causing higher leaf
temperature (Bernacchi et al., 2007). Besides stomatal control
of photosynthesis, maintenance of a low level of photosynthesis
and its early recovery related to conductance and water potential
suggests that the non-stomatal control of photosynthesis is an
important attribute of some drought-tolerant weeds (Hill and
Germino, 2005).

Thus, in the future, plants including weeds are likely to
experience increases in acute heat and drought stress, and if
weeds are more robust to these conditions this can be expected
to negatively influence crop productivity and promote weed
invasiveness (Thomas et al., 2004). However, compared to crops,
the literature related to the response of weeds to water stress
is limited. Weeds or weed biotypes able to produce a high
number of seeds at low soil moisture content exhibit drought

tolerance and may pose tough competition to crops in a water-
scarce environment. Such drought tolerance in weeds could be
due to the maintenance of turgor by means of osmoregulation,
increased elasticity of cells, decreased cell size, or desiccation
tolerance through protoplasmic resistance (Sullivan and Ross,
1979). Osmoregulation in plants maintains turgor, which reduces
the effect of water stress on physiological functions such as
stomatal opening, photosynthesis and growth (Chimenti et al.,
2002). Many weeds survive by having low osmotic potential
before stress, prolonging the maintenance of turgor and delaying
the leaf rolling mechanism (White et al., 1992; Mundree
et al., 2002). Proline content in several desert weeds [e.g.,
Haloxylon ammadendron C. A. Mey., Zygophyllum xanthoxylum
(Bunge) Engl., and Artemisia sphenocephala Krasch.] suggests
that free proline accumulation may underpin their adaptation
to arid environments. Many authors have found that the strong
antioxidant system of weeds helps in alleviating the impact
of radical oxygen species, generated by metabolic processes in
response to water stress (Lu et al., 2008).

The effect of drought on plant phenology is variable and
depends upon the plant species, as well as the timing, duration
and extent of drought. Phenological responses to water stress
are considered important drought avoidance mechanisms in
plants (Stout and Simpson, 1978; Muchow and Carberry, 1989).
Information is very limited on variations of phenological stages
in weeds in response to water stress. Even under limited soil
moisture conditions, it has been observed that some weeds and
weed biotypes exhibited strong capacity to complete their life
cycle, maintain growth and produce sizable amounts of seeds
(Chauhan and Johnson, 2010; Kaur et al., 2016). Studies on
summer annual weeds, such as Amaranthus rudis Sauer (Sarangi
et al., 2016), Rottboellia cochinchinensis (Lour.) (Chauhan, 2013)
and Amaranthus palmeri S. Wats. (Moran and Showler, 2005)
showed that water stress negatively affected growth; however,
the effects of soil moisture levels on growth and reproduction
of winter annual weeds have not been tested. Therefore, an
experiment was conducted to compare the effect of different
soil moisture regimes on S. thellungii growth, physiological
and biochemical changes, and its reproductive capacity. Such
parameters could be helpful in evaluating and differentiating the
invasive capacity of S. thellungii under future water-scarce climate
scenarios.

MATERIALS AND METHODS

Experimental Design
The experiment was conducted in a completely randomized
design with eight treatments (2 biotypes × 4 soil moisture
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levels) in a factorial arrangement. Plants were grown in large
pots in a naturally ventilated greenhouse at the Gatton Campus
of the University of Queensland, Australia, during the winter
season of 2017 (Figure 1). The weekly average temperature
during the vegetative stage, flowering and maturity period of the
plants varied from 13.8 to 18.1◦C, 13.6 to 14.8◦C, and 14.6 to
16.4◦C, respectively (Figure 2). The optimum temperature for
germination of African turnip weed is 20/10◦C (day/night) but
no information is available on the optimum temperature range
for its growth. This experiment was conducted in the winter
season, in which this weed grows in the field. The temperature
in the naturally ventilated greenhouse was similar to the ambient
temperature.

Two Australian biotypes of S. thellungii (St. George and Dalby)
were grown at four different soil moisture levels, as determined by
soil gravimetric water holding capacity (WHC): 100, 75, 50, and
25%. Each treatment had six replications. The St. George biotype
was collected from a medium rainfall area with an average annual
rainfall of around 515 mm. The Dalby biotype was sourced from
a high rainfall area with an average annual rainfall of 680 mm1.
Three seeds were sown per pot and after emergence, seedlings
were thinned to a single plant per pot. The soil moisture levels

1http://www.bom.gov.au

FIGURE 1 | St. George biotype (A) and Dalby biotype (B) of African turnip
under different water regimes in naturally ventilated greenhouse.

FIGURE 2 | Weekly mean maximum, minimum and average temperature (◦C)
during different stages of African turnip weed.

were maintained throughout the study period as per treatments.
The soil, collected from the Gatton Research Farm, was a heavy
clay loam with a pH of 6.7, an electrical conductivity of 0.14
dSm−1 and an organic matter content of 2.8%. The modified
method of Chauhan and Johnson (2010) and Nguyen (2011)
was used for calculating WHC. Three pots (30 cm diameter)
containing approximately 13.5 kg of soil were saturated with tap
water. The pot surface was then covered with a plastic container
and the pots were allowed to drain for 48 h. Thereafter, from the
middle of each pot, three soil samples (each ca. 300 g) were taken.
These samples were weighed (wet weight of soil, A), oven-dried
(90◦C for 72 h) and re-weighed (dry weight of soil, B). The WHC
was then calculated using the formula: [(A – B)× 100]/B. The 75,
50%, and 25% WHC were estimated based on that fraction of the
WHC. The water treatments were started 40 days after sowing
(DAS) as the initial growth of the weeds was slow. A measured
quantity of water as per treatment was applied every other week
after the start of the treatments. The 1-week interval for water
application at 100% WHC (field capacity) was standardized based
on soil moisture meter reading.

For the initial 1 month of establishment, water was applied
every alternative day to keep the pots moist. The experiment
ran for 124 days until the plants were fully matured and seed
production had ceased.

Growth, Phenology, Photosynthetic
Parameters, and Seed Production
At peak vegetative growth (75 DAS), plant height in each
pot was measured from the soil surface to the uppermost tip
of the plant and all leaves on each plant were counted. The
number of days after sowing to the appearance of the first
branch and initiation of the first flower was recorded for each
plant. Photosynthetic parameters were measured on healthy, fully
expanded and undamaged leaves at 99 DAS to coincide with the
biochemical analysis. Plants of all six replicates were measured;
however, several plants could not be measured as their leaves were
too small which resulted in incomplete replicates. Gas exchange
measurements were taken between 1000 and 1300 h using a LI-
6400 portable photosynthesis system (LI-COR Inc., Lincoln, NE,
United States) with a 6400-40 leaf chamber fluorometer which
measures 2 cm2 of leaf. Measurements were taken on a random
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rosette leaves at steady state controlling the following parameters:
300 µ mol−1 s−1 air flow to the sample, 1500 µmol quanta m−2

s−1 irradiance (PAR), 400 µmol mol−1 reference CO2 and 27◦C
leaf temperature. The vapour pressure deficit (VPD) based on
leaf temperature at the time of measurement ranged from 0.9 to
2.0 kPa.

At harvest, aboveground-biomass and root biomass (70◦C
for 72 h) were determined separately. Total seed number was
estimated by multiplying the silique number with the average
seed number of five randomly chosen siliques per plant.

Biochemical Analysis
Undamaged, healthy, fresh, and penultimate leaves (ca. 3 g)
were taken from three replicates of each treatment at 100 days
after sowing. The samples were stored at 4◦C in zip lock
polyethene bags until used for analysis ca. 7 days later. From these
samples, the soluble phenolics were determined by following
the Folin–Ciocalteu reagent method (Julkenen-Titto, 1985). The
total soluble sugar content of each sample was determined
by following the procedure of Dubios et al. (1956) modified
according to Lee and Kim (2000). Free leaf proline content in
each sample was measured by following the procedure of Bates
et al. (1973).

Statistical Analyses
Growth, phenology and biochemical data were analyzed using
analysis of variance (ANOVA) to evaluate differences between
treatments (GENSTAT 16th edition; VSN International, Hemel
Hempstead, United Kingdom). Means were separated using
Fisher’s protected least significant difference (l.s.d.) test at
P = 0.05.

Due to missing data causing an unbalanced design, the
photosynthetic parameter data were analyzed using the lme4
package in R (Bates et al., 2015) fitting a linear mixed model of
the form y = Xβ+ Z µ+ e with Biotype and Water Regime fitted
as fixed (vector β) and Replicate as random (vector µ) effects and
e denoting an error term. The initial model included interactions
between biotype and water regime, but this term was dropped as
it was not significant for either variable presented here.

Figures were prepared using SigmaPlot software (SigmaPlot
13; Systat Software, San Jose, CA, United States) and R (R Core
Team, 2016).

RESULTS

Growth Parameters and Phenology
By 75 DAS, the St. George and Dalby biotypes attained
similar plant height at 100% WHC, however, plant height of
the Dalby biotype was reduced with decreasing soil moisture
levels (P < 0.05). Plant height of the St. George biotype
was only reduced at the most severe treatment of 25% WHC
(Table 1). By 75 DAS both biotypes had similar numbers of
leaves at 100% WHC and leaf number was reduced at 25%
WHC for both populations (Table 1). Water stress delayed
branching and flowering initiation in both biotypes, but flowering
was particularly affected in the Dalby biotype (P < 0.05)

TABLE 1 | Effect of different soil moisture levels (factor 2) on final plant height, leaf
number at 75 days after sowing and days taken to branching and flowering
initiation of two Australian biotypes (St. George and Dalby; factor 1) of Sisymbrium
thellungii.

Moisture level St. George Dalby Mean

Plant height (cm)

100% WHC 56.7a 51.7a 54.2a∗

75% WHC 53.7a 34.0d 43.8b

50% WHC 65.4b 31.4d 48.4b

25% WHC 44.2c 24.2e 34.2c

Mean 55.0a 35.3b

LSD (P ≤ 0.05) Biotype = 4.8; Water regime = 6.8; B × WR = 9.6

Leaf number (75 DAS)

100% WHC 27a 28a 28a

75% WHC 26a 24a 25a

50% WHC 28a 20a 24b

25% WHC 20a 16a 28a

Mean 25a 22b

LSD (P ≤ 0.05) Biotype = 2.6; Water regime = 3.7; B × WR = NS

Days taken to branching

100% WHC 63a 68bc 65.5a

75% WHC 66ab 71cd 68.5ab

50% WHC 70bcd 73d 71.5b

25% WHC 97e 96e 96.5c

Mean 74a 77b

LSD (P ≤ 0.05) Biotype = 2.3; Water regime = 3.2; B × WR = 4.5

Days to flower initiation

100% WHC 68a 67a 67.5a

75% WHC 71a 94b 82.5b

50% WHC 73a 105b 89.0b

25% WHC 96b 120c 108c

Mean 77a 96.5b

LSD (P ≤ 0.05) Biotype = 6.6; Water regime = 9.4; B × WR = 13.3

WHC, Water holding capacity; LSD, Least significant difference; B, Biotype; NS,
Not significant; WR, Water regime. Within terms Biotype (B), Water Regime (WR),
B × WR, means followed by identical letters are not significantly different at
α = 0.05. ∗ indicates means value were compared with LSD of respective factor
and thus, letters for each factor are separate.

(Table 1). In the St. George biotype, plants started branching
and flowering 34 and 28 days later, respectively, at 25% WHC
compared with plants grown at 100% WHC. At this low WHC,
branching and flowering of the Dalby biotype was delayed
by 33 and 53 days, respectively, compared to plants at 100%
WHC.

Biomass and Seed Production
Averaged across moisture levels, the St. George biotype (medium
rainfall area) had 89% greater biomass and produced 321% more
seeds than the Dalby biotype (Table 2). Increasing soil moisture
stress affected biomass and seed production negatively in both
biotypes. Averaged over biotypes, 25% WHC reduced S. thellungii
biomass by 41% and seed production by 72% compared to
100% WHC. While there was no significant interaction between
biotype and water regime for either trait, biomass of the St.
George biotype, remained similar at 100, 75, and 50% WHC.
Seed production of this biotype was also less affected by water
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TABLE 2 | Effect of different soil moisture levels (factor 2) on different parameters
of two Australian biotypes (St. George and Dalby; factor 1) of Sisymbrium
thellungii.Moisture level

St. George Dalby Mean

Biomass (g plant−1)

100% WHC 9.64a 5.59a 7.61a

75% WHC 9.21a 4.45a 6.83a

50% WHC 9.01a 4.14a 6.58a

25% WHC 5.30a 3.62a 4.46b

Mean 8.29a 4.45b

LSD (P ≤ 0.05) Biotype = 1.22; Water regime = 1.72; B × WR = NS

Seeds plant−1 (number)

100% WHC 9834a 4787a 7310a

75% WHC 9175a 1781a 5478b

50% WHC 7797a 730a 4264b

25% WHC 4061a 28a 2044c

Mean 7717a 1831b

LSD (P ≤ 0.05) Biotype = 1357; Water regime = 1919; B × WR = NS

Root: Shoot ratio (dry weight)

100% WHC 0.08a 0.15a 0.11a

75% WHC 0.13a 0.12a 0.12a

50% WHC 0.12a 0.23a 0.17a

25% WHC 0.15a 0.19a 0.17a

Mean 0.12a 0.17b

LSD (P ≤ 0.05) Biotype = 0.05; Water regimes = NS; B × WR = NS

WHC, Water holding capacity; LSD, Least significant difference; B, Biotype; NS,
Not significant; WR, Water regimes. Within terms Biotype (B), Water Regime (WR),
B × WR, means followed by identical letters are not significantly different at
α = 0.05.

stress than the Dalby biotype. At 100% WHC, the St. George
biotype produced 9,834 seeds plant−1, while the Dalby biotype
produced approximately half of that (4,787 seeds plant−1)
(Table 2). However, at 25% WHC, the seed production of the
Dalby biotype was reduced to only 28 seeds plant−1 while
the St. George biotype produced 4,061 seeds plant−1. Water
regime had no significant effect on the root to shoot biomass
ratio; however, the root to shoot ratio was generally higher
in the Dalby biotype compared with the St. George biotype
(Table 2).

Biochemical Attributes
Averaged across all moisture levels, the Dalby biotype had more
than double the amount of free proline in leaves compared
with the St. George biotype (Table 3). The amount steadily
increased with increasing water stress and was almost six times
higher at 25% compared with 100% WHC, while increasing water
stress had no consistent effect on free proline levels in the St.
George biotype. On the other hand, water-soluble carbohydrate
content was significantly higher in the St. George biotype than
the Dalby biotype and it gradually increased in both biotypes
with increasing water stress, thus in both biotypes, water-soluble
carbohydrate was significantly higher at 25% than at 100% WHC.
The amount of soluble phenolics was 27% higher in the St.
George biotype relative to the Dalby biotype; however, moisture

TABLE 3 | Effect of different soil moisture levels (factor 2) on different parameters
of two Australian Biotypes (St. George and Dalby; factor 1) of Sisymbrium
thellungii.Moisture level

St. George Dalby Mean

Free proline (µ moles g−1 dry weight)

100% WHC 0.61a 1.26a 0.91a

75% WHC 2.29a 2.33a 2.31a

50% WHC 1.86a 2.42a 2.14a

25% WHC 0.38a 7.58b 3.90a

Mean 1.29c 3.39d∗

LSD (P ≤ 0.05) Biotype = 1.58; Water regime = NS; B × WR = 3.17

Water soluble carbohydrate % (dry weight)

100% WHC 17.4a 14.0a 15.7a

75% WHC 18.2a 12.9a 15.6a

50% WHC 20.5a 13.7a 17.1a

25% WHC 20.8a 17.7a 19.3b

Mean 19.2a 14.6b

LSD (P ≤ 0.05) Biotype = 1.84; Water regime = 2.60; B × WR = NS

Total phenolics (mg gallic acid equivalent g−1 dry weight)

100% WHC 19.6a 14.1a 16.8a

75% WHC 14.7a 13.4a 14.1a

50% WHC 17.6a 14.0a 15.8a

25% WHC 16.7a 12.6a 14.6a

Mean 17.1a 13.5b

LSD (P ≤ 0.05) Biotype = 1.92; Water regime = NS; B × WR = NS

WHC, Water holding capacity; LSD, Least significant difference; B, Biotype; NS,
Not significant; WR, Water regime. Within terms Biotype (B), Water Regime (WR),
B × WR, means followed by identical letters are not significantly different at
α = 0.05. ∗ indicates means value were compared with LSD of respective factor
and thus, letters for each factor are separate.

level had no effect on soluble phenolics content in either biotype
(Table 3).

Photosynthetic Parameters
Moisture level did not seem to affect net carbon assimilation or
conductance on a per leaf area basis, however, averaged across
all moisture levels and compared with the Dalby biotype, the
St. George biotype had a reduced leaf net carbon assimilation
(P> 0.05, Figure 3), which was accompanied by a trend for lower
stomatal conductance (Figure 4, P = 0.066).

DISCUSSION

In the current study, we exposed two biotypes of S. thellungii
O. E. Schulz collected from a high (Dalby) and a medium
rainfall area (St. George) to different levels of water stress.
Significant differences were observed between these two biotypes
when grown under varied soil moisture stress. The St. George
biotype exhibited more vigorous growth than the Dalby
biotype and had higher reproductive output (seed yield) than
the Dalby biotype under all levels of water stress. Most
importantly, this population still produced high seed yield
(4061 seeds plant−1) even under the highest level of water
stress while the Dalby biotype yielded less than 30 seeds
plant−1.
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FIGURE 3 | Net carbon assimilation rate (µmol CO2 m-2 s-1) of rosette leaves
of two Australian biotypes (St. George and Dalby) of Sisymbrium thellungii.
There were no significant interactions between biotype and water regime so
data shown are means for each biotype across all treatments predicted from
the linear mixed model. Vertical lines represent standard error and letters
within columns indicate whether differences were significant at α = 0.5.

FIGURE 4 | Stomatal conductance (mol H2O m-2 s-1) of rosette leaves of two
Australian biotypes (St. George and Dalby) of Sisymbrium thellungii. There
were no significant interactions between biotype and water regime so data
shown are means for each biotype across all treatments predicted from the
linear mixed model. Vertical lines represent standard error and letters within
columns indicate whether differences were significant at α = 0.5.

The increased growth of the St. George biotype was not
reflected in increased net carbon assimilation on a per leaf
area basis of rosette leaves. Rather, the St. George biotype
had low rosette leaf carbon assimilation rates which were
accompanied by a trend for lower stomatal conductance
compared with the Dalby biotype, which might be a specific
adaptation to low soil moisture. Down regulation stomatal
conductance and carbon assimilation rates in older large
rosette leaves while maintaining persistent whole-plant carbon
assimilation and growth via photosynthetic stems and cauline

leaves has been found in other weeds that are particularly
well adapted to hot and dry environments (Hill and Germino,
2005).

Free proline is known to accumulate in plants as a result
of water stress (Bates et al., 1973). The damaging effects of
reactive oxygen species might be ameliorated by proline under
moisture stress, helping plants to regulate physiological function
(Bajwa and Farooq, 2016). Free proline levels were significantly
and progressively increased in the Dalby biotype in response
to decreasing soil moisture levels, but not in the biotype from
St. George. In comparison to the Dalby biotype, the free
proline content in the St. George biotype did not increase with
increasing moisture stress. At 25% WHC, the proline content
in the Dalby biotype was significantly higher than at 100%
WHC.

The higher soluble sugar and soluble phenolics content in
the St. George biotype in comparison to the Dalby biotype
may have helped this biotype alleviate the effects of water
stress, resulting in more vigorous growth and greater seed
production. Elevated levels of these chemicals have been
observed in various weed species in response to multiple abiotic
stresses and they have been found to ameliorate the damaging
effects of reactive oxygen species produced under moisture
stress (Anjum et al., 2011; Bajwa et al., 2016, 2018). Also,
soluble phenolics produced by some weeds have been reported
to have allelopathic potential which further increases their
competitiveness (Kanchan and Jayachandra, 1980; Bajwa et al.,
2016).

The present study revealed that S. thellungii biotypes
selected from high and medium rainfall areas have different
growth and reproductive behavior. In the wake of climate
change, it is projected that the frequency and severity of
droughts in Australia will increase (DEE, 2017). This may
have a negative effect on agriculture as water limitation during
crop growth may provide weeds a competitive advantage
(Patterson, 1995). Weed species or biotypes that have a fast
growth habit, high biomass production and high reproductive
potential will be more competitive than slow-growing species
(Horak and Loughin, 2000); but again the competition might
be dependent on level of water stress and needs further
investigation.

CONCLUSION

Our results demonstrated that the two Australian S. thellungii
biotypes differed in growth, physiology, reproduction and
biochemical production (free proline, total phenolics, and water-
soluble carbohydrates) under well-watered as well as water
stress conditions. The St. George biotype of S. thellungii had
higher reproductive capacity than the Dalby biotype across
all the moisture regimes, which suggests greater invasiveness.
Overall, the large size and rapid growth of the S. thellungii
population from the medium rainfall area, together with its
physiological response to water stress and its ability to maintain
seed production in dry conditions, may enable this biotype to
become widespread in Australia.
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While it has been known that certain biotypes show
differences in competitiveness in different crop production
systems, the physiological basis of these differences have not
been shown previously. A better understanding of the underlying
mechanisms of specific adaptation for each weed species is a
prerequisite to develop the best management solutions for each
agro-ecological region. With increasing frequencies of droughts,
management solutions for biotypes with greater adaptation to
drought are particularly important. With climate change, the St.
George biotype of S. thellungii may expand its invasion range,
and knowledge of its response to various soil moisture levels will
become important in combating this weed.

Our study forms an excellent basis for such attempts for
S. thellungii, an emerging and economically important weed
in Australia. Information on the biological attributes of both
biotypes under water stress conditions may be used to evaluate
the effects of water limitation on weed-crop interactions in
different areas via crop-modeling.
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Defoliation is widely used for grassland management. Our understanding of how grass
species adjust their regrowth and regain balance after defoliation remains limited. In
the present study, we examined the regrowth processes of two dominant species after
defoliation in grasslands in Inner Mongolia. Our results showed that the aboveground
biomass and total biomass of both species significantly decreased and did not
completely recover to the control level after 30 days of regrowth. The leaf mass ratio
of Leymus chinensis reached the control level at 15 days, but that of Stipa grandis
did not recover to the control level. The root mass ratio of these species reached the
same levels as that of the control plants within 10 days after defoliation. As indicated
by the dynamics of water-soluble carbohydrates (WSCs), protein, and biomass-based
shoot: root ratios, both species regained balances of WSCs and protein between above-
and below-ground organs at day 10 after defoliation; however, the biomass regained
balance 15 days after defoliation. We deduced that the biomass-based shoot:root
ratio was regulated by the WSCs and protein concentrations. In conclusion, following
defoliation, both grass species first restore their nutrient-based balance between above-
and below-ground parts and then regain biomass balance.

Keywords: biomass allocation, grazing, carbohydrates, protein, grassland management

INTRODUCTION

Defoliation caused by animal grazing and hay production has profound impacts on plant growth
and development in grassland ecosystems. In general, defoliation decreases the total leaf area,
plant photosynthesis, and uptake and assimilation of nutrients, such as carbon and nitrogen, but
increases the mobilization of reserved nutrients to develop new leaves and stems (Macduff and
Jackson, 1992; Volenec et al., 1996). Previous studies have suggested that defoliation can stimulate
plant regrowth (McNaughton, 1983; Muthoni et al., 2014). In fact, plants have evolved a suite of
morphological and physiological mechanisms to cope with defoliation. The ability of plants, which
use internal stores of carbon and nitrogen, both to rapidly restore photosynthetically active leaf area
and to meet the maintenance demands of other organs, is among the key factors that facilitate plant
survival during the first 2 weeks of regrowth after defoliation (Volenec et al., 1996).

Numerous studies have highlighted the importance of water-soluble carbohydrate (WSC)
reserves of grass species during regrowth following defoliation (Hume, 1991; Donaghy and
Fulkerson, 1997). For some grass species, WSCs in the stem stubble (residual stem after defoliation)
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constitute the main source for regrowth (Steen and Larsson,
1986); in contrast, other studies have found that WSC reserves in
the rhizomes play a critical role in the regrowth of rhizomatous
grasses after defoliation (Wang, 2007). For plants subjected to
defoliation, WSCs are usually affected by both stubble height
(Fulkerson and Slack, 2003; Lee et al., 2009; Jones et al., 2017)
and the temporal interval between defoliations (Singh and Sale,
1997; Donaghy and Fulkerson, 2002).

In addition to WSCs, nitrogen reserves also play an important
role in plant regrowth (Ourry et al., 1994; Volenec et al., 1996). In
herbaceous plants, protein is an important mobile storage form
of nitrogen (Staswick, 1994). Thornton et al. (1993) reported
that, in support of the growth of new leaves after defoliation, the
remobilization of protein reserves and nitrogen uptakes varies
among grass species. It has been recognized that the plant root:
shoot ratio may function as a balance in terms of resource
acquisition and allocation (Agren and Ingestad, 1987). Plants first
transport and use their pre-defoliation reserves for maintenance
and regrowth within the first 2 weeks after defoliation, after which
the newly growing leaves then assimilate new carbohydrates and
allocate them to different parts of plants (Detling et al., 1979;
Menke and Trlica, 1981; Detling and Painter, 1983). However,
WSCs and proteins, during regrowth following defoliation, are
often examined separately (Augustine et al., 2011).

Defoliation usually causes a great decline in the plant
shoot:root ratio due to the loss of aboveground parts, which
disrupts the balance between above- and below-ground parts.
To recover from an unbalanced state for biomass loss after
defoliation to a plant’s original state, in terms of biomass
allocation between above- and below-ground parts, a defoliated
plant usually exhibits a higher relative growth rate (RGR) of
aboveground organs. Such phenomena have been extensively
observed (Meyer, 1998; Zhao et al., 2008); however, the rate
at which plant species adjust their biomass allocations between
above- and below-ground organs after defoliation remains
unclear. Moreover, the role of nutrients, such as WSCs and
proteins, in the rebalancing process of biomass allocation
between above- and below-ground organs has rarely been
addressed.

Leymus chinensis (Trin.) Tzvel. and Stipa grandis P. Smirn. are
two widely distributed species in Inner Mongolia’s grasslands (Liu
et al., 2012). L. chinensis, a rhizomatous grass species, has long,
strong rhizomes and exhibits vigorous vegetative propagation;
thus, this species usually gives rise to extensively spreading clones
and often forms monodominant stands in relatively wet habitats.
In contrast, S. grandis, a typical bunch grass, usually occupies
and dominates relatively dry habitats (Briske and Derner, 1998).
The belowground parts of these two species often function as
organs for nutrient acquisition and storage, in addition to water
absorption from the soil, to address frequent drought stresses.
Nutrients stored within roots or rhizomes allow plants to easily
overcome fluctuations in nutrient availability. Via the phalanx
strategy (producing a compact cluster of closely spaced ramets)
(Cheplick, 1997; Chen et al., 2011), S. grandis can monopolize
and consolidate locally available resources, which is beneficial
in a competitive environment. Both species are well-adapted to
grazing and periodic drought but differ in terms of functional

types (rhizomatous grass vs. bunchgrass). The aim of this study
was to answer the following questions: (1) How different is the
regrowth between two functional types after defoliation? (2) How
do these species reallocate their biomass, WSCs, and proteins
between their above- and below-ground parts after defoliation?
(3) Does biomass rebalancing between above- and below-ground
parts keep pace with the rebalancing of WSCs and proteins? This
study will provide a theoretical reference to formulate a wiser
grazing system in Inner Mongolia’s grasslands.

MATERIALS AND METHODS

This experiment was conducted at the Inner Mongolia Grassland
Ecosystem Research Station, Chinese Academy of Sciences
(IMGERS), in 2014. The station is located within the Xilin River
watershed in the Inner Mongolia Autonomous Region, China
(116◦40′40′′ E, 43◦32′45′′ N, 1250–1280 m a.s.l.). The area has a
semiarid continental temperate steppe climate, which consists of
a dry spring season and a humid summer. The average annual
temperature is 0.92◦C and the average annual precipitation is
337 mm; rainfall occurs mostly within the period from June to
August.

Seeds of two species were collected from a permanent fenced
grassland plot with an area of 25 ha. To break dormancy, the seeds
were immersed in low-temperature water for 12 h and then sown
in pots (280 mm in diameter and 260 mm in depth) filled with
chestnut soil and arranged in an open field on June 1. A total
of 100 pots for each species, with a density of 30 plants per pot,
were planted and watered every 3 days during the first 2 weeks
and then irregularly depending on the soil conditions. On July 5,
20 uniform seedlings were kept in each pot; other seedlings were
removed.

On August 10th, 30 pots for each species were defoliated to
a stubble height of 3 cm; another 30 pots for each species were
chosen as the controls. To track the regrowth processes of these
two species after defoliation, we harvested all the above- and
below-ground parts in three pots for each species at 0, 1, 2, 3,
5, 10, 15, 20, 25, and 30 days after defoliation. The aboveground
parts were collected and divided into leaves and stems, while
the belowground parts were collected via water washing and
meshed by a 1 mm × 1 mm screen; L. chinensis was further
divided into root and rhizome. All plant materials collected were
freeze-dried until at a constant weight and then ground with a
ball mill (Retsch MM 400; Retsch, Haan, Germany) for WSC
and protein analysis. The protein concentration of each organ
was analyzed with a Nitrogen Analyzer System (KJELTEC 2300
AUTO SYSTEM II, Foss Tecator AB, Höganäs, Sweden). The
protein concentration at plant level was calculated as the biomass
weighted average protein concentration of the leaf, stem, root,
and rhizome.

The leaf mass ratio (LMR) was calculated as LMR = (leaf
weight)/(total biomass), and the root mass ratio (RMR) as
RMR = (root weight)/(total biomass). The RGR in terms of the
aboveground biomass was calculated as RGR = (lnB2–lnB1)/(t2–
t1), where B1 and B2 are the aboveground biomass measured at
time 1 and time 2, respectively.
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TABLE 1 | F-values and P-values of repeated measures ANOVA on the effects of defoliation and days after defoliation on height, number of tiller, LWR, RWR, RGR in
terms of aboveground biomass, aboveground biomass, total biomass, biomass-based, WSC-based, and protein-based shoot:root ratios of L. chinensis and S. grandis.

Variable Days Defoliation Days × Defoliation

F P F P F P

L. chinensis

Heigh 43.19 <0.0001 3454.24 0.0108 37.72 < 0.0002

Number of tiller 30.21 <0.0001 1.45 0.2355 1.6 0.148

LWR 6.17 <0.0001 35 <0.0001 8.74 <0.0001

RWR 18.09 <0.0001 149.45 <0.0001 17.98 <0.0001

Aboveground biomass 53.64 <0.0001 53.01 <0.0001 1.03 0.4258

Total biomass 43.33 <0.0001 50.59 <0.0001 2.89 0.0272

Biomass-based shoot:root ratio 14.09 <0.0001 5.26 0.0295 8.84 <0.0001

WSCs-based shoot:root ratio 12.01 <0.0001 0.53 0.4723 1.67 0.1672

Protein-based shoot:root ratio 7.4 <0.0001 0.62 0.437 5.94 0.0004

S. grandis

Heigh 48.88 <0.0001 4465.21 0.0095 39.6 <0.0002

Number of tiller 1.33 0.2789 0.01 0.9323 0.28 0.9404

LWR 5.36 0.004 17.38 0.0003 0.07 0.9778

RWR 1.13 0.3651 61.68 <0.0001 5.31 <0.0001

Aboveground biomass 11.81 <0.0001 32.15 <0.0001 1.04 0.4218

Total biomass 15.25 <0.0001 27.71 <0.0001 1.51 0.2126

Biomass-based shoot:root ratio 2.65 0.0366 6.28 0.0183 5.46 0.0008

WSCs-based shoot:root ratio 3.77 0.0093 24.21 <0.0001 7.57 0.0001

Protein-based shoot:root ratio 1.38 0.26 5.37 0.0286 7.83 <0.0001

FIGURE 1 | Seedling height and number of tillers per plant of L. chinensis (A,C) and S. grandis (B,D) after defoliation. Values are means ± SE (n = 3). ns, ∗, ∗∗, and
∗∗∗ indicate non-significant difference at P < 0.05, P < 0.01, and P < 0.001, respectively.
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To determine the WSC concentrations of leaf, stem, root
and rhizome for two species, 100 µg of lyophilized plant tissue
powder was suspended in 5 ml of distilled water and incubated in
100◦C boiling water for 30 min. After the suspensions had cooled
to room temperature and been centrifuged (5 min at 10000 g), the
supernatants were removed and transferred to 50-ml volumetric
flasks, after which the pellets were re-extracted one time. The
supernatants were subsequently combined in a 50-ml volumetric
flask, diluted with water to volume, and mixed (Solution A).
Then, 500 µl of Solution A and 1.5 ml of distilled water were
added to a new tube, after which 0.5 ml of a throne reagent and
concentrated sulfuric acid were added. The contents of the tube
were then mixed together, after which the tube was incubated
in 100◦C boiling water for 1 min. After the tube was cooled to
room temperature, the concentration of WSCs was measured by
a photoelectric colorimeter (Beckman Coulter DU800, Brea, CA,
United States) (Li et al., 2000).

In the current study, we used the shoot:root ratios of
the biomass, WSCs, and proteins in the control treatment as
references of a balanced state; then, we defined the rebalance
of biomass, WSCs, and proteins as the state at which the

corresponding shoot:root ratio of a defoliated plant recovered
to the level of control treatments, i.e., no significant difference
in shoot:root ratio between defoliated treatments and control
treatments.

We performed ordinary least squares regressions to examine
the relationship between the biomass-based shoot:root ratio with
the WSCs concentration, amount of WSCs per plant, protein
concentration, and protein amount per plant. The differences
between the defoliation and control treatments over regrowth
days were measured with repeated measures ANOVA and were
compared between two species with a t-test. All statistical
analyses were performed using SAS version 9.1 (SAS Institute,
Cary, NC, United States).

RESULTS

Defoliation Impacts on Plant Height and
the Number of Tillers per Plant
Defoliation significantly decreased the height of L. chinensis
and S. grandis during the 30 days of regrowth (Table 1).

FIGURE 2 | Changes in the LMR and RMR of L. chinensis (A,C) and S. grandis (B,D) after defoliation. Values are means ± SE (n = 3). Values and symbols have the
same meanings as in Figure 1 (LMR of first 15 days for S. grandis is missing due to no regrowth of leaf).
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The height of L. chinensis and S. grandis plants in the defoliation
treatment increased rapidly and reached half that of the control
plants within the first 10 days after defoliation, after which the
height gradually plateaued (Figure 1). No significant effects of
defoliation on the number of tillers per plant were observed in
either species, but the number of tillers increased in L. chinensis
regardless of defoliation treatment.

Defoliation Impacts on Leaf Mass Ratio
and Root Mass Ratio
The LMR of L. chinensis under defoliation treatment was first
detected at day 5 after defoliation and then increased rapidly
within the following 10 days, reaching the level of the control
treatment at day 15. In contrast, the RMR of L. chinensis
decreased within the first 10 days after defoliation and then
reached the level of the control treatment. There was no
significant difference in either the LMR or RMR of L. chinensis
between the control and defoliation treatments from day 10 to
day 30 or from day 15 to day 30, respectively (Figure 2 and
Table 1).

The LMR of S. grandis under the defoliation treatment was
first detected at day 5 after defoliation but was significantly
lower than that of the control treatments, even after 30 days
of regrowth. The RMR of S. grandis decreased within the first
10 days after defoliation and then reached the level of the control
treatment. There was no significant difference in the RMR of
S. grandis between the control and defoliation treatments from
day 10 to day 30 (Figure 2 and Table 1).

Defoliation Impacts on RGR
For both species, the defoliated plants exhibited a greater RGR in
the first 20 days after defoliation, but the RGR of the defoliated
plants within 20–30 days was less than that of the control plants
(Figure 3). However, the magnitude of the increase in RGR was
much greater in L. chinensis than that in S. grandis (Figures 3,
7B). On average, the RGR of L. chinensis under the defoliation
treatment was 1.8 times that of S. grandis.

Defoliation Impacts on Biomass
Production
Defoliation significantly reduced the aboveground biomass and
total biomass of both species within 30 days of regrowth
(Figures 4, 7A,B and Table 1). For L. chinensis, defoliation
removed 74% of the aboveground biomass; as a result, after
30 days of regrowth, the aboveground biomass and total biomass
of defoliated individuals were 31 and 39% less than those of the
control plants. For S. grandis, defoliation removed 61% of the
aboveground biomass, and the aboveground biomass and total
biomass of defoliated individuals were 39 and 31% less than those
of the control plants, respectively (Figure 5 and Table 1).

Defoliation Impacts on Shoot:Root
Ratios in Terms of Biomass, WSCs, and
Proteins
The biomass-based shoot:root ratios of L. chinensis and S. grandis
increased significantly within 15 days after defoliation; however,

FIGURE 3 | RGR in terms of aboveground biomass of L. chinensis (A) and
S. grandis (B) after defoliation. Values are means ± SE (n = 3). Values and
symbols have the same meanings as in Figure 1.

there were no significant differences between the defoliated and
control plants for either species from day 15 to day 30 (Figures 5,
7D and Table 1).

The WSCs- and protein-based shoot:root ratios of L. chinensis
and S. grandis exhibited a significant increase within 10 days
after defoliation; however, neither the WSCs-based nor protein-
based shoot:root ratio between the defoliated and control plants
significantly differed for either species from day 15 to day 30
(Figures 5, 7D and Table 1).

Biomass-Based Shoot:Root Ratio With
the Amounts per Plant and
Concentrations of WSCs and Proteins
Under the control treatment, the biomass-based shoot:root ratio
for both species was negatively and linearly related to the
amount of WSCs per plant; however, this correlation shifted
to a positive linear correlation under the defoliation treatment
(Figures 6A,B).

For L. chinensis, the biomass-based shoot:root ratio was
positively and linearly related to the amount of proteins per plant
under both the control and defoliation treatments (Figure 6C).
For S. grandis, the biomass-based shoot:root ratio was negatively
and linearly related to the amount of proteins per plant under the
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FIGURE 4 | Changes in the aboveground biomass and total biomass of L. chinensis (A,C) and S. grandis (B,D) after defoliation. Values are means ± SE (n = 3).
Values and symbols have the same meanings as in Figure 1.

control treatment but displayed a positive and linear correlation
under the defoliation treatment (Figure 6D).

For L. chinensis, the biomass-based shoot:root ratio was
negatively and linearly related to the concentration of WSCs
under the control treatment but positively and linearly related
to the concentration of WSCs under the defoliation treatment
(Figure 6E). No relationship was detected between the two for
S. grandis (Figure 6F).

The biomass-based shoot:root ratio for both species
generally exhibited a positive linear correlation with the
protein concentration (Figures 6G,H), except for L. chinensis
under defoliation treatment, where no relationship was detected
between the two (Figure 6H).

DISCUSSION

Our experiment demonstrated that the two grassland species
displayed both similarities and differences in their regrowth
response to defoliation. Generally, both species were damaged
by defoliation in plant height and biomass production. However,
defoliation stimulated growth in these species, as indicated by a
significant increase in the RGR in both species. Such stimulation
was much stronger for L. chinensis than for S. grandis, as the
RGR of L. chinensis under defoliation treatment was 1.8 times

that of S. grandis. Though the response strengths in biomass
production of the two species differed substantially, balance
speeds of these species in terms of resource reallocation between
above- and below-ground organs were the same. Specifically,
both species achieved a balance of WSCs and proteins at day
10 after defoliation, while biomass was rebalanced at day 15.
Moreover, such rebalance processes may be mediated by WSCs
and proteins, as our analysis indicated that the biomass-based
shoot:root ratio was significantly related to concentrations and
the amount per plant of WSCs and protein.

Regrowth After Defoliation
Plants alter their allocation patterns by increasing nutrient
allocation to organs responsible for acquiring limited resources
(Chu et al., 1992) to maximize their growth. For example, plants
limited by carbon often increase their resource partitioning to
the photosynthetically active leaf area. Plants suffering from
defoliation first maximize their regrowth by increasing the leaf
area to capture more carbon per unit of resource and invest in
the photosynthetically active leaf area (Chu et al., 1992). In the
present study, the LMR of L. chinensis increased rapidly and
recovered to the control level at day 15 after defoliation, while the
LMR of S. grandis did not recover (Figure 2). These results could
be at least partially explained by the lower RGR of S. grandis than
that of L. chinensis in terms of aboveground biomass.
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FIGURE 5 | Changes in biomass-based, WSC-based, and protein-based shoot:root ratios of L. chinensis (A,C,E, respectively) and S. grandis (B,D,F, respectively)
after defoliation. Values are means ± SE (n = 3). Values and symbols have the same meanings as in Figure 1.

The heights of L. chinensis and S. grandis plants, which were
reduced to 3 cm with defoliation, rapidly increased during the
first 10 days after defoliation (Figure 1). The rate of increase
slowed over the next 20 days; as a result, the final height after
30 days of defoliation was significantly lower than that of the
control treatment. This result is consistent with those of the study
of Zhang et al. (2007), who found that defoliation significantly
decreased plant height. The lower height of defoliated plants after
30 days of regrowth relative to that of control plants may be
due to the lack of sufficient soluble nutrients, such as WSCs or
protein. Previous studies have shown that the regrowth of a plant

after defoliation in most cases involves replenishing WSCs and
proteins from organ reserves to initiate the growth of new tillers
(Donaghy and Fulkerson, 1998; Fulkerson and Donaghy, 2001).

The mean RGR in terms of the aboveground biomass of both
species significantly increased during the 20 days after defoliation
(Figures 3, 7). During the first 5 days of regrowth, translocated
WSCs constituted the main nutrients (Morvan-Bertrand et al.,
1999), so the mean RGR in the defoliated treatment was slightly
higher than that in the control treatment. During the next
15 days, the new leaves, which contained relatively higher
nitrogen concentrations, enabled plants to rapidly increase their
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FIGURE 6 | Relationships of the biomass-based shoot:root ratio with the amount of WSCs (g plant−1) and proteins (g plant−1) per plant and with the concentration
of WSCs (%) and protein (%) in L. chinensis (A,C,E,G, respectively) and S. grandis (B,D,F,H, respectively) subjected to defoliation (filled circles and solid line) and
control (open circles and dashed line) treatments.
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FIGURE 7 | Comparison between L. chinensis and S. grandis in aboveground biomass (A), aboveground biomass-based RGR (B), total biomass (C), and the days
of restoring balance in terms of biomass, WSCs and proteins (D). Values and symbols have the same meanings as in Figure 1.

shoot biomass; therefore, the mean RGR was much higher in
the defoliation treatment than in the control treatment. As the
leaf area enlarges during regrowth, plants experience a trade-off:
newly assimilated carbon must be allocated to replenish reserves
rather than to increase growth. After 20 days of regrowth, the
defoliated plants for both species may partition more assimilates
to replenish their nutrient reserves. Therefore, the RGR was lower
in the defoliation treatment.

The number of tillers of both species did not significantly
change after defoliation. These results are consistent with those
of previous studies in that the number of tillers was not affected
by defoliation (Hume, 1991; Slack et al., 2000). However, the
tiller number of L. chinensis did increase during the 30 days in
both the defoliation and control treatments, which may result
from nutrient storage in rhizomes of L. chinensis, promoting the
emergence of new tillers (Zhang et al., 2007).

Rebalancing Processes in Biomass,
WSCs, and Proteins
In this study, we observed that both species regained the
necessary biomass-based rebalance approximately 15 days
after defoliation. As defoliation significantly decreased the
aboveground biomass and total biomass, the biomass of both

plant species in the defoliation treatment did not reach that of
the control treatment at 15 days after defoliation; however, the
shoot:root ratio in terms of biomass did reach the level of the
control. This indicated that plants function as a balanced system
between above- and below-ground parts. Previous studies have
shown biomass allocation between roots and shoots in response
to changes in the balance between carbon and nitrogen (Reynolds
and Thornley, 1982). Defoliation removes leaf tissue, which has
a high nitrogen concentration and can assimilate carbon. To
compensate for this loss, both species can rapidly translocate
WSC reserves to support regrowth. Our extended analysis
indicated that WSC concentrations in the rhizomes, roots, and
stubble of L. chinensis decreased by 49, 44, and 41%, respectively,
within the first 3 days after defoliation. For S. grandis, 53 and 22%
of the WSCs reserved in the stubble and roots were translocated.
These results highlight the role of rhizomes and stubble as the
major reserve organs in perennial grasses for supplying nutrients
to produce new leaves after defoliation (Hume, 1991; Donaghy
and Fulkerson, 1997; Hikosaka et al., 2005).

Our results demonstrated that both species reestablished the
balance in terms of WSCs and proteins between above- and
below-ground organs at day 10 after defoliation, while the
biomass-based rebalance was achieved at day 15 after defoliation.
This suggests that the nutrient-based balances may be reached
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earlier than the biomass-based balance. This may be because
WSCs and proteins are easier to translocate to the organs that
can maximize the regrowth of plants after defoliation. Our
regression analysis results show that the shoot:root ratios in terms
of biomass were significantly mediated by WSC and protein
concentrations and by the amount of WSCs and proteins per
plant (Figure 7).

CONCLUSION

This study provides us with a clear picture of the dynamic
changes in regrowth and in the reallocation of resources of two
grass species after defoliation in Inner Mongolia’s grasslands.
For both species, defoliation impaired plant height and biomass
production but increased the RGR. Both species achieved the
rebalance of WSCs and proteins earlier than that of biomass,
indicating that a balanced system in nutrient allocation between
above- and below-ground parts is essential and important for the
rebalance of biomass allocation. We deduced that the biomass-
based shoot:root ratio was regulated by the concentrations of
WSCs and proteins or the amounts of these nutrients per plant.
As dominant species in Inner Mongolian grasslands, these two
grass species cannot completely recover in terms of biomass
production at day 30 after defoliation; hence, the time interval

between rotational grazing activities in this area should be longer
than 1 month.
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Global climate change is expected to increase drought duration and intensity in
certain regions while increasing rainfall in others. The quantitative consequences of
increased drought for ecosystems are not easy to predict. Process-based models
must be informed by experiments to determine the resilience of plants and ecosystems
from different climates. Here, we demonstrate what and how experimentally derived
quantitative information can improve the representation of stomatal and non-stomatal
photosynthetic responses to drought in large-scale vegetation models. In particular,
we review literature on the answers to four key questions: (1) Which photosynthetic
processes are affected under short-term drought? (2) How do the stomatal and non-
stomatal responses to short-term drought vary among species originating from different
hydro-climates? (3) Do plants acclimate to prolonged water stress, and do mesic and
xeric species differ in their degree of acclimation? (4) Does inclusion of experimentally
based plant functional type specific stomatal and non-stomatal response functions to
drought help Land Surface Models to reproduce key features of ecosystem responses
to drought? We highlighted the need for evaluating model representations of the
fundamental eco-physiological processes under drought. Taking differential drought
sensitivity of different vegetation into account is necessary for Land Surface Models
to accurately model drought responses, or the drought impacts on vegetation in drier
environments may be over-estimated.

Keywords: photosynthesis, stomatal and non-stomatal limitation, mesophyll conductance, Vcmax, Jmax, drought
acclimation, flux measurement, land surface model

INTRODUCTION

Soil water deficit is the main environmental driver that limits aboveground net primary production
in land vegetation (Webb et al., 1983; Zeppel et al., 2014), and induces vegetation mortality
on all six vegetated continents and for most biomes across the globe (Potts, 2003; Allen et al.,
2010; Phillips et al., 2010; Anderegg et al., 2012; Choat et al., 2012; Williams et al., 2013). By
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affecting physiological (e.g., leaf gas exchange, canopy
conductance), structural (e.g., leaf area, root length, mass
distribution) and biogeographic (e.g., forest composition and
species distribution) processes at the plant and community
levels, extreme drought is expected to cause regional losses of
biodiversity and biomass (Phillips et al., 2009) with impacts on
ecosystem function and the terrestrial carbon sink (Pitman, 2003;
Bonan, 2008; Phillips et al., 2010).

Modeling the quantitative consequences of increased drought
for forest ecosystems is challenging (McDowell et al., 2011), and
requires unraveling the interaction between drought and plant
gas exchange at different time scales, and in different ecosystems
with different degrees of adaptation to drought. Reliable model
prediction of drought impacts on forest ecosystems must be
based on the analysis of observations to identify key traits that
promote plant resistance to drought, and process-based modeling
to include realistic representation of the ecophysiological
mechanisms relating plant gas exchange to water availability
and transport. In addition, we need to understand how drought
impacts vary among ecosystems. The drought impacts on
different ecosystems depend on the drought duration, magnitude,
and spatial extent, vegetation type-specific responses to drought
at different time scales, and mechanisms affecting the drought
resistance and resilience of different vegetation types (Pasho
et al., 2011; Vicente-Serrano et al., 2013). Different terrestrial
ecosystems are reported to differ in their sensitivity to drought
(Knapp and Smith, 2001; Zeppel et al., 2014). For example,
conifer forests were found to withstand drought impacts better
than broadleaf forests in Canada (Kljun et al., 2006) and in
Europe during the extremely dry year of 2003 (Granier et al.,
2007). However, the present generation of ecosystem models
embody a simplistic representation of drought responses of
these ecophysiological properties and processes across forest
ecosystems, which makes it difficult to predict the likely extent
of drought-induced changes in the function of forest ecosystems.

Current state-of-the-art Earth System models (ESMs), which
include dynamic global vegetation models (DGVMs) (Prentice
and Cowling, 2013) coupled to physical representations of land-
atmosphere exchanges of energy, water vapor and CO2 (land
surface models, LSMs), make widely divergent predictions of
drought effects (Prentice et al., 2015). This divergence is partly
due to the lack of an established, empirically supported method
for the representation of drought effects on plants (Egea et al.,
2011). Process-based modeling of the drought impacts on plants
and ecosystems must be informed by experiments, which can
help us to understand underlying processes. Model evaluation
and improvement must include the use of experimental
observations, theory to explain the observations, quantitative
parameterizations to describe the theory, and model simulations
to test the impacts of environmental variables (Bonan et al., 2014;
Prentice et al., 2015; see a model-data integration process by
Walker et al., 2014). Although thousands of experiments have
been done to study the drought responses of plants, relatively
few provide information in the quantitative manner required
to develop model representations. In particular, work is needed
(1) to directly determine how different aspects of plant function
respond to experimentally imposed drought and (2) to analyze

experimental results in a theoretical framework, suitable for
inclusion in ecosystem models.

In particular, current ecosystem models differ greatly in the
ways in which they represent drought effects on photosynthesis
(Medlyn et al., 2016). Many models simulate the drought effect
on photosynthesis in a rough way simply by reducing the slope
of the relationship between stomatal conductance (gs) and net
carbon assimilation rate (An) (Egea et al., 2011), in a similar
way for all plant function types (PFTs). Another specific issue
is that the apparent maximum carboxylation rate (Vcmax) has
usually been attributed to a PFT as a single value, or as a
single-valued function of environmental drivers (Haxeltine and
Prentice, 1996). It is not known whether the method is adequate
to capture the drought response, but there is a strong case to
expect that it is not, and it does not account for either differences
among species and/or ecosystems of different climatic origins,
or for mechanisms of plant acclimation to drought. Emerging
modeling evidence points to the importance of representing
both stomatal and non-stomatal responses to drought in models
(e.g., Egea et al., 2011; De Kauwe et al., 2015b). However, the
modeling approach in current LSMs lacks a functionally realistic
representation of drought responses of gs and Vcmax, unless
the experimentally based and PFT-specific representations of the
drought responses of gs and Vcmax have been implemented.

Recently, there are increasingly more model-experiment
synthesis studies to improve the representation of photosynthetic
responses to environmental drivers in large-scale vegetation
models (e.g., Medlyn et al., 2011; Prentice et al., 2014; De Kauwe
et al., 2015a,b). In this review, we highlight recent studies which
analyze the experimental data of both the short- and long-
term drought responses of leaf gas exchange across species of
contrasting climatic origins, and which aim at improving the
representation of experimentally based and PFT based stomatal
and non-stomatal response functions to soil water stress in LSMs
and DGVMs.

WHICH PHOTOSYNTHETIC PROCESSES
ARE AFFECTED UNDER SHORT-TERM
DROUGHT?

Leaf An is mainly driven by light, temperature and intercellular
CO2, as represented in the Farquhar-von Caemmerer-Berry
leaf-level photosynthesis model for C3 plants (Farquhar et al.,
1980). Intercellular CO2, in turn, is co-determined by gs
and An. Reduction of gs is one of the foremost, short-
term, leaf-scale physiological responses both to atmospheric
vapor pressure deficit (the driving force of transpiration, E)
and soil water deficit. CO2 and water vapor exchange are
strongly coupled through stomata, because gs regulates both
the CO2 uptake for photosynthesis, and the loss of water
vapor by transpiration (Cowan, 1977) (Figure 1). A variant of
the Farquhar-von Caemmerer-Berry model was coupled to the
empirical Ball–Berry stomatal conductance model (Ball et al.,
1987; Collatz et al., 1991) in the land component of climate
models already in the mid-1990s, in order to estimate gross
primary production on a more mechanistic basis than before
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FIGURE 1 | Conceptual diagram of the model-experiment synthesis framework to quantify and model the differential sensitivities of leaf gas exchange to drought.
(A) During photosynthesis, the CO2 flux from the air (ambient CO2 concentration, Ca) to intercellular air spaces (intercellular CO2 concentration, Ci) through stomata
is limited by stomatal conductance (gs). The CO2 flux from the intercellular space to the chloroplast site (CO2 concentration at the chloroplast, Cc) is limited by
mesophyll conductance (gm). The non-stomatal limitation on photosynthesis was attributed to drought effects on gm, the actual maximum rate of CO2 consumption
by RuBP carboxylation by Rubisco (Vcmax) and the actual maximum electron transport rate (Jmax). (B) An impression of the leaf epidermis of E. camaldulensis subsp.
camaldulensis was produced using clear nail polish, which then was mounted for applications of microphotography of the leaf surface. The microscope (Olympus
BX53, Olympus America Inc.) was interfaced with a digital camera at ×40 magnification. Photo: Shuang-Xi Zhou.

(Bonan, 1995; Cox et al., 1998). This or other similar formulations
are now used widely in state-of-the-art ESMs. Research efforts
have also been devoted specifically to the implementation of
different modeling approaches for stomatal conductance (e.g.,
Bonan et al., 2014; De Kauwe et al., 2015a).

Although photosynthesis accounts for the largest CO2 flux
from the atmosphere into ecosystems and is the driving process
for terrestrial ecosystem function (Bernacchi et al., 2013),
the fundamental component processes of plant gas exchange
are still incompletely represented in global models, notably
in the area of drought responses, and photosynthetic and
morphological acclimation generally (including acclimation to
drought) (Prentice and Cowling, 2013). In ecosystem models,
drought stress may act either by increasing the marginal water
use efficiency, which depends on the ratio of CO2 concentration
inside and outside the leaf (Ci/Ca ratio); by reducing Vcmax
and/or the maximum rate of electron transport – Jmax (apparent
values implicitly assuming infinite gm); or both (Figure 1).
Accurate model prediction of drought impacts on vegetation and
global carbon and water cycles requires realistic representation of
photosynthetic processes at the leaf level (Baldocchi, 1997; Egea
et al., 2011; Verhoef and Egea, 2014).

Stomatal behavior is expected to be related to the marginal
carbon cost of water loss (λ = ∂A/∂E) (Cowan, 1977; Cowan and
Farquhar, 1977; Berninger and Hari, 1993). Cowan and Farquhar
(1977) postulated that for any given amount of total water
available for transpiration in a period of time, the leaf can achieve

the maximum CO2 uptake if it adjusts leaf scale conductance
in the way that the derivative of An with respect to the rate of
transpiration per unit area of leaf (∂A/∂E) is maintained constant
throughout the period (Cowan, 1977). This criterion amounts
to saying that a plant with a given water availability regulates
stomata to ensure maximal carbon gain per unit water loss in a
finite period of time. Therefore, the constancy of ∂A/∂E is viewed
as an optimality hypothesis (Cowan, 1977; Cowan and Farquhar,
1977). It has also been suggested that the rate at which water stress
is imposed might influence the response of ∂A/∂E to water stress
(Hall and Schulze, 1980). The theoretical analysis of Mäkelä et al.
(1996) further predicted that the marginal water cost of carbon
(1/λ) should decline exponentially with decreased soil moisture,
and that the rate of decline should increase according to the
probability of rain.

Medlyn et al. (2011) and Prentice et al. (2014) have proposed
re-interpretations of widely used empirical models of stomatal
conductance, in terms of optimization theory. Medlyn et al.
(2011) derived a simple expression that is a good approximate
solution of the Cowan-Farquhar optimization problem, and
demonstrated its predictive power for a range of species. The
single parameter of the Medlyn et al. (2011) optimal model for
stomatal behavior – the stomatal sensitivity parameter (g1) –
is inversely proportional to λ, and thus can be used directly
to test the predictions by Mäkelä et al. (1996) (Héroult et al.,
2013; see a conceptual modeling framework in Zhou et al.,
2013). Prentice et al. (2014) introduced a different derivation
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of the same expression, with further empirical support, based
on the alternative hypothesis that plants minimize the sum of
the unit costs (carbon expended per unit assimilation) of CO2
uptake and water loss. Different expressions again have been
presented by Sperry et al. (2016), Wolf et al. (2016), and Dewar
et al. (2018) based on the optimization criterion that plants
maximize carbon gain by minimizing carbon costs associated
with hydraulic failure.

Besides the stomatal resistance on CO2 diffusion from the
atmosphere to the intercellular air spaces of the leaves, there is
now known to be a considerable mesophyll resistance to CO2
diffusion from the substomatal cavity to the carboxylation sites in
the chloroplasts (Figure 1). In other words, there is a mesophyll
conductance (gm) which is not infinite and can significantly limit
the CO2 availability and thus the assimilation rate. gm has been
shown to play an important role in determining photosynthetic
responses to environmental drivers including temperature and
CO2 (e.g., Niinemets et al., 2011; Evans and von Caemmerer,
2013). Photosynthesis is reported to be limited by decreased gm –
together with gs – in the initial stages of drought (Bota et al., 2004;
Flexas et al., 2004, 2007, 2008, 2012; Grassi and Magnani, 2005;
Egea et al., 2011; Zhou et al., 2014). There has been controversy on
the magnitude of the gm effect on photosynthesis under mild to
moderate drought conditions, largely due to the methodological
issues on estimation of the intercellular or the chloroplastic CO2
concentration (Cc; Figure 1) (Pinheiro and Chaves, 2011). In
addition, there is controversy on whether gm should be included
in ecosystem models, and how to include gm in ecosystem models
(Rogers et al., 2017). Some recent studies suggested that the
decrease of gm with increasing soil water deficit could contribute
as much as the decrease of gs to the reduction of An under
drought (e.g., Flexas et al., 2012; Zhou et al., 2014). However, far
less is known on the environmental regulation and interspecific
differences in gm compared to gs.

As plant water status worsens, there is a further possibility that
drought impedes enzyme activity and photosynthetic capacity. In
other words, there can be directly drought-induced biochemical
limitations on the activity of Rubisco (ribulose-1,5-bisphosphate
carboxylase/oxygenase) and the regeneration capacity of RuBP
(ribulose-1,5-bisphosphate) (Kanechi et al., 1996; Tezara et al.,
1999; Castrillo et al., 2001; Parry et al., 2002; Tezara et al.,
2002; Thimmanaik et al., 2002; Grassi and Magnani, 2005).
Drought-induced decrease of Rubisco activity is associated with
down-regulation of the activation state of the enzyme (e.g., by de-
carbamylation and/or binding of inhibitory sugar phosphates).
In the Farquhar-von Caemmerer-Berry model (Farquhar et al.,
1980), the Vcmax and Jmax (apparent values implicitly assuming
infinite gm) are the two key metabolic parameters limiting
photosynthetic capacity (Figure 1). Varying among leaves within
a plant, between plants, among species and seasonally (e.g.,
Wilson et al., 2000; Xu and Baldocchi, 2003), Vcmax plays an
important role in linking the carbon fluxes between the leaves
and the atmosphere and thus in governing plant productivity
and resource use efficiency (Long et al., 2006) and determining
large-scale fluxes of CO2 between vegetation and the atmosphere
(Bonan et al., 2011, 2012). The trigger for decreased Rubisco
activity is reported to depend on the severity and/or the duration

of the stress imposed (Flexas et al., 2006). Ecosystem models
commonly assign fixed values of Vcmax per PFT, but there is no
consistency in the values assigned among different models and,
in any case, this approach neglects most of the field-observed
variation in Vcmax (Kattge et al., 2009; Bonan et al., 2011, 2012;
Groenendijk et al., 2011). Recent studies have suggested that it
is necessary to represent the effects of climate change on Vcmax
in models to predict its impact on net primary production (e.g.,
Bernacchi et al., 2013; Galmés et al., 2013).

It is generally thought that with the increase of drought
intensity and/or duration, biochemical limitations on
photosynthesis should eventually come to dominate over
diffusional (stomatal and mesophyll) limitations (see a review
by Lawlor and Tezara, 2009). However, there has been a good
deal of debate about the relative importance of photosynthetic
limitations of diffusive and biochemical origin, in the context
of drought (e.g., Grassi and Magnani, 2005). Reasons for
controversy include the use of different measures of drought,
the imposition of drought at different rates in experiments,
different applied intensities and duration of drought, different
experimental designs and growth conditions, and different
species with different physiological and structural sensitivities
and adaptations to drought.

INTERSPECIFIC VARIATION IN THE
SHORT-TERM STOMATAL AND
NON-STOMATAL DROUGHT
RESPONSES AMONG SPECIES FROM
DIFFERENT HYDRO-CLIMATES

The drought responses of different species are likely to depend
not only on drought duration and intensity, but also on the
species-specific degree of adaptation to the soil water conditions
in their native habitat. It is well documented that plants from
dry climates can operate better than plants from wet climates
down to severe soil water deficits (e.g., Sperry, 2000). However,
studies have highlighted that mesic and xeric forest ecosystems
are equally vulnerable to drought-induced mortality, based on
their functional hydraulic limits (Choat et al., 2012), implying
that plants from drier or wetter environments possess some
degree of adaptation to the soil conditions encountered in
their native habitat. Indeed, xeric species were reported to keep
stomata open and maintain photosynthesis down to lower water
potential values than mesic species (e.g., Zhou et al., 2014). It is
reasonable to assume that this feature of plants from dry climates
is adaptive, important for their function under field conditions
and shaping their potential geographic ranges (Engelbrecht
et al., 2007). Differential drought adaptations among species
are presumed to underpin their different levels of sensitivity,
resistance, and resilience to soil water deficits (Chaves et al.,
2003; McDowell et al., 2008), and differential effectiveness of
physiological mechanisms of drought tolerance in the face of
decreasing water potential (Engelbrecht et al., 2007). The wide
variation of drought adaptations among species is likely to be
fundamentally important in determining their different degrees
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of vulnerability to biomass loss and mortality (Ciais et al., 2005;
Adams et al., 2009; Allen et al., 2010).

Under a drier and hotter climate, the intra- and inter-
specific variation in plant traits may provide an important
contribution to plants’ resistance to drought, with responses
characteristic of plants from dry environments promoting
persistence and adaptation, reducing risk of mortality and
improving chance of survival (Yachi and Loreau, 1999; Clark
et al., 2012). Understanding how these effects vary among
species from contrasting climates is key to predicting the large-
scale consequences of drought on different communities and
ecosystems. Very few published experiments have systematically
tested how the various components of plant drought response
vary across species from contrasting hydro-climates. The
response of the stomatal sensitivity parameter (g1) of the Medlyn
stomatal optimality model (Medlyn et al., 2011) to soil water
deficit is expected a priori to differ among plant functional
types and species of different geographical origins (Medlyn et al.,
2011; Héroult et al., 2013). Meanwhile, Vcmax is expected to
be higher in plant species from drier climates (Prentice et al.,
2014), in compensation for reduced stomatal conductance. There
is also significant variability in the Rubisco specificity factor
among closely related C3 higher plants, which is associated
mainly with temperature and water availability (Galmés et al.,

2005). Zhou et al. (2013, 2014) fitted quantitative models for
species of different origin of climate and PFT membership
in their differential gs and Vcmax responses to soil water
potential – providing functions that potentially could represent
these responses in process-based models.

The decline rates of stomatal and hydraulic function with
decreasing water potential levels were reported to be coordinated
across species of different climate of origin (Choat et al., 2012;
Klein, 2014; Manzoni, 2014; Martin-StPaul et al., 2017; Li et al.,
2018; but see Lamy et al., 2014). In this review, we calculated the
pre-dawn leaf water potential at which 50% loss of full functions
occurred (P50, -MPa) for the photosynthetic parameters reported
in Zhou et al. (2014) – 50% loss of net carbon assimilation
rate (P50An, -MPa), 50% loss of stomatal conductance (P50gs, -
MPa), 50% loss of stomatal sensitivity parameter g1 (P50g1, -MPa)
and 50% loss of RuBP carboxylation by Rubisco (P50Vcmax, -
MPa) (Figure 2). We found P50 was more negative for An than
for gs, indicating that the reduction in stomatal conductance
preceded the reduction in photosynthesis (Figures 2A,B). When
comparing how stomatal sensitivity parameter g1 and Vcmax
contributed to the overall reduction in gs, we found P50g1 and
P50Vcmax were correlated, while the P50Vcmax was consistently
more negative than P50g1 – indicating the reduction in g1
preceded the reduction in Vcmax (Figures 2E,F). Moreover,

FIGURE 2 | Correlation between the pre-dawn leaf water potential at 50% loss of photosynthetic functions and moisture index for six woody species from
contrasting hydroclimates. (A) The pre-dawn leaf water potential at 50% loss of net carbon assimilation rate (P50An, -MPa) and moisture index. (B) The pre-dawn leaf
water potential at 50% loss of stomatal conductance (P50gs, -MPa) and moisture index. (C) The pre-dawn leaf water potential at 50% loss of stomatal sensitivity
parameter g1 (P50g1, -MPa) and moisture index. (D) The pre-dawn leaf water potential at 50% loss of RuBP carboxylation by Rubisco (P50Vcmax, -MPa) and moisture
index. (E) Correlation between P50Vcmax and P50gs. (F) Correlation between P50g1 and P50gs. Moisture index is the ratio between mean annual precipitation and
mean annual potential evapotranspiration, which can range from zero in the driest regions to higher values in wetter regions (Zhou et al., 2014). Values of P50An,
P50gs, P50g1 and P50Vcmax (solid circle) – and the bootstrap 2.5% and bootstrap 95% values (bars) to indicate the error in each estimate – were fitted by employing
data from Zhou et al. (2014) using the ‘fitplc’ package in R (Duursma and Choat, 2017).
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compared with species from wetter climates, species from drier
climates tends to show larger difference between P50Vcmax and
P50gs (Figure 2). These differences are presumed to have adaptive
significance for the survival of plants in dry climates.

INTERSPECIFIC VARIATION IN THE
DEGREE OF PLANT PHOTOSYNTHETIC
ACCLIMATION TO PROLONGED WATER
STRESS

Plants subjected to short-term experimental drought are well
documented to experience a decline in photosynthetic capacity.
However, plants under prolonged drought may be able to
acclimate to drought to some extent, for example through
morphological adjustments such as changes in mass allocation
to leaves and/or roots (Choat et al., 2018), provided the drought
is imposed slowly enough for such changes to take effect. In
general, therefore, it is to be expected that the mechanisms
underlying plant responses to water stress vary according to time
scale (Maseda and Fernández, 2006; Limousin et al., 2010a,b;
Martin-StPaul et al., 2012, 2013). Maseda and Fernández (2006)
proposed that plants acclimate to drought at the whole-organism
level through physiological, anatomical, and morphological
adjustments that are adaptive over a time scale of months.

When given time to acclimate to water stress, the
photosynthetic response of plants could differ from that of
plants in short-term water stress (Figure 3). Some longer-term
experiments reported higher leaf gas exchange rates for woody
plants in the drought treatment (Cinnirella et al., 2002; Ogaya
and Peñuelas, 2003; Llorens et al., 2004). Cano et al. (2014)
reported xeric species showed significant higher gm than mesic
species under longer-term water stress. Leaves developed during
the long-term drought can acclimate by increasing partitioning
to total soluble proteins, allowing higher Rubisco activity per
unit leaf area (Panković et al., 1999). The Rubisco content could
also increase in leaves under prolonged drought, and the increase
could be significantly higher in leaves of the drought-tolerant
plant taxa than other taxa, conferring the drought-tolerant taxa
with better acclimation and higher drought tolerance (Panković
et al., 1999).

Despite its importance, the photosynthetic responses of plants
to long-term water stress and its variation among species of
contrasting climate of origin are poorly understood (Cano
et al., 2014). Moreover, long-term studies disagree on whether
or not plants can modify the functional relationships between
photosynthetic traits and soil water potential to acclimate to long-
term water stress (Limousin et al., 2010b; Misson et al., 2010;
Martin-StPaul et al., 2012). There could be systematic differences
in these functional relationships related to species’ climatic
origin. Zhou et al. (2016) found the xeric Eucalyptus species
showed more effective drought acclimation – significantly lower
Vcmax sensitivity to declined pre-dawn leaf water potential –
than the riparian species under prolonged drought. Species-
specific physiology may play an importance role in the
comparative photosynthetic acclimation of contrasting species

under prolonged water stress, leading to the varied findings
among these studies (Ogaya and Peñuelas, 2003; Cano et al.,
2014).

Intra- and inter- specific variation in drought tolerance
and acclimation could have important implications for forest
modeling in water-limited ecosystems, particularly in a long-
term perspective that takes future climate change into account.
Ignoring potentially important acclimation processes in the field
could lead to overestimation of the long-term consequences
of drought. Changes in forest composition related to drought
tolerance and acclimation are already beginning to be observed.
For example, the more drought-tolerant Quercus pubescens was
reported to be replacing Pinus sylvestris at low altitudes in
Switzerland, where climate change has brought about recurrent
water deficits (Eilmann et al., 2006). Reliable prediction of
drought effects on contrasting species and forest ecosystems
under field conditions requires long-term experiments on the
drought-induced limitations on photosynthetic and hydraulic
properties, and their potential acclimation to prolonged drought
(see a review by Choat et al., 2018). The number of such studies in
the literature, however, is surprisingly small, with most published
manipulative experiments focusing exclusively on short-term
responses to drought.

INCORPORATING
EXPERIMENT-DERIVED PFT-SPECIFIC
DROUGHT RESPONSE OF gs AND Vcmax
TO IMPROVE MODELING ECOSYSTEM
RESPONSES TO DROUGHT

Current LSMs treat plant ecophysiological properties
simplistically assuming the same drought sensitivity for all
vegetation (Prentice and Cowling, 2013; De Kauwe et al.,
2015b), disregarding known aspects of trait correlation and
trait-environment relationships (Wright et al., 2004; Maire et al.,
2013; Prentice et al., 2014) and the considerable variation of
drought sensitivity among plant species of different climatic
origin highlighted in recent model-oriented experiments and
data syntheses (Zhou et al., 2013, 2014). Insufficient attention
has been paid to the evaluation of LSMs in their representations
of the fundamental eco-physiological responses to drought, in
part because their early history of development pre-dates the
availability of many relevant measurement data sets (Prentice
et al., 2015). It is critical for LSMs to realistically represent the
differential drought responses of different vegetation types.

Largely due to the shortage of model-oriented experimental
studies describing the separate effects of drought on stomatal
and non-stomatal processes, there are large discrepancies in the
ways in which current ecosystem models represent the drought
effect on plant gas exchange (Powell et al., 2013; Medlyn et al.,
2016). There has been a scientific debate on how to represent
stomatal closure as soil moisture declines (Bonan et al., 2014).
Current state-of-the-art LSMs used in coupled climate models
generally treat all PFTs as experiencing similar stomatal and/or
non-stomatal limitation during drought (via soil texture and
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FIGURE 3 | Conceptual diagram of potential acclimation responses of diffusional and biochemical parameters to water stress. Solid lines show the strong short-term
sensitivity of parameters to the decreasing soil water potential (9soil) before plants being given time to acclimate to water stress. Dashed lines indicate reduced
sensitivity to soil water potential following a period of acclimation to water stress. Upward arrow between the solid and dashed line shows potential shift upward of
the drought-response curve during acclimation. (A) Exponential function of stomatal conductance (gs) and mesophyll conductance (gm) with the decreasing 9soil

based on Zhou et al. (2013, 2014). (B) Logistic function of the maximum rate of CO2 consumption by RuBP carboxylation by Rubisco (Vcmax) and the maximum
electron transport rate (Jmax) with the decreasing 9soil based on Zhou et al. (2013, 2014). K is the maximum value of the parameter under moist conditions. Sf

indicates the sensitivity of each parameter against the decreasing 9soil. 9 f is soil water potential at 50% reduction of K.

assumed rooting depths). Many LSMs use an empirical soil
moisture stress factor (β) – as a function of volumetric water
content (θ) – to impose for down-regulation of stomatal response
at decreasing soil moisture, which allowing an abrupt transition
in β to take place within a narrow range of θ (Egea et al., 2011;
Powell et al., 2013; De Kauwe et al., 2015a,b; but see Medlyn
et al., 2016). Powell et al. (2013) reported unrealistic drought
responses due to implementing abrupt transitions of this kind
in four models [Community Land Model version 3.5 (CLM3.5),
Integrated BIosphere Simulator version 2.6.4 (IBIS), Joint UK
Land Environment Simulator version 2.1 (JULES), and Simple
Biosphere model version 3 (SiB3)], which use different water-
stress functions – loosely constrained by data – to down-regulate
soil moisture effects on gs. The sharp shutdown seems to be a
common challenge in LSMs whereas the observed fluxes decline
much more gradually with water stress (Medlyn et al., 2016).
Zhou (2015) compared the θ effect on An in the Community
Atmosphere Biosphere Land Exchange (CABLE) LSM, and found
a rather abrupt transition in An from near-normal function to
nearly complete shutdown within a narrow range of θ – regardless
of PFT or soil type. This modeled abrupt transition is very
unlikely under field conditions where the transition from full
vegetation function to drought conditions should occur more
gradually as a consequence of spatial heterogeneity in plant and
soil properties (Liang et al., 1994; Prentice et al., 2015).

Land surface models commonly include generic responses of
plant carbon uptake and water loss to soil moisture content. It
seems plausible that the performance of LSMs might be improved
by including empirically based plant responses to drought,
expressed as a function of soil water potential (the key property
affecting plant water uptake) and derived from measurements
on species of different PFT membership. However, the process

of estimation of required model parameters (e.g., quantifying
the response functions of photosynthetic and hydraulic traits
against drought) for global models is not straightforward and
usually not transparent (Choat et al., 2018; Dewar et al., 2018).
De Kauwe et al. (2015b) tested whether using the information
pertinent to the representation of gs and Vcmax responses in
process-based models in Zhou et al. (2013, 2014) would improve
the prediction of canopy-atmosphere fluxes during drought in
the CABLE model. By estimating soil water potential from
dynamically weighted soil layers, De Kauwe et al. (2015b)
resolved the modeling challenge in CABLE – the steep drop-
off of leaf photosynthesis with soil water content due to the
rapid change in soil moisture potential (Zhou, 2015). It is found
that CABLE can only accurately reproduce the drought impacts
during the 2003 heat wave if the most mesic sites were attributed
a high drought sensitivity and the most xeric sites were attributed
a lower drought sensitivity (De Kauwe et al., 2015b). These
studies demonstrated a practical and effective approach to gain
information on drought responses in a form directly applicable
to modeling, and highlighted that LSMs will over-estimate the
drought impacts in drier climates if the different sensitivity of
vegetation to drought were not taken into account (De Kauwe
et al., 2015b; Zhou, 2015).

Furthermore, recent efforts to improve model simulation on
vegetation dynamics also have highlighted the importance of
linking plant traits – especially the correlation among hydraulic
and photosynthetic traits (e.g., the water potentials at 50% loss
of xylem conductivity and 50% loss of stomatal conductance,
respectively) – to forest function under drought (Christoffersen
et al., 2016; Xu et al., 2016; see a review by Choat et al.,
2018). Christoffersen et al. (2016) represented the correlations
between plant hydraulic traits and the leaf and stem economic
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traits within a trait-driven model, and found substantial
improvement of the model simulations of total ecosystem
transpiration fluxes. Xu et al. (2016) updated the Ecosystem
Demography model 2 with a novel hydraulics-driven phenology
scheme, which incorporated PFT-specific functional traits and
allowed alternative photosynthetic and phenological strategies
to dominate depending on rainfall seasonality, and found it
substantially improved the model simulation of spatiotemporal
patterns of vegetation dynamics in seasonally dry tropical forests.

SIGNIFICANCE OF
MODEL-EXPERIMENT SYNTHESIS:
FUTURE PERSPECTIVES

Increasing research efforts are devoted to improving models
through the use of new representations of specific processes based
on new data syntheses or experimental findings (e.g., Bonan
et al., 2011, 2012; Medlyn et al., 2011, 2016; Prentice et al.,
2014; De Kauwe et al., 2015a,b; Christoffersen et al., 2016; Xu
et al., 2016; Rogers et al., 2017; see a model-data integration
process by Walker et al., 2014). These studies have highlighted
the significance of bridging experiment-tested eco-physiological
processes and land ecosystem models, through translating
empirical findings into improved process representations within
models and tested model simulations against carbon and water
flux measurements at the ecosystem scale.

Both plant physiologists and modelers should be exposed
to the significance of informing process-based models with
experimentally derived quantitative information when studying
the drought impacts on photosynthetic and hydraulic properties,
their variation across forest ecosystems and their interaction
underlying short-term and prolonged drought consequences.
The model-orientated experimental work would ideally be
carried out to identify different drought tolerances in a
quantitative modeling context – both in respect of short-term
drought responses, and acclimation processes by which plants
can adapt to longer-term, lower-level drought – between species
from mesic and xeric habitats.

In this review, the new analysis highlights that the drought
sensitivities of photosynthesis are consistently higher for species
from wetter climates (showing strong diffusional and metabolic
limitations earlier during the drying-down process) than species
from drier climates (showing more negative pre-dawn leaf
water potential at 50% reduction of diffusional and metabolic
activities) (Figure 2). The positive correlations among the
rates of decline of the parameters as the experimental drought
progressed define a spectrum of drought adaptations, from
more resistant species thriving in dry environments, to more
sensitive species thriving in moist environments (Figure 2; but
see Lamy et al., 2014). These findings support the existence of
a co-ordinated spectrum of increasing tolerance in plants from
wetter to drier environments, and provide a complementary
perspective on the finding by Choat et al. (2012) based on
hydraulic traits that trees in mesic habitats – which are not
normally considered to be at risk from drought – are actually just
as vulnerable to drought as trees in xeric habitats. Meanwhile,

these studies have casted light on the general responses of
leaf gas exchange to short- and long-term soil water deficits,
allowing for realistic model representations of different drought
sensitivities among species and PFTs from wetter or drier
environments. By providing process-based analytical models of
key parameters that define these responses for contrasting species
with differential drought sensitivities, these model-oriented
experimental studies have offered potentially robust solutions to
the problem of representing adaptive differences among PFTs
into LSMs.

This review suggests the following priorities to help guide
future research to improve modeling on drought compacts upon
a firm theoretical and empirical basis:

(1) Plants are subject to Darwinian selection and can
adjust genetically or phenotypically to environment to
maximize their fitness. Optimality concepts have been
proposed and tested on various aspects of plant and
ecosystem functions including plant water use, stomatal
behavior, photosynthetic capacity, nitrogen uptake and
phenology (e.g., Prentice et al., 2014). Covariation of
different plant traits is expected to be an expression
of optimality principles (Wright et al., 2004; Prentice
et al., 2014; Reich, 2014) and should simplify the
parameterizations of fundamental eco-physiological
responses to environmental drivers, including drought. An
explicit theoretical framework is necessary to incorporate
the variation, interrelationships and environmental
dependencies of plant traits into models. Such quantitative
information explaining fundamental plant-level processes
and quantifying variability in key plant traits under
drought, if gathered on a wider range of species, could
allow testing for the existence of a spectrum of drought-
response traits, and ultimately a deeper understanding of
drought-response strategies (Wright et al., 2004; Prentice
et al., 2014; Reich, 2014) and a more comprehensive
approach to both trait data analysis and vegetation
modeling (Prentice et al., 2014).

(2) Model predictions of future drought impacts on
ecosystems, and feedbacks to the atmosphere, should
aim to represent drought responses of major plant
physiological exchanges (CO2 and water vapor fluxes
between leaf and the atmosphere) realistically, with simple
and observationally tested process formulations. They
must account for the observed differences between the
responses of different PFTs to drought. The realistic model
representation of stomatal and non-stomatal responses to
short-term and prolonged drought – and their variation
among plants of different PFT membership and/or climatic
origin – will be fundamental to the prediction of drought-
induced mortality at plant scale (due to hydraulic failure,
carbon starvation, and/or other mechanisms), or carbon
loss at the ecosystem scale. Varied vegetation sensitivity to
drought are necessary for LSMs to accurately explain the
large-scale patterns of drought response of carbon, water
and energy fluxes observed in different environments (De
Kauwe et al., 2015b).
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(3) Time scale may be of the essence when determining
the extent to which climate change is likely to adversely
affect forests. Drought acclimation is evidently a real
phenomenon in trees adapted to dry climates, and
presumably allows such trees to cope with periodic,
protracted (but not too severe) droughts. The inherent
differences among the species from contrasting climatic
origins can be shown not only in their contrasting degree
of tolerance to short-term drought (e.g., Zhou et al., 2013,
2014), but also in their contrasting abilities to compensate
for long-term drought (e.g., Zhou et al., 2016). Drought-
induced mortality of trees, and carbon loss from forests,
could be overestimated if such acclimation is not taken into
account (Choat et al., 2018). Model projections of drought
effects on species distributions and vegetation composition
in climate change scenarios should consider the differences
in both short-term drought sensitivity and longer-term
acclimation potential among species adapted to different
climates.

The studies in this review mainly consider short-term
dynamics of stomatal behavior and marginal water use efficiency,
whose temporal dynamics could differ across seasons and
years (Chen et al., 2018). Incorporation of their long-term
dynamic patterns – such as the potential difference between
dry versus wet seasons and across forest ecosystems – into
ecosystem models remains to be improved. Besides, future
model-experiment inter-comparison analysis needs to improve
the representation of photosynthetic responses to co-occurring
environmental stresses, such as drought and heat wave –
which usually occur together (Ciais et al., 2005; Granier
et al., 2007). High temperature can cause severe impacts on
the photosynthetic apparatus, particularly during long-lasting
drought events. Meanwhile, forest ecosystems at hot and dry
environments – where stomatal closure (contributing to higher
leaf temperature) and low Cc are necessary for plants to
conserve water and avoid hydraulic failure (see a review by
Choat et al., 2018) – could show very different responses
of Rubisco characteristics and photosynthetic capacity under
drought and high temperature conditions (Delgado et al.,
1995; Kent and Tomany, 1995; Galmés et al., 2005). The
model-experiment synthesis work in this area will enhance our
predictions of environmental change consequences on forestry
ecosystems.

CONCLUSION

Investigating the general trends of trait variation with key
environmental factors, and translating this variation into
improved process representation in vegetation models, are
important developments for the improvement of LSMs and
DGVMs. The model-oriented data analysis, experiments, and
modeling described in this review amount to a new synthesis
of information on the responses of different plant functions
to drought, and provide a general methodology for systematic
study of the relationship between plant processes and drought,
allowing the derivation of functions that can be used directly in
modeling. They can be seen as part of a wider movement toward
the observationally driven parameterization of fundamental
vegetation processes. Such work can also contribute to climate-
change adaptation, through facilitating more accurate predictions
of how forestry systems are likely to respond to projected changes
in drought intensity and duration in a rapidly changing world.
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Given the context of global warming and the increasing frequency of extreme climate
events, concerns have been raised by scientists, government, and the public regarding
drought occurrence and its impacts, particularly in arid and semi-arid regions. In this
paper, the drought conditions for the forest and grassland areas in the northern region
of China were identified based on 12 years of satellite-based Drought Severity Index
(DSI) data. The impact of drought on dryland vegetation in terms of carbon use
efficiency (CUE) and water use efficiency (WUE) were also investigated by exploring their
correlations with DSI. Results indicated that 49.90% of forest and grassland experienced
a dry trend over this period. The most severe drought occurred in 2001. In general,
most forests in the study regions experienced near normal and wet conditions during
the 12 year period. However, grasslands experienced a widespread drought after 2006.
The forest CUE values showed a fluctuation increase from 2000 to 2011, whereas the
grassland CUE remained steady over this period. In contrast, WUE increased in both
forest and grassland areas due to the increasing net primary productivity (NPP) and
descending evapotranspiration (ET). The CUE and WUE values of forest areas were
more sensitive to droughts when compared to the values for grassland areas. The
correlation analysis demonstrated that areas of DSI that showed significant correlations
with CUE and WUE were 17.24 and 10.37% of the vegetated areas, respectively.
Overall, the carbon and water use of dryland forests was more affected by drought
than that of dryland grasslands.

Keywords: carbon use efficiency, drought severity index, dryland vegetation, northern China, water use efficiency

INTRODUCTION

Recently, droughts have been frequently recorded due to climatic warming from elevated
concentrations of greenhouse gasses. This warming exacerbates water resource stress and poses
a significant threat to food security and the sustainability of human activities in these areas
(Vorosmarty et al., 2000; Rosegrant et al., 2003). The reports of the Intergovernmental Panel on
Climate Change suggest that drought frequency will likely increase by the end of 21st century,
particularly in regions that are currently dry (IPCC, 2014). At the ecosystem scale, drought
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will reduce the carbon sequestration ability of vegetation and
aggravate the water evaporation rate of ecosystems (Ciais et al.,
2005; Zhao and Running, 2010). The ecosystem-scale carbon
use efficiency (eCUE), which is defined as the ratio of net
primary productivity (NPP) to gross primary productivity (GPP),
describes the capacity of an ecosystem to transfer the carbon
from the atmosphere to vegetation biomass (DeLucia et al.,
2007). The ecosystem-scale water use efficiency (eWUE), a ratio
of NPP to evapotranspiration (ET), measures the net carbon
uptake per amount of water lost from the ecosystem (Beer et al.,
2009; Gang et al., 2016a,b). The eCUE and eWUE are two vital
indicators for addressing the ecosystem function in terms of
carbon and water cycles (Webb et al., 1978; LeHouerou, 1984;
DeLucia et al., 2007). The satellite-based imageries provide an
effective way in monitoring drought severity and vegetation
responses in term of carbon and water cycles (AghaKouchak
et al., 2015; Liu Y. et al., 2015). The impacts of droughts on
CUE and WUE have been widely reported in multiple scales
(Webb et al., 1978; DeLucia et al., 2007; Liu Y. et al., 2015;
Gang et al., 2016a). However, the occurrence of drought and its
subsequent influences on ecosystem-scale CUE and WUE have
not been extensively investigated, especially in the arid and semi-
arid regions. Therefore, further research is needed on the extent
and duration of droughts as well as their impacts on the carbon
and water cycles of dryland vegetation.

Precipitation is a primary input data in most drought indices,
which have been widely used in monitoring drought conditions
at different levels, such as the Standardized Precipitation Index
(SPI) (McKee et al., 1995), the Palmer Drought Severity Index
(PDSI) (Palmer, 1965), the Temperature-Vegetation Dryness
Index (TVDI) (Sandholt et al., 2002), the Vegetation, Water
and Thermal Stress Index (VWTCI) (Shakya and Yamaguchi,
2010), and the Percentage of Precipitation Anomaly (PPA).
The large-scale effects of drought on vegetation are detectable
with the help of remote sensing technology, which avoids
the deficiencies of filed-based metrological observation (Rhee
et al., 2010; Rojas et al., 2011). The Normalized Difference
Vegetation Index (NDVI), which can reflect the growth status
of plants, has been widely used for evaluating the effects of
drought on vegetation growth (Cunha et al., 2015; Klisch and
Atzberger, 2016). Many NDVI-based drought indicators have
also been developed, such as the Anomaly Vegetation Index
(AVI) (Chen et al., 1994), the Temperature Vegetation Drought
Index (TVDI) (Sandholt et al., 2002), and the Standardized
Vegetation Index (SVI) (Peters et al., 2002). ET, an important
component of terrestrial water cycles, is a more direct and
effective indicator for reflecting ecosystem moisture status (Mu
et al., 2007a, 2011). Remote sensing technology can provide
spatially explicit ET information for terrestrial ecosystems
(Jackson et al., 2005). Combining the MODIS-derived NDVI
and evapotranspiration/potential evapotranspiration (ET/PET)
data, Mu et al. (2013) developed a satellite-based drought index
with fine resolution at the global scale. This index is known
as Drought Severity Index (DSI). The DSI dataset has been
proven to be capable of monitoring droughts over the last
decade worldwide (Zhao and Running, 2011; Mu et al., 2013;
Zhang and Yamaguchi, 2014).

The northwest regions of China and Inner Mongolia (NWIM),
which are mainly situated in the northern inland of China, are
characterized with a dry climate, scarce precipitation, intensive
evaporation, and a fragile environment (Gou et al., 2015). The
unique location and climate make these regions vulnerable to
climate change and human disturbance. Previous research has
demonstrated that Ningxia, Gansu, and Xinjing provinces have
experienced different drought conditions in the past decade, and
these conditions exerted great influence on environment and
agricultural production (Gou et al., 2015; Huang et al., 2015;
Wang et al., 2015; Zhang et al., 2016). However, most of these
studies mainly focused on the regional scale. The extent and
severity of drought occurrences as well as the effects of droughts
on carbon and water cycles at the ecosystem scale are still open
questions that require further study.

The first decade of the 21st century has been estimated as
the warmest period since the 1880s. These extreme temperatures
highlight the importance of identifying the drought condition for
the dryland vegetation during this particular period (Zhao and
Running, 2010). The primary objectives of this study are: (i) to
examine the extent and duration of drought events in the forests
and grasslands of the NWIM from 2000 to 2011 via remotely
sensed DSI data; (ii) to quantify the annual changes of ecosystem-
scale CUE and WUE for forests and grasslands during this period;
and (iii) to explore the correlations between vegetation CUE,
WUE, and climate variables to reveal the environment drivers
of vegetation carbon and water utilization. The outcomes of
this study will elucidate the extent and duration of drought
occurrence in the forests and grasslands of the NWIM region,
and the results provide guidance for the initiation of adaptation
strategies to respond to the climate extremes.

MATERIALS AND METHODS

Study Area
The NWIM region covers three provinces (Shaanxi, Gansu,
and Qinghai) and three autonomous regions (Ningxia Hui
Autonomous Region, Inner Mongolia Autonomous Region, and
Xinjiang Uygur Autonomous Region) between the latitudes of
37–53◦N and the longitudes of 73–126◦E (Figure 1). The total
area of NWIM is approximately 4.15 × 106 km2, occupying
approximately 45% of the land area of China and supporting 10%
of the population. Most of this region is characterized by arid
and semi-arid climates with mean annual temperatures (MAT)
ranging from−7 to 16◦C. The mean annual precipitation (MAP)
ranges from 10 to 1100 mm (Shi et al., 2007; Mu et al., 2013;
Wang H. et al., 2013). The MAP exhibits an obvious latitudinal
distribution. Xinjiang and northern Inner Mongolia exhibit lower
values and the southern areas of Shaanxi, Gansu, and Qinghai
present higher MAP values (Shi et al., 2007).

Land Use and Land Cover Data
The land use and land cover map of the NWIM region
was derived from the International Geosphere-Biosphere
Project (IGBP) land cover dataset, which contains 17 land
cover classes (Loveland et al., 2000). In this study, closed
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FIGURE 1 | The elevation (A) and land use types (B) in the NWIM region.

shrublands, open shrublands, woody savannas, savannas,
and non-woody grasslands were regrouped as grasslands.
The NWIM region has the largest typical steppe grassland
in China, covering more than 41.00% of the total region.
Evergreen needle forest, evergreen broadleaf forest, deciduous

needle forest, and mixed forests were reclassified as forests,
and these areas account for 4.70% of the total NWIM
region. Barren/deserts, occupying 44.80% of the region, is
the mostly widely distributed land use type in the NWIM
region. Water bodies, croplands, and urban area made
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up to 1.52, 7.69, and 0.24% of total area, respectively.
Only the grassland and forest areas were included in the
following analyses.

MODIS DSI, GPP, NPP, and ET Data
The annual MODIS DSI, GPP, NPP, and ET data from 2000 to
2011 for the NWIM region were obtained from the Numerical
Terra dynamic Simulation Group at the University of Montana1.
The DSI (0.05◦ spatial resolution) was based on the basis of
ET/PET and snow-free growing season MODIS NDVI products
for all vegetated land areas(Atkinson et al., 2011; Mu et al., 2013).
The NDVI has been widely used to monitor the global vegetation
photosynthetic activities due to its sensitivity to vegetation
drought responses and associated water stress, especially in the
water-limited regions (Huete et al., 2002; Justice et al., 2002). DSI
is calculated as a standardized value, and its equation is expressed
as follows:

SANDVI =
NDVI − NDVI

δNDVI
(1)

SAEVA =
(ET/PET) − (ET/PET)

δ(ET/PET)
(2)

SA = SANDVI + SAEVA (3)

DSI =
SA − SA

δSA
(4)

where SANDVI, the standardized anomaly of the NDVI, is
calculated using the long-term mean value of NDVI and the
standard deviation δNDVI during the period 2000–2011; SAEVA,
the standardized anomaly of ET/PET, is calculated as the long-
term mean value of ET/PET and a standard deviation δ(ET/PET);
ET/PET means the ratio of ET to PET; SA is a sum of SANDVI
and SAEVA; the DSI is a standardized anomaly of SA; SA is
the long-term mean value of SANDVI and SA(ET/PET); δSA is the
standardized deviation. The DSI value can be reclassified into
11 categories to indicate different drought conditions, which is
shown in Table 1 (Mu et al., 2013; Zhang and Yamaguchi, 2014).

The new version of MODIS productivity products have been
improved by matching the spatial resolution of metrological
data to that of MODIS pixel, filling the missing value of
FPAR/LAI data due to cloud contamination and malfunction of
MODIS sensor, and updating the biome parameter look-up table
according to the productivity data from flux tower measurements
(Zhao et al., 2005; Gang et al., 2016a). GPP values are calculated
as follows:

GPP = εmax × 0.45× SWrad × FPAR× fVPD× fTmin (5)

where εmax is the maximum light use efficiency under optimal
conditions; SWrad is the incoming short-wave solar radiation, of
which 45% is Photosynthetically Active Radiation (PAR); FPAR
is the fraction of PAR absorbed by the plant canopy; fVPD is

1http://www.ntsg.umt.edu/

TABLE 1 | The categories for drought conditions of the global DSI (Mu et al.,
2013).

Category Description DSI

D5 Extremely drought <−1.50

D4 Severe drought −1.49 to −1.20

D3 Moderate drought −1.99 to −0.9

D2 Mild drought −0.89 to −0.60

D1 Incipient drought −0.59 to −0.30

WD Near normal −0.29 to 0.29

W1 Incipient wet 0.30 to 0.59

W2 Slightly wet 0.60 to 0.89

W3 Moderately wet 0.90 to 1.19

W4 Very wet 1.20 to 1.50

W5 Extremely wet >1.50

vapor pressure deficits scalar, and fTmin is the daily minimum
temperature (Tmin, ◦C) scalar.

NPP is calculated by subtracting the maintenance and growth
respiration from GPP. It is calculated as follows:

NPP =
365∑

1

GPP − Rm_lr − Rm_w − Rg (6)

where Rm_lr is the maintenance respiration from living leaves and
fine roots, and Rm_w is the annual maintenance respiration from
living wood, Rg is annual growth respiration. Detailed description
for modeling MODIS GPP and NPP can be found in Zhao et al.
(2005, 2006). Ecosystem-scale CUE for vegetation was calculated
as the ratio of annual NPP to GPP in each grid.

The ET represents transpiration by vegetation and
evaporation from canopy and soil surfaces. Based on the
Penman-Monteith equation, the new version of MODIS ET
dataset improved in many aspects, including the recalculation of
the fraction of vegetation cover, the soil heat flux, and boundary
layer resistance (Mu et al., 2007a,b, 2011). The ET algorithm is
computed as follows:

λ E = λ Ewet_C + λ Etrans + λ ESOIL (5)

Where λE is the total daily ET, λEwet_C refers to evaporation
from the wet canopy surface, λEtrans means the transpiration
from the dry canopy surface, and λESOIL is the evaporation
from the soil surface (Mu et al., 2007a,b, 2011). The MODIS ET
product has been validated and widely used in regional and global
research (Mu et al., 2011; Gang et al., 2016a). The ecosystem-scale
WUE for vegetation was calculated as the ratio of annual NPP
to ET in each grid. The MODIS GPP, NPP, and ET performed
reliable estimation accuracy on vegetation in northern China
(Wang X. et al., 2013; Xiao, 2014; Liu Z. et al., 2015).

Climate Factor Data
Meteorological data, including temperature and precipitation,
from 2000 to 2011 were obtained from the China Meteorological
Data Service Center2. The monthly data, interpolated by using
ANUSPLIN, were used to generate the gridded MAT and MAP.

2http://data.cma.cn/
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Analysis of Temporal Dynamic
Equation 6 was used to quantify the linear trend of variables
(including DSI, CUE, WUE, NPP, GPP, ET, MAT, and MAP) via
the ordinary least square estimation:

Slope =
n×

n∑
i=1

i× Vai −

( n∑
i=1

i
)( n∑

i=1
Vai

)
n×

n∑
i=1

i2 −
( n∑

i=1
i
)2 (6)

where i starts 1 for the year 2000, 2 for year 2001, and goes up to
12 for 2011; and Vai refers to the annual value of variable at time
i, i = 1,. . ..n, n = 12. The positive value of Slope in Eq. (6) indicates
an increasing trend of variable, while the negative value connotes
a decreasing trend during the 12-year period.

Correlation Analysis of Climate Variables
With Vegetation CUE and WUE
The correlations of vegetation CUE and WUE with climate
variables, including DSI, MAP, and MAT, were calculated to
reveal the controlling of climate variables that impact CUE
and WUE. If the correlation coefficient passes the significance
test, then an extremely significant (at 99% confidence level)
or significant (at 95% confidence level) linear correlation
is indicated.

RESULTS

Drought Characteristics of Forest and
Grassland in the NWIM Region
During the period of 2000–2011, the area of regions that
became increasingly dry accounted for 49.90% of the total
area of forest and grassland. These areas were mainly located
in eastern Inner Mongolia and northern Xinjiang. The total
area of regions that exhibited increasingly wetness was a little
larger than the area exhibiting aridity. There regions with
increasing wetness were mainly distributed within the 30–40◦N,
including the northern Shaanxi, Ningxia, Gansu, and Qinghai
(Figure 2A). Nearly 3.73 × 104 km2 of the forest regions
that were dry in 2000 became wet in 2011. The areas under
near normal conditions underwent the most obvious changes.
Meanwhile, the forest regions that changed from wet to dry
conditions reached an area of 15.56 × 104 km2. This is far
larger than the regions that became wet over the same period
(Figure 2B). In contrast, 86.08 × 104 km2 of the dry regions
of grassland became wet during the 12-year period. Regions
under D3 conditions were the largest contribution to this
trend. The wet grassland area that became dry was relatively
smaller, with the D2 condition making the largest contribution
to such change.

In 2001, 62.66% of forest regions were under dry conditions,
and 38.90% were under extremely dry conditions (Figure 3).
Meanwhile, 71.61% of grassland regions experienced drought,
in which 32.51% were under D4 and D5 conditions. Most of
forest and grassland regions were under wet conditions between

2002 and 2005. Both forest and grassland regions experienced
an obvious drought in 2006. During 2006, 78.59% of the forest
area and 55.49% of the grassland area were under dry conditions.
Despite the widespread of dry conditions in 2006, most of regions
were under D1-D3 conditions. After 2006, most of the forest
regions were in wet conditions except in 2008 and 2011. Different
drought levels occurred in most of the grassland regions until
2010. Overall, regions under wet conditions expanded gradually
during the first half of the study period, and the dry spells
expanded gradually in the grassland regions thereafter.

The Spatiotemporal Dynamics of
Vegetation CUE and WUE
The spatial dynamics of CUE and WUE for forest and grassland
were firstly evaluated. 53.74% of forest and grassland regions
showed an overall increasing trend of CUE over the entire
study period, which mainly distributed in eastern Mongolia,
and southern Shaanxi. Regions showing decreased CUE mainly
occurred in the mid-west of Inner Mongolia, northern Shaanxi,
and Tianshan Mountains region. In contrast, WUE increased
in 85.98% of forest and grassland regions. Regions showing
a decreased WUE mainly distributed in southern Gansu and
northwestern Qinghai (Figure 4).

The annual CUE, WUE, and DSI during this period were
plotted against time. The average CUE of grassland during
the 12-year period was 0.60, higher than that of forest (0.41)
for the same period (Figure 5). The value of grassland CUE
remained steady over the past 12 years. WUE of forest exhibited
fluctuating increase from 2000 to 2011, and the minimum and
maximum values exhibited in 2001 and 2009, respectively. The
range of change for grassland WUE was less drastic than that
for forest. The WUE of grassland also peaked in 2009. The
overall variation in forest and grassland DSI can be divided
into three stages: the wetting trend from 2000 to 2004, the
drying trend from 2004 to 2009, and the wet recovery from
2009 to 2011. The most severe drought occurred in 2001.
Averagely, the forest and grassland experienced wet conditions
in 3 years, while drought occurred in forest and grassland
areas in 2001, 2006, and 2008. In all other years, forest and
grassland regions were under near normal conditions. The
spatiotemporal dynamics of GPP, NPP, and ET were presented
in the Supplementary Material.

The Controlling of Climatic Variables on
Vegetation CUE and WUE
The correlations of vegetation CUE and WUE with DSI,
MAP, and MAT were calculated to reveal the sensitivity of
the vegetation carbon and water use to drought and climate
variables. Regions with significant correlations (at 95 and
99% confidence level) between CUE and DSI amounted to
17.24% of the total study area. Area of forest regions that
showed significant correlations (at 95 and 99% confidence
level) between CUE and DSI reached 29.68% of the total
forest regions, and 28.96% of this area exhibited positive
correlations. For grassland, regions presenting significant positive
and negative correlations between CUE and DSI accounted
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FIGURE 2 | The spatial pattern of Drought Severity Index (DSI) dynamic (A), the wetting and drying trend (B) of vegetation in the NWIM region from 2000 to 2011.

for 5.23 and 3.04% of total grassland area, respectively.
Regions showing significant correlations (at 95 and 99%
confidence level) between CUE and MAP accounted for
10.52% of the total area. These regions were mainly located
in eastern Inner Mongolia, southern Shaanxi, and Qinghai
(Figure 6). For forest, 15.20% of the area showed significant
correlations between CUE and MAP, with 11.09% exhibiting

positive correlations and 4.11% exhibiting negative correlation.
In contrast, 17.47% of grassland regions showed significant
correlations (at 95 and 99% confidence level) between CUE
and MAP, in which 7.85% were positive correlations and 9.62%
were negatively correlations. There were significant correlations
between CUE and MAT in 7.79% of forest regions and 9.92% of
grassland regions (at 95 and 99% confidence level), respectively.
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FIGURE 3 | The percentage change of dry, wet, near normal conditions for forest and grassland during 2000–2011.

Grassland regions showing significant positive and negative
correlations (at 95 and 99% confidence level) between CUE
and MAT accounted for 5.99 and 3.94% of total grassland
areas, respectively.

Regions with significant correlations (at 95 and 99%
confidence level) between WUE and DSI, MAP, and MAT
accounted for 10.37, 12.48, and 8.67% of the total study area,
respectively. These regions were mainly located in eastern
Inner Mongolia, Ningxia, and southern Qinghai (Figure 7).
Regions that showed a significant correlation (at 95 and
99% confidence level) between WUE and DSI accounted
for 15.89% of the forest area and 9.70% of the grassland
area. The forest area with significant positive correlations
(at 95 and 99% confidence level) between WUE and DSI
was larger than the area with significant negative correlations
(11.33% vs. 4.56%). Forest WUE was more correlated with
MAP. Regions with significant correlations (at 95 and 99%
confidence level) between WUE and MAP amounted to 35.68%
of the total forest area, and 34.17% of these regions exhibited
positive correlation. Forest WUE exhibited significant negative
correlation (at 95 and 99% confidence level) with MAT over
4.23% of the forest area, and 1.02% of the forest region exhibited
significant positive correlation. For grassland, regions showing
significant positive correlations (at 95 and 99% confidence
level) between WUE and DSI, MAP, and MAT were larger

than those showing the negative correlations. WUE exhibited
positive correlations with DSI, MAP, and MAT in 5.91, 5.53,
and 7.58% of total grassland area, respectively, and showed
negative correlations in 3.78, 4.13 and 1.52% of total grassland
area, respectively.

DISCUSSION

In this study, the drought status and its impacts on dryland
vegetation in northern China was evaluated by exploring the
satellite-based data. Drought severity in forest and grassland
as well as its influence on CUE and WUE at the ecosystem
scale were investigated. During the period of 2000–2011, most
of the forest and grassland in the NWIM region were in
near normal and wet conditions. The widespread droughts
mainly occurred in 2001 and 2006, and the drought in 2001
was the most severe across the entire study period. Previous
studies have demonstrated that widespread and large droughts
were frequently recorded in northern China since the late
1990s, and they intensified after 2000. The 2001 drought is
considered to be one of the most severe droughts in terms of
distribution and duration, which led to extensive agricultural
and economical losses (Zhang et al., 2016). The strength of the
East Asian summer monsoon in the developing and decaying
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FIGURE 4 | The spatial dynamics of CUE and WUE for forest and grassland from 2000 to 2011.

phases of El Niño and La Niña events is probably one of the
reasons that precipitated the recent drought in northern China
(Yu et al., 2014).

Drought affects the vegetation carbon and water utilization
mainly through influencing the photosynthesis and ET processes,
particularly in regions where water supply is limited (Gang
et al., 2016a). In this study, both the NPP and GPP

for grassland increased during the 2000–2011 period. This
synchronic changing pattern led to a steady state of grassland
CUE during this period. In contrast, forest CUE was more
sensitive to drought. The forest CUE presented a weak increasing
trend with a curve similar to that of NPP. This was probably
caused by the different sensitivities of forest NPP and GPP
to the drought conditions (Zhang et al., 2014). In contrast,
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FIGURE 5 | The temporal dynamics of CUE, WUE, and DSI for forest and grassland from 2000 to 2011.

the rising NPP and decreasing ET both contributed to the
overall ascending trend of WUE for forest and grassland. The
WUE increased obviously in the Tianshan Mountains region

and northern Shaanxi (Figure 4). The revegetation due to the
“Grain for Green” project in the Loess Plateau has significantly
increased the vegetation NPP during the past several decades
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FIGURE 6 | The correlations between grassland CUE and DSI, MAP, and MAT. ESN, extremely significant negative; SN, significant negative; NSN, non-significant
negative; NSP, non-significant positive; SP, significant positive; ESP, extremely significant positive.
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FIGURE 7 | The correlations between grassland WUE and DSI, MAP, and MAT. ESN, extremely significant negative; SN, significant negative; NSN, non-significant
negative; NSP, non-significant positive; SP, significant positive; ESP, extremely significant positive.
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FIGURE 8 | The spatial dynamics of MAP and MAT for forest and grassland from 2000 to 2011.

(Xiao, 2014; Deng et al., 2017). The Tianshan Mountains region
experienced a cooling trend, which probably is the leading
reason for the WUE increase (Figure 8) (Guan et al., 2015).
The canopy transpiration, net photosynthesis, and CO2 exchange
were constrained by soil moisture (Mu et al., 2013). Soil moisture
status affects the responses of heterotrophic respiration and
photosynthesis to temperature. When experiencing a slight

drought, the net photosynthesis rate of plants would decreases
due to the reduced activity of ribulose diphosphate carboxylase
and reduced photosynthetic capacity of mesophyll cells (Zhou
et al., 2009). The widespread drought that occurred in 2006
did not lead to sudden drops in CUE and WUE values in
2006. However, there were drops in 2007. This indicates that
the effects of drought might accumulate and appear in the
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following years. However, the photosynthetic organs of plants
would be damaged under severe drought conditions. This would
reduce plant water loss and photosynthesis (Arneth et al., 1998;
Tian et al., 2009). This effect explains the obvious decreases of
CUE and WUE in the 2001, when a widespread severe drought
was recorded.

The correlation between vegetation WUE and DSI was
relatively lower than the correlation between CUE and DSI.
This implies that WUE was less sensitive to droughts than CUE
for dryland vegetation in northern China. Drought affects the
vegetation CUE mainly via the photosynthesis process (Gang
et al., 2016b). Regions in eastern Inner Mongolia that are
primarily vegetated by meadow showed significant negative
correlations between CUE and DSI. The CUE increased in
these regions despite a drying trend that was observed during
2000–2011. This increasing trend of CUE was probably caused
by human interference, such as fencing or irrigation (Zhang
et al., 2015; Yan et al., 2018). Regions showing significant
positive correlations between CUE and DSI were mainly
located in the northern fringe of Qinghai where became wet
during the 12 years. The rising precipitation promotes the
increase of both NPP and GPP in these regions (Bai et al.,
2013). WUE can be affected by both the photosynthesis and
ET process (Tian et al., 2010). Under slight and moderate
drought conditions, the vegetation WUE would increase to
mitigate the negative effects of water loss to some extent.
This study found that area with significant positive correlations
between WUE with MAP was larger than the area exhibiting
significant positive correlations between WUE and DSI. This
implies that rainfall more directly affected the vegetation
WUE. Regions presenting the significant positive correlations
between WUE and MAP were mainly distributed in eastern
Inner Mongolia, Greater Khingan regions, where coniferous
forests were mostly vegetated. Trees, such as Larix gmelinii,
Pinus tabulaeformis, and Abiescephalonica, have higher WUE
values because of low photosynthesis rates, ET rates, and
stomatal conductance values (Lefi et al., 2004; Otieno et al.,
2005). The photosynthesis ability can be maintained at a
certain level even when a severe drought occurred (Maroco
et al., 2000; Ogaya and Peñuelas, 2003; Lefi et al., 2004).
Regions with a significant positive correlation between WUE
and MAT were mainly distributed in the Three Rivers
Source regions. This region is primarily characterized by
alpine meadow. Temperature is reported as the primary factor
affecting the growth of plants in this region (Xu et al., 2011;
Guo et al., 2016).

CONCLUSION

The dryland vegetation in northern China was deeply influenced
by the drought during the 2000–2011 period, and forest and
grassland reacted differently to drought conditions. Nearly half
of the NWIM region became dry in 2000–2011. The areas of
forest that experienced a drying trend was more than four times
larger than the areas that became wet, whereas the area of
grassland regions presenting a drying trend was closer to the

area showing a wetting trend. The most widespread droughts
occurred in 2001 and 2006, and the drought severity was higher
in 2001 than 2006. In general, most of the vegetation was under
wet conditions during the first half of the study period, and
grassland subsequently experienced more frequent drought than
forest. The forest CUE increased slightly, whereas the CUE of
grassland remained steady over the 12-year period. Meanwhile,
the decreased ET values of forest and grassland led to the overall
increases in WUE values for forest and grassland. The DSI
variation adequately explains the temporal dynamics of forest
CUE and WUE over this period. In contrast, the CUE and WUE
values for grassland were less sensitive to the recent drought
conditions. Although there are a few uncertainties, our results
suggest that the carbon and water use of forest in northern China
suffered more from the recent droughts than that of grassland.
Due to the data availability, only the 12 years of DSI and CUE,
and WUE data were evaluated in this study. Given the complexity
of drought events and the warming climate, it is important to
continuously monitor various drought impacts on ecosystem-
scale carbon and water use in dryland vegetation under future
climate change.
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Inter-site Variations in Dryland
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1Department of Biological Engineering, Da Qing Normal University, Daqing, China, 2Department of Life Science, Henan

University, Kaifeng, China, 3 Key Laboratory of Forest Plant Ecology, Northeast Forestry University, Harbin, China

The influence of shelterbelt afforestation on soils in different-depth profiles and possible

interaction with climatic conditions is important for evaluating ecological effects of

large-scale afforestation programs. In the Songnen Plain, northeastern China, 720 soil

samples were collected from five different soil layers (0–20, 20–40, 40–60, 60–80, and

80–100 cm) in shelterbelt poplar forests and neighboring farmlands. Soil physiochemical

properties [pH, electrical conductivity (EC), soil porosity, soil moisture and bulk density],

soil carbon and nutrients [soil organic carbon (SOC), N, alkaline-hydrolyzed N, P, available

P, K and available K], forest characteristics [tree height, diameter at breast height

(DBH), and density], climatic conditions [mean annual temperature (MAT), mean annual

precipitation (MAP), and aridity index (ARID)], and soil texture (percentage of silt, clay,

and sand) were measured. We found that the effects of shelterbelt afforestation on bulk

density, porosity, available K, and total P were observed up to 100 cm deep; while the

changes in available K and P were several-fold higher in the 0–20 cm soil layer than that

in deeper layers (p < 0.05). For other parameters (soil pH and EC), shelterbelt-influences

were mainly observed in surface soils, e.g., EC was 14.7% lower in shelterbelt plantations

than that in farmlands in the 0–20 cm layer, about 2.5–3.5-fold higher than 60–100 cm soil

inclusion. For soil moisture, shelterbelt afforestation decreased soil water by 7.3–8.7% in

deep soils (p < 0.05), while no significant change was in 0–20 cm soil. For SOC and N,

no significant differences between shelterbelt and farmlands were found in all five-depth

soil profiles. Large inter-site variations were found for all shelterbelt-induced soil changes

(p < 0.05) except for total K in the 0–20 cm layer. MAT and silt content provided the

greatest explanation powers for inter-site variations in shelterbelt-induced soil properties

changes. However, in deeper soils, water (ARID andMAP) explained more of the variation

than that in surface soils. Therefore, shelterbelt afforestation in northeastern China could

affect aspects of soil properties down to 100 cm deep, with inter-site variations mainly

controlled by climate and soil texture, and greater contribution from water characteristics

in deeper soils.

Keywords: poplar shelterbelt, farmlands, soil properties change, deep-layer soil, analysis of causes
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INTRODUCTION

Globally, ecological shelterbelt engineering projects, such as
the Great Plains Shelterbelt Project (Roosevelt Engineering) in
the USA, the Great Plan for the Transformation of Nature
in the former Soviet Union, forestry and water conservation
projects in Japan, the Green Dam Engineering Project in the
five countries of North Africa, and the Three-North Shelterbelt
Program in China, have increased the scientific study of
shelterbelt forests (Zhang et al., 2016). There are numerous forest
plantations worldwide, many of which were planted in degraded
or abandoned farmlands and are used as agricultural protection
forests or bioenergy forests in China (Wang G. Y. et al., 2018;
Zhang et al., 2018) and worldwide (Deniz and Paletto, 2018;
Jha, 2018). The area of shelterbelt forests used for protecting
soil and water increased to 330 million ha globally by 2010,
accounting for 8% of all forest areas. The largest proportion of
shelterbelt forests is in Asia (26%), 33% of which are in East Asia,
and China’s shelterbelt forests account for most of that area (60
million ha of the total 83 million ha) (Obschatko et al., 2010).
There are approximately 6.67 million ha of poplar plantations
that are widely distributed in China. The large shelterbelt forest
area in China makes it a good example for studying the ecological
functions of shelterbelt forests, and underground soil changes are
an important issue to fully understand the functions of forests
(Zhu, 2013;Wang et al., 2015, 2017b;Wu andWang, 2016;Wang
Q. et al., 2017; Zhong et al., 2017; Nan et al., 2018).

Black soils in northeastern China are mainly located in the
Songnen Plain and Sanjiang Plain, which contain one of the three
global black soil belts, and over 45% of the total grain output
in northeastern China is produced in this region (Wang et al.,
2009b). Although the black soils in northeastern China contain
abundant soil organic matter and have high fertility compared
with other soils (Cas, 1980; Hljtr, 1992), excessive historical
reclamation has led to sharp decreases in soil fertility since the
establishment of the People’s Republic of China in 1949 (Wang
et al., 1996) and nearly half of the nitrogen and soil organic
matter has been lost from the black soils in northeastern China
(Ding and Liu, 1980; Wang, 2002; Wang et al., 2011b). Several
studies have shown that afforestation in cultivated farmland
soils induced changes in most soil properties and soil fertility,
contributing to soil improvement in different cases (Li and Cui,
2000; Wang Q. et al., 2014; Wang et al., 2017a). Shelterbelts of
different ages and tree species could effectively reduce nitrate
nitrogen by 22–60% (Jaskulska and Jaskulska, 2017), and also

regulate soil physiochemical properties, fertility, and carbon
sequestration (Wang et al., 2017a). In addition, soil physical

properties could be altered from afforestation practices, including
increases in soil bulk density and decreases in total porosity,

water retention, and ventilation capacity (Wang, 2002; Wang
et al., 2011b, 2017a). However, other studies also found that fast-
growing plantations, such as larch, poplar, or eucalyptus, require
more soil nutrients, and water (Chen, 1998; Mendham et al.,
2003; Merino et al., 2004; Zhang et al., 2004; Li Y. et al., 2018),
which is possibly induced by deep soil changes in various soil
properties (WangH.M. et al., 2014;WangW. J. et al., 2014).Most
of these studies have been undertaken in surface soils <40 cm

deep with the assumption of neglectable changes in deep soils
relative to surface soils. However, other studies have found that
deep soils can sensitively react to land use changes (Fontaine
et al., 2010; Rukshana et al., 2011), especially for tree species that
have relatively longer roots compared to crops (Wang Q. et al.,
2014; Wang S. et al., 2017).

Songnen Plain was named after the Songhua and Nenjiang
Rivers running through this region. This plain has been
recognized as the northern-most region of the Three-North
Shelterbelt Program (Wu and Wang, 2016). Songnen Plain
is about 18.28 million ha and locates in the transitional
region between the semi-moist and semi-arid region, featured
as saline-alkalinization and heavy farmland soil degradation
(Li, 2000; Wang et al., 2011a) as well as natural forest
degradation (Dai et al., 2018). Our previous study has shown
that poplar shelterbelt afforestation in northeastern China
slightly changed SOC sequestration and N nutrients in the
surface (20 cm) soils, with sharp decreases in bulk density (Wu
et al., 2018), with no consideration in deep soils (>20 cm).
Moreover, glomalin-related soil carbon sequestration was higher
in deep soils than that in surface soils, with more response
to climatic changes in the farmlands of this region (Wang
et al., 2017b). Most poplar roots concentrated in the 0–60 cm
soils, and the influence of vegetation growth and microbial
activities on soils may extend over the depth of the roots
(Jobbágy and Jackson, 2000). Annual precipitation in Songnen
Plain ranges from 300 to 500mm, with a 2–3-fold higher
annual evaporation (1,000–1,500mm) (Li, 2000). This natural
background, heavy pressure from farming and grazing, and
fast saline-alkalinization in soil are important challenges for
social development and livelihood in this region (Li, 2000;
Wang et al., 2011a). The evaluation of shelterbelt afforestation
on underground soils in this region must fully consider the
variations in the widespread plain, and fully understanding
of the underlying mechanisms needs more consideration on
forest characteristics, climatic conditions including the aridity
index (ARID), soil texture both at surface and deep soils
(Wang W. J. et al., 2014; Wu et al., 2018).

In the present study, we alleged that deep soils at 100 cm
depth should be included in the evaluation of various soil
changes in poplar afforestation, and large inter-site variation
in the shelterbelt forest-induced soil changes were related
to local climatic differences, soil texture, and forest growth.
We posed several research questions as follows: (1) Should
deep soil layers be included in the evaluations of soil
improvements from degraded farmlands to poplar forests and
did these improvements differ in different soil parameters?
(2) How great a difference among locations occurred in
the shelterbelt-induced soil changes, and which factors of
climatic condition, soil texture, and tree growth parameter were
responsible for these variations? By evaluating the shelterbelt-
induced soil changes in various properties in different soil
layers, our data assisted the evaluation of underground soil
changes in large scale shelterbelt programs, such as the Three-
North Shelterbelt Program, particularly the quantification of
the importance of deep soils for afforestation practices in
degraded farmlands.
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MATERIALS AND METHODS

Study Sites and Sample Collection
The Three-North Shelterbelt Program established tree
plantations around farmlands in northern China, northwestern
China, and northeastern China in 1978 (Zhu, 2013). The general
design was to plant 4–10 rows of poplars around 500 × 500m of
farmland, and large areas of shelterbelts around farmlands are
found everywhere throughout the Songnen Plain of northeastern
China (Figure 1). Nowadays, the most-used poplar variety in
northeast regions (young forests) is Yinzhong poplar (Populus
alba× Populus berolinensis), while historically, the most-planted
poplars were Populus simonii, Populus × xiaohei, and Populus
deltoides×P. canadensis, etc. (Wu et al., 2018).

Six study sites (Dumeng, Fuyu, Lanling, Mingshui, Zhaodong,
and Zhaozhou) distributed in the Songnen Plain in the middle of
northeastern China were selected as study sites (Figure 1). The
soil types in the study region are typical black soils, including
Chernozem (Fuyu, Lanling), Phaeozem (Mingshui), Cambosols
(Dumeng), and some degraded soil, such as Solonetz (Zhaozhou,
Zhaodong). This region has a continental monsoon climate, with
MAT of 2.9–4.4◦C, MAP of 350–500mm, and ARID of 0.4–0.7.

Soil samples were collected from 72 paired shelterbelt
plantations and farmland plots in the six study sites. Five soil
profiles were collected from each paired plot. After the exclusion

FIGURE 1 | Six study sites in the Songnen Plain, Northeastern China, and a

typical poplar shelterbelt-farmland paired site. Parts of this figures was

adapted from our previous publication (Wu et al., 2018).

of the A0 layer, we sampled 100 cm of soil from 0 to 20, 20 to
40, 40 to 60, 60 to 80, and 80 to 100 cm depths. Additionally,
we obtained a composite sample by mixing five samples from
the same soil layers from each of the five soil profiles. In total,
720 soil samples (6 regions × 2 (farmland and shelterbelt) × 12
sites/region× 5 depths/site= 720 samples) were collected.

Determination of Soil Parameters
Sample preparation details and some of the soil parameters
analysis (e.g., bulk density, soil moisture, SOC, total N, available
N, total K, available K, total P, available P, and soil texture)
have been described previously by Wu et al. (2018). Soil
porosity was calculated by the following formula: soil porosity
= (1−bulk density/specific gravity) × 100%. The pH of the
soil solution (one-part soil to five-parts water) was measured
with an acidity meter (Sartorius PT-21, Shanghai, China). Soil
electrical conductivity (EC) was determined with an EC meter
(DDS-307, Shanghai Precision Scientific Instruments Co., Ltd.,
Shanghai, China) (Bao, 2000). Soil carbon or nutrient storage
were computed as:

Farmland soil carbon or nutrient storage = αf × ρf × 0.2
× (1–Vgravel)

Poplar soil carbon or nutrient storage= αp × ρp × 0.2× ρf/ρp
× (1–Vgravel)
where, αf and αp are the concentrations of farmland and poplar

SOC (g kg−1); ρf and ρp are farmland and poplar soil bulk

densities (Mg m−3), respectively; 0.2 is the soil thickness (0.2m);
and Vgravel is the proportion of gravel. Details regarding the
bulk density correction can be found in Wuest (2009) and
Wu et al. (2018).

Forest Characteristics, Soil Texture, and
Climatic Data Collection
Poplar forest characteristics of tree density, tree height, and DBH
were measured at each plot site. Regarding the distance between
forest and farmland, 42% (30 plots) of plots were <3.4m from
neighboring farmland, while 47% (34 plots) were 3.4 to 6.7m
away. To reduce the influence of roots on neighboring farmlands,
ditches of about 2m in width and 2m in depth were excavated
between shelterbelt and farmland by local farmers. Forest
characteristics data of 72 plots can be found in Wu et al. (2018).

The soil texture was the relative amount of sand, silt, and
clay in the bulk soil, measured using a rapid and simple method
described by Kettler et al. (2001) and Wu et al. (2018).

MAT and MAP at the six sites were obtained from
the meteorological scientific data sharing service network of
China (http://cdc.cma.gov.cn/) and the ARID was computed as
the MAP over the mean annual reference evapotranspiration
(Huo et al., 2013).

Data Analysis
Calculation of storage at different soils depth, such as 0–20 cm,
0–40 cm, 0–60 cm, 0–80 cm, and 1m soil profiles, is a general
rule for many previous studies for ease of comparison among
studies (Wang et al., 2011b; Wei et al., 2014; Wang H. M. et al.,
2017a; Deng et al., 2018). In this paper, in order to compare soil
carbon or nutrient storage with other studies, we have re-grouped
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our data from 0 to 20, 20 to 40, 40 to 60, 60 to 80, and 80 to
100 cm into 0 to 20, 0 to 40, 0 to 60, 0 to 80, and 0 to 100 cm
by combining the corresponding soil layer’s measured data. For
example, 0–20 and 20–40 cm were combined into one set of 0–
40 cm by average of two data; Similarly, combining 0–40 and
40–60 cm into 0–60 cm, combining 0–60 and 60–80 cm into 0–
80 cm, and combining 0–60 and 80–100 cm into 0–100 cm during
dada analysis in order to evaluate the effects of afforestation on
soil properties in five soil-depth profiles.

Multivariate analysis of variance (MANOVA) was used to
determine the influence of land use type (shelterbelt forest
and neighboring farmland), sampling location (Dumeng,
Fuyu, Lanling, Mingshui, Zhaodong, and Zhaozhou),
and their interaction on various soil parameters. The 19
parameters (soil bulk density, soil porosity, soil moisture,
pH, EC, SOC concentration, total N concentration,
alkaline hydrolyzed N concentration, total P concentration,
available P concentration, total K concentration, available
K concentration, SOC storage, total N storage, alkaline
hydrolyzed storage, total P storage, available P storage,
total K storage, and available K storage) were used as
dependent variables.

A paired t-test was used to determine the difference in
soil properties between shelterbelt plantations and farmlands
at different soil depths, and the Duncan’s test was used for
multiple comparisons among different soil-depth profiles for all
shelterbelt-induced soil changes. In the present study, the relative
change [(forest—farmland)/farmland] of each soil parameter was
treated as a dependent variable for the following analysis.

Redundancy analysis (RDA) was conducted to ordinate the
complex associations between shelterbelt-induced variations in
various soil properties and climatic conditions, soil texture,
and forest characteristics (Canoco 5.0 software program).
Ordination was performed in all five soil-depth profile, as
we wanted to find the differences in different soil depths.
Conditional term effects (excluding collinear effects among
different dependent parameters) were derived from the RDA,
and the possible factors contributing to the dependent variables
(e.g., shelterbelt-forest-induced changes in soil properties as
a whole). In conditional term effects, the significant factor
with the highest explanation percentage showed the strongest
contribution to the variation of soil properties. Details explaining
the RDA ordination can be found in previous studies
(Wang et al., 2017b, 2018b).

Stepwise regression analysis was used to explore the factors
responsible for the poplar-induced changes in various soil
properties in the five soil layers. Statistical significance was
evaluated at p = 0.05, unless otherwise stated. Three groups
of parameters, forest characteristics (tree height, DBH, and tree
density), soil texture (sand, silt, and clay), and climatic conditions
(MAT, MAP, and ARID), were tested as independent parameters.
The more entering times, and more frequent parameter into
the stepwise models indicate the stronger influence from these
parameters for explaining the variations of soil properties
from shelterbelt afforestation. By using this criteria, stepwise
regression models were analyzed for simplifying the presentation
of the data and facilitate data interpretation.

RESULTS

Land Use Type and Sampling Location
Affect All Soil Parameters: Manova Results
Table 1 showed the influences of soil use type, sampling location,
and their interaction on the soil parameters at five depths.
Significant land use effects (farmland and poplar forest) were
observed in bulk density, porosity, and total P storage for all five
depths. Significant differences between the two land uses on pH,
EC, available K concentration, and available K storage were found
in the 0–20 cm depth, whereas others, such as soil moisture, total
K, total P, available P concentration, and available P storage were
statistically different among the two land uses in the deeper soil
layers (>20 cm).

Compared with land use differences, there were even larger
significant location-related differences among all parameters in
all five soil depths. Moreover, significant interactions existed
among the influence of land use and sampling location on
some soil parameters in different layers (Table 1). For example,
the influence of shelterbelt plantations on porosity, total
K concentration, and available P concentration significantly
interacted with location in the five depths, indicating that these
shelterbelt-induced changes significantly differed among the six
locations in all soil layers.

Changes in Soil Properties Between
Shelterbelt Plantations and Farmlands at
Five Soil-Depth Profiles: Overall Patterns
The effects of shelterbelt construction on soil properties in the
five soil-depth profiles and the differences in shelterbelt-induced
soil changes in various parameters among the five profiles were
shown in Table 2.

The effects of shelterbelt construction on soil properties
varied in five soil depth layers. Some indicators, such as
bulk density, porosity, available K concentration, and total P
storage, had significant difference at five soil depth. However,
some indicators, such as SOC concentration (storage), total N
concentration (storage), and available N concentration (storage)
had no significant change on five profiles following shelterbelt
establishment. Moreover, the effects of afforestation on the
surface soils were more obvious than at depth for pH and EC.
On the contrary, the effect of soil moisture was seen mainly in
the deeper soil profiles (Table 2).

The significances among the five soil-depth profiles were
distinct for different shelterbelt-induced soil properties changes.
First, opposite trends (p < 0.05) were observed in shelterbelt-
induced soil moisture and EC changes between surface and
deeper soil layers. A 6.2% increase in soil moisture (poplar
compared with farmland) was observed in the 0–20 cm layer,
whereas there was a 7.3–8.7% decrease in the deep soil
profiles. Contrary to soil moisture, EC was 14.7% lower in
shelterbelt plantations than that in farmlands in the surface
layer, but was 4.1, 6.2, and 4.2% higher in the 0–60, 0–80,
0–100 cm layers, respectively (Table 2). Second, the changes
in available K and P were several-fold higher in the 0–20 cm
soil profiles than that in the deeper profiles (p < 0.05). For
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TABLE 2 | A comparison in soil properties between shelterbelt plantation and farmland at five depths and the differences in shelterbelt-induced soil changes among five

profiles.

Type 0–20 cm 0–40 cm 0–60 cm 0–80 cm 0–100 cm

PHYSIOCHEMICAL PROPERTIES

Bulk density (g/cm3) Farmland 1.42 1.44 1.45 1.46 1.47

Poplar 1.37* 1.38*** 1.37*** 1.40*** 1.41***

Change (%) −3.1a −4.1 a −5.5 a −4.2a −4.3a

Porosity (%) Farmland 42.30 41.13 39.99 39.03 38.87

Poplar 45.33* 43.46* 42.08* 41.41** 40.76**

Change (%) 13.7a 8.2a 8.0a 8.4a 6.7a

Soil moisture (%) Farmland 12.56 13.41 13.16 12.67 12.35

Poplar 12.92 ns 12.60* 12.19** 11.75** 11.42***

Change (%) 6.2a −7.3b −8.7b −8.0b −7.9b

pH Farmland 7.83 7.89 8.00 8.08 8.11

Poplar 8.08*** 8.04*** 8.07 ns 8.14* 8.18*

Change (%) 3.2a 2.0ab 0.9b 0.9b 0.9b

EC (µS/cm) Farmland 159.85 127.78 116.87 112.16 108.39

Poplar 105.22*** 112.71 ns 113.07 ns 112.34 ns 108.45 ns

Change (%) −14.7b −0.1ab 4.1a 6.2a 4.2a

NUTRIENT CONCENTRATION

Total K (g/kg) Farmland 44.38 48.28 47.17 48.36 50.84

Poplar 40.34 ns 46.86 ns 49.26 ns 53.21 *** 52.55 ns

Change (%) 27.6a 0.9a 7.3a 12.6a 5.5a

Available K (mg/kg) Farmland 82.92 72.89 69.05 85.56 61.78

Poplar 135.23*** 89.34*** 78.83** 99.16*** 71.77***

Change (%) 117.4a 39.2b 29.5b 26.3b 24.6b

Total P (g/kg) Farmland 0.47 0.41 0.37 0.34 0.31

Poplar 0.42 ns 0.37* 0.33* 0.31* 0.30 ns

Change (%) 1.9a −2.4a −3.2a −3.5a 0.6a

Available P (mg/kg) Farmland 5.36 4.68 6.10 5.90 6.14

Poplar 4.88 ns 4.15 ns 5.21 ns 5.16 ns 5.68 ns

Change (%) 28.3a 6.1b 1.0b −0.2b 3.5b

NUTRIENT STORAGE

Total K (kg/m2) Farmland 12.86 13.97 13.72 14.2 15.01

Poplar 11.03* 12.97* 13.64 ns 14.92 ns 14.81 ns

Change (%) −0.7a −2.8a 2.8a 8.1a 1.1a

Available K (g/m2) Farmland 22.74 20.07 20.15 24.89 18.09

Poplar 36.77*** 24.46** 21.80 ns 27.53* 20.04*

Change (%) 108.3a 33.6b 24.0b 21.1b 19.0b

Total P (kg/m2) Farmland 0.13 0.12 0.11 0.10 0.09

Poplar 0.11* 0.10*** 0.09** 0.09*** 0.08*

Change (%) −2.8a −8.7a −7.4a −7.7a −3.7a

Available P (g/m2) Farmland 1.51 1.35 1.76 1.72 1.80

Poplar 1.34 ns 1.14 ns 1.44* 1.44* 1.59 ns

Change (%) 22.9a 2.1b −3.0b −4.3b −0.5b

*** indicates significant differences between shelterbelt plantation and farmland at different profiles at p < 0.001, ** indicates the significant differences at p < 0.01, * indicates the

significant differences at p < 0.05. ns indicates no significant difference (p > 0.05). The same letters denoted not significant difference among five profiles in shelterbelt-induced soil

properties change (p > 0.05), while different letters denoted significant difference (p < 0.05). In addition, those parameters, which are not significant differences between shelterbelt

plantation and farmland at different profiles and not significant difference among five profiles in shelterbelt-induced change among five profiles at the same time, are not shown in Table 2

(such as SOC, total N, and Alkaline hydrolyzed N).

example, a 117.4% increase in available K concentration was
observed in the surface layer, whereas only a 24.6–39.2%
increase was observed in the deeper layers. A 28.3% increase
in available P concentration in shelterbelt plantations was

observed in the surface layer, whereas a −0.2–6.1% change
was found in the deeper layers. Third, no significant changes
(p > 0.05) were found among the five soil profiles for
the other properties.
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Shelterbelt-Induced Soil Parameter
Changes: Large Inter-site Variations
Differed With Soil Depth
All soil parameters except total K concentration and total
K storage showed marked location-related differences in the
five depths among the different sites (Table 1). The vertical
pattern and magnitude of differences are shown in Figure 2 and
Table A1.

The location differences were soil-depth dependent, i.e., in
most cases, the surface soil layer showed much larger location
differences in the poplar forest-induced changes in various
soil properties (Figure 2). For example, inter-site differences in

soil bulk density and soil water were −10 to 5% and −25
to 60% respectively, whereas those in deep soils (0–100 cm)
were, respectively −9 to −1% and −20 to 0%. However, for

other parameters, similar inter-site differences were found among
surface and deep soils, with even larger variation in deep soils,
for example, soil available P and SOC for both concentration and
storage (Figure 2).

Depth-induced significant differences were observed in soil
moisture, pH, EC, available K concentration and storage, and
available P concentration and storage (Table 2), with large

inter-site variations found among the different sites (Figure 2
and Table A1). There was a higher amount of available K

concentration in the surface layer than that in the other four soil
layers (Table 2). This trend mainly occurred in Dumeng, Fuyu,
Mingshui, and Zhaodong (p < 0.05), with a 221.8% increase in
the 0–20 cm layer and an average 0–20 cm layer and an average
46.8% increase in the other four profiles at Dumeng, whereas
there was a 79.9% increase in the surface layer and an average
15.9% increase in the deeper profiles at Mingshui (Table A1).
Moreover, although no significant differences were observed in
three of the soil parameters (porosity, total K concentration, and
total K storage) among the five soil layers (Table 2), inter-site
differences were found among the different sites. For example,
there were significant differences (p < 0.05) among the five soil
profiles in total K concentration and storage at Dumeng, Fuyu,
and Mingshui, with a 24.1% decrease in the 0–20 cm layer and
an average 1.8% increase in the deeper profiles at Dumeng, and
a 42.8% decrease in the surface and an average 17.5% decrease in
the deeper profiles at Mingshui (Table A1).

RDA Ordination: Climatic, Soil Texture and
Forest Controls on the Inter-site Variations
and Differences Between Surface and
Deep Soils
As shown in Table 3, in general, climatic conditions provided
the largest explaining power for the inter-site variations of

FIGURE 2 | Changes of various soil properties in poplar forests compared with neighbor farmland, and differences at 1m profiles. Dash line in the figure showed the

zero line, indicating that no changes relative to neighbor farmland. Statistics of the mean values had shown in Table 2 and Table A1. (A) Soil bulk density change %;

(B) Soil water change %; (C) Soil EC change %; (D) Soil porosity change %; (E) Soil pH change %; (F) Soil organic carbon concentration change %; (G) Soil total N

concentration change %; (H) Soil alkaline hydrolyzed N concentration change %; (I) Soil total K concentration change %; (J) Soil alkaline K concentration change %;

(K) Soil total P concentration change %; (L) Soil alkaline P concentration change %; (M) Soil organic carbon storage change %; (N) Soil total N storage change %;

(O) Soil alkaline hydrolyzed N storage change %; (P) Soil total K storage change %; (Q) Soil alkaline K storage change %; (R) Soil total P storage change %; (S) Soil

alkaline P storage change %.
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TABLE 3 | Comparison on the explaining power from climatic condition, soil texture, and forest characteristics for the forest-induced soil changes at different locations

from the RDA ordination-related conditional term effects excluding their collinear effects.

Soil inclusion Explains % pseudo-F P RDA ordination figure

0–20 cm Silt 7.8 5.9 0.002

MAT 4.9 3.9 0.004

DBH 3.1 2.6 0.028

MAP 2.8 2.2 0.042

ARID 1.4 1.2 0.276

Treedensity 1.3 1.1 0.374

Height 1.1 0.9 0.51

0–40 cm MAT 5.1 3.9 0.004

Silt 4.5 3.3 0.004

Height 2.5 2 0.05

MAP 2.4 1.9 0.08

DBH 2.4 1.9 0.086

Treedensity 2 1.6 0.15

ARID 1 0.8 0.612

Clay 0.8 0.7 0.682

0–60 cm MAT 4.4 3.2 0.004

DBH 3.6 2.8 0.008

Silt 3.3 2.5 0.01

ARID 3 2.2 0.036

Clay 1.8 1.4 0.182

Height 1.4 1.1 0.338

Treedensity 1 0.8 0.574

MAP 1 0.8 0.608

0–80 cm ARID 3.9 2.9 0.008

DBH 3.5 2.7 0.01

Silt 3.5 2.7 0.018

MAT 3 2.1 0.036

Height 1.3 1 0.394

Treedensity 0.8 0.6 0.73

Clay 0.6 0.5 0.842

MAP 0.6 0.5 0.852

0-100cm MAP 6.9 5.3 0.002

ARID 4.6 3.4 0.006

MAT 3.5 2.8 0.01

DBH 2.7 2.2 0.034

Silt 2.1 1.7 0.124

Sand 1.5 1.2 0.276

Clay 1.4 1.2 0.308

Height 1.2 1 0.378
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shelterbelt-induced soil changes. Moreover, at different soil
layers, MAT was the most influential parameter, providing the
highest explanation percentage. For example, MAT explained 4.9,
5.1, 4.4, 3.0, and 3.5% of the forest-induced soil variations for
20, 40, 60, 80, and 100 cm depth soils, respectively (Table 3).
In deeper soils, ARID and MAP explained much more of the
variation than that in the surface soil layer. For example, ARID
in 20 cm, 40 cm soils did not show significant explanation for
the variations, while in 60, 80, and 100 cm soils, ARID showed
significant explaining powers ranged from 3.0–4.6% (p < 0.05);
and MAP explained 6.9% of the variations for 100 cm soil layers
(p < 0.01) (Table 3).

Following the climatic conditions, soil texture gave the next
largest explanation power for the location-related variations and
silt showed significant explanation percentage in four out of five
soil layers (p < 0.05) (Table 3). In general, the deep soils, the less
explaining power from soil texture of silt percentage. In 20 and
40 cm soils, silt’s explaining percentage was 4.5–7.8% (p < 0.001),
and this percentage was 3.3–3.5% in 60 and 80 cm soils (p< 0.05),
and no significant explaining percentage was found in 100 cm soil
(p= 0.124) (Table 3).

In addition, tree growth traits (DBH and height) also
significantly explained the shelterbelt-induced soil variations at
different locations, and their explaining powers ranged from 2.5
to 3.6% at different soil layers (p < 0.05) (Table 3).

Stepwise Regression Statistics: Factors
Related to the Inter-site Variations and
Differences Between Surface and
Deep Soils
As a further step to decouple the association, stepwise regression
analysis was used to determine the most possible parameters for
the large inter-site variations (Table A2).

For each soil properties, we found different associations with
climatic conditions. For example, positive correlations were
observed between shelterbelt-induced soil bulk density change
andMAT in all layers expect for the 0–40 cm depth. Although soil
texture and tree growth significantly accounted for shelterbelt-
induced porosity change in the 0–20 cm layer, MAT was the
leading factor that determined the porosity change in the other
four soil depths (r2 = 0.10–0.18, p < 0.05). The pH change
was significantly related to MAT in the 0–20 and 0–40 cm depth
layers, and the shelterbelt-induced EC decrease was accompanied
with higher MAT in all five soil profiles. Significant positive
correlations were found between SOC storage change, total K
concentration (storage) changes, and MAT (p < 0.05). In the
deep soil layers (0–80 and 0–100 cm), ARID was the significant
affecting factor (r2 = 0.32, p < 0.001) for bulk density changes
compared with the surface soil layer. Similar significant negative
correlations were found between available P (concentration and
storage) and ARID in the deeper soil profiles. Higher ARID
accounted for the poplar-induced total K decrease in the five
soil profiles (r2 = 0.15–0.46, p < 0.001), whereas the available
K (concentration and storage) changes in the 0–100 cm depth
could be explained by ARID and MAP (r2 = 0.39 and r2 = 0.40,
respectively) (Table A2).

For soil silt percentage, significant positive correlations were
found among silt percentage and EC, available P concentration,
whereas marked negative correlations were found in the
shelterbelt-induced differences in seven soil parameters in the
different soil depths (including porosity, total N concentration,
alkaline hydrolyzed N concentration, available K concentration,
total N storage, alkaline hydrolyzed N storage, and available
K storage) (Table A2). For tree growth parameters, DBH,
Tree height, and Tree density have been found in different
stepwise regression models in different soil layers; However, their
appearances were not as often as that of climatic parameters and
soil textures (Table A2).

By counting the entering times for each tested parameter
observed in all stepwise regression models, we want to confirm
the findings in RDA ordination, and the basic criteria is that
the more entering times mean the more influences on soils
from this parameter (Figure 3). Comparison among climate, soil
texture and tree growth, we found the most entering times from
climatic factors (10–12 entering times), followed by soil texture
(3–7 entering times), and tree growth factors (0–7 entering
times); This is the similar to those observed in RDA ordination
(Table 3). In the case of different climatic parameters, we found
that MAT showed the most influences (5–8 entering times),
followed by ARID (2–5 entering times) and MAP (1–2 entering
times) (Figure 3). At the vertical soil profiles, MAT’s influences
decreased from surface to deep soils, as shown by eight entering
times in 20 cm soils and five entering times in 100 cm soils.
However, ARID’s influences showed a contrary pattern, i.e., lower
influences were at surface soils (two entering times in 20 cm),
while much stronger influences were in deep soils (five entering
times) in 80 cm and 100 cm soils (Figure 3).

Soil texture showed the similar entering times at the surface
(5–7 entering times) and deep (3–7 entering times) soils, and 2–
4 times entering into stepwise models were observed from silt
percentage at five depths soil (Figure 3). In the case of DBH, two
entering times were found in 100 cm soil, while 0–1 time entering
to the stepwise models was found in other soils (Figure 3).

DISCUSSION

Higher Water Consumption in Deep Soils,
Saline-Alkalinization in Surface Soils, and
Better Physical Structure in the Entire
100cm Soil Profile Following
Shelterbelt Plantations
Our study highlighted significant water consumption in deeper
soil layers in poplar forests in northeast China. There were
significant decreases (7.3–8.7%) in 0–40 cm and deeper soils
(p < 0.05), while a slight increase was found in 0–20 cm
layer (Table 2). Artificial afforestation can decrease soil moisture
because of leaf interception and root uptake (Jin et al., 2011).
Divergent hydrological response to large-scale afforestation has
been found on a national scale throughout China (Li Y. et al.,
2018). Previous studies have shown that soil moisture differed
significantly between traditional farmland and introduced woody
vegetation (Wang et al., 2009a, 2011b; Liu et al., 2010; Li
Y. et al., 2018). In north and southeast China, the increased
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FIGURE 3 | Differences of entering times of climatic factors (upper), soil texture (middle), and forest traits (lower) observed in the all stepwise regression models at

different depths. Inset tables are the most observed parameters (MAT, ARID, MAP, Silt, and DBH) and their entering times all stepwise models at different soil depths.

All the stepwise regression models were shown in Table A2. The more inclusion of the parameters into the stepwise models indicates their stronger contribution at

that soil layers for explaining the forest-farmland differences in the studied soil properties.

precipitation and increased forest area were not statistically
significant, and had only a weak influence on soil moisture
content (Li Y. et al., 2018). In southwest China, however, the
afforestation practices have been shown to significantly reduce
soil moisture in combination with decreased precipitation (Li
Y. et al., 2018). In northeastern China (the same region as
in the present study), soil moisture has been shown to be
significantly decreased by −8.1mm decade−1 (Li Y. et al.,
2018). High water consumption following afforestation has been
reported as an important feature of fast-growth tree species

afforestation (Yang et al., 2012; Jia et al., 2017; Liang et al.,
2018). Songnen Plain (the central part of northeastern China) is
characterized as experiencing land degradation with a shortage
of precipitation (Li, 2000), and the high water consumption from
poplar shelterbelt plantations possibly intensifies the degree of
drought in the deeper soil depths, with an average precipitation
of 400–500mm and a large area of saline-alkalinization land
(Zhang et al., 2013). Currently, measures used by local people
to prevent this water consumption include digging a root-
cutting ditch to hinder root invasion into farmland. Possible
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other measures to counteract the over-consumption of water
by plantations forests have been proposed (Ferraz et al., 2013);
for example, the selection of suitable tree species with low
water utilization, such as Picea spp. (e.g., P. jezoensis), plays
an important role in the reduction and regulation of water use
(Wang et al., 2017a), and an increased proportion of native
forests and mosaic management could also stabilize water flow
across plantation landscapes.

Saline-alkalinization is an important feature of local land
degradation in the Songnen Plain (Li, 2000) and different
methods have been invented for soil improvement and
afforestation practices in this region (Wang et al., 2011a). Our
study found that, compared to farmland, the establishment
of shelterbelts increased soil pH in the 0–20 cm and 0–40 cm
soil layers (p < 0.001) (Table 2), whereas there were no
significant differences in the deeper soil layers. Therefore, poplar
afforestation resulted in surface soil saline-alkalinization in the
Songnen Plain of China. Previous meta-analyses have found
site-scale soil acidification globally (Berthrong et al., 2009) or
afforestation-induced soil neutralizing pH that favored acidifying
alkaline soils (Hong et al., 2018). Our findings were different
from these meta-analyses, which may be related to the following.
First, the addition of plant residues can increase, decrease, or
have little effect on soil pH (Tang and Yu, 1999; Marschner and
Noble, 2000; Xu et al., 2006; Rukshana et al., 2011), and are
mainly dependent on the amount of returning organic materials.
In poplar shelterbelt plantations, the relatively smaller area
(i.e., several rows) could result in limited litter decomposition
and rhizospheric processes following afforestation. Second, the
increases in evapotranspiration (Yao et al., 2016) caused by poplar
afforestation reduces the leaching loss of base cations (Slessarev
et al., 2016), and thus increases soil pH. Third, the upward
vertical movement of water by deep-rooted trees (compared with
crops) could generally induce the upward movement of soluble
salts from the deep soils to the surface soils, resulting in soil
saline-alkalinization (Li, 2000; Lu et al., 2017;Wang et al., 2017a).

Planting shelterbelts with fast-growing species such as poplar
causes soil bulk density to be significantly reduced in the
0–20 cm soil layer (Wu et al., 2018), and similar significant
improvement in soil physics (e.g., bulk density decreasing and
porosity increasing) were observed over the entire 100 cm
soil profile including 0–40, 0–60, 0–80, and 0–100 cm soil
layers (Tables 1, 2, p < 0.05). Soil physical structure is very
important for soil function (Han et al., 2018) and previous
studies have found surface soil improvements, for example,
Marta and Halina (2008) observed that total porosity, on
average, in the entire 20 cm horizon of the studied afforested
soils was 1.08 and 1.12 times higher (for soils of young and
older stands, respectively) than that in the arable soils. Our
results are in agreeance with previous findings, emphasizing
the importance of shelterbelt afforestation to deep soil layers.
The long-term farmland cultivation in northeastern China has
seriously degraded black soils, with one important aspect being
the degradation of the soil physics (Li, 2000; Wang, 2002). Our
results clearly show that shelterbelt afforestation could strongly
improve soil physics and suggests a possible way for local soil
improvement, such as returning degraded farmland to forests,

with such policy being implemented in China over the past years
(Wang et al., 2011b).

Non-accrual of SOC Both in Surface and
Deep Soil Layers Following Shelterbelt
Forest Establishment
Results from various studies on the effects of afforestation
on SOC are inconsistent. Some studies have found that
afforestation increased SOC accumulation (Lemma et al., 2006;
Wang et al., 2011b; Wei et al., 2012; Cukor et al., 2017),
whereas other studies have shown that afforestation decreased
SOC (Farley et al., 2004; Mao et al., 2010) or there was
more initial loss than SOC gain (Paul et al., 2002; Wang
et al., 2006; Ritter, 2007). In this paper, we did not find any
significant changes between poplar shelterbelt plantations and
neighboring farmlands.

According to our survey (data not shown here), 28mg cm−3

poplar root system was in 1m depth, and 95% of the root was

distributed in 0–60 cm soil layer, especially in 20–40 cm (57%).
Previous studies have also highlighted the possible differences in

different soil layers, owing to the root differences between trees

(long roots) and crops (short roots) (WangH.M. et al., 2014). For
example, Hooker and Compton (2003) found that SOC linearly

accumulated in the subsoil (20–70 cm), but did not differ in the
top 20 cm after afforestation. Wang H. M. et al. (2014) reported

that, in larch forest plantations, the rate of change in SOM in the

surface soil was 262.1 g kg−1year−1; however, a different trend in
deeper soils resulted in no evident changes in the overall 80 cm

soil profile. Our previous paper found no shelterbelt-induced

SOC accumulation in the 0–20 cm soil layer (Wu et al., 2018).
In the present study, we confirmed a similar finding (i.e., no

significant SOC changes) in the 0–40, 0–60, 0–80, and 0–100 cm
soil layers (Tables 1, 2, Table A1).

Possible reasons for the above-mentioned patterns include the

following. First, the shelterbelt poplar planting area was generally

4–6 rows of poplars around large farmlands of ∼25 ha in size
(Figure 1). In this type of shelterbelt forest, the canopy litter is
usually deposited on both farmland and forest simultaneously,
which reduces the influence of shelterbelt poplar to forest
soils with reference to neighboring farmlands. Second, high
productive crops and tillage practices diminish the differences
between farmland and forests. It is generally assumed that forests
can improve soil carbon sequestration; however, different crops
and tillage practices change this sequestration. In the present
study, the high productive C4 crop (maize) was the main crop
in this region and soybean was the second largest crop with
high N-fixation ability (this N fixation favors SOC sequestration)
(Lian et al., 2017; You et al., 2017). Proper chemical fertilizer
utilization together with straw returning, which has been strongly
implemented by the local government, improves the stabilization
and accumulation of SOC (Li and Han, 2016). No chemical
fertilization or organic manure were applied in the management
of the shelterbelt forest, which was different from the neighboring
farmlands. Third, microbial priming-induced SOC loss possibly
also contributed to the patterns (Li L. J. et al., 2018). The root-
exudate inputs in the deep soil could stimulate the decomposition
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of SOC by priming soil microbial activity (Marie-Anne et al.,
2014), and the SOC mineralization might stimulate loss of the
deeper SOC pool (Fontaine et al., 2007), which possibly resulted
in the non-accrual of SOC storage in the deeper profiles in the
poplar shelterbelts.

Non-evident Changes in all Nutrients
Except Available K Recovery in 5 Soil
Layers and Total P Depletion in Deep Soils
Following Shelterbelt Afforestation
Shelterbelt-induced available K recovery was found in all five soil
depths (p< 0.05) (Table 2), showing that K accumulation was not
only in the surface soils but was also in the deeper soils. Returning
farmland to forest could rehabilitate the soil K fertility in different
areas worldwide using different tree species (Likens et al., 1994;
Romanowicz et al., 1996). In China, Jiao et al. (2012) observed
that available K was significantly higher in afforested sites than
that in degraded croplands in the Loess Plateau. In the case of
farmland fertilization practices, more K fertilizer together with N
(the favorite fertilizer of local people) should be applied to ensure
soil nutrient supply for crop productivity.

In the present study, shelterbelt-induced total P depletion was
observed mainly in the deeper soil layers (p < 0.05) (Table 2). In
large areas of larch plantations in northeastern China,WangW. J.
et al. (2014) observed that more P was stored in deeper soil layers,
and >70% of P (total and extractable) was found in deeper soil
layers (20–80 cm) during larch reforestation. The development of
larch plantations could result in a general uplifting of SOM, N,
and P based on vertical distribution data and this redistribution
was accompanied by the depletion of N and P. The soil nutrient
depletion could be related to the biological uplifting function and
possible absorption related to tree growth (Jobbágy and Jackson,
2004). In addition, the differences in microbial decomposability
between deep and surface soils might strengthen the depletion in
deep soil layers (Fontaine et al., 2007; Xiang et al., 2008).

All tested nutrients including N, available N, available P,
and total K did not significantly change throughout the entire
100 cm soil profile in shelterbelt poplar forests with reference
to neighboring farmlands in a large-scale field in this paper
(Table 2). A general observation from field surveys is that the
growth of crops near the shelterbelt poplar is smaller and general
assumptions are that shelterbelt afforestation can decrease soil
nutrients owing to nutrient competition between poplar and
crops. By the entire soil profile measurements in the present
study, we updated this assumption and found that the most likely
nutrient depletion was that of P depletion. However, for almost
all other nutrients, such depletion was not found either in surface
soils or deeper soils. This should be taken into consideration in
future shelterbelt forest evaluations.

Large Inter-site Variations Closely
Associated With Climatic Conditions and
Deep Soils Showed Greater Dependence
on Arid and Map: Implications
To determine the differences between plantation forest and
neighboring farmlands, many previous studies have looked at

a relatively smaller region to minimize the inferences of inter-
site variation on the forest effects (Mao et al., 2010; Wang et al.,
2011b; Wei et al., 2012; Cukor et al., 2017). In the present
study, large-scale sampling was undertaken in Songnen Plain
(at least 33,000 km2) to determine the general soil change
patterns in a 100 cm soil profile. Large inter-site variations in
the shelterbelt-induced soil changes were found (Figure 2 and
Table A1). Currently, global climatic changes strongly affect local
development including natural processes in farmlands, pastures,
and forests (Li, 2000; Li Y. et al., 2018) and new developments
has been reported in tree inventory methods (Wang et al.,
2018a) and complex association analysis (Lv et al., 2018; Wang
et al., 2018b; Yang et al., 2019). Decoupling the contribution of
different components on inter-site variations of the shelterbelt-
induced soil changes will favor the mechanical understanding of
underlying processes, and is a possible strategy for large scale
evaluation of shelterbelt poplar ecological functions (Wang et al.,
2018b; Yang et al., 2019).

To identify the possible contributions from climatic
conditions, soil texture, and tree growth that affected soil
property changes following afforestation, statistical methods
including RDA and stepwise regression analysis were applied,
which have been proven as beneficial for determining the causal
relationship between patterns (Eisenhauer et al., 2015; Wang
et al., 2018b; Yang et al., 2019). Accordingly, we found that the
inter-site variations in the shelterbelt-induced soil changes in
surface soils were different from those in deeper soils.

In general, MAT was the most important parameter with the
highest explanation powers, and changes in seven parameters
(bulk density, porosity, soil moisture, pH, EC, SOC stock, and
total K in different soil layers) were significantly accounted for
by the variations in MAT (Figure 3, Table 3, Table A2). This is
related to the fact that temperature is one of the main factors
limiting soil nutrients following the planting of plantations
(Wiesmeier et al., 2013). Similar to our conclusion, climate
warming has been strongly associated with a decrease in the
accumulation of glomalin proportion to total soil carbon in soils
(Wang et al., 2017b). Moreover, RDA and stepwise regression
analysis indicated that ARID and MAP gave greater explanation
percentages in deeper soils than those in surface soils (Figure 3,
Table 3, Table A2).

Potential evapotranspiration (PE) and aridity index (ARID)
based on the observational data from 1961 to 2004 from 94
meteorological stations showed a general increasing trend in
MAT, MAP, PE, and ARID (Zhao et al., 2007). Moreover,
increases were more significant inMAT and PE than that inMAP
and ARID (Zhao et al., 2007), showing that northeastern China
is the most serious region experiencing global changes, especially
for temperature warming. The ARID range of the six locations
in Songnen plain is 0.49–0.67 and the semi-arid climate possibly
affects the shelter-induced soil properties changes. Our findings
indicate that global changes will shift the shelterbelt-induced
soil changes with reference to neighboring farmlands. Moreover,
different changes have been found between surface and deep soils.
Compared with surface soils, the drying trends will give more
influences in deep soils owing to the large explanation powers
compared with the surface soils (Figure 3, Table 3, Table A2).
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The Three-North Shelterbelt Program has been evaluated as the
most important natural environmental rehabilitation program in
China (Bryan et al., 2018), and our findings highlight that soil
changes should be carefully considered during any evaluation
and divergent responses to climatic changes should be included
in risk assessments.

CONCLUSION

By analyzing 720 soil samples from 72 paired sites of poplar
shelterbelts and farmlands in Songnen Plain in northeastern
China, we concluded the following: (1) Shelterbelt poplar
plantations significantly improved soil physical properties by
decreasing bulk density and increasing porosity down into the
100 cm depth; however, higher water consumption was mainly
found in the deep soils and soil saline-alkalinization was mainly
in the surface soils. (2) There were no evident changes in all
nutrients except for available K recovery following shelterbelt
afforestation in all five soil depths and shelterbelt-induced total
P depletion occurred mainly in deep soils. (3) Large inter-site
variations were found for all shelterbelt-induced soil changes
(p < 0.05) except for total K in the 0–20 cm soil layer, and
MAT and soil texture were the largest explanation powers for
soil property changes in the different soil layers. However,
in deeper soils, soil drought (ARID and MAP) gave more
explanation percentages than that in surface soils. Our findings
highlight that shelterbelt poplar plantations could divergently
change different soil properties in different soil depths, and
inter-site variation was strongly associated with climatic changes.
Our findings favor shelterbelt poplar forest evaluation and
the underlying reasons for the large inter-site variation could

help find suitable parameters to reduce the uncertainty of
future evaluations.
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Understanding the spatial patterns and the driving factors of plant leaf and soil
stoichiometry are critical for improving the parameterization of future ecological models
and to predict the responses of ecosystems to environmental changes. This study aimed
to determine how the latitudinal patterns of leaf and soil C:N:P stoichiometry are affected
by climate and vegetation types in the dryland ecosystems. The concentrations of leaf
C, N, and P in herb community as well as soil nutrient concentrations along a 500–
km–long latitudinal gradient in Northern Shaanxi of the Loess Plateau, were measured.
The results showed that the soil C, N, P and C:N:P ratios at all three depths (0–10,
10–20, and 20–40 cm) showed significant latitudinal trends (except for soil C:N ratios)
(P < 0.01). In general, the soil C, N and C:N:P ratios decreased exponentially while soil
P increased first and then decreased with the latitude. The soil C, N, C:P, and N:P ratios
at all three depths (0–10, 10–20 and 20–40 cm) were positively correlated with MAT and
MAP (P < 0.05), while soil P and C:N ratios at all three depths were weakly correlated
with MAT and MAP (P > 0.05). In addition, leaf C:N:P stoichiometry was significantly
correlated with the latitude, MAT, and MAP (except for N:P ratios) (P < 0.01), such
that, leaf C, C:N, and C:P ratios decreased as the latitude increased and MAT and
MAP decreased, and leaf N, P concentrations increased as the latitude increased and
MAT and MAP decreased, while leaf N:P ratios were weakly correlated with the latitude,
MAT, and MAP (P > 0.05). Furthermore, the leaf C:N:P stoichiometry of herbaceous
communities was related to the soil properties (except for soil P), and we found that
the C:P ratios between the soil and leaves were strongly correlated. Compared with the
global scale, the relatively high N:P ratios indicated that the vegetation growth of the herb
community in the dryland of the Loess Plateau was more susceptible to P limitation.

Keywords: ecological stoichiometry, climatic factors, herb community, vegetation types, leaves, soil,
Loess Plateau

INTRODUCTION

The terrestrial ecosystem consists of above- and belowground ecological components, and their
strong interactions greatly affect the material cycle and energy flow in the terrestrial ecosystem
(Wardle and Peltzer, 2007). In general, plants on the ground affect the soil properties by inputting
litter and root exudates, while the intense activity of the microorganisms in the soil provides the
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mineralized nutrients and suitable environmental conditions
needed for plant growth (Lambers et al., 2009; van der Heijden
et al., 2010). A considerable body of evidence has suggested
that the aboveground and belowground ecological components
of ecosystems are tightly linked and are susceptible to
environmental factors. Besides, the feedback between the above-
and belowground components have important implications for
the community structure and the ecosystem function (Bardgett
et al., 2005; van der Putten et al., 2009; Laurel, 2013).

Ecological stoichiometry is a discipline that studies the balance
of the various elements that are required by organisms and
provides new perspectives for understanding the ecosystem
structure and processes (Elser et al., 2000b; Yang and Luo,
2011). As essential components of organisms, carbon, nitrogen,
and phosphorus play a vital role in studying nutrient cycling
and the ecosystem structure and function (Koerselman, 1996;
Sterner and Elser, 2002). Furthermore, the nutrient cycling of
carbon, nitrogen, and phosphorus in the plant-soil system would
tightly couple (Elser et al., 2000b). Nitrogen and phosphorus
are generally considered to be the main limiting elements for
terrestrial ecosystem productivity (Güsewell, 2010). Leaf N:P
ratios have been a practical and important tool for detecting
vegetation composition, dynamics and nutrient limitation in
different ecosystems (Koerselman, 1996; Cernusak et al., 2010).
Recently, the geographical pattern of plant and soil nutrient
elements and its relationship with environmental factors has been
studied extensively at global and regional scales (Reich et al.,
1999; Han et al., 2005; He et al., 2006; Thompson et al., 2010;
Wright et al., 2010; Wang et al., 2015), but the results have
been inconsistent. For example, Tian et al. (2010) and Han et al.
(2005) found that the C:N ratios of leaf, litter, and mineral soil in
forests are well constrained at a national scale in China. Reich and
Oleksyn (2004) revealed that global leaf N and P concentrations
increased and N:P ratios decreased with increasing latitude (or
decreasing mean annual temperature, MAT). In contrast, Han
et al. (2005) and Ren et al. (2007) revealed similar research
findings in China at the regional scale, but the differences were
that N:P ratio was weakly correlated with the latitude and the
MAT. In addition, Zheng and Shangguan (2007) found that
C:N and C:P ratios in the leaves of the Loess Plateau were not
related to the latitude and the MAT, but N:P ratio increased
with the increasing latitude and was not correlated with MAT.
Furthermore, Chen et al. (2016) found that the soil N and P
concentrations both decreased significantly with the increasing
MAT and the mean annual precipitation (MAP), while the soil
N:P ratio did not vary in a systematic way with the latitude.
Han et al. (2005) and Zheng and Shangguan (2007) concluded
that this inconsistency may be attributed to the different research
scales. So far, very little work has been done at the regional scale,
especially in the Loess Plateau. To further confirm biogeographic
patterns of leaf and soil nutrients at regional scales are more and
more important for increasing the basic data of relevant research
in the Loess Plateau and providing new materials to solve that
inconsistent views.

The Loess Plateau in China, with an area of 6.2 km × 105 km,
is famous for having the highest rate of erosion in the world
(Fu et al., 2000). For this reason, the Chinese government has

launched a series of nationwide conservation projects to improve
this dilemma, which is caused by the population pressure that has
been increasing since the last century (An et al., 2013). These
projects, such as the “Grain for Green” project, will inevitably
have a major impact on regional soil nutrient cycling, and
will in turn cause changes in the surface vegetation. Notably,
the natural environment of the Loess Plateau varies greatly,
and features such as rainfall, temperature, soil, and vegetation
show regular changes from southeast to northwest (Yamanaka
et al., 2014). This climatic variation at a regional scale along
latitudinal gradients provides an excellent natural laboratory for
investigating the formation mechanism and the relationship of
the spatial distribution pattern of plant leaves and soil elements.
According to the hydro-thermal conditions of the Loess Plateau,
Cheng and Wan (2002) classified the vegetation of the Loess
Plateau into five vegetation subzones: the forest zone (FO),
the forest steppe zone (FS), the steppe zone (ST), the desert
steppe, and the desert zone. Differences in the environmental
conditions (temperature, moisture, etc.) are often linked to
varying latitudes and, in turn could be used to explain the
distribution of vegetation types across the Loess Plateau. In
recent years, considerable research efforts have been devoted to
surveying the effects of different vegetation restoration years,
succession stages, and land use on the soil and plant ecological
stoichiometry characteristics of the Loess Plateau (Jiao et al.,
2011; Chai et al., 2015; Zhao et al., 2015). However, there are still
few studies on the relationships between the soil and plant C:N:P
stoichiometry and the latitudinal patterns of leaf and soil C:N:P
stoichiometry.

In this study, a field survey was conducted on 15 subplots of
different vegetation zones in the Loess Plateau to examine the
changes in the soil and in the plant C:N:P stoichiometry and their
relationships along latitudinal gradients, to reveal the limiting
conditions of nutrient restrictions and provide a reference
and basis for ecological restoration on the Loess Plateau. Our
objectives were: (1) to determine the latitudinal patterns of leaf
and soil C:N:P stoichiometry; (2) to quantify the relationships
of the spatial variations of leaf and soil nutrients with climatic
variables (MAT and MAP); (3) to quantify the relationships of the
leaf nutrients traits with the soil nutrients traits; (4) to compare
the patterns of leaf nutrients in the Loess Plateau with those of
other scales.

MATERIALS AND METHODS

Study Sites
This study was conducted in fifteen sites along a 500–
km–long latitudinal gradient in Northern Shaanxi of the
Loess Plateau, which were located in the FO, FS, ST, and
steppe-desert zone (SD), consistent with previous studies
(Yamanaka et al., 2014) (Figure 1). The study area is located
at N35◦95′–38◦36′ and E107◦97′–109◦87′ and belongs to the
temperate zone. All sites were selected on flat terrain away
from the human activity area, with minimal microclimate
differences caused by the microtopography and grazing
disturbance. This area was characterized by a temperate
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FIGURE 1 | Sample arrangement diagram of study area.

semi-arid climate with an annual mean temperature ranking
of 8.87◦C >7.99◦C >6.80◦C > 6.32◦C and a MAP ranking
of 590.0 mm > 469.3 mm > 408.8 mm > 355.7 mm for the
four vegetation type zones (FO, FS, ST, and SD) (Figure 2)
(1990–2010 data), which occurred during May to October in the
growing season and most intensely in fall. The elevation of the
study area ranged from 1,015 to 1,600 m above sea level. The
zonal soil in this region was classified as Loessoal soils according
to the Genetic Soil Classification of China (Shi et al., 2010). In
this area, the main types of herb species were dominated by
Bothriochloa ischaemum, Stipa bungeana, Cleistogenes caespitosa,
Lespedeza davurica, Astragalus melilotoides, Artemisia sacrorum,
Heteropappus altaicus, Potentilla tanacetifolia, etc.

Soil and Plant Sampling and Analyses
Each vegetation zone type was represented by three to four
subplots (30 m × 30 m); in total, there were 15 subplots.
The spatial geographical coordinates (longitude and latitude)
and altitude of each site were obtained by GPS. The basic
information of the sample plots is shown in Table 1. Five
1 m × 1 m quadrats were surveyed at random in each subplot

to represent the plot heterogeneity. Apparently, the species
diversity and productivity of herb communities decreasing with
the environmental gradients are shown in Table 2. And 23
herbaceous species (nine families) were selected based on the
following criteria: the target species should be the dominant
species and relatively abundant at each site. We selected healthy
and mature leaves for each target species and collected them
for about 30 g to bring them back to the laboratory in every
1 m × 1 m quadrat at the community level as well as in the
community characteristics survey. The plant samples were dried
at 75◦C for 72 h to the appropriate constant mass.

Five soil samples were collected randomly from each quadrat
with use of a soil drilling sampling corer (9 cm in diameter) in
accordance with serpents sampling and litter was cleared before
soil sampling. The samples in the soil layer were collected at
intervals of 0–10, 10–20, and 20–40 cm with a soil core (5 cm
in diameter), and the samples from the same layer were mixed
into a composite sample. All soil samples were naturally air-dried
in the laboratory and were sieved thoroughly through a 2–mm
screen, and other debris were removed by hand for an analysis
of the soil chemical properties. The organic C concentrations
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TABLE 1 | Descriptions of the sampling site.

Vegetation zone Site Latitude Slope/(◦) Altitude/(m) Target dominant species Position

FO A 35.95 28 1100 Stipabungeana; Rubia cordifolia; Phragmites australis; Taraxacum
mongolicum

Southern Yanan

B 36.22 17 1105 Stipabungeana; Dracocephalum moldavica; Patrinia scabiosaefolia;
Phragmites australis

C 36.35 13 1015 Stipabungeana; Lespedeza davurica; Taraxacum mongolicum;
Incarvillea sinensis

D 36.72 21 1100 Stipabungeana; Lespedeza davurica; Taraxacum mongolicum;
Phragmites australis

FS E 36.88 19 1300 Stipabungeana; Melilotus officinalis; Artemisia gmelinii; Lespedeza
davurica

Northern Yanan and
Southern Ansai

F 36.89 11 1330 Stipabungeana; Melilotus officinalis; Saussurea amurensis;
Lespedeza davurica

G 37.03 15 1300 Lespedeza davurica; Artemisia gmelinii; Bidens pilosa

H 37.2 8 1277 Artemisia gmelinii; Phragmites australis; Stipabungeana;
Heteropappus altaicus

ST I 37.33 11 1500 Stipabungeana; Artemisia capillary; Dracocephalum moldavica;
Lespedeza davurica

Central Ansai and
Southern Jingbian

J 37.46 16 1500 Stipabungeana; Lespedeza davurica; Artemisia desertorum;
Scorzoneradivaricata

K 37.67 12 1600 Polygala tenuifolia; Erodium stephanianum; Dracocephalum
moldavica; Vicia sepium

L 37.79 12 1400 Artemisia ordosica; Stipabungeana; Setaria viridis; Artemisia scoparia

SD M 37.95 23 1100 Artemisia desertorum; Heteropappus altaicus; Artemisia scoparia;
Lespedeza davurica

Northern Jingbian
and Southern Yulin

N 38.13 27 1148 Artemisia desertorum; Artemisia scoparia; Astragalus adsurgens

O 38.36 29 1205 Artemisia desertorum; Artemisia scoparia; Lespedeza davurica

FO, Forest zone; FS, Forest steppe zone; ST, Steppe zone; SD, Steppe-desert zone.

TABLE 2 | The species diversity index of the herb communities in different vegetation zones.

Vegetation zone Species number Shannon-Wiener index Pielou index Community productivity (g/m2)

FO 11.5 ± 1.21a 2.71 ± 0.21a 0.87 ± 0.02a 178.80 ± 14.7ab

FS 8.75 ± 0.98bc 2.47 ± 0.14b 0.76 ± 0.03ab 191.21 ± 13.5a

ST 9.55 ± 1.03b 2.43 ± 0.16ab 0.74 ± 0.05ab 144.86 ± 10.4b

SD 6 ± 0.77d 2.23 ± 0.25c 0.54 ± 0.11c 98.35 ± 9.5c

Values are the means ± SE in the above table. Within each column, means with different letters are significantly different based on ANOVA and LSD (P < 0.05).

of the soil and plant samples were analyzed by the classical
potassium dichromate external heating method, and the total
N concentrations of the soil and plant samples were measured
via the semi-micro Kjeldahl method; in addition, the total P
concentration was analyzed colorimetrically by the ammonium
molybdate method (Bao, 2000).

Statistical Analyses
All variables were described by the mean and standard error (SE),
and SPSS 18.0 software (SPSS Inc., Chicago, IL, United States)
was used for the statistical analysis. All of the data were checked
for the normality and homogeneity of the variances before
applying the parametric tests. One-way ANOVA and multiple
comparisons (LSD) were used to test the differences between
the plant leaves and the soil nutrients and the stoichiometric
characteristics in different vegetation zones. Regressions were
linear for the latitudinal patterns of leaf C:N:P stoichiometry,
while nonlinear fits were used for the latitudinal patterns

of soil C:N:P stoichiometry. The Pearson coefficient test was
used to measure the correlation between leaf and soil C:N:P
stoichiometry and climatic variables. The figures were conducted
using Origin 9.0. The plant leaf and soil nutrients concentrations
were expressed as mg·g−1 on a dry mass basis, and all of the C:N:P
stoichiometric ratios in leaves and soil were mass ratios.

RESULTS

Patterns of Soil C, N, and P
Concentrations and Ratios Along
Latitudinal Gradients
As seen from parts A and B of Figure 3, the concentrations
of the soil C and the soil N at all three depths tended to
decline exponentially along the latitudinal gradients, and all of
the regression equations reached significant levels (P < 0.01). In
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FIGURE 2 | Climatic features of the sampling sites.

contrast, with increasing latitude, the concentrations of soil P in
the three soil layers were significantly diminished by the binomial
approach (P < 0.01) (Figure 3C). The patterns for the soil C:N
ratios showed poor performance; however, only the 20–40 cm
soil layers significantly decreased along the latitudinal gradients
(P < 0.01) (Figure 3D). The patterns for the soil C:P and N:P
ratios were similar to those of the soil C and N concentrations
(Figures 3E,F), and an exponential regression equation was
suitable for the trend of the soil C:P and N:P ratios variations in
all three soil depths, while the soil N:P ratio (20–40 cm) was not
noticeable in the exponential regression (P > 0.05).

To further explore this difference, we compared the differences
in the soil nutrients between the four different vegetation zones in
the 0–40 cm soil layer (Table 3). The soil C and N concentrations
of the three soil layers in the FO were the highest, while the
soil P concentrations of the three soil layers in the FS were the
highest among the four vegetation zones. The concentrations of
total soil C and total soil N in the 0–10 cm soil layer varied
with a ranking of FO > FS > ST ≈ SD; similarly, a ranking
of FO > FS ≈ ST > SD was presented in the 20–40 cm soil
layer for the concentrations of the total soil C and the total
soil N. Furthermore, the concentrations of total soil P in all
three soil layers had the same varied trend in all four vegetation
zones: FS > FO ≈ ST > SD. The C:N ratio of 20–40 cm and
the N:P ratio of 0–10 cm showed obvious differences in the
four vegetation zones, but the ratios of C:P showed a significant
difference in the 0–10 and 20–40 cm soil layers of the four
vegetation zones.

Patterns of Leaf C, N, and P
Concentrations and Ratios Along
Latitudinal Gradients
The leaf C, N, and P nutrient patterns in Figure 4 show
that the latitudinal gradient had a significant effect on the
leaf total C, total N and total P concentrations. There was
an obviously different trend between the leaf C concentrations

and the leaf N, P concentrations along the latitudinal gradient.
With the increase of latitude, the leaf C concentrations
remarkably decreased (r2 = 0.794, P < 0.001) (Figure 4A),
while the leaf N, P concentrations apparently increased
(r2 = 0.845, P < 0.001; r2 = 0.850, P < 0.001) (Figures 4B,C).
Furthermore, the patterns for the leaf C:N ratios (Figure 4D)
and C:P ratios (Figure 4E) were similar to that for the
leaf C concentrations (Figure 4A). The relationship between
the leaf N:P and the latitude, however, was not significant
(r2 = 0.085, P = 0.723) (Figure 4F). Furthermore, our analysis
of variance on the leaf nutrients and the C:N:P characteristics
stoichiometry was consistent with the observation results
above (Table 4).

Relationships Between the Soil Nutrients
and the Leaf Stoichiometry
There were significant differences in the correlations among
different soil layer C, N, P concentrations, the leaf C, N,
P concentrations and the C:N:P stoichiometric characteristics
(Table 5). Overall, the different soil layers of the C, N,
P concentrations were positively correlated with the leaf C
concentrations, while being negatively correlated with the leaf
N, P concentrations (except the soil P concentrations). The
correlation between the leaf N:P and the different soil layer
C, N, P nutrient concentrations was weakly (P > 0.05),
while the different soil layer C, N, P nutrient concentrations
and leaf C:N, and C:P stoichiometric characteristics showed a
significant or extremely significant positive correlation. More
interestingly, a significantly positive correlation with the soil
total phosphorus concentration in different soil layers, the leaf
C concentrations (P < 0.01), and the leaf N, P concentrations
were not significant (P > 0.01). The correlation analysis between
the soil and leaf stoichiometric characteristics in Figure 5
shows that the soil C:N ratio of 20–40 cm was significantly
correlated with the leaf C:N ratio (P < 0.01), and the ratios
of soil C:P at all three depths were significantly correlated
with the leaf C:P ratio. In contrast, there was no significant
correlation between the soil N:P ratios at all three depths and the
leaf N:P ratio.

Relationships Between Leaf and Soil
Nutrient Traits With Climatic Variables
Leaf C, C:N, and C:P ratios were positively correlated with
MAT (r = 0.783, P < 0.01; r = 0.918, P < 0.01; r = 0.887,
P < 0.01) and MAP (r = 0.693, P < 0.01; r = 0.922, P < 0.01;
r = 0.820, P < 0.01), leaf N and P were negatively correlated with
MAT (r = −0.876, P < 0.01; r = −0.871, P < 0.01) and MAP
(r = −0.915, P < 0.01; r = −0.851, P < 0.01), while leaf N:P
ratios were weakly correlated with MAT and MAP (P > 0.05).
For soil nutrient traits, the soil C, N, C:P, and N:P ratios at
all three depths (0–10, 10–20, and 20–40 cm) were positively
correlated with MAT (r = 0.592–0.842, P < 0.05) and MAP
(r = 0.592–0.814, P < 0.05), while the soil P and C:N ratios
at all three depths were weakly correlated with MAT and MAP
(P > 0.05) (Table 6).
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FIGURE 3 | Summary of the regression analyses for soil C:N:P stoichiometry along latitudinal gradients.

DISCUSSION

The Latitudinal Patterns of Soil C:N:P
Stoichiometry in Response to Climate
In the current study, the soil C and soil N concentrations in
different soil layers showed an exponential decrease as latitude

increased, which was consistent with previous findings (Wu
et al., 2003; Yang et al., 2007; Zhu et al., 2013). Nitrogen in the
soil mainly depends on the accumulation and decomposition
of organic matter, which was positively correlated with the soil
organic matter, and consequently, the soil N and soil C showed
consistent spatial distribution patterns. A possible explanation
for the pattern of the C:N ratios were weakly correlations with
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TABLE 3 | The concentrations of soil nutrients and the soil ecological stoichiometry.

Vegetation

Soil layer zone types C content (g/kg) N content (g/kg) P content (g/kg) C:N ratio C:P ratio N:P ratio

0–10 cm FO 11.53 ± 3.38a 1.14 ± 0.25a 0.81 ± 0.04b 9.57 ± 1.16a 14.31 ± 4.26a 1.42 ± 0.33a

FS 6.70 ± 1.70ab 0.96 ± 0.36ab 1.05 ± 0.10a 8.13 ± 1.74a 6.61 ± 1.89ab 0.99 ± 0.40ab

ST 3.04 ± 1.16b 0.34 ± 0.09b 0.76 ± 0.09b 8.12 ± 1.41a 3.65 ± 1.10b 0.42 ± 0.72b

SD 2.06 ± 0.38b 0.25 ± 0.07b 0.49 ± 0.09c 8.98 ± 1.46a 4.20 ± 0.82b 0.52 ± 0.15ab

10–20 cm FO 4.86 ± 0.89a 0.61 ± 0.06a 0.75 ± 0.22b 7.87 ± 0.75a 6.52 ± 1.30a 0.81 ± 0.89a

FS 4.41 ± 1.22a 0.60 ± 0.17a 0.96 ± 0.07a 7.42 ± 0.18a 4.83 ± 1.59a 0.66 ± 0.22a

ST 2.89 ± 1.14a 0.31 ± 0.10ab 0.74 ± 0.77b 9.08 ± 1.28a 3.64 ± 1.19a 0.39 ± 0.11a

SD 1.89 ± 0.14a 0.22 ± 0.01c 0.53 ± 0.30c 8.44 ± 0.31a 3.56 ± 0.41a 0.42 ± 0.03a

20–40 cm FO 3.33 ± 0.51a 0.37 ± 0.46a 0.72 ± 0.02b 8.91 ± 0.24a 4.65 ± 0.78a 0.52 ± 0.07a

FS 2.78 ± 0.47ab 0.35 ± 0.57ab 0.96 ± 0.54a 7.96 ± 0.10ab 3.02 ± 0.72ab 0.38 ± 0.09a

ST 2.36 ± 0.83ab 0.33 ± 0.05ab 0.71 ± 0.04b 6.50 ± 1.58ab 3.17 ± 1.00ab 0.46 ± 0.05a

SD 0.94 ± 0.29c 0.19 ± 0.01c 0.53 ± 0.03c 4.75 ± 1.29c 1.72 ± 0.43b 0.37 ± 0.02a

Means with different small letters were significantly different at the 0.05 level for different vegetation zones at the same soil layer.

the latitude in that the trends for the soil N with respect to the
latitude were general similar to the trends for soil C, which also
verified the relative stability of the soil C:N ratios in different
ecosystems (Tian et al., 2010). Previous findings have suggested
that the concentrations of soil C and soil N were determined by
the relative size of the input and output quantities of soil organic
matter and nitrogen (Trumbore et al., 1996); meanwhile, the
climate (temperature and precipitation) and the soil formation
are main factors that affect the characteristics of the soil ecological
chemometrics (Tian et al., 2010). The results of correlation
analysis showed that the concentrations of soil C and N in all
three soil depths (0–10, 10–20, and 20–40 cm) were significantly
correlated with MAP and MAT (P < 0.05) (Table 6), which
indicated that the soil C and N were influenced by biological
action under natural conditions. In this area, the temperature
and rainfall showed a significant downward trend with increasing
latitude, which resulted in high P leaching rate and weathering
rate. At the same time, the high species diversity and productivity
of the FO and the FS maintained relatively high soil C and
N concentrations (Table 2), which gave these regions higher
C:P and N:P ratios. However, the dry and cool climate regime
in the ST and in the SD resulted in low species diversity and
productivity (Table 2), lower soil C and N concentrations and
low P leaching rate. Hence, the soil organic carbon and the
total nitrogen displayed a decreasing trend with the latitudinal
gradients. In addition, this was demonstrated in a number
of studies that showed that the soil C and N concentrations
decreased with the increase in soil depth (Drahorad et al., 2013;
Gao and Cheng, 2013).

In contrast, the spatial variability of soil P is relatively smaller
than that of soil C and N in our study. As mentioned above, high
P leaching rate in the FO and the FS resulted in decreasing of
soil P concentrations and high productivity and abundant litter
transported more nutrients for the soil, promoting accumulation
of the soil C, N, and P (Muller, 2014). Lower productivity in
the ST and in the SD led to reduced nutrient input, which
gave these regions relatively low soil P concentrations. Based
on an inventory data set of 2,384 soil profiles, Tian et al.

(2010) found that the soil P concentrations were affected by a
series of factors such as the parent material, climate, biology,
and geochemical processes in the soil. Our previous studies
suggested that the soil P concentrations at all three depths were
weakly correlated with MAT and MAP (P > 0.05) which this
weak relationship probably be attributed to the smaller scale
in this study.

The Latitudinal Patterns of Leaf C:N:P
Stoichiometry in Response to Climate
Considerable research efforts have been devoted to investigate
the geographical pattern of plant nutrient elements and its
relationship with environmental factors at local, regional, or
global scales. The leaf C concentrations sharply decreased with
the increasing latitude. A better explanation for this decline
is that the plants overcame stress conditions (the temperature
increase aggravates soil aridity with the decline of latitude) by
increasing their structural carbon compounds (cellulose, lignin,
cutin, and waxes) (Bussotti et al., 2000). Reich and Oleksyn
(2004) revealed that global leaf N and P concentrations increased
and N:P ratios decreased with increasing latitude (or decreasing
mean annual temperature, MAT). The concentrations of leaf
N and P showed an increasing trend along the latitudinal
gradients, which is a phenomenon that can be explained
well by the Temperature-Plant Physiological Hypothesis (Reich
and Oleksyn, 2004). In contrast, Han et al. (2005) and Ren
et al. (2007) revealed similar research findings in China at
the regional scale, but the differences were that N:P ratio
was weakly correlated with the latitude and the MAT. In
addition, Zheng and Shangguan (2007) found that C:N and
C:P ratios in the leaves of the Loess Plateau were not related
to the latitude and the MAT, but N/P increased with the
increasing latitude and was not correlated with MAT. In this
study, leaf C, C/N, and C/P ratios decreased as the latitude
increased and MAT and MAP decreased, and leaf N, P
concentrations increased as the latitude increased and MAT
and MAP decreased, while leaf N/P ratio was unrelated to
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FIGURE 4 | Summary of the regression analyses for leaf C:N:P stoichiometry along latitudinal gradients.

TABLE 4 | The concentrations of the leaf nutrients and the leaf ecological stoichiometry.

Vegetation zone types C content (g/kg) N content (g/kg) P content (g/kg) C:N ratio C:P ratio N:P ratio

FO 469.70 ± 5.41a 20.45 ± 0.88c 1.22 ± 0.07c 23.1 ± 1.27a 388.46 ± 24.85a 16.80 ± 0.62c

FS 493.06 ± 10.49a 25.20 ± 0.93b 1.27 ± 0.04bc 19.67 ± 0.99b 390.31 ± 20.72a 19.94 ± 0.99a

ST 430.47 ± 9.50b 27.10 ± 1.40b 1.44 ± 0.04b 16.00 ± 0.85c 300.92 ± 13.56b 18.65 ± 0.85ab

SD 356.76 ± 12.30c 31.96 ± 0.93a 1.62 ± 0.08a 11.2 ± 0.51d 220.91 ± 13.65c 19.71 ± 0.40a

Means with different small letters were significantly different at the 0.05 level for different vegetation zones.
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TABLE 5 | Correlation coefficients between the leaf stoichiometry characteristics and the soil nutrients.

0–10 cm 10–20 cm 20–40 cm

Soil C Soil N Soil P Soil C Soil N Soil P Soil C Soil N Soil P

Leaf C 0.567∗ 0.671∗ 0.782∗∗ 0.653∗ 0.710∗∗ 0.723∗∗ 0.685∗ 0.675∗ 0.775∗∗

Leaf N −0.668∗ −0.648∗ −0.511 −0.691∗ −0.696∗ −0.48 −0.757∗∗ −0.630∗ −0.36

Leaf P −0.736∗∗ −0.637∗ −0.458 −0.684∗ −0.714∗∗ −0.514 −0.712∗∗ −0.772∗∗ −0.456

Leaf C:N 0.749∗∗ 0.771∗∗ 0.609 0.777∗∗ 0.784∗∗ 0.532∗ 0.791∗∗ 0.746∗∗ 0.468

Leaf C:P 0.756∗∗ 0.823∗∗ 0.659∗ 0.755∗∗ 0.794∗∗ 0.619∗ 0.758∗∗ 0.771∗∗ 0.629∗

Leaf N:P −0.127 −0.078 0.053 −0.267 −0.194 −0.007 −0.338 −0.209 0.223

∗Correlation is significant at the 0.05 level (2-tailed), ∗∗Correlation is significant at the 0.01 level (2-tailed).

FIGURE 5 | Relationships between the soil and leaf C:N:P stoichiometry.

the latitude, MAT. and MAP (Figure 4 and Table 6). Possible
reasons for this inconsistency may be attributed to the difference
of research scales and sample size. Our study had a smaller
geographical range with its latitudes ranging from 36 to 39◦N
and its sample size was much smaller than that in other
scholars’ studies.

Furthermore, to deeply reveal the level of the leaf nutrients
and the leaf C:N:P characteristics of the herbaceous vegetation

of the Loess Plateau, we compared the results of this study with
other scholars’ findings and found that the leaf C concentrations
of herbaceous plants in the Loess Plateau were significantly
lower than that of the average global level of Elser et al.
(2000a), which was consistent with the results of Zheng and
Shangguan (2007) for the leaf C concentrations in the Loess
Plateau. Furthermore, the leaf N concentrations of herbaceous
plants on the Loess Plateau were significantly higher than the
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TABLE 6 | Correlation coefficients between leaf, soil nutrient traits, and climatic variables in the Loess Plateau of China.

Leaf MAT MAP 0–10cm Soil MAT MAP 10–20cm Soil MAT MAP 20–40cm Soil MAT MAP

C 0.783∗∗ 0.693∗∗ C 0.842∗∗ 0.814∗∗ C 0.646∗∗ 0.619∗∗ C 0.678∗∗ 0.672∗∗

N −0.876∗∗ −0.915∗∗ N 0.802∗∗ 0.734∗∗ N 0.730∗∗ 0.649∗∗ N 0.625∗ 0.604∗

P −0.871∗∗ −0.851∗∗ P 0.465 0.39 P 0.412 0.339 P 0.427 0.308

C/N 0.918∗∗ 0.922∗∗ C/N 0.066 0.131 C/N −0.298 −0.182 C/N 0.335 0.526

C/P 0.877∗∗ 0.820∗∗ C/P 0.778∗∗ 0.774∗∗ C/P 0.592∗ 0.592∗ C/P 0.629∗ 0.666∗∗

N/P −0.342 −0.464 N/P 0.759∗∗ 0.724∗∗ N/P 0.697∗∗ 0.640∗ N/P 0.434∗ 0.492∗

∗Correlation is significant at the 0.05 level (2-tailed), ∗∗Correlation is significant at the 0.01 level (2-tailed).

level at the global scale (Reich et al., 1999; Elser et al., 2000a),
but were also slightly higher than that found on the Loess
Plateau by Zheng and Shangguan (2007). Herbs generally absorb
highly mobile mineral nitrogen (such as nitrate nitrogen and
ammonium nitrogen), which can be used to improve the level of
leaf N nitrogen concentrations directly. The influence of hydro-
thermal factors increased the mineralization rate of soil N on
the Loess Plateau, thereby increasing the leaf N concentrations
of herbaceous plants (Heerwaarden et al., 2010). In recent years,
the soil available nitrogen increased due to the increase of
nitrogen deposition (Galloway et al., 2008), and it also promoted
the leaf N concentrations of herbaceous plants. Furthermore,
the leaf P concentrations of herbaceous plants on the Loess
Plateau were significantly lower than that at the global scale
(Reich et al., 1999; Elser et al., 2000a), but were also slightly
lower than that at the Loess Plateau (Zheng and Shangguan,
2007) scale and at the China national scale (Han et al., 2005).
This reveals that the P concentrations of herbaceous plants
on the Loess Plateau scale and even on the China national
scale were still kept at a fairly low level. Studies have showed
that, serious soil erosion causes great losses of plant nutrients,
which may lead to herbaceous plants on the Loess Plateau to
be at low phosphorus levels (Zheng and Shangguan, 2007).
In brief, compared with the global scale, the Loess Plateau
is characterized by lower C, P concentrations and higher N
concentrations for herbaceous leaves, which results in lower leaf
C:N ratio and higher C:P and N:P ratios than those of the
global scale.

Relationships Between Leaf and Soil
C:N:P Stoichiometry
Plant and soil, as different components in the biogeochemical
cycle, are closely linked and interact with each other; however, a
few examples have been reported to show how the concentrations
of C, N, and P in soil were related to their concentrations in plants
(Jobbágy and Jackson, 2001; Yu et al., 2010). Our results show that
there was strong links between leaf C:N:P stoichiometry and soil
properties (except for soil P), which is consistent with previous
studies (Han et al., 2005; Zeng et al., 2016). Generally, the
absorption and utilization of soil nutrients is the main purpose
for the output of soil available nutrients. The soil and herbaceous
plants achieve and maintain a balanced proportion of elements
through the dynamic exchange of nutrient supply and demand.
In this report, the soil P concentrations were not positively related
to the leaf N, P concentrations, which confirmed to the results of

Yang et al. (2018). According to the correlation analysis between
the soil and leaf stoichiometric characteristics, we found that the
soil C:P ratios in all three depths were significantly related to the
leaf C:P ratios. This observation is mainly related to an extremely
significant positive correlation between the soil P concentrations
in all three depths and the leaf C concentrations (Table 5).
Moreover, the dynamics of the plant leaf nutrients are primarily
restricted by the soil P supply on the Loess Plateau, which we will
discuss below. Furthermore, the soil C:N ratio of 20–40 cm was
significant correlated with the leaf C:N ratios, probably because
the soil C and N concentrations in the 0–10 and 10–20 cm soil
layers varied greatly.

The leaf N:P ratios were used as an indicator of the
N-limitation or P-limitation in the ecosystems; i.e., N:P ratios
<14 suggest N limitation, and N:P ratios >16 suggest P limitation
(Güsewell, 2010). In this study, the average N:P ratios of the four
vegetation zones were all higher than 16 (Table 4), which also
suggested an increase in the P limitation in the Loess Plateau
compared with the results of a global scale study (Elser et al.,
2000a; Reich and Oleksyn, 2004). Therefore, further research
should pay more attention to the transformation of the soil
nutrient-limited elements and the interactions among the C:N:P
stoichiometry in the plant-soil systems, especially for large-scale
vegetation restoration projects on the Loess Plateau.

CONCLUSION

Our study provided a complete picture of the spatial patterns of
the C, N, and P elements of leaves and the soil stoichiometry
along the latitude of the Loess Plateau. The results suggested that
the soil C, N, P, and C:N:P ratios at all three depths (0–10, 10–
20, and 20–40 cm) showed significant latitudinal trends (except
for soil C:N ratios) (P < 0.01). In general, the soil C, N, and
C:N:P ratios decreased exponentially while soil P increased first
and then decreased with the latitude. The soil C, N, C:P, and
N:P ratios at all three depths (0–10, 10–20, and 20–40 cm) were
positively correlated with MAT and MAP (P < 0.05), while soil
P and C:N ratios at all three depths were weakly correlated with
MAT and MAP (P > 0.05). In addition, leaf C:N:P stoichiometry
was significantly correlated with the latitude, MAT, and MAP
(except for N:P ratios) (P < 0.01), such that, leaf C, C:N, and
C:P ratios decreased as the latitude increased and MAT and
MAP decreased, and leaf N, P concentrations increased as the
latitude increased and MAT and MAP decreased, while leaf
N:P ratios were weakly correlated with the latitude, MAT, and
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MAP (P > 0.05). In addition, the leaf C:N:P stoichiometry of the
herbaceous communities is related to the soil properties (except
for soil P), and we found that the soil and plant C:P ratios are
strongly related, which indicated strong links among the C:N:P
stoichiometry in leaves and the soil properties. Compared with
the vegetation of global scale, the vegetation of the Loess Plateau
is more susceptible to P limitation.
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Nitrogen (N) partitioning between plant and soil pools is closely related to biomass
accumulation and allocation, and is of great importance for quantifying the biomass
dynamics and N fluxes of ecosystems, especially in low N-availability desert
ecosystems. However, partitioning can differ among species even when growing in
the same habitat. To better understand the variation of plant biomass allocation and N
retention within ephemeral and annual species we studied the responses of Malcolmia
Africana (an ephemeral) and Salsola affinis (an annual) to N addition, including plant
growth, N retention by the plant and soil, and N lost to the environment using 15N
(double-labeled 15NH4

15NO3 (5.16% abundance) added at 0, 0.8, 1.6, 3.2, and 6.4 g
pot−1, equivalent to 0, 15, 30, 60, and 120 kg N ha−1) in a pot experiment. Higher
N addition (N120) inhibited plant growth and biomass accumulation of the ephemeral
but not the annual. In addition, the aboveground:belowground partitioning of N (the
R:S ratio) of the ephemeral decreased with increasing N addition, but that of the
annual increased. The N input corresponding to maximum biomass and 15N retention
of the ephemeral was significantly less than that of the annual. The aboveground and
belowground retention of N in the ephemeral were significantly less than those of the
annual, except at low N rates. The average plant–soil system recovery of added 15N by
the ephemeral was 70%, significantly higher than that of the annual with an average of
50%. Although the whole plant–soil 15N recovery of this desert ecosystem decreased
with increasing N deposition, our results suggested that it may vary with species
composition and community change under future climate and elevated N deposition.
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INTRODUCTION

Nitrogen (N) limitation of net primary productivity in
terrestrial ecosystems is globally distributed, including desert
ecosystems (LeBauer and Treseder, 2008; Yahdjian et al., 2011).
A meta-analysis showed that N addition could significantly
increase aboveground net productivity of water-limited, i.e.,
desert and semi-arid ecosystems (Yahdjian et al., 2011). However,
the critical loads for N deposition in desert ecosystems are
thought to be lower than those for other ecosystems due to
their N-poor status and low biomass (Fenn et al., 2010). It
has been suggested that desert ecosystems are particularly
susceptible to small increases in N inputs due to the sensitivity
of desert plants to N. However, different desert plant species
or plant-functional types have different growth responses
to N. In the Mojave Desert, for example, increased N input
from atmospheric deposition or from other sources at a rate
of 3.2 g N m−2 yr−1 decreased the biomass of native annual
plants but increased the density and biomass of alien annual
plants (Brooks, 2003). In a pot and field experiment in the
Gurbantuggut Desert, ephemeral biomass significantly increased
and its allocation to roots significantly decreased with N
application compared with annuals (Zhou et al., 2011, 2014). In
response to chronic N addition in a temperate desert ecosystem,
biomass change was non-linear and N rate-dependent: low and
intermediate levels of N increased biomass but high levels (24 g
N m−2 yr−1) suppressed biomass, mainly through suppressing
the composition of annuals in the community (Zhou et al.,
2018). Although research has concluded that an increase in N
deposition would favor ephemeral composition in a temperate
desert community, it is still difficult to know whether high levels
of N have a positive or negative effect on growth and biomass
allocation of fast-growing ephemerals and slow-growing annuals
if growing separately rather than in a mixed community. Since
plant growth and biomass allocation is closely related to N
remaining in the plant–soil system and the N allocation between
plant and soil pools (Templer et al., 2012), knowledge of biomass
accumulation and allocation in desert plants under different
N additions is crucial to quantifying ecosystem dynamics and
ecosystem N fluxes.

Excess N addition can cause nutrient imbalance and reduce
ecosystem productivity, once N supply exceeds the amount
needed for plant growth (Homyak et al., 2014). A recent 15N
labeled experiment showed that the total added N recovery
of a Haloxylon ammodendron dominated desert ecosystem in
the Gurbantunggut desert was on average 52%; ephemerals
contained almost 86% of the N retained in the herbaceous layer
(which included ephemerals, annuals and perennials) (Cui et al.,
2017). Another study also demonstrated that ephemerals retained
more N than summer annuals due to their relatively higher
density and biomass in a temperate desert ecosystem (Huang
et al., 2016). The higher 15N retention of ephemerals might be
due to their higher capacity for N uptake or their domination
in the community, or to their larger biomass than annuals. In
N-limited grassland soils, fast-growing species can take up more
N than slow-growing species (Harrison et al., 2008). Plant–soil
15N retention was found to be determined by the proportion of

herbs, dominant plant traits, and the phenology of the plants by
Mauritz et al. (2014) and De Vries and Bardgett (2016). However,
the relationship of plant N retention and plant–soil recovery of N
in desert plants with different growth strategies under certain N
addition levels is not clear.

The Gurbantunggut Desert, located in Northwest China in
Central Asia, is a typical temperate desert. Shrubs and densely
distributed herbs are the dominant species (Angert et al.,
2007). Ephemerals are the main species in the herbaceous
layer (which includes ephemerals, ephemeroids, annuals and
perennials), accounting for more than 80% of the plant biomass
(Huang et al., 2016). Due to increased anthropogenic activities,
especially farming, the area surrounding the Gurbantunggut
Desert has received large amounts of N from atmospheric
deposition (Li et al., 2012; Liu et al., 2013; Xu et al., 2015).
We hypothesize that ephemerals and annuals will respond
differently to this extra N because of their differing growth
strategies. To test our hypotheses, we chose two of the most
typical native species of Central Asian Desert ecosystems,
Malcolmia africana and Salsola affinis to compare. M. Africana
is a fast-growing and “opportunistic” ephemeral species; in
contrast, S. affinis is a slow-growing and “conservative” annual
species. We hypothesized that (1) high N addition would
inhibit the growth and biomass accumulation of the ephemeral,
and decrease the aboveground:belowground partitioning of N
(the R:S ratio) of the ephemeral; (2) the ephemeral, with a
shorter growing cycle and higher relative growth rate, would
take up and retain significantly more N than the annual
with its longer growing cycle; (3) the plant–soil recovery
of N in the ephemeral would be significantly higher than
that of the annual.

MATERIALS AND METHODS

Plant Material
Malcolmia Africana is an ephemeral belonging to the family
Brassicaceae, an “opportunistic” C3 species, whose germination,
growth, flowering and fruiting and entire life cycle is highly
dependent on precipitation and temperature (Yuan and Tang,
2010). In general, ephemerals can take advantage of water
and available nutrients to complete their growing cycles
before high temperature and drought can restrict growth,
and reach peak biomass in late May (Yuan and Tang, 2009).
S. affinis is an annual and “conservative” species belonging
to the family Chenopodiaceae. It is a C4 species whose
photosynthetic and water utilization pathway is more favorable
for survival and growth and has evolved in plants under
the stresses of high temperature and drought conditions (Su
and Xie, 2011). Annuals generally have slower growth rates
and a longer growing season (from March to October), with
peak biomass in mid-August (Wang et al., 2006). Seeds
of M. africana and S. affinis were collected in June and
October in 2015, respectively, from the southern edge of
the Gurbantunggut Desert. After air-drying, the seeds were
stored at ambient temperature (20–25◦C) until the experiment
began in April 2016.
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Experimental Site and Design
The experiment was carried out at Fukang Station of Desert
Ecology, Chinese Academy of Sciences, on the southern edge
of the Gurbantunggut Desert (44

◦

30′ N, 87
◦

45′ E and 460 m
a.s.l.). To compare the effect of N addition on the growth and
N retention of ephemeral and annual herbs, a pot experiment
was conducted, focusing on the two typical desert plant species
described above. The experiment comprised five N rates [no
N (N0), 15 kg N ha−1 (N15), 30 kg N ha−1 (N30), 60 kg N
ha−1 (N60) and 120 kg N ha−1 (N120)] with ten replicates of
each treatment. The N30 rate approximated to the current N
deposition in the study area (35.4 kg N ha−1 yr−1) (Li et al.,
2012; Song, 2015). N15 simulated a low N deposition; N60 and
N120 higher depositions, following the prediction that global
N deposition will double by 2050 relatively to the early 1990s
(Galloway et al., 2008).

Surface soil (0–20 cm) from where the seeds were collected
was used as the growth substrate. The soil samples were
combined and thoroughly mixed. Soil physical and chemical
properties are described in Supplementary Table S1. Fifty
plastic pots (26 cm diameter and 19 cm depth) were filled
with 8 kg soil for each species, and 20 seeds sown in each
pot on 9 April 2016, maintaining the same seeding and
germination schedule as in the field. All pots were placed
in a controlled-environment greenhouse at Fukang Station at
30/11◦C day/night temperature regime and a photosynthetic
photo flux density of 1600 µmol−1 s−1 m−2 at midday. The
relative air humidity ranged from 35 to 60%.

The pots were well watered with distilled water to achieve field
capacity before the seeds sprouted. After establishment, some
25 days after sowing, the seedlings were thinned to 6 plants
per pot to reduce competition for nutrients. The corresponding
amount of 15NH4

15NO3 fertilizer (5.16% abundance, Shanghai
Research Institute of Chemical Industry) was calculated for each
treatment based on the pot soil surface area and 0, 0.8, 1.6,
3.2, and 6.4 g N pot−1 added for the N0, N15, N30, N60, and
N120 treatments, respectively. The fertilizer was dissolved in
100 mL distilled water and the solution applied once with an
injector inserted into soil at 5 cm depth at the four corners of
the pot. Soil in all pots was then maintained at 60–70% of field
capacity and the pots moved randomly each week to minimize
any effects of position.

Sampling and Analysis
Six plants from each pot were harvested shortly after flowering
(time of peak biomass) to measure plant growth and biomass
allocation. The samplings were at 72 and 149 days after sowing
M. africana and S. affinis, respectively, and were taken to
represent the growing season length of the plants. Prior to
harvest, the aboveground plant growth parameters including
height, number of leaves and branches of each plant were
recorded. The aboveground parts were then clipped with
scissors and separated into stems and leaves. Following harvest,
soil samples to 16.5 cm were carefully collected away from
the taproot with a miniature auger (1 cm diameter). These
samples were stored at <4◦C in a refrigerator before analysis.
All the soil samples from the pots were then washed with

water to obtain coarse and fine roots, and the length of the
longest root was measured and the number of lateral roots
recorded. To calculate the biomass of stem, leaf, coarse roots
and fine roots, all plant materials were oven-dried at 105◦C
for half an hour and then at 65◦C for 48 h to a constant
weight. After weighing, stems and leaves were mixed as the
aboveground parts and ground to <0.25 mm in a high speed
ball mill for analysis of total aboveground N content on an
elemental analyzer (Vario Max CN, Elementar, Germany) and
15N abundance by mass spectrometry (Delta Plus XP, Thermo
Finnigan, Pittsburg, PA, United States). The coarse and fine
roots were combined as the belowground parts and analyzed
in the same way. The fresh soil samples were air-dried, finely
ground and sieved through <0.25 mm to measure total N content
by elemental analysis as above and 15N abundance by mass
spectrometry as above.

The percentage of N applied recovered in the aboveground
and belowground parts of the plants and in the soil were
calculated using the following equations (De Vries and Bardgett,
2016; Cui et al., 2017), with 15N atom% excess corrected for
background abundance (0.3663%; Cabrera and Kissel, 1989).

(1) Applied N (Ndff) in the plant (kg N ha−1) = (plant
N (g kg−1) × biomass (g pot−1) × 10−2/0.053 (m2

pot−1))× 15Nplant atom% excess/15Nfertilizer atom% excess
(2) Applied N (Ndff) in soil (kg N ha−1) = (soil N (g

kg−1) × soil weight (g pot−1) × 10−2/0.053 (m2

pot−1))× 15Nsoil atom% excess/15Nfertilizer atom% excess
(3) Fertilizer N recovery (%) = Ndff/15N rate× 100

Statistical Analysis
The effects of N on plant growth characteristics, biomass
production and allocation, N content, 15N abundance, N
retention and recovery in M. africana and S. affinis were
examined by two-way ANOVA with SAS V8 software (Version
8.0, SAS Institute Inc., Cary, NC, United States). A significant
effect was determined as LSD at P < 0.05. Biomass and plant
N retention response curves to N rates, and N input values at
which maximum values of biomass and N retention occurred,
were calculated using a quadratic-plateau model in R 3.3.1 (R
Core Team, 2016) with packages “easyreg” and “er1” function
(R Core Team, 2016) (Supplementary R code). Structural
equation modeling (SEM) was used to test the direct and indirect
effects of growing season length and N rate on ecosystem N
retention (Supplementary R code). The model was constructed
based on the theoretical knowledge and criterion described by
De Vries and Bardgett (2016). SEM was performed with the
“specifyModel” function in the “SEM” package of R 3.3.1 (R Core
Team, 2016). All figures were drawn with Origin software 2015
(Origin Lab, Northampton, MA, United States).

RESULTS

Plant Growth
Plant height, branch number, leaf number, root length and lateral
root number were significantly different between M. africana
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TABLE 1 | Two-way ANOVA analyses of species and N treatment on plant
morphology and biomass partitioning.

Dependent variable Independent
variable

Df F-value P-value

Plant height Species 1 4024.42 < 0.0001

Treatment 4 115.08 < 0.0001

Branch number Species 1 841.52 < 0.0001

Treatment 4 96.3 < 0.0001

Leaf number Species 1 832.26 < 0.0001

Treatment 4 13.57 < 0.0001

Root length Species 1 134.88 < 0.0001

Treatment 4 2.69 0.03

Lateral root number Species 1 470.72 < 0.0001

Treatment 4 5.52 0.0002

Leave biomass Species 1 608.64 < 0.0001

Treatment 4 42.57 < 0.0001

Stem biomass Species 1 568.84 < 0.0001

Treatment 4 35.92 < 0.0001

Coarse root biomass Species 1 28.13 < 0.0001

Treatment 4 27.53 < 0.0001

Fine root biomass Species 1 70.6 < 0.0001

Treatment 4 34.09 < 0.0001

Aboveground biomass Species 1 657.32 < 0.0001

Treatment 4 44.32 < 0.0001

Belowground biomass Species 1 73.16 < 0.0001

Treatment 4 35.85 < 0.0001

R:S Species 1 371.29 < 0.0001

Treatment 4 9.96 < 0.0001

and S. affinis at each N rate (Table 1). Plant height, branch
number and leaf number of S. affinis were significantly higher
than those of M. Africana, whereas root length and lateral
root number of S. affinis were significantly lower than those of
M. Africana (Figure 1 and Table 1). For M. Africana, except
for root length, low and moderate amounts of N (N15 and
N30) significantly enhanced plant height, branch number, leaf
number and lateral root number compared with the control,
but high N rates (especially N120) significantly inhibited plant
growth compared with low and moderate N rates (N15 and N30)
(Figures 1A,C,E,G,I). For S. affinis, all plant growth parameters
increased with N addition (Figures 1B,D,F,H,J).

Biomass and Biomass Partitioning
All measured plant biomass fractions of S. affinis were
significantly higher than those of M. Africana (Table 1 and
Figure 2). The mean aboveground biomass of M. Africana and
S. affinis ranged from 7.7 to 19.1 g m−2, and from 36.2 to
115.4 g m−2, respectively. The mean belowground biomass of
M. Africana and S. affinis ranged from 9.2 to 12.0 g m−2,
and from 6.2 to 29.7 g m−2, respectively (Figures 2A,B). For
M. Africana, low and moderate N addition (N15 and N30)
significantly increased leaf, stem, fine root, coarse root biomass,
aboveground biomass and belowground biomass; however,
compared to the moderate N rate (N30), high N addition
(especially N120) significantly inhibited stem and coarse root

biomass (Figure 2A). For S. affinis, leaf, stem, coarse root,
fine root, aboveground biomass and belowground biomass were
all significantly enhanced by N addition (Figure 2B). The R:S
ratio of M. Africana decreased significantly with N addition
(Figure 2C); in contrast the R:S ratio of S. affinis increased with
N addition (Figure 2D).

Aboveground and belowground biomass N response curves
are shown in Figure 3. All curves fitted the quadratic-plateau
model well. The aboveground biomass and belowground biomass
of M. Africana were positively correlated with N addition up
to a threshold of 25.5 and 48.9 kg N ha−1 added, respectively.
Similarly, the aboveground biomass and belowground biomass
of S. affinis were also positively correlated with N addition up
to significantly higher thresholds of 37.5 and 77.0 kg N ha−1

added, respectively. The maximum aboveground biomass and
belowground biomass for M. Africana were 18.3 and 11.6 g m−2,
and for S. affinis were 115.9 and 26.4 g m−2, respectively.

N Retention Added 15N
ANOVA analysis showed that 15N retention in the aboveground
and belowground parts of the plants, in the soil and that lost,
significantly differed between M. Africana and S. affinis as well
as between treatments (Table 2). Except at low N addition
(N15), aboveground and belowground retentions of 15N in
S. affinis were significantly higher than those in M. Africana.
Response curves of aboveground and belowground 15N retention
of M. Africana and S. affinis are illustrated in Figure 4, showing
a good fit to the quadratic-plateau model. For M. Africana, the
relationships between aboveground retention and belowground
15N retention and N addition had maxima of 6.4 and 0.9 kg
N ha−1, respectively, at N additions of 42.1 and 37.3 kg
N ha−1, respectively. Similarly, S. affinis had maximum 15N
retentions of 21.6 and 2.0 kg N ha−1 in aboveground and
belowground parts at N applications of 114.9 and 21.6 kg N
ha−1, respectively. M. Africana retained significantly more N in
its aboveground and belowground components under moderate
and high N additions than under low N addition. However,
there were no significant differences between the N30, N60 and
N120 treatments. 15N retained in the soil and lost from the
plant–soil system of M. Africana increased significantly with
increasing N applied (Table 2). For S. affinis, N retention in the
aboveground and belowground components of the plant, in the
soil, and the amount lost, significantly increased with increasing
N rate (Table 2).

Application of the SEM suggested that the plant–soil 15N
retention was directly and indirectly affected by N rate and
the length of the growing season of the plants [χ2 = 1.57,
Df = 2, Pr (>χ2) = 0.457, AIC = 27.6, BIC = −5.81] (Figure 5).
Nitrogen addition can directly and indirectly affect plant–soil
15N retention through the 15N excess that remains in the soil
(the standardized indirect effect of excess 15N remaining in the
soil = 0.75× 0.58 = 0.435). In addition, the length of the growing
season can also directly and indirectly affect plant–soil 15N
retention through the aboveground biomass (the standardized
indirect effect of aboveground biomass on ecosystem 15N
retention = 0.95 × 0.52 = 0.494), and the 15N remaining in the
soil (the standardized indirect effect of 15N excess remaining in
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FIGURE 1 | Plant height, number of branches, number of leaves, root length, and number of lateral roots of M. africana (A,C,E,G,I) and S. affinis (B,D,F,H,J) for
each treatment. Bars represent means ± standard error (n = 10). Columns with different lowercase letters differ significantly at P = 0.05.

the soil on ecosystem 15N retention =−0.47× 0.58 =−0.273). In
general, the N addition rate was positively related to plant–soil
15N retention, whereas the length of growing season was
negatively related to plant–soil 15N retention.

N Recovery of Added 15N
The mean 15N recovery in the M. Africana and S. affinis plant–soil
systems was 70.1 and 50.2%, respectively. For M. Africana,
most of the 15N was retained in the soil or lost, whereas
for S. affinis most of the 15N was in the aboveground part
of the plants or lost (Figure 6). The recovery of 15N in

the soil under M. Africana was 52.0%, significantly higher
than that of S. affinis. In contrast, the recovery of 15N in
the aboveground and belowground parts of the plant and
the loss from M. Africana was significantly lower than that
of S. affinis. Recovery in the whole plant–soil system of
M. Africana was significantly higher than that of S. affinis
at the same N rate. Except for retention in the soil under
M. Africana, the recovery of 15N in the different components
of the two plant–soil systems significantly decreased with
increasing 15N addition, whereas losses significantly increased
with 15N addition.
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FIGURE 2 | Biomass partitioning (including leaf biomass, shoot biomass, coarse root biomass and fine root biomass) and R:S ratio of M. africana (A,C) and S. affinis
(B,D) at each N treatment. Bars represent means ± standard error (n = 10). Different lowercase letters above each column show values differ significantly at
P = 0.05, and different uppercase letters (with blue color) indicate that the total aboveground biomass (the sum of leaf biomass and shoot biomass) or belowground
biomass (the sum of coarse root biomass and fine root biomass) differ significantly at P = 0.05.

FIGURE 3 | Responses of aboveground and belowground biomass of M. africana (left) and S. affinis (right) to increasing N addition. The asterisks on the panel
represent the statistical results of the relationship, in which ∗, ∗∗, ∗∗∗, represent statistical significance at P < 0.05, P < 0.01, and P < 0.001, respectively.
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TABLE 2 | Fate of 15N applied to the plant–soil system of M. africana (ephemeral) and S. affinis (annual), and two-way ANOVA analyses of the effects of species and N
treatment on 15N partitioning in the plant–soil system.

Species Treatment 15N addition
(kg ha−1)

Aboveground
(kg ha−1)

Belowground
(kg ha−1)

Soil
(kg ha−1)

Loss
(kg ha−1)

M. africana N15 15 4.09 ± 0.37b 0.57 ± 0.08b 7.87 ± 0.9c 2.47 ± 0.58c

N30 30 5.96 ± 0.27a 0.85 ± 0.09ab 13.85 ± 1.38c 9.33 ± 1.38bc

N60 60 6.47 ± 0.41a 0.9 ± 0.12a 33.92 ± 3.68b 18.71 ± 3.65b

N120 120 6.39 ± 0.18a 0.88 ± 0.11a 63.51 ± 6.94a 49.23 ± 7.12a

S. affinis N15 15 4.06 ± 0.29d 0.65 ± 0.08c 4.52 ± 0.24c 5.78 ± 0.31d

N30 30 7.79 ± 0.56c 1.39 ± 0.14b 6.7 ± 0.62c 14.13 ± 1.05c

N60 60 16.55 ± 1.06b 2.28 ± 0.29a 11.31 ± 0.5b 29.86 ± 1.41b

N120 120 21.5 ± 2.41a 1.8 ± 0.19ab 19.91 ± 1.77a 76.8 ± 3.94a

Source (P-values) Species <0.0001 <0.0001 <0.0001 <0.0001

Treatment <0.0001 <0.0001 <0.0001 <0.0001

DISCUSSION

Growth and Biomass Responses to
N Addition
In arid and semi-arid ecosystems, water availability is the
main factor limiting plant growth, community composition
and community productivity (Yahdjian and Sala, 2006; Miranda
et al., 2009; Robertson et al., 2009). Nitrogen can become
the main limiting factor if drought stress is alleviated, and
extra N combined with enough water can then promote plant
growth and increase community productivity (Ladwig et al.,
2012; Fan et al., 2013). Our study confirmed this in both
the ephemeral and annual plants, as the pot experiment was
conducted with adequate water. However, the effect of N on
the growth and biomass of the ephemeral and annual differed.
High N addition had little effect or even inhibited plant growth
and biomass accumulation of M. Africana compared to S. affinis.
Wu et al. (2008) reported that adding large amounts of N did not
affect the height, basal diameter, leaf number, leaf area and
biomass of Sophora davidii (a shrub) seedlings, but root length
decreased with increasing N supply. Moderate amounts of extra
N promoted aboveground growth and root development, but
excess N decreased root growth or even damaged roots (Salih
et al., 2005; Wu et al., 2008). Similarly, the response curves also
provided direct evidence of the different response of the two
species to N addition (Figure 3). The N rate at which maximum
growth of the ephemeral was observed was significantly less than
that of the annual, which indicates that the ephemeral was more
sensitive to N than the annual. Similar results were found between
Japanese red pine and Japanese cedar: generally species grown in
nutrient-poor habitats were more sensitive to high N deposition
and its growth were significantly reduced under the highest N
treatment (Nakaji et al., 2001).

The allocation of biomass between aboveground and
belowground components of plants (the R:S ratio) is determined
by species, ontogenetic development and environmental change
(Poorter and Nagel, 2000). We found that the R:S ratio of the
ephemeral was significantly higher than that of the annual. This
difference was most likely due to the phenological differences
and the relative ability to adapt to growing conditions, i.e., the

environment. We found that the R:S ratio of the ephemeral
decreased with N input in accordance with the “functional
equilibrium” model (Poorter and Nagel, 2000; Poorter et al.,
2012), consistent with our original hypothesis. However, the
response of the R:S ratio of the annual plant to N addition did
not fit with the “functional equilibrium” model. In a study of
27 herbaceous species, Muller et al. (2000) found that the R:S
ratio of “opportunistic” species fitted the general relationship,
decreasing with nutrient input, whereas “conservative” species
from nutrient-poor habitats increased their R:S ratio under
higher nutrient inputs. Similarly, in the current study, the
ephemeral is an “opportunistic” and resource-exploitative species
whose adaptive capacity was less than that of “conservative”
and resource-conservative species. Therefore, the growth of
the ephemeral was inhibited under high N addition. Adaptive
responses in physiology and morphology may be the main
mechanism by which different species deal with environmental
change in their habitats (Patterson et al., 1997; Poorter et al.,
2012). The positive response of the R:S ratio of S. affinis to N also
supported our finding that the root morphology of the annual
could adapt to high N addition by increasing the number of
lateral roots as N input increased.

Response of Plant–Soil 15N Retention to
N Addition Rate
Added N significantly increased 15N retention in aboveground
and belowground parts of the plant, but this varied between the
species. In N-limited ecosystems, grassland species with different
growth strategies also showed species-specific differences in the
amount of N retained. Fast-growing and resource-exploitative
species usually retained more N than slow-growing and
resource-conservative species (Bardgett et al., 2003; Weigelt
et al., 2005; Harrison et al., 2007, 2008; Grassein et al.,
2015; De Vries and Bardgett, 2016). However, contrary to our
original hypothesis, the difference in 15N retention between
the two species was dependent on the amount of 15N added.
It has been suggested that the species-specific 15N retention
in plants is related to the plant relative growth rate (Weigelt
et al., 2005). Alternatively, it has been pointed out that
plant traits rather than plant growth rate or trait functional
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FIGURE 4 | Aboveground and belowground 15N retention of M. africana (left) and S. affinis (right) in response to increasing N addition. The asterisks on the panel
represent the statistical results of the relationship, in which ∗, ∗∗, ∗∗∗, represent statistical significance at P < 0.05, P < 0.01, and P < 0.001, respectively.

FIGURE 5 | Final structural equation models describing the effects of the N treatment and the length of growing season on N retention in the plant–soil system as
separated into aboveground biomass and atom% 15N in the soil. Boxes contain measured variables. Arrows indicate the hypothesized causal relationship (paths),
and the width of the arrow denotes the strength of the relationship. The number and asterisks on the arrows represent the path coefficients and the statistical results
of the relationship, in which ∗, ∗∗, ∗∗∗, ∗∗∗∗ represent statistical significance at P < 0.05, P < 0.01, P < 0.001, P < 0.0001, respectively. Solid arrows represent
positive effects, dashed arrows represent negative effects. R2 values represent the proportion of variance explained by the model for the response variables. This
model fitted well [χ2 = 1.57, Df = 2, Pr (>Chisq) = 0.457, AIC = 27.6, BIC = −5.81].

diversity could determine the inter-specific plant 15N retention
(Harrison et al., 2008; De Vries and Bardgett, 2016). In
our experiment, especially in the low N treatment, although
the aboveground and belowground biomass of M. Africana

were significantly less than that of S. affinis (Figures 2A,B;
P < 0.0001; P < 0.0001), we did not find significant differences
in the 15N retained in the aboveground and belowground
components between M. Africana and S. affinis due to the
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FIGURE 6 | The percentage of added 15N recovered in the soil, the belowground and aboveground parts of the plants, and that lost to air or water in M. africana
(left) and S. affinis (right) under the different N treatments. Values with different letters differ significantly between treatments at P = 0.05.

higher aboveground and belowground 15N uptake of M. Africana
(Supplementary Figures S1A,B). Under moderate and high
N additions, both the ability to take up 15N and the
growth of the ephemeral aboveground and belowground were
suppressed, causing 15N retention in the aboveground and
belowground parts of the ephemeral to be less than those
of the annual (Figure 2 and Supplementary Figure S1).
Therefore, it can be inferred that the higher retention of N
by the ephemeral in the community compared to that of the
annual in the field experiment of Cui et al. (2017) was not
due to the higher uptake ability of 15N of the ephemeral
under moderate (N30) and high N (N60) addition. Clearly,
species differences in the N-retention of plants at different
N rates can be explained by plant growth, shoot and root
uptake capacity.

The SEM results also showed that N rate and the length
of the growth season can directly affect N retention in the
whole plant–soil system, and also indirectly affect it through
the aboveground biomass and the amount of excess N that
remains in the soil (Figure 5). De Vries and Bardgett (2016)
pointed out that root biomass and the dominant plant trait, and
the amount of N retained in the soil, can control short-term
ecosystem N retention. Aboveground biomass was positively
related to belowground biomass, and the amount of 15N retained
in the soil was related to the ability of both the aboveground
and belowground components to take up 15N. Therefore,
aboveground biomass and the amount of excess 15N retained in
the soil was used to construct the SEM and describe the whole
plant–soil system 15N retention. Thus, although the plant N
retention by the ephemeral was significantly less than that of the
annual, the plant–soil retention of the annual was significantly

higher than that of the ephemeral due to the high retention of
15N in the soil.

Plant–Soil 15N Recovery
Consistent with our third hypothesis mentioned above, the
average recovery rate of 15N by the ephemeral and annual
plant–soil systems were 70 and 50%, respectively. In previous
research, the recovery of 15N in a Haloxylon ammodendron
dominant temperate desert ecosystem was approximately 52%
on average, in which the soil and the plant accounted for
about 40 and 12% of the total recovery, respectively (Cui et al.,
2017). The higher recovery rate in the pot experiment compared
to the field experiment could be due to the lack of drought
stress and competition, and plant community differences, and of
course the more effective exploitation of the soil by plant roots.
Although the annual had a higher plant N recovery rate than
the ephemeral, the whole plant–soil system N recovery of the
annual was significantly less than that of the ephemeral. Deserts
with coarse-textured soils usually have a lower water-holding
capacity and labile C and N pools, and slower N mineralization
and immobilization than other ecosystems (Austin et al., 2004).
Increased inputs of N to coarse desert soils dominated by long
growth period annuals is therefore likely to result in less N
being retained in the soil and a higher risk of N loss to the
environment (air or water or both) compared with the same
system with shorter growth period ephemerals, especially in the
artificial confines of a pot experiment maintained at 60–70%
field capacity (Supplementary Figure S1C). This was confirmed
by the negative relationship in the SEM between the atom%
15N excess remaining in the soil and the growing period of the
plants (Figure 5).
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Increasing N inputs are likely to significantly decrease
total ecosystem N recovery in both ephemeral and annual
plant–soil systems. Consistent with this, a meta-analysis of
natural terrestrial ecosystems showed that N recovery was
negatively related to N addition when inputs exceeded 46 kg N
ha−1 yr−1 (Templer et al., 2012). Similarly, Cui et al. (2017)
concluded that N recovery significantly decreased when N
deposition increased from 30 kg N ha−1 yr−1 to 60 kg N ha−1

yr−1 in a temperate desert ecosystem in Northwest China. Due
to the poor nutrient content and dry conditions, plant coverage
is sparse in desert ecosystems and microbial community sizes
are small, so excessive N inputs could easily exceed the biotic
demands and cause ecosystem nutrient imbalances and thus
increased gaseous losses or leaching or both (McCalley and
Sparks, 2008, 2009; Homyak et al., 2014). Zhou et al. (2018)
pointed out that the responses to N of the community structure,
richness, evenness, density and biomass of herbaceous plants
were clearly N rate-dependent, with N addition increasingly
selecting nitrophilic, fast-growing species rather than slower
growing species. Therefore, under enhanced N deposition (Liu
et al., 2013) and future climate scenarios, the N recovery of
desert ecosystems may vary substantially and show its species
dependence with change of community composition.

CONCLUSION

Our study has shown clear differences in plant growth, allocation
and plant–soil system N recovery responses to increasing N
addition for two typical temperate desert species, M. Africana
(an ephemeral) and S. affinis (an annual). Low and moderate
N additions significantly enhanced plant growth and biomass
production of both the ephemeral and annual, whereas high N
addition inhibited plant growth and biomass of the ephemeral but
not the annual. The amount of N applied at which the maximum

retention of N in the aboveground and belowground biomass
of the ephemeral was significantly less than that of the annual.
In addition, except at low N addition, the plant N retention of
the ephemeral was significantly less than that of the annual, but
the total plant–soil retention was significantly greater. The whole
plant–soil ecosystem N recovery will therefore decrease with
predicted increases in future N deposition. The results indicate
that N recovery of this temperate desert ecosystem is likely to
vary as species composition of the community also changes with
future climate change and enhance N deposition.
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The adaptation of plants to drought through the adjustment of their leaf functional traits
is a hot topic in plant ecology. However, while there is a good understanding of how
individual species adapt to drought in this way, the way in which different functional
types adapt to drought along a precipitation gradient remains poorly understood. In
this study, we sampled 22 sites along a precipitation gradient in the Inner Mongolia
grassland and measured eight leaf functional traits across 39 dominant species to
determine the adaptive strategies of plant leaves to drought at the species and plant
functional type levels. We found that leaf functional traits were mainly influenced by both
aridity and phylogeny at the species level. There were four types of leaf adaptations to
drought at the functional type level: adjusting the carbon-nitrogen ratio, the specific
leaf area, the nitrogen content, and the specific leaf area and leaf nitrogen content
simultaneously. These findings indicate that there is the trade-offs relationship between
water and nitrogen acquisition as the level of drought increases, which is consistent
with the worldwide leaf economics spectrum. In this study, we highlighted that the leaf
economic spectrum can be adopted to reveal the adaptations of plants to drought in
the Inner Mongolia grassland.

Keywords: drought, plant functional type, leaf economic spectrum, inner mongolia grassland, adaptation strategy

INTRODUCTION

Arid and semi-arid regions occupy approximately 45% of the Earth’s land area and feed 38% of its
population but also include some of the most vulnerable ecosystems and water resource systems
(Narisma et al., 2007). In these regions, plant diversity maintains the ecosystem processes and
functions and also affects ecosystem services (Balvanera et al., 2006). Water as the main limiting
factor in these regions is one of the most important abiotic stresses influencing the survival, growth
and distribution of plants. Therefore, the adaptation of plants to drought has always been a hot topic
in ecological research (Chaves et al., 2002; Shavrukov et al., 2017). The characteristics of leaves are
essential for the adaptation of plants to environmental change as leaves not only exhibit strong
sensitivity and plasticity to spatial and temporal changes in the environment but can also improve
the adaptability of plants through self-regulation (Picotte et al., 2009; Zhang et al., 2018). Therefore,
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the adaptation of plants to drought through the
adjustment of leaf morphology has received much attention
(Stropp et al., 2017).

Plant leaf exhibit both morphological and anatomical
adaptations to drought. For example, plants that have grown
under water-deficient conditions for a long period of time
produce thickened, smaller leaves with a cracked appearance
and a small specific leaf area, among other characteristics.
Indeed, the leaves of some xerophytes become fleshy or even
degenerate into rods. Such characteristics are conducive to
reducing transpiration and promoting more effective heat
dissipation (Bosabalidis and Kofidis, 2002; Stropp et al.,
2017). In addition, plant leaves exhibit physiological and
stoichiometric changes under drought conditions. For example,
the photosynthetic rate may decrease as the level of drought
increases (Tanaka and Shiraiwa, 2009). Furthermore, changes
in the photosynthetic rate will further affect the uptake and
recycling of nutrient elements and eventually lead to changes
in the ecological stoichiometric characteristics of the leaves
(Yuan et al., 2006; Zhang et al., 2018). He and Dijkstra (2014)
experimentally showed that drought has a significant negative
effect on plant nitrogen and phosphorus contents and a positive
effect on the plant nitrogen-phosphorus ratio, while other
experiments have shown that moderate drought stress may
increase the uptake of nitrogen and decrease the growth rate
of plants, resulting in a decrease in the carbon-nitrogen ratio
(Lu et al., 2009).

Wright et al. (2004) proposed the concept of “leaf economics
spectrum” (LES), which is a universal spectrum consisting of
key leaf chemical, structural and physiological traits. At one
end of the LES are species that have a “rapid investment-
return” strategy, i.e., species with high leaf nitrogen contents,
photosynthetic rates and respiration rates, short life spans
and low specific leaf weights, while at the other end are
species that have a “slow investment-return” strategy, i.e.,
species with long life span, large specific leaf weight, low
nitrogen content, photosynthetic rate and respiration rate
(Osnas et al., 2013). The resource trade-offs strategy is an
important mechanism for LES, whereby plants that invest
more resources in a particular functional trait will inevitably
reduce the input of resources into other traits due to the
total amount of resources that are available to the plants
being limited, and such a trade-offs strategy has provided a
mechanism by which plants can adapt to the environment
in different geographical regions and ecosystems (Wright
et al., 2005; Shipley et al., 2006; Ocheltree et al., 2016).
Zhang et al. (2017) found that the trade-offs strategy of
hydrophytes functional traits coincided with the worldwide LES.
Abrahamson (2007) found that both Serenoa repens and Sabal
etonia used a trade-offs strategy for functional traits under
drought conditions, such as miniature plant morphology, a
relative decrease in leaf size, number and photosynthetic yield,
and prolonged leaf longevity, observing significant correlations
among these traits and the formation of a continuously changing
trade-offs strategy zone with the same plant species and
homologous plants growing in shady or humid areas. Lohbeck
et al. (2013) found that the trade-offs strategy is important

for functional composition changes with succession in the
dry and wet forest.

Studies that focus on characteristics of leaves of individual
single species under different environmental conditions are
important for revealing specific adaptive strategies at the species
level (Zhu et al., 2012; Ramirez-Valiente et al., 2015; Liu et al.,
2018). However, to generalized the plant adaptive strategies and
the effects of global climate change on ecosystems, it is essential to
group vegetation that is ecologically similar. The plant functional
type is an assemblage of plants that share a set of key functional
traits, respond to the environment in equal ways and play similar
roles in the main ecosystem processes, (Chapin et al., 1996;
Semenova and van der Maarel, 2000) and it has been shown
that adaptive mechanisms often vary at the species and plant
functional type levels (Domínguez et al., 2012). Although the
environment is considered a key factor affecting leaf functional
traits at the species level (Albert et al., 2010; Bu et al., 2017), the
phylogenetic relationship among different species should also be
considered because species with similar phylogenetic relationship
may have similar functional traits (Kaplan and Pigliucci, 2001;
Webb et al., 2002; Grether, 2005; Losos, 2008). In contrast,
some studies have shown that plant functional types are the
consequence of the adaptive processes of plants rather than
branching processes in plant lineage (Pie and Weitz, 2005; Silva
and Batalha, 2011). Thus, plant functional types can represent
different adaptive strategies and may thus represent an efficient
tool for revealing patterns of adaptation to environmental
change (Ian and Wolgang, 2010). Moreover, understanding what
adaptive strategies allow plants to successfully pass through the
filter along an environmental gradient is of major importance
in ecology. Moreover, understanding what adaptation strategies
allow plant to pass through filter along the environment gradient
successfully is a major issue in ecology.

The Inner Mongolia Plateau is a typical arid and semi-arid
region with a large spatial precipitation gradient, making it an
ideal place to study the adaptive mechanisms of plants to drought
(Wu et al., 2015). In this study, we sampled 22 sites along
the precipitation gradient of the Inner Mongolia grassland and
measured eight leaf functional traits in 39 dominant species to
address the following questions: (1) How are plants adapted to
drought by modifying their leaf functional traits at the species
and plant functional type levels? (2) Is the LES existing and
applied to the adaptation of plants to drought in the Inner
Mongolia grassland?

MATERIALS AND METHODS

Study Sites
This study was conducted across the entire area of the Inner
Mongolia grassland in northern China, which stretches from
41.31◦N to 50.78◦N and 108.16◦E to 120.39◦E and has an
elevation ranging from 532 to 1725 m above sea level (Figure 1).
The typical landforms in this region include gently rolling plains,
tablelands, and hills. The mean annual temperature ranges from
−3.0 to 6.7◦C and the mean annual precipitation varies from
approximately 150 to 450 mm, decreasing from the southeast to
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FIGURE 1 | Study area and sites.

the northwest (Inner Mongolia-Ningxia Joint Inspection Group
of Chinese Sciences of Academy, 1985). The aridity at each study
site (see below) was calculated as [1 - precipitation/potential
evapotranspiration] (Delgado-Baquerizo et al., 2013). Along the
climate gradient from the relatively humid southeast to the
relatively dry northwest, there is a succession of soil types from
chernozems to chestnut and calcic brown soils, and a succession
of habitat types from forest steppe through to typical steppe and
desert steppe grassland (Figure 1).

Data Collection
We surveyed 22 sites across the Inner Mongolia grassland in
August 2017 during the peak period of aboveground biomass
for the three main vegetation types: forest steppe, typical steppe,
and desert steppe. The study sites had been banned grazing for
over 3 years to minimize the potential effects of grazers and
other disturbances. Five 1 × 1 m2 quadrats were randomly set
at each site and species within each quadrat were recorded. The
functional traits were then recorded for all healthy and pest-
free plants of each of the species found at each site following
the standard measurement methods for plant functional traits
(Cornelissen et al., 2003). Five individuals of each species with
good vigor and no pests or diseases were selected in each quadrat
and eight functional traits that are sensitive to environmental
change were measured on three intact leaves per plant. The
leaf area (LA) was measured using a leaf area meter (LI-
3100 Area Meter; LI-COR, Lincoln, United States). The leaves
were then oven-dried at 60◦C to obtain the leaf dry weight

(LDM). The specific leaf area (SLA) was calculated based on
the leaf area and leaf dry weight. The leaf nitrogen and carbon
contents (LNC, LCC) were measured with an elemental analyzer
(Euro Vector EA3000; Milan), and the carbon-nitrogen (LC:N)
and nitrogen-phosphorus ratios (LN:P) calculated. Finally, the
total leaf phosphorus content (LPC) was determined using the
ammonium molybdate spectrophotometric method (Bowman,
1988). The average values of the functional traits of each species
at their respective sites were used in this study.

Statistical Analyses
We selected 39 species that had more than three occurrences
across the entire sites for analysis. At the species level, we used
the generalized linear model (Poisson distribution) to analyze the
variation of eight plant functional traits that explained by climate
(aridity) and phylogeny (genus). To analyze the respective and
common interpretations of climate and phylogeny for each
functional trait, we constructed three generalized linear models
that included the trait as the response variable and aridity, genus,
both aridity and genus as the explanatory variables, respectively.
Thus, the R2 values of the first and second models represented the
amount of variation in a particular functional trait that explained
by aridity and phylogeny, respectively, while the difference in
the R2 values between the sum of the first and second models
and the third model indicated the combined effect of aridity and
phylogeny on the each functional trait.

To analysis the adaptation of these species to drought at the
plant functional type level, we first defined the plant functional
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types using cluster analysis (Semenova and van der Maarel,
2000). We constructed the clustering tree based on the Euclidean
distance calculated using the eight functional traits of each
species, each of which was first standard (Chapin et al., 1996;
Montes-Pulido et al., 2017). Once the 39 species had been
divided into functional groups, one-way ANOVA and multiple
comparisons were performed to examine the differences in the
eight functional traits between the functional types. To evaluate
how each of the plant functional types adapted to drought, the
direct relationship between aridity and the proportion of each
functional type at a site was assessed by Pearson correlation
analysis and ordinary least squares regression analysis, in which
the proportion of plant functional types was represented by
the ratio of the number of species which belongs to a given
functional type to the total number of species at the site. Finally,
to reveal how the different plant functional types successfully
passed through the drought filter along the precipitation gradient
and adapted to drought in the Inner Mongolia grassland, we
used structural equation model to assess the causal relationships
between aridity, the mean functional traits of the plant functional
types and the proportion of plant functional types at a site using
standardized path coefficients.

The generalized linear model, Pearson correlation analysis,
one-way ANOVA, ordinary least squares regression and cluster
analysis were conducted in R version 3.5.1. The structural
equation model was conducted using the AMOS software.
Shapiro–Wilk test was used to test the normality of the
data before analysis and a log-normal transformation was
used to normalize any variables that did not conform to the
normal distribution.

RESULTS

Effects of Aridity and Phylogeny on
Variation in Plant Functional Traits at the
Species Level
Both aridity and phylogeny had significant effects on plant leaf
functional traits, with variation in the leaf area, specific leaf area

TABLE 1 | Amount of variation in the leaf functional traits explained by phylogeny
and aridity at the species level.

Plant functional trait Phylogeny (%) Aridity (%) Phylogeny
and aridity

(%)

Single leaf area 22.88∗ 12.51∗ 2.26

Dry weight of single leaf 24.76 7.20 2.05

Specific leaf area 0.40∗ 22.32∗ 0.39

Leaf carbon 0.23 1.99∗ 0

Leaf nitrogen 1.70 5.00 0.98

Leaf phosphorus 0.14 0.99 0.11

Leaf carbon-nitrogen ratio 2.57∗ 9.78∗ 1.44

Leaf nitrogen-phosphorus
ratio

0.04 1.55 0.04

∗p < 0.05.

and leaf carbon-nitrogen ratio being explained by both factors
together, and variation in the leaf carbon content being explained
only by aridity (Table 1).

Classification of Plant Functional Types
The 39 plant species analyzed could be divided into five
functional types based on the eight functional traits measured
(Figure 2). The differences in the eight functional traits among
the five functional types are shown in Figure 3. Functional type
III had a significantly higher single leaf area (Figure 3A) and
leaf dry weight (Figure 3B) than the other four types, while
functional type V had a significantly higher specific leaf area
(Figure 3C). In terms of the leaf carbon content, functional
type IV had significantly higher levels than functional type I
but there was no significant difference among the other three
functional types (Figure 3D), while for leaf nitrogen content,
functional types I and II had remarkably higher levels than the
other three functional types (Figure 3E). For the leaf phosphorus
content, functional type II had much higher levels than the other
four functional types and functional type IV had the lowest
level (Figure 3F). With respect to the leaf carbon-nitrogen ratio,
functional types III, IV, and V had higher values than functional
types I and II (Figure 3G), while for the leaf nitrogen-phosphorus
ratio, functional types I and IV had much higher values than
functional types II and V, with no significant difference being
observed between functional type III and any other functional
type (Figure 3H).

FIGURE 2 | Cluster diagram of the eight species functional traits (Red,
functional type I; black, functional type II; blue, functional type III; green,
functional type IV; orange, functional type V).
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FIGURE 3 | Differences of functional traits among the five functional types (Data are the means and SE of eight functional traits in each of the five functional types).
(A) Difference of the leaf area; (B) difference of the leaf dry weight; (C) difference of the specific leaf area; (D) difference of the leaf carbon content; (E) difference of
the leaf nitrogen content; (F) difference of the leaf phosphorus content; (G) difference of the leaf carbon-nitrogen ratio; (H) difference of the leaf
nitrogen-phosphorus ratio.
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FIGURE 4 | Direct response of each of the five plant functional types to drought (Values for types I, II, III, IV, and V represent the proportion of each functional type in
the sample plots. The shaded areas indicate the 95% confidence intervals). (A) Direct response of plant functional type I to drought; (B) direct response of plant
functional type II to drought; (C) direct response of plant functional type III to drought; (D) direct response of plant functional type IV to drought; (E) direct response of
plant functional type V to drought.

Adaptation of Plants to Drought at the
Functional Level

The relationship between the proportion of each functional type
at each site and the aridity is shown in Figure 4. The proportion

of functional types I, II, and IV in the sample plots significantly
increased as the aridity increased, while the proportion of
functional types III and V tended to decrease but not significantly.
Functional type I plants exhibited a simultaneous reduction
in leaf area and leaf nitrogen content with the increase of
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FIGURE 5 | Response paths of different functional types to drought (Dotted lines represent non-significant paths (p > 0.05), black lines represent significant paths
(p < 0.05) and red lines represent significant paths across AI-Functional traits: the proportion of functional types; values for types I, II, III, IV, and V represent the
proportion of each functional type in each site). (A) Response path of type I to drought; (B) response path of type II to drought; (C) response path of type III to
drought; (D) response path of type IV to drought; (E) response path of type IV to drought.

aridity (Figure 5A), while functional type II plants reduced the
carbon-nitrogen ratio in their leaves (Figure 5B), functional
type III plants increased their leaf nitrogen content (Figure 5C),
functional type IV plants reduced the leaf carbon-nitrogen ratio
in their leaves (Figure 5D) and functional type V plants reduced
the leaf nitrogen content (Figure 5E) in response to drought.

DISCUSSION

In the present study, we demonstrated that aridity significantly
affected the plant specific leaf area, leaf carbon content and
leaf carbon-nitrogen ratio at the species level in the Inner

Mongolia grassland, which is consistent with the findings of
previous studies which found that plants can adapt to drought
by regulating their leaf functional traits (Wright et al., 2004;
Jung et al., 2014; Valencia et al., 2015). Some studies have
also demonstrated that phylogeny would impact the functional
traits, i.e., species with close phylogenetic relationships have
similar functional traits (Ackerly, 2009; Burns and Strauss,
2012). Similarly, we found that the single leaf area, specific
leaf area and leaf carbon-nitrogen ratio were significantly
affected by phylogeny at the species level, suggesting that these
three functional traits may be “conserved traits” that have a
have strong phylogenetic signal (Blomberg et al., 2003). Our
finding that these three functional traits were significantly

Frontiers in Plant Science | www.frontiersin.org 7 April 2019 | Volume 10 | Article 231132

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-10-00231 April 12, 2019 Time: 17:52 # 8

Yan et al. Adaptation of Grassland Species to Drought

affected by both phylogeny and drought suggests that species
with adaptive functional traits are selected for and retained
under long-term, strong environmental filtering, supporting the
findings of previous studies (Grether, 2005; Liu et al., 2013).
Further analysis showed that the variation in leaf area could be
better explained by phylogeny than by climatic factors, while
the specific leaf area and leaf carbon-nitrogen ratio were mainly
affected by climatic factors, demonstrating that the importance
of phylogeny and climatic factors differs between different
functional traits.

Many studies have reported that plants adapt to drought
conditions by adjusting leaf functional traits in various ways,
such as the leaf dry matter content, specific leaf area, leaf carbon,
nitrogen and phosphorus contents, and leaf stoichiometric ratio
(Hameed et al., 2012; Stropp et al., 2017). In the present
study, we found that plants in the Inner Mongolia grassland
adapted to drought mainly by adjusting their leaf carbon-
nitrogen ratios, specific leaf area and leaf nitrogen contents
(Figure 5). Plant functional types II and IV showed the
same adaptive strategy to drought, by decreasing the carbon-
nitrogen ratio and then increasing in proportion in the sample
plot (Figures 4, 5). The carbon-nitrogen ratio of plant leaves
reflects the growth rate of plants to a certain extent, as a
large amount of proteins, chlorophyll and rRNA are required
for plant growth which, in turn, require large amounts of
nitrogen and phosphorus, reducing the carbon-nitrogen ratio
in the leaves (Agren, 2004). The leaves of functional type II
species contained higher nitrogen and phosphorus contents than
those of the other functional types (Figure 2), indicating that
these plants can increase their growth rate by increasing their
photosynthetic capacity, allowing them to eventually adapt to
drought conditions. By contrast, the leaves of functional type
IV plants had relatively low nitrogen and phosphorus contents
but relatively high carbon contents (Figure 2), indicating that
they could accumulate dry matter quite efficiently to adapt to
drought conditions. Functional type V plants experienced a
decrease in specific leaf area in response to drought (Figures 4E,
5E), which is speculated to increase water retention and thereby
reduce transpiration and facilitate heat dissipation (Ackerly
et al., 2002; Hameed et al., 2012). Finally, functional type III
plants adapted to drought by increasing their leaf nitrogen
content (Figure 5C), which is commonly associated with a high
resource-acquisition capacity (Weih et al., 2011; Jung et al.,
2014). This functional type mainly included species such as
Leymus chinensis and Stipa grandis, which tend to predominate
in areas with relatively abundant water (Inner Mongolia-Ningxia
Joint Inspection Group of Chinese Sciences of Academy, 1985).
However, the grassland in Inner Mongolia generally lacks
nitrogen (Yuan et al., 2006), so the ability of these plants to
obtain more nitrogen will be crucial for their adaptation to
arid environments.

Numerous studies have documented that plants adapt to the
environment by balancing resource utilization and allocation
when resources are scarce (Gong et al., 2011; Ocheltree et al.,
2016). In the present study, we found that functional type I
plants exhibited a significant decrease in specific leaf area and
leaf nitrogen content with an increase in aridity. A decrease

in specific leaf area indicates an increased water use efficiency
of plants (Ackerly et al., 2002), while a decrease in leaf
nitrogen content indicates a lower nitrogen use efficiency (Yuan
et al., 2006). Thus, this finding suggests that functional type
I plants adapted to drought by trade-offs water use efficiency
against nitrogen use efficiency. This result is consistent with
the findings of Gong et al. (2011), who reported trade-offs
between water use efficiency and nitrogen use efficiency in a
semi-arid grassland. In areas with a high water supply, plants
can improve their nitrogen use efficiency at the expense of
water use efficiency. However, when water is restricted, it is a
better strategy to improve water use efficiency to allow plants
to increase dry matter accumulation, prolong their leaf life
and complete their life cycle. Leaf thickness also tends to
increase with a decrease in specific leaf area (Niinemets, 2001),
further limiting the light intensity that reaches the chloroplasts
inside the leaves, increasing the conduction resistance of
CO2 in the mesophyll tissues and reducing the proportion
of nitrogen that is distributed to the photosynthetic organs
(Poorter and Evans, 1998), thereby decreasing the nitrogen
content in the leaves.

In summary, our study demonstrated that plants in the
Inner Mongolia grassland adapt to drought in four different
ways including adjusting the leaf carbon-nitrogen ratio, the
specific leaf area, the leaf nitrogen content, as well as the
specific leaf area and leaf nitrogen content simultaneously. This
finding is consistent with the LES which runs from species
with conservative resource-use strategy to predominant resource-
acquisition strategy (Wright et al., 2004). Functional type II, III,
and IV plants adjusted their leaf nitrogen contents and carbon-
nitrogen ratios and thus correspond to conservative resource-use
strategy plants, while functional type V plants adjusted their
specific leaf area, corresponding with predominantly resource-
acquisition strategy plants, and functional type I plants adjusted
their specific leaf area and nitrogen content simultaneously
indicate that the trade-offs in the LES. Thus, it is clear that the
LES exists in the Inner Mongolia grassland and can be applied to
reveal the adaptation of plants to drought.
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Hedysarum scoparium, a species characterized by rapid growth and high drought
resistance, has been used widely for vegetative restoration of arid regions in Northwest
China that are prone to desertification. Desert soil is typically deficient in available
water and the alleviation of drought stress to host plants by endophytes could be
an efficient strategy to increase the success of desert restoration. With the objective
to seek more beneficial symbionts that can be used in the revegetation strategies,
we addressed the question whether H. scoparium can benefit from inoculation by
dark septate endophytes (DSEs) isolated from other desert plants. We investigated the
influences of four non-host DSE strains (Phialophora sp., Knufia sp., Leptosphaeria sp.,
and Embellisia chlamydospora) isolated from other desert plants on the performance
of H. scoparium under different soil water conditions. Differences in plant performance,
such as plant growth, antioxidant enzyme activities, carbon, nitrogen, and phosphorous
concentration under all the treatments, were examined. Four DSE strains could colonize
the roots of H. scoparium successfully, and they established a positive symbiosis with
the host plants depending on DSE species and water availability. The greatest benefits
of DSE inoculation occurred in water stress treatment. Specifically, Phialophora sp. and
Leptosphaeria sp. improved the root biomass, total biomass, nutrient concentration,
and antioxidant enzyme activities of host plants under water deficit conditions. These
data contribute to the understanding of the ecological function of DSE fungi in drylands.

Keywords: Hedysarum scoparium, dark septate endophytes, water deficit stress, non-host endophytes,
inoculation

INTRODUCTION

Approximately 27% of the land area in China is exposed to desertification, causing critical
ecological and environmental problems, especially in Northwest China (Tang et al., 2016). The
Chinese government has implemented a variety of solutions, including afforestation projects, to
reduce the effect of desertification (Su et al., 2007; Fan et al., 2016). Over the past few decades,
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restoration of deserts using xerophyte shrubs is viewed as a
common and effective method in many arid regions (Zhu
and Chen, 1994; Wang et al., 2012; Deng et al., 2015). These
plants have evolved various mechanisms, including altered
morphological and physiological properties, to cope with drought
stress (Deng et al., 2015; Li et al., 2017). Plants in natural
habitats often harbor ubiquitous fungal endophytes, some of
which are drought-tolerant and can stimulate plant growth
in arid ecosystems (Ren et al., 2011; González-Teuber et al.,
2018; Xie et al., 2018). Mitigating drought stress in host plants
by endophytes may be an efficient strategy to improve the
restoration rate of desert soils, which are typically deficient in
available water (Gong et al., 2015; Shi et al., 2015; González-
Teuber et al., 2018).

Most desert plants associate with a wide diversity of root
endophytic fungi, including dark septate endophytes (DSEs)
(Barrow, 2003; Porras-Alfaro et al., 2008; González-Teuber et al.,
2017). These endophytes are characterized by melanized septate
hyphae and microsclerotia and are found in the roots of more
than 600 plant species (Jumpponen and Trappe, 1998). DSE
are abundant root colonists especially in plants growing under
extreme conditions such as arid environments (Jumpponen and
Trappe, 1998; Barrow and Osuna, 2002). Many researchers
have investigated and isolated a variety of DSE from grasses,
shrubs, and trees in arid areas (Lugo et al., 2009, 2015; Knapp
et al., 2012, 2015; Li et al., 2015, 2018; Xie et al., 2017).
For instance, Lugo et al. (2015) investigated DSE in 42 plants
from an arid region in Argentina and showed that DSE were
frequently present in the roots. In Northwest China, DSE were
also observed and identified in the roots of multiple desert shrubs,
such as Ammopiptanthus mongolicus, Hedysarum scoparium, and
Gymnocarpos przewalskii (Li et al., 2015, 2018; Xie et al., 2017).
For example, in our previous survey conducted in seven arid
and semi-arid locations in Northwest China, we showed that
H. scoparium was highly colonized by DSE and we isolated
nine DSE species from their roots (Xie et al., 2017). However,
our understanding of DSE functions in relation to plants is still
limited (Barrow, 2003).

Although not all DSE–plant relationships are beneficial, there
is a strong evidence to suggest that DSE may positively influence
plant resistance to drought by increasing plant growth, water
and nutrient absorption, and/or facilitating plant resistance to
oxidation stress (Perez-Naranjo, 2009; Santos et al., 2017). In
field experiments, Barrow (2003) investigated the DSE of native
grasses in arid southwestern United States rangelands. The
author proposed that DSE may form a continuous integrated
network that enhances nutrient and water transport in roots. DSE
are readily isolated and cultured in vitro, which has facilitated
the studies on the effects of DSE on host plants under water
stress in controlled culture conditions. In pot experiments, desert
plants Agropyron cristatum and Psathyrostachys juncea inoculated
with DSE developed a higher shoot biomass and carbon content
compared with non-inoculated plants under drought conditions
(Perez-Naranjo, 2009). Similarly, Santos et al. (2017) conducted
an inoculation experiment to study the influence of DSE isolates
on rice under water deficit induced with polyethylene glycol 6000.
Their results showed that DSE increase the growth and decrease

the oxidative stress in rice plants. However, this positive effect
occurred only in specific water stress conditions.

Hedysarum scoparium, a species characterized with rapid
growth and high drought resistance, is a pioneer desert shrub
that has been widely used for prevention of desertification and
vegetative restoration in arid and semiarid regions of China (Hu
et al., 2009). In a pot experiment conducted in our study, DSE
isolated from healthy roots of H. scoparium, colonized the host
roots and increased the shoot and root biomass of H. scoparium
plants (Supplementary Figure 1). With the objective to seek
more beneficial symbionts that can be used in revegetation
strategies, we investigated whether H. scoparium can benefit from
DSE isolated from other desert plants. Four DSE isolated from
the roots of G. przewalskii, a species with similar growth habit
and ecological distribution to that of H. scoparium, were selected
for the inoculation experiment. These fungi colonized the roots
of other desert plants with no apparent disease symptoms and
enhanced plant growth under drought conditions (Li et al.,
2018). In this study, we aimed to evaluate the effects of non-
host DSE inoculation on H. scoparium plants growing in drought
sandy soil under greenhouse conditions. We focused on plant
growth, nutrient content, and activity of antioxidant enzymes to
address the following questions: (1) Do DSE from other plants
colonize the roots of H. scoparium under well-watered and water
deficit conditions? (2) If yes, can these non-host DSE improve
the growth and physiological performance of H. scoparium
plants? (3) Does water availability affect the symbiosis-dependent
benefits? (4) How non-host DSE help H. scoparium plants to
overcome water deficit stress?

MATERIALS AND METHODS

Fungal Isolates and Plant Materials
Four DSE fungi isolated from the roots of G. przewalskii, which
grows naturally in extreme arid deserts of Northwest China,
were used in this experiment. Their species identification was
confirmed previously through internal transcribed spacer (ITS)
phylogeny (Li et al., 2018). All the fungal isolates belonged to
different species and they included: Phialophora sp., Knufia sp.,
Leptosphaeria sp., and Embellisia chlamydospora. These fungi are
deposited in the culture collection of the Laboratory of Plant
Ecology, Hebei University, China, and their ITS sequences are
available from GenBank under accession numbers MF036001
for Phialophora sp., MF036003 for Knufia sp., MF036004 for
Leptosphaeria sp., and MF036005 for E. chlamydospora.

Hedysarum scoparium was chosen as a host plant in this study
mostly for its important role in vegetation restoration and known
high DSE colonization frequency (Xie et al., 2017). The seeds of
H. scoparium were collected from natural populations in Gansu
Province, Northwest China, and stored at 4◦C.

Experimental Design
The experiment was conducted in a growth chamber in
a completely randomized factorial design (5 inoculation
treatments × 2 water treatments) with five replicates. The
inoculation treatments included inoculation with Phialophora
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sp., Knufia sp., Leptosphaeria sp., and E. chlamydospora and a
non-inoculated control. The water treatments were well-watered
and water deficit stress. A total of 50 pots were prepared.

The seeds of H. scoparium were surface-sterilized by dipping
in 70% ethanol for 3 min and then in 2.5% sodium hypochlorite
for 10 min with agitation. The sterilized seeds were gently washed
by sterile water several times and then aseptically planted onto
water agar medium (containing 10 g/L agar) in Petri dishes for
germination at 27◦C. Following pregermination, each seedling
was transferred into sterile pot (8 cm diameter, 24 cm height)
containing 500 g sand collected from the natural habitats of
H. scoparium and autoclaved for 120 min at 121◦C. The basic
physicochemical characteristics of the sand were as follows:
organic matter 23.17 mg/g, available nitrogen 21.63 mg/kg,
and available phosphorus 1.53 mg/kg. One month later, half of
the seedlings were maintained under well-watered conditions
throughout the entire experiment (70% field water capacity), and
the other half were exposed to water deficit stress (30% field water
capacity). Water loss was daily supplemented with sterile distilled
water to keep the desired field capacity by regular weighing. The
water content for water deficit treatment was chosen according
to the median value in the natural habitat of H. scoparium in
Northwest China (Xie, 2017).

Fungal inocula were prepared by aseptically growing DSE
isolates in Petri dishes with potato dextrose agar culture medium.
For DSE inoculation, two 5 mm plugs excised from an edge of
an actively growing colony on culture medium were inoculated
at a 1 cm range close to the roots of H. scoparium seedlings. The
non-inoculated controls were inoculated with plugs excised from
the sterile medium without fungus. All the inoculation processes
were carried out on a clean bench, and all the pots were kept in
a growth chamber with a 14 h/10 h photoperiod, temperature of
27◦C/22◦C (day/night), and 60% mean air relative humidity. The
duration of the stress experiment was 4 months.

Harvest of Hedysarum scoparium
Seedlings
At the end of the experiment, the shoots and roots from each
plant were separately harvested, and the roots were gently washed
with tap water to remove the sand. Subsamples of fresh roots and
shoots were set aside for assessing DSE colonization status and
antioxidant enzyme activity, respectively, as described below. The
remaining part of shoots and roots were weighed before drying in
an oven at 70◦C for 48 h and the water content was measured. The
biomass production of plants was the sum of the dry weights of
these two parts. After that the dried shoot and root materials were
ground into a powder to measure the concentrations of carbon
(C), nitrogen (N), and phosphorus (P).

Microscopic Observation of Root
Colonization
Root colonization by DSE isolates was evaluated using the
method described by Phillips and Hayman (1970). The sampled
roots were cleared with 10% KOH in a water bath at 100◦C
for 60 min and then stained with 0.5% (w/v) acid fuchsin at
90◦C for 20 min. Overall, 20 randomly selected 0.5 cm long root

segments per sample were placed on slides and observed under
an optical microscope.

Determination of Antioxidant Enzyme
Activity
To determine the activity of different antioxidant enzymes, fresh
leaf samples from each plant were homogenized in 5 mL of
50 mM potassium phosphate buffer (pH 7.8), which contained
chilled 0.2 mM EDTA and 2% (w/v) polyvinylpyrrolidone kept in
ice bath. Prechilled mortar and pestle were used for grinding. The
homogenate was centrifuged at 15,294 × g and 4◦C for 30 min.
The supernatant was decanted and used for analysis of enzymes.

The superoxide dismutase (SOD) activity was determined
using the photochemical method described by Elavarthi and
Martin (2010) by recording the decrease in the absorbance of
nitro blue tetrazolium complex due to its reduction by the
enzyme. One unit of SOD was equivalent to the quantity of
enzyme needed to inhibit the reduction rate of NBT by 50%
at a wavelength of 560 nm. The catalase (CAT) activity was
determined by measuring the consumption of H2O2 at 240 nm
wavelength for 1 min. The reaction mixture consisted of 25 mM
potassium phosphate buffer (pH 7.0), 10 mM H2O2, and enzyme
extract (Cakmak and Marschner, 1992).

Carbon, Nitrogen, and Phosphorus
Concentrations
The C and N concentrations in the shoots and roots were directly
determined using the dry combustion method with an elemental
analyzer (Vario EL/micro cube; Elementar, Hanau, Germany).
For determination of P concentrations, dried ground shoot and
root samples were digested in HNO3, followed by a microwave-
accelerated reaction in a Microwave-Accelerated Digestion
System (MARS; CEM, Corp., Matthews, NC, United States). The
P concentrations were measured by the molybdenum-antimony
colorimetric method (Bao, 2000).

Statistical Analysis
All statistical analyses were performed with SPSS software
(Version 21; SPSS, Chicago, IL, United States). A two-
way analysis of variance was used to analyze the effects of
DSE inoculation, water treatment, and their interaction on
plant biomass, leaf antioxidant enzyme activity, and element
concentrations in the roots and shoots. All data were tested
for normality and homogeneity of variance before statistical
analyses. The differences between the means among different
treatments were compared using Duncan’s multiple-range tests
at P < 0.05.

RESULTS

DSE Root Colonization
After harvesting, no DSE structures were detected in the roots of
control plants regardless of water treatment, while the presence
of DSE hyphae and microsclerotia was confirmed in stained root
segments of inoculated plants (Supplementary Figure 2).
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TABLE 1 | Analysis of variance for the effects of DSE inoculation and water stress
treatment on biomass production of Hedysarum scoparium.

Shoot biomass (g) Root biomass (g) Total biomass (g)

F P F P F P

DSE 11.6 <0.001 18.0 <0.001 17.2 <0.001

Water
stress

406.7 <0.001 300.6 <0.001 420.7 <0.001

DSE × Water
stress

1.8 0.156 3.8 0.011 3.2 0.023

Significant P-values are in bold.

Plant Biomass Production
The shoot biomass of H. scoparium was affected significantly by
the DSE inoculation regardless of the water regime (Table 1).
Specifically, the inoculation of Phialophora sp. and Leptosphaeria
sp. resulted in significant increases in shoot biomass (by 9.0 and
17.9%, respectively) compared to control plants (Figure 1).

The interactions of DSE inoculation and water treatment
were significant for both the root and total biomass of H.
scoparium seedlings (Table 1). Under well-watered conditions,
inoculation with Leptosphaeria sp. led to a significantly greater
root and total biomass (40.0 and 35.1%, respectively) compared

FIGURE 1 | Effects of dark septate endophyte (DSE) inoculation and water
treatment on the biomass production of Hedysarum scoparium. (A) Shoot
and root biomass of Hedysarum scoparium. (B) Total biomass of Hedysarum
scoparium. The error bars represent the standard error (SE). Different letters
above the error bars indicate significant difference at P < 0.05 by Duncan’s
multiple-range tests. Since DSE × water treatment interactions were not
significant for shoot biomass, means for the main factor (DSE) were
presented. E– indicates non-inoculated plants. PS, KS, LS, and EC indicate
plants inoculated with Phialophora sp., Knufia sp., Leptosphaeria sp., and
Embellisia chlamydospora, respectively. WW and WS indicate well-watered
and water stress treatment.

with those of the control plants, whereas the inoculation with
E. chlamydospora resulted in a 14.8 and 11.7% decrease in
both parameters, respectively (Figure 1). Under water stress
conditions, Phialophora sp. and Leptosphaeria sp. inoculations
caused a significantly greater root (27.5 and 40.0%) and total
biomass (25.1 and 35.1%) compared with those observed in
control plants, respectively. There was no significant difference
in the root and total biomass production among plants inoculated
with Knufia sp. and E. chlamydospora and the control (Figure 1).

Antioxidant Enzyme Activities in Leaves
of Hedysarum scoparium
The interaction between DSE inoculation and water treatment
showed significant effects on the antioxidant enzyme activities
in leaves of H. scoparium (Table 2). In general, all the tested
DSE caused remarkable increases in the activities of SOD and
CAT under water stress conditions, which was closely related
to the drought tolerance of H. scoparium (Figure 2). Plants
inoculated with Phialophora sp., Knufia sp. and Leptosphaeria
sp. showed significantly higher values of SOD (19.1, 26.4,
and 36.4%) and CAT (43.2, 27.2, and 31.1%, respectively)
activities compared with control plants under water stress
conditions. However, under well-watered conditions, there were
no significant differences in either SOD or CAT activity between
DSE inoculated plants and control plants. E. chlamydospora
inoculation had no significant effects on host plants compared
with control plants under both water regimes (Figure 2).

Element Concentration in Plant Tissues
There was a significant interaction between the DSE inoculation
and water treatment on the shoot C concentration of H.
scoparium (Table 2). The shoot C concentration was significantly
lower (2.5%) in E. chlamydospora-inoculated H. scoparium plants
than in the control plants under well-watered conditions, but
there was no significant effect of DSE inoculation on the shoot
C content in host plants in all the other treatments (Figure 3A).
The N concentration in the shoots of H. scoparium was
affected significantly by the DSE inoculation, water treatment,
and their interaction (Table 2). Under water stress conditions,
inoculation with Phialophora sp. and Leptosphaeria sp. resulted
in a significant increase in the N concentration in the shoots of H.
scoparium by 22.9 and 20.2%, respectively, when compared with
control plants. Under well-watered conditions, Leptosphaeria
sp. induced a significant increase in the shoot N concentration
(12.3%), while E. chlamydospora showed an opposite effect, with
about 87.7% of control plants (Figure 3B). DSE inoculation did
not affect the root C, N, and P concentrations and shoot P
concentration of H. scoparium seedlings under all the treatments
(Figure 3 and Table 2).

DISCUSSION

As important root endophytes, DSE have been reported to have
positive ecological roles in plant growth and nutrient uptake
(Wu et al., 2010; Newsham, 2011; Surono and Narisawa, 2017;
Vergara et al., 2018). They also provide increased plant resistance
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. FIGURE 2 | Effects of DSE inoculation and water treatment on the antioxidant

enzyme activities in leaves of Hedysarum scoparium. (A) Superoxide
dismutase (SOD) in leaves of Hedysarum scoparium. (B) Catalase (CAT) in
leaves of Hedysarum scoparium. The error bars represent the SE. Different
letters above the error bars indicate significant difference at P < 0.05 by
Duncan’s multiple-range tests. E– indicates non-inoculated plants. PS, KS,
LS, and EC indicate plants inoculated with Phialophora sp., Knufia sp.,
Leptosphaeria sp., and Embellisia chlamydospora, respectively. WW and WS
indicate well-watered and water stress treatment.

to a wide range of environmental stressors (Andrade-Linares
et al., 2011; Likar and Regvar, 2013; Su et al., 2013; Berthelot
et al., 2017; Santos et al., 2017; Zhang et al., 2017; Jin et al.,
2018). However, little is known about the relationship of non-
host DSE and host plants, especially when water availability is
considered (Zhang et al., 2017). In the studies using crops and
plants growing in heavy metal-contaminated soils, DSE fungi,
which have been considered non-host colonizers, showed the
potential to improve plant growth (Li et al., 2011; Khastini
et al., 2012; Berthelot et al., 2016, 2017; Wang et al., 2016).
For example, Gaeumannomyces cylindrosporus isolated from
plants naturally growing in an ancient Pb-Zn slag heap were
reported to enhance the growth of maize under Cd stress (Ban
et al., 2017). Similarly, the four DSE in this study isolated from
G. przewalskii were able to colonize the roots of H. scoparium
plants under both well-watered and water deficit conditions.
Similarly, Zhang et al. (2017) reported that Exophiala pisciphila
isolated from maize could colonize the roots of Sorghum bicolor.
Our results indicated that DSE isolated from desert plants
may be used in other plants. Moreover, they exhibited positive
effects on shoot C and N content and biomass production
of H. scoparium plants; however, these effects were strain-
dependent. This observation corroborates previous reports that
state that DSE fungal species may be one of the factors that
influence the symbiotic relationship (Wilcox and Wang, 1987;
Mandyam and Jumpponen, 2005; Newsham, 2011). In addition,
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FIGURE 3 | Effects of DSE inoculation and water treatment on the elemental
concentration of Hedysarum scoparium. (A) Shoot and root carbon
concentration (C) of Hedysarum scoparium. (B) Shoot and root nitrogen
concentration (N) of Hedysarum scoparium. (C) Shoot and root phosphorus
concentration (P) of Hedysarum scoparium. The error bars represent the SE.
Different letters above the error bars indicate significant difference at P < 0.05
by Duncan’s multiple-range tests. The estimated means were presented when
interactions were not significant. E– indicates non-inoculated plants. PS, KS,
LS, and EC indicate plants inoculated with Phialophora sp., Knufia sp.,
Leptosphaeria sp., and Embellisia chlamydospora, respectively. WW and WS
indicate well-watered and water stress treatment.

both DSE strains isolated from H. scoparium promoted the shoot
and root growth of H. scoparium plants under well-watered
condition in our previous study (Supplementary Figure 1). This
indicates that the outcome of DSE – H. scoparium interactions
may also depend on the host origin of the DSE involved.
Therefore, choosing DSE strains that are most beneficial to the
plants during the restoration of desert vegetation is vital.

The present study further demonstrated that the interaction
between DSE and H. scoparium depended on water availability.
Under water deficit conditions, no adverse effects were found

in all the plants inoculated with DSE. The biomass production
and shoot C and N content of plants inoculated with Phialophora
sp. and Leptosphaeria sp. was increased compared with that of
the control, whereas the inoculation of H. scoparium plants with
E. chlamydospora negatively affected plant growth under well-
watered conditions, but caused no significant decline in plant
growth when exposed to water stress. This indicates that the
interaction between DSE and H. scoparium becomes positive
under water stress. Our results agree with previous studies
in other crops, which have shown that the benefits of plant–
endophyte associations seem to be stronger under soil water
stress conditions (Zhang et al., 2017). For H. scoparium plants,
benefits of symbiosis under water stress may be advantageous to
the plant growth in their natural drought habitats.

The ability of DSE fungi to promote plant growth under
water stress conditions may be related to the increased C and N
absorption, as well as to the enhanced activities of antioxidant
enzymes. Vergara et al. (2018) have reported that increased N
absorption by tomato plants was in response to inoculation
with DSE isolates—inoculated plants exhibited higher dry weight
than non-inoculated plants when supplied with organic N.
Similarly, in our study, Phialophora sp. and Leptosphaeria sp.
may have facilitated the absorption of C and N in the shoots of
H. scoparium. This might be due to the ability of DSE fungi to
mineralize organic compounds containing C, N, and P, thereby
making them available to plants (Della Monica et al., 2015;
Surono and Narisawa, 2017). For example, Phialocephala fortinii,
a plant growth promoter in many studies, was reported to have
the ability to degrade polymeric forms of C, N, and P such
as cellulose, starch and protein (Caldwell et al., 2000; Surono
and Narisawa, 2017). The increased SOD and CAT activity is
another possible mechanism of increased plant growth. Water
stress usually exerts negative effects on organisms and causes
cellular oxidative damage (Bartels and Sunkar, 2005). SOD and
CAT are the primary enzymes involved in the antioxidant system
of plants (Khan et al., 2018; Saleem et al., 2018). In the present
study, plants inoculated with Phialophora sp., Knufia sp., and
Leptosphaeria sp. contained significantly higher concentrations
of SOD and CAT compared with control plants under water
deficit conditions. These findings can be related with the work
by Santos et al. (2017), who found that DSE increased the
tolerance of rice plants to water stress through altered antioxidant
enzyme activity. However, the mechanisms leading to an increase
in the growth of plants inoculated with DSE fungi warrants
further research.

CONCLUSION

We found that non-host DSE could colonize the roots of
H. scoparium and benefit the plant growth, through combined
mechanisms of increased nutrient absorption and enhanced
antioxidant systems, under water deficit conditions. Our results
complement previous insight that endophytes can promote
drought resistance in plants and highlight the importance
of using DSE in desert plants in water-stressed conditions
(Kivlin et al., 2013; Shi et al., 2015; Zhang et al., 2017;

Frontiers in Plant Science | www.frontiersin.org 6 July 2019 | Volume 10 | Article 903141

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-10-00903 July 10, 2019 Time: 20:59 # 7

Li et al. DSE Affects Water Deficit Resistance

González-Teuber et al., 2018; Xie et al., 2018). As H. scoparium
plays important roles in vegetative restoration, the DSE–
H. scoparium association has the potential for further testing in
the field to determine its ability to suppress desertification in arid
regions of Northwest China.
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