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Global change is posing new threats to agroecosystems. First, climate modifications 
in the spatial and temporal distribution of rainfall increase the risks of severe droughts 
during the growing season of most crops. Second, conventional agriculture has led 
to the extension of mono-crop fields that decreased biodiversity in agroecosystems; 
it is possible that these fields will lack resilience when faced with changing climate. 
In addition, a new conscience has arisen and consumers tend to look for healthy 
products that, sometimes, do not match the objectives of conventional agriculture. 
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In this context, sustainable and environmentally friendly agricultural practices that 
can cope with the new global change scenario are needed. This eBook compiles 
state-of-the-art research on the agroecosystems response to global change and 
on how to manage these new scenarios. Despite the broad scope of the topic, 
this Research Topic covers a wide range of subjects, including biodiversity, crop 
performance, novel agricultural practices and soil properties.
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Editorial on the Research Topic

Agroecosystems Facing Global Climate Change: The Search for Sustainability

Climate change and variability in years to come should in principle affect agroecosystems
worldwide due to impacts on plant growth and yield by elevated atmospheric CO2 concentration,
higher temperatures, altered precipitation regimes, and increased frequency of extreme events, as
well as modified weed, pest, and pathogen pressure (Altieri et al., 2015). In addition, because the
diversity of agricultural systems has been reduced to maximize mono-crop yields under favorable
conditions, it is possible that these systems will lack resilience when faced with changing climate
(Isbell, 2015). These future prospects have prompted a new conscience about environmentally
friendly agroecosystems, and policies are being actively promoted, which aim to prohibit or at least
limit pesticide use, as well as promote the adoption of best management practices (Lamichhane
et al., 2016). Furthermore, consumers tend to shift to healthy products, away, sometimes, from
less healthy ones resulting from industrialized agriculture (Sogari et al., 2016). In this context,
researchers have endeavored to find and establish the best options that farmers could adopt to
preserve natural resources such as soil and water while maintaining the yields and economic
benefits of traditional practices (Fleming and Vanclay, 2010; Iglesias and Garrote, 2015; van der
Laan et al., 2017).

In this general context, this Research Topic aims to present recent scientific progress concerning
agricultural practices that allow agroecosystems to cope with the new challenges imposed by global
change. The Research Topic comprises 11 articles, including 6 Original Research articles, 2 Reviews,
2 Perspective articles, and 1 Method article. No doubt there are many more issues that could
fit under the very broad scope of the Research Topic, but the articles gathered already cover a
sizeable range of subjects, from novel agricultural practices to biodiversity, crop performance, and
soil properties.

Soil is a non-renewable resource that deserves special attention in the context of sustainable
agriculture under climate change. In this Research Topic, two articles focus on this important
resource. Gao et al. study the effects that afforestation may have on soil inorganic carbon (SIC)
sequestration in Northwest China. This form of carbon is the dominant one in arid and semiarid
areas; therefore, a subtle fluctuation of SIC pool can alter the regional carbon budget. These
authors found that the SIC pool increased after afforestation for 30 years, doubling the SIC amount
observed in sandy soils, indicating the high potential of afforestation for sequestering carbon. In
addition, Bhat et al. compare the soil biological activity, focusing on phosphorus availability for
crops, under long-term organic management vs. conventional agriculture in central India. They
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reported that organic systems possessed equal capabilities of
supplying phosphorus for crop growth as conventional systems
due to a higher biological activity.

An interesting perspective article by Nair et al. highlights
the potentialities and limitations that biochar application has
for sustainable agriculture. Over the last decade, many authors
have promoted the idea that applying biochar or agrichar to
soils presents a number of possible benefits, among which are
the reduction of bulk density, enhancement of water-holding
capacity, and stabilization of organic matter. Nevertheless, the
merits of biochar remain extremely controversial (e.g., Sánchez-
García et al., 2014; Baveye et al., 2018). In that respect, Nair
et al. point out that several problems and bottlenecks remain to
be addressed before one could consider widespread production
and use of biochar. The current state of knowledge is based
largely on limited small-scale studies under laboratory and
greenhouse conditions. Properties of biochar vary with both
the feedstock from which it is produced and the method
of production. The availability of feedstock as well as the
economic merits, energy needs, and potential environmental
risks of its large-scale production and use remain to be
investigated. Nevertheless, Nair et al. argue in favor of the
viewpoint that biochar could play a significant role in facing the
challenges posed by climate change and threats to agroecosystem
sustainability.

The reduction of diversity in agroecosystems in a climate
change context is the subject of three articles within this Research
Topic. First, Nair et al. highlights the virtues of multi-strata
tree + crop (MTC) systems. These systems are based on niche
complementarity among species. This implies that MTC systems
are structurally and functionally more complex than crop or
tree monocultures, resulting in greater efficiency for capturing
and using resources (light, water, nutrients). Ecosystem services,
future scenarios and directions of MTC systems are clearly
described in this thought-provoking article. Second, Shelef et
al. review the value of native plants and local production as
a means to promote food diversity and agricultural resilience.
These authors used the example of producing pine nuts in the
Western United States to illustrate their proposal to support
local food production in an ecologically sustainable manner.
Third, Chedraoui et al. review in detail the literature devoted
to Capparis spinosa (L.), a xerophilous species with a broad
range of benefits and potentialities for agriculture in Eastern
Mediterranean countries. This review provides information
about the origin, distribution, taxonomy, genetics, cultivation,
phytochemical composition of this species, as well as some of
its traditional uses. Along this line of preserving biodiversity,
Arheimer et al. are concerned with the decrease of snowy periods
in northern Europe, which could lead to diversity losses in
riparian mixed forests that are flooded during some periods of
the year. These authors propose, through a modeling approach,
to use artificial floods to preserve diversity in these ecosystems;

however, several factors, both technical and economic, restrict the
practical implementation of this proposal.

Crop performance under different conditions has been
addressed in two articles within this Research Topic. First, Li
et al. are interested in assessing the extent of soybean nitrogen
fixation under elevated CO2 conditions, since these could limit
crop performance due to nitrogen limitations. These conditions
increase the ability of plants to take up nitrogen by facilitating
root proliferation and nodule growth. Second, the use ofmarginal
lands for growing sorghum for bioethanol production is the
subject of the article by Tang et al. They conclude that energy
sorghum grown on marginal lands has a very low potential
for ethanol production and, therefore, offers a lower possibility
for commercial feedstock supply when compared to that grown
on regular croplands. However, screening suitable varieties may
improve the growth of sorghum and its chemical properties for
ethanol production on marginal lands.

From an economic perspective, Riar et al. present a diagnosis
of biophysical and socio-economic factors influencing the choice
to adopt organic or conventional systems for cotton production.
Organic farmers are motivated by the sustainability of cotton
production and growing food without pesticides, whereas
conventional farmers are sensitive to their reputation in the
community.

Finally, in an interesting methodological article, Kundel et al.
explain the design and the advantages of a new model of rainout-
shelters for climate change experiments in agroecosystems. These
devices prove able to sustain heavy weather and could be used
in agricultural fields where management operations require the
removal of the rainout-shelters. Moreover, they prevent common
artifacts that occur when one uses other devices.

Clearly, the 11 articles composing this Research Topic only
begin to scratch the surface of a very broad area of research (as
noted by the absence of articles devoted to soil organic carbon),
which will undoubtedly become the focus of increasing attention,
as time goes by and the effects of global climate change on
agroecosystems becomemore pronounced and noticeable. In this
context, it is our hope that this Research Topic will contribute
in some measure to fostering a healthy debate on whither the
research should be heading in years to come.
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In arid and semiarid areas, the effects of afforestation on soil organic carbon (SOC)
have received considerable attention. In these areas, in fact, soil inorganic carbon (SIC),
rather than SOC, is the dominant form of carbon, with a reservoir approximately 2–10
times larger than that of SOC. A subtle fluctuation of SIC pool can strongly alter the
regional carbon budget. However, few studies have focused on the variations in SIC, or
have used stable soil carbon isotopes to analyze the reason for SIC variations following
afforestation in degraded semiarid lands. In the Mu Us Desert, northwest China, we
selected a shifting sand land (SL) and three nearby forestlands (Populus alba) with
ages of 8 (P-8), 20 (P-20) and 30 (P-30) years, and measured SIC, SOC, soil organic
and inorganic δ13C values (δ13C-SOC and δ13C-SIC) and other soil properties. The
results showed that SIC stock at 0–100 cm in SL was 34.2 Mg ha−1, and it increased
significantly to 42.5, 49.2, and 68.3 Mg ha−1 in P-8, P-20, and P-30 lands, respectively.
Both δ13C-SIC and δ13C-SOC within the 0–100 cm soil layer in the three forestlands
were more negative than those in SL, and gradually decreased with plantation age.
Afforestation elevated soil fine particles only at a depth of 0–40 cm. The entire dataset
(260 soil samples) exhibited a negative correlation between δ13C-SIC and SIC content
(R2
= 0.71, P < 0.01), whereas it showed positive correlation between SOC content and

SIC content (R2
= 0.52, P < 0.01) and between δ13C-SOC and δ13C-SIC (R2

= 0.63,
P < 0.01). However, no correlation was observed between SIC content and soil fine
particles. The results indicated that afforestation on shifting SL has a high potential
to sequester SIC in degraded semiarid regions. The contribution of soil fine particle
deposition by canopy to SIC sequestration is limited. The SIC sequestration following
afforestation is very probably caused by pedogenic carbonate formation, which is
closely related to SOC accumulation. Our findings suggest that SIC plays an important
role in the carbon cycle in semiarid areas and that overlooking this carbon pool may
substantially lead to underestimating carbon sequestration capacity following vegetation
rehabilitation.

Keywords: afforestation, degraded semiarid regions, pedogenic inorganic carbon, soil inorganic carbon, stable
carbon isotope
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INTRODUCTION

Arid and semiarid areas cover approximately 41% of the Earth’s
land surface (Reynolds et al., 2007; Delgado-Baquerizo et al.,
2013). In these areas, desertification is an extremely challenging
environmental problem leading to serious land degradation and
enormous losses of soil carbon (Lal, 2009; Li et al., 2015).
However, if appropriate restoration measures can be successfully
implemented on degraded lands, it is possible to effectively curb
land degradation and substantially improve the soil properties
in these lands (Lal, 2004; Huang et al., 2012). Afforestation
is an important restoration measure for degraded lands and
is generally considered to have great potential to combat
desertification, protect soils and alter the soil carbon pool (Lal,
2010). The soil carbon pool comprises the soil organic carbon
(SOC) and soil inorganic carbon (SIC) pools (Zhang et al.,
2015). Because of its potentially rapid response to afforestation,
the SOC pool has received considerable attention and has
been extensively investigated (Jackson et al., 2002; Deng et al.,
2014). In contrast to the great progress made in understanding
the dynamics of the SOC pool, the effects of afforestation on
the SIC pool have received relatively less consideration (Wang
et al., 2010; Meyer et al., 2014). In fact, SIC, rather than
SOC, is the dominant form of carbon in arid and semiarid
areas (Mielnick et al., 2005; Mi et al., 2008), with a reservoir
approximately 2–10 times larger than that of SOC (Schlesinger,
1982; Tan et al., 2014). Due to the large reservoir of SIC, a
subtle fluctuation in the SIC pool will strongly alter the carbon
budget in arid and semiarid areas (Landi et al., 2003; Jin et al.,
2014). It is therefore important to have a thorough understanding
of the dynamics of SIC pool following afforestation in these
regions.

Changes in SIC following afforestation in arid and semiarid
areas exhibit contrasting trends, some of which are in direct
opposition. For instance, in the Horqin Sandy Land and
Badain Jaran Desert, China, planting Mongolian pine and
poplar significantly stimulated the accumulation of SIC (Su
et al., 2010; Li Y.Q. et al., 2013). In contrast, in the
Columbia Plateau of Oregon, United States, poplar afforestation
was found to reduce the SIC stock (Sartori et al., 2007).
Another study in the Loess Plateau of China reported that
afforestation simply redistributed SIC along the soil profile
without affecting its total quantity (Chang et al., 2012).
These results indicate that the effects of afforestation on SIC
stock need to be further examined in arid and semiarid
areas.

Importantly, uncertainty nonetheless remains as to why
SIC showed variation following afforestation. There are several
geological methods (such as scanning electron microscopes) for
studying SIC variations (Zamanian et al., 2016). Among these,
stable soil carbon isotopes (13C) have been demonstrated to
be an applicable and crucial indicator revealing the reason for
SIC variations following land use changes (Cerling et al., 1989;
Stevenson et al., 2005). The SIC pool consists of lithogenic
inorganic carbon (LIC) and pedogenic inorganic carbon (PIC)
pools, and these two subpools have different δ13C values (Jobbágy
and Jackson, 2003; Chang et al., 2012; Tan et al., 2014).

The LIC subpool is inherited from the parent material and
generally has high δ13C values (close to zero), whereas the
PIC subpool is generated from the precipitation of carbonate
ions and generally shows low δ13C values (negative) (Wang
et al., 2016; Zamanian et al., 2016). The dynamics of the
SIC pool following land use changes are dominated by the
LIC and PIC subpools. Various processes in SIC variations,
including the mixing of LIC with PIC and the reaction of
soil carbonate with biogenic CO2, can be sensitively and
precisely reflected in δ13C values (Stevenson et al., 2005;
Monger et al., 2015). The use of stable soil carbon isotopes
method, in which the soil inorganic δ13C value (δ13C-SIC)
and the soil organic δ13C value (δ13C-SOC) are measured,
has been found to be an ideal approach to studying the
inherent mechanisms of SIC dissolution, sequestration and
transformation following land use changes (Stevenson et al.,
2005; Rao et al., 2006; Li G.J. et al., 2013; Wang J.P. et al.,
2015). In arid croplands, determining the changes in δ13C-SIC
and δ13C-SOC following straw organic amendments, revealed
that such amendments enhanced PIC formation and led to SIC
accumulation (Wang et al., 2014; Wang X.J. et al., 2015). In
semiarid restored grassland, a decrease in δ13C-SIC indicated
that soil carbonate exchanged with biogenic CO2, resulting in
lower SIC stock in grassland than in farmland (Liu et al.,
2014). Despite the value provided by the existing carbon isotope
methods, they have not been extensively utilized to explore
the reason for SIC variations after afforestation in degraded
semiarid lands, particularly for afforestation on shifting sand
land (SL).

Sand land, which is widely distributed in northwest China,
is characterized by extreme deterioration of the plant and soil
environment. Afforestation and shrub-planting are commonly
suggested as options to combat desertification (Zhang K. et al.,
2010; Zhang Y. et al., 2013). Previous studies have conclusively
demonstrated that afforestation on SL significantly promotes
SOC storage (Liu et al., 2013; Li et al., 2016). However, few
studies have focused on the variations in SIC, or have used
stable soil carbon isotopes to analyze the mechanisms underlying
SIC variations following afforestation on SL. The use of the
related field data along a chronosequence of afforestation, which
could more precisely and reliably determine the dynamics of
SIC, has rarely been reported. The changes in soil carbon
along a chronosequence of afforestation are often studied by
comparing the different-aged forestlands within a designated
area (space-for-time substitution approach) (Farley et al., 2004;
Qiu et al., 2015), as the historical data in a same forestland
since the beginning of afforestation cannot be obtained at
present. In view of the above deficiencies, we selected an SL
and three nearby forestlands (Populus alba) with ages of 8
(P-8), 20 (P-20), and 30 (P-30) years within 2 km2 in the
Mu Us Desert, northwest China. We measured SIC, SOC,
δ13C-SOC and δ13C-SIC in both the SL and the three different-
aged forestlands at depth of 100 cm. The objectives of this
research were (1) to examine the changes in SIC along a
chronosequence of afforestation and (2) to explore the reasons for
SIC variations following afforestation using the carbon isotope
method.
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FIGURE 1 | Distribution of the four sample plots in the study area and the relationships between sample plot, subplot and hole. The satellite image was obtained
from Google Earth and was taken in January 2013. Other pictures were taken by YG in September 2015.

MATERIALS AND METHODS

Study Site Description
The study site is located at the Station of Chunlan Bai
Desertification Control, Yanchi County, Ningxia Province, China
(107◦27′ E, 37◦54′ N), on the southwestern edge of the Mu
Us Desert. The region has a typical temperate continental
monsoon climate with an elevation of 1308 m. The mean annual
precipitation is 275 mm, with 73% occurring in summer and
autumn. The mean annual temperature is 7◦C. The average
relative humidity is 51% and the frost-free period lasts for
128 days. According to the US Soil Taxonomy system, the soil
type is quartisamment (Gao et al., 2014), with a pH range
of 8.0 to 9.0. In the 1980s, the landscape of the research
area was dominated by SL, which comprised many connected
active sand dunes devoid of any vegetation. At that time, the
groundwater level was high enough (2 m) to supply water for
tree growth. Afforestation with poplar (Populus alba) on SL
was successively performed by Chunlan Bai and her family
to restrict sand movement and to protect their homeland. At
present, forestlands with different plantation ages have been
established at the study site. Additionally, areas of SL at some
distance from human habitation have not been managed, and
have remained active. Previous studies have confirmed that the
soil properties in the SL do not vary over a prolonged period
of time (Su and Zhao, 2003; Su et al., 2010), suggesting that
the soil properties prior to the start of the experiments can be
represented by those in the SL at the time of the study. Therefore,
the present-day SL can be used as a control for investigating
the changes in SIC and soil stable carbon isotopes following
afforestation. In this study, we used different-aged forestlands
to explore the dynamics of SIC along a chronosequence of

afforestation, because there had been no related study in this
region and there was a lack of historical data. Within the
scope of the 2 km × 1 km in the study site, we selected an
SL and its nearby three different-aged forestlands as the four
treatments: (1) the SL (control), (2) an 8-year-old poplar land,
(3) a 20-year-old poplar land, and (4) a 30-year-old poplar land.
For each treatment, we selected one sample plot. The distribution
of the four sample plots within the study site is illustrated in
Figure 1, and information on the four sample plots is presented
in Table 1.

Soil Sampling and Analyses
Thirteen 20 m × 20 m subplots were randomly selected within
each sample plot for soil sampling. In each subplot, five holes
(100 cm in depth) along an S-shaped curve were drilled using
a soil auger (10 cm in diameter) after removing litter (the
relationships between sample plot, subplot and hole are shown
in Figure 1). The soil samples were obtained at a depth interval
of 20 cm from 0 to 100 cm. In each subplot, five soil samples
obtained from five holes at the same layer were mixed into a
composite sample (approximately 500 g), and five composite
samples were achieved at a depth interval of 20 cm from 0 to
100 cm within each subplot. Sixty-five composite samples from
the 13 subplots within each sample plot were obtained. After
the samples were air-dried, roots were removed from all the 260
composite samples from the four sample plots. For each air-
dried composite sample, approximately 50 g soil was taken and
retained for measuring particle size distribution using a particle
size analyzer (Malven Laser Mastersizer 2000, England). The
remaining air-dried composite samples were fully ground in an
agate mortar and passed through a 0.1 mm sieve for SIC content,
SOC content and soil δ13C analyses.
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TABLE 1 | Characteristics of the four sample plots (mean ± standard deviation; n = 13).

Plots Unit SL P-8 P-20 P-30

Sample plot area ha 4 3 3 3

Plant species – Populus alba Populus alba Populus alba

Density trees ha−1 0 585 543 502

Height m 0 6.4 ± 1.1 12.8 ± 2.2 15.5 ± 2.7

Diameter at breast height cm 0 6.2 ± 0.8 15.8 ± 1.9 22.6 ± 2.7

Coverage % 0 28.9 35.7 40.2

Soil electrical conductivity dS m−1 4.52 ± 0.37 4.73 ± 0.26 4.68 ± 0.24 4.86 ± 0.38

Ca2+ in soil cmol kg−1 4.79 ± 0.24 4.68 ± 0.35 4.92 ± 0.21 5.01 ± 0.18

Mg2+ in soil cmol kg−1 0.33 ± 0.08 0.41 ± 0.04 0.39 ± 0.05 0.48 ± 0.05

Soil total porosity % 40.3 ± 0.8 43.5 ± 0.7 44.6 ± 0.5 45.7 ± 0.7

After obtaining the 260 composite samples, a soil profile at
0–100 cm was excavated within each subplot. A metal corer
(100 cm3 in volume) was driven into the soil at a depth interval
of 20 cm from 0 to 100 cm, and then soil samples were oven
dried at 115◦C for 24 h and weighed to determine bulk density.
From the excavated soil profile in each subplot, additional soil
samples were obtained at a depth interval of 20 cm from
0 to 100 cm for measuring Soil pH, using a 2.5:1 ratio of
deionized water/soil mass. SOC content was determined using
the dichromate oxidation procedure described by Walkley and
Black (1934). SIC content was determined using the pressure
calcimeter method (Wang et al., 2012). The stocks of SIC were
calculated as follows:

M = 0.1× D× B× Z× ((100− G)/100) (1)

where M is soil carbon stock per unit area (Mg ha−1); D is soil
depth (cm); B is bulk density (g cm−3); Z is carbon content (g
kg−1) and G is the relative amount of gravel (%). The gravel
content was 0 because there was no gravel in the soil.

The detailed methods for determining δ13C-SOC and δ13C-
SIC have been described previously by Jin et al. (2014). For
the determination of δ13C-SOC, 5 g of ground and sieved soil
was steeped in 2 M HCl for 24 h to remove SIC. The treated
soil was then washed with distilled water until the pH exceeded
5, and was subsequently dried at 40◦C. From each dried soil
sample, approximately 30 mg soil was packed in a tin cup and
analyzed with an elemental analyzer (Flash EA 1112, Thermo
Fisher Scientific, Inc.) and an isotope ratio mass spectrometer
(IRMS) (Finnigan MAT Delta plus XP, Thermo Fisher Scientific,
Inc.). The contents of the tin cup were combusted at 1000◦C
in the EA, and then the SOC of the sample in the tin cup was
converted to CO2. The CO2 from the EA was ionized and its
δ13C value was measured by IRMS. The working standards used
for determining δ13C-SOC were Protein (Elemental Analyses,
Inc., Beijing, China, −26.98h) and NBS-19 (National Institute
of Standards and Technology, Gaithersburg, MD, United States;
+1.95h).

To determine 13C-SIC, approximately 100 mg sieved soil was
reacted with 5 mL 100% H3PO4 for 2 h at 75◦C in a 12 mL
sealed vessel of Gas Bench II (Thermo Fisher Scientific, Inc.)
to generate CO2, and the generated CO2 was measured by
IRMS (Finnigan MAT Delta plus XP, Thermo Fisher Scientific,

Inc.). The working standards used for determining δ13C-SIC
were NBS-18 (National Institute of Standards and Technology,
Gaithersburg, MD, United States;−5.01h) and NBS-19.

The stable isotope compositions of the SOC and SIC,
expressed in delta (δ) notation, were both calculated as follows
(Coplen, 2011):

δ13C =
(13C/12C)sample

(13C/12C)standard
− 1 (2)

where (13C/12C)sample and (13C/12C)standard are the atomic ratio
of 13C to 12C in the sample and in the Vienna Pee Dee Belemnite
(VPDB) standard, respectively. All samples were measured in
triplicate. In the three measurements for each sample, the
standard deviation of the reported δ13C-SOC and δ13C-SIC in
this study was within 0.4 and 0.3h, respectively.

Statistical Analyses
Statistical analyses were performed using version 16.0 of the SPSS
software (SPSS, Chicago, IL, United States). Two-way analysis
of variance was conducted to test the effects of soil depth and
plant age, as well as their interactions with soil carbon contents
and soil δ13C values (Table 2). Multiple comparisons and one-
way analysis of variance procedures were used to compare the
differences in soil carbon contents and soil δ13C values between
different treatments within the same depth, and between different
soil depths within the same treatment. Mean comparisons
were performed using the least-significant-difference test. Linear
regression analyses were carried out to evaluate the relationships
between various carbon variables (SOC vs. SIC, δ13C-SIC vs.
SIC, δ13C-SIC vs. δ13C-SOC, SIC vs. silt particle, SIC vs. clay
particle).

RESULTS

Bulk Density, Soil Particle Content and
pH in Shifting Sand Land and Forestlands
Afforestation was found to cause a variation in bulk density and
fine particles at 0–40 cm soil layer (Table 3). Within this depth,
the bulk densities in P-20 land and P-30 land were significantly
lower than in SL, but there was no significant difference between
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TABLE 2 | Two-way ANOVA for soil carbon content, δ13C-SIC, and δ13C-SOC in for treatments and soil layers.

Soil carbon Treatment Layer Treatment × Layer

F P F P F P

SOC 935.7 <0.001 39.78 <0.001 7.1 <0.001

SIC 156.86 <0.001 2.27 0.062 1.82 0.046

δ13C-SIC 217.19 <0.001 1.81 0.128 0.31 0.986

δ13C-SOC 150.57 <0.001 6.45 <0.001 1.22 0.267

TABLE 3 | Bulk density, particle content and pH of soil in the four sample plots (n = 13, mean ± SD).

Soil properties Soil depth (cm) SL P-8 P-20 P-30

Bulk density (g cm−3) 0–20 1.58 ± 0.14 a 1.51 ± 0.14 ab 1.45 ± 0.09 bc 1.43 ± 0.13 c

20–40 1.56 ± 0.11 a 1.54 ± 0.11 ab 1.47 ± 0.15 bc 1.45 ± 0.14 c

40–60 1.57 ± 0.13 a 1.52 ± 0.10 a 1.51 ± 0.12 a 1.49 ± 0.11 a

60–80 1.59 ± 0.12 a 1.56 ± 0.13 a 1.55 ± 0.16 a 1.54 ± 0.09 a

80–100 1.57 ± 0.09 a 1.58 ± 0.12 a 1.53 ± 0.13 a 1.52 ± 0.14 a

Sand (>0.05 mm, %) 0–20 91.3 ± 3.5 a 90.0 ± 3.8 a 89.7 ± 3.9 a 89.2 ± 2.9 a

20–40 91.7 ± 2.6 a 90.7 ± 2.4 a 90.5 ± 2.8 a 90.9 ± 3.2 a

40–60 91.9 ± 2.1 a 91.7 ± 3.2 a 91.1 ± 2.1 a 91.5 ± 3.4 a

60–80 92.2 ± 3.2 a 91.9 ± 2.9 a 91.7 ± 3.6 a 91.6 ± 3.8 a

80–100 92.6 ± 3.3 a 92.1 ± 2.8 a 92.6 ± 2.7 a 92.7 ± 3.9 a

Silt (0.002–0.05 mm, %) 0–20 4.8 ± 0.3 b 5.3 ± 0.4 a 5.4 ± 0.3 a 5.8 ± 0.3 a

20–40 4.7 ± 0.2 b 5.1 ± 0.4 ab 5.0 ± 0.3 ab 5.2 ± 0.5 a

40–60 4.9 ± 0.3 a 4.8 ± 0.3 a 5.1 ± 0.4 a 4.9 ± 0.3 a

60–80 4.6 ± 0.2 a 4.9 ± 0.5 a 4.8 ± 0.4 a 4.7 ± 0.3 a

80–100 4.7 ± 0.4 a 4.8 ± 0.2 a 4.6 ± 0.3 a 4.9 ± 0.4 a

Clay (<0.002 mm, %) 0–20 3.9 ± 0.4 b 4.7 ± 0.3 a 4.9 ± 0.2 a 5.0 ± 0.4 a

20–40 3.6 ± 0.5 b 4.2 ± 0.4 ab 4.5 ± 0.5 a 3.9 ± 0.3 ab

40–60 3.2 ± 0.6 a 3.5 ± 0.3 a 3.8 ± 0.5 a 3.6 ± 0.5 a

60–80 3.2 ± 0.4 a 3.2 ± 0.3 a 3.5 ± 0.3 a 3.7 ± 0.4 a

80–100 2.7 ± 0.5 a 3.1 ± 0.4 a 2.8 ± 0.4 a 2.4 ± 0.3 a

pH 0–20 8.9 ± 0.3 a 8.6 ± 0.4 ab 8.2 ± 0.3 b 8.1 ± 0.2 b

20–40 9.0 ± 0.3 a 8.5 ± 0.3 b 8.2 ± 0.2 bc 8.0 ± 0.3 c

40–60 8.8 ± 0.2 a 8.3 ± 0.4 ab 8.1 ± 0.1 ab 7.9 ± 0.2 b

60–80 8.7 ± 0.1 a 8.4 ± 0.2 ab 8.2 ± 0.3 b 8.2 ± 0.1 b

80–100 8.9 ± 0.2 a 8.5 ± 0.3 ab 8.3 ± 0.4 b 8.1 ± 0.3 b

Within each depth, different lowercase letters denote significant differences among the treatments (P < 0.05).

P-8 land and SL. The silt and clay particle contents at 0–20 cm
in the three forestlands were significantly higher than in SL. At
the depth of 20–40 cm, the silt particle content in P-30 land was
significantly greater than that in SL, but there was no significant
difference between P-8 land and SL or between P-20 land and
SL. The clay particle content in P-20 land was remarkably greater
than in SL, but there was no significant difference between P-8
land and SL or between P-30 land and SL. Within the 40–100 cm
depth layer, no differences in bulk density or fine particles were
observed between the four sample plots (Table 3). Additionally,
soil pH at 0–100 cm in P-20 land and P-30 land was considerably
lower than that in SL, but there was no significant difference
between P-8 land and SL within the 60–100 cm depth layer
(Table 3).

SIC in Shifting Sand Land and
Forestlands
Soil inorganic carbon content was enhanced by afforestation.
Within the 0–100 cm depth, the SIC content in each 20 cm depth
interval in P-8, P-20, and P-30 lands was significantly higher than
in SL (Table 4). Among the three forestlands, the SIC content
increased with plantation age. Within the 0–40 cm layer, the SIC
content in P-30 land was considerably higher than in P-20 land,
but there was no significant difference between P-20 land and
P-8 land. Within the 40–100 cm layer, the SIC content in P-30
land was significantly greater than that in P-20 land, which in
turn was greater than that in P-8 land. Afforestation also elevated
SIC stocks. The SIC stock at 0–100 cm in SL was 34.2 Mg ha−1,
which increased to 42.5, 49.2, and 68.3 Mg ha−1 in P-8, P-20 and
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TABLE 4 | Soil carbon contents in the four sample plots (g kg−1; mean ± standard deviation; n = 13).

Soil carbon Soil depth (cm) SL P-8 P-20 P-30

SIC 0–20 2.18 ± 0.22 Ac 2.77 ± 0.61 Ab 3.17 ± 0.38 Ab 5.24 ± 1.16 Aa

20–40 2.16 ± 0.19 Ac 2.97 ± 0.27 Ab 3.25 ± 0.58 Ab 4.66 ± 0.77 ABa

40–60 2.17 ± 0.18 Ad 2.64 ± 0.50 Ac 3.55 ± 0.70 Ab 4.59 ± 0.92 ABa

60–80 2.19 ± 0.19 Ad 2.67 ± 0.57 Ac 3.21 ± 0.70 Ab 4.55 ± 0.86 ABa

80–100 2.17 ± 0.20 Ad 2.74 ± 0.33 Ac 3.09 ± 0.58 Ab 3.84 ± 0.58 Ba

SOC 0–20 0.40 ± 0.03 Ad 2.00 ± 0.20 Ac 4.53 ± 0.86 Ab 6.11 ± 1.03 Aa

20–40 0.38 ± 0.02 Ad 1.54 ± 0.21 Bc 3.88 ± 0.79 Bb 4.98 ± 0.80 Ba

40–60 0.42 ± 0.04 Ad 1.34 ± 0.21 BCc 3.40 ± 0.59 BCb 4.69 ± 0.77 Ba

60–80 0.38 ± 0.03 Ad 1.20 ± 0.23 CDc 3.21 ± 0.38 BCb 4.03 ± 0.40 Ca

80–100 0.40 ± 0.03 Ad 1.03 ± 0.18 Dc 3.00 ± 0.45 Cb 3.43 ± 0.37 Ca

Within each treatment, different uppercase letters denote significant differences among the depths (P < 0.05); within each depth, different lowercase letters denote
significant differences among the treatments (P < 0.05).

FIGURE 2 | Soil inorganic carbon (SIC) stocks within 0–100 cm in shifting
sand land (SL), 8-year-old poplar (P-8) land, 20-year-old poplar (P-20) land,
and 30-year-old poplar (P-30) land (mean ± SD; n = 13). Different lowercase
letters denote significant differences among the treatments (P < 0.05).

P-30 lands, respectively (Figure 2). The SIC contents in SL, P-8
land and P-20 land were almost evenly distributed among the
five 20 cm soil intervals from 0 to 100 cm (Table 4). The SIC
content in P-30 land at 0–20 cm was significantly higher than
at 80–100 cm; however, no differences were observed among the
0–80 cm layers or among the 20–100 cm layers. In addition, the
SOC content in the three forestlands was significantly higher in
each soil layer than at the same depth in SL (Table 4).

δ13C-SIC and δ13C-SOC in Shifting Sand
Land and Forestlands
In P-8, P-20, P-30 and SL lands, the δ13C-SIC values showed little
vertical variation throughout the 0–100 cm soil layers (Table 5).
Among the four sample plots, the δ13C-SIC values in SL land were
the highest in all five soil layers, and δ13C-SIC value decreased
with plantation age after afforestation. At 0–80 cm, the δ13C-SIC
values in P-30 land were significantly lower than those in P-20
land, which in turn were lower than those in P-8 land. At
80–100 cm, δ13C-SIC value in P-30 land was also the lowest, but

no difference was observed at this layer between P-20 land and
P-8 land. The δ13C-SOC values within the 0–60 cm depth showed
a gradual decrease with plantation age after afforestation. At
60–100 cm, the δ13C-SOC values were not significantly different
between SL land and P-8 land, but these values in the both plots
were dramatically higher than those in P-20 land and P-30 land
(Table 5).

Figure 3 shows a strong correlation between SIC content
and δ13C-SIC. Using all 260 samples, the relationship between
δ13C-SIC content and SIC was shown to fit a linear model,
and δ13C-SIC was observed to explain more than 70% of
the variation in SIC (R2

= 0.71, P < 0.01). Our data also
showed that the variations in SIC and δ13C-SIC were related
to SOC and δ13C-SOC. There was a positive linear relationship
(R2
= 0.52, P < 0.01) between SOC and SIC content for

all soil samples (Figure 4). The entire dataset (260 samples)
exhibited a positive correlation between δ13C-SOC and δ13C-SIC
(R2
= 0.63, P < 0.01, Figure 5). Additionally, there was no

obvious correlation between silt particle content and SIC content
(Figure 6A) or between clay particle content and SIC content
(Figure 6B).

DISCUSSION

SIC Sequestration Following
Afforestation and the Contribution of Soil
Fine Particles to SIC Sequestration
Our results showed that the SIC stock at depth of 0–100 cm
in SL was 34.2 Mg ha−1 and that it gradually increased along
the chronosequence of afforestation (Figure 2). The results
were consistent with those reported by Su et al. (2010) and
Li Y.Q. et al. (2013), who also observed that SIC increased
markedly with plantation age after afforestation on SL. However,
our findings were in disagreement with some earlier reports
in semiarid regions. In the Columbia Plateau, Oregon, United
States, after 10 years, poplar plantations in a desert reduced the
SIC concentration from 2.6 to 1.2 g kg−1 in the surface layer
(Sartori et al., 2007). In the Chinese Loess Plateau, Wang et al.
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TABLE 5 | δ13C-SIC and δ13C-SOC in the four sample plots (h; mean ± standard deviation; n = 13).

Soil depth (cm) SL P-8 P-20 P-30

δ13C-SIC 0–20 −4.08 ± 0.27 Aa −4.72 ± 0.55 Ab −5.59 ± 0.65 Ac −6.72 ± 0.69 Ad

20–40 −4.04 ± 0.23 Aa −5.08 ± 0.63 Aa −5.90 ± 0.47 Ab −6.41 ± 0.68 Ac

40–60 −4.00 ± 0.26 Aa −4.71 ± 0.70 Ab −5.69 ± 0.51 Ac −6.55 ± 0.66 Ad

60–80 −4.05 ± 0.23 Aa −4.95 ± 0.77 Ab −5.87 ± 0.63 Ac −6.69 ± 0.76 Ad

80–100 −4.06 ± 0.23 Aa −5.17 ± 0.63 Ab −5.74 ± 0.62 Ab −6.58 ± 0.70 Ac

δ13C-SOC 0–20 −18.68 ± 1.54 Aa −23.36 ± 2.00 Bb −25.44 ± 1.90 Bb −27.60 ± 2.20 Bc

20–40 −18.82 ± 1.66 Aa −21.46 ± 2.31 ABb −24.41 ± 1.77 ABc −26.75 ± 2.28 ABd

40–60 −19.08 ± 1.89 Aa −21.60 ± 1.98 ABb −24.39 ± 1.52 ABc −25.49 ± 1.47 ABc

60–80 −19.37 ± 2.06 Aa −20.84 ± 2.13 Aa −23.83 ± 1.78 ABb −25.50 ± 2.30 ABb

80–100 −18.71 ± 1.81 Aa −20.34 ± 2.43 Aa −23.34 ± 1.45 Ab −24.81 ± 2.42 Ab

Within each treatment, different uppercase letters denote significant differences among the depths (P < 0.05); within each depth, different lowercase letters denote
significant differences among the treatments (P < 0.05).

FIGURE 3 | Relationship between soil inorganic δ13C value (δ13C-SIC) and
inorganic carbon (SIC) contents (using all 260 samples within 0–100 cm depth
from four sample plots). Significance of the linear regression was considered
as P < 0.01.

(2016) reported that the SIC storage at depth of 0–100 cm in the
farmland was significantly lower than that in the restored artificial
forestland, with a difference of 16.8 Mg ha−1. The SIC reduction
in these inconsistent findings was mainly caused by irrigation
or surface runoff, which can remove mass containing dissolved
inorganic carbon. In the present study, similar processes would
not be applicable because there was no irrigation or heavy rainfall.
Therefore, our findings indicate that afforestation on shifting
SL has a high potential to sequester SIC in degraded semiarid
regions.

One theory posits that soil fine particles may play an important
role in SIC sequestration following afforestation (Li et al., 2012).
Plant canopies can intercept and deposit fine particles from
the wind-sand flow after afforestation. This sediment contains
rich carbonate sources, such as calcite, and causes a rapid SIC
accumulation in surface soil (0–20 cm) (Wang et al., 2006).
However, we found that this theory could not provide a complete
explanation for SIC accumulation. Afforestation on SL not only

FIGURE 4 | Relationship between soil organic carbon (SOC) and inorganic
carbon (SIC) contents (using all 260 samples within 0–100 cm depth from four
sample plots). Significance of the linear regression was considered as
P < 0.01.

elevates SIC stock in the surface soil layer, but also increases
SIC levels in the deeper layers (Table 4; Li Y.Q. et al., 2013).
Nevertheless, afforestation enhanced fine particles only at a
depth of 0–40 cm, but not in the 40–100 cm depths (Table 3).
In the deep layers (>40 cm), soil fine particles stack at an
exceptionally slow rate and contribute little to SIC sequestration
(Li et al., 2007). Moreover, we detected no correlation between
fine particles and SIC content in the present study (Figure 6),
further suggesting that the contribution of soil fine particles by
the canopy to SIC sequestration is limited for the 0–100 cm soil
layer. This phenomenon indicates that SIC sequestration is not
exclusively derived from fine particle deposition and that other
SIC accumulation processes may be occurring after afforestation.

Effects of Afforestation on Stable Carbon
Isotopes and Implications for Revealing
the Mechanism of SIC Sequestration
We found that δ13C-SIC decreased with plantation age in
forestlands (Table 5). Wang J.P. et al. (2015) found that the
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FIGURE 5 | Relationships of soil inorganic δ13C value (δ13C-SIC) with soil
organic δ13C value (δ13C-SOC) (using all 260 samples within 0–100 cm depth
from four sample plots). Significance of the linear regression was considered
as P < 0.01.

δ13C-SIC for desert soil was significantly higher than that for
shrubland soil on the northeastern edge of the Taklamakan
Desert, China. Liu et al. (2014) also pointed out that the
δ13C value of soil carbonate along a chronosequence decreased
gradually with vegetation restoration. SIC is composed of
the LIC and PIC, which have distinct δ13C-SIC values. The
changes in δ13C-SIC following vegetation rehabilitation can
be used to explain the reason for SIC variation (Stevenson
et al., 2005). There is sufficient evidence that the decrease
in δ13C-SIC indicates PIC formation when land use patterns
change (Jin et al., 2014; Liu et al., 2014; Wang et al., 2014,
2016; Wang J.P. et al., 2015; Bughio et al., 2016). Accordingly,

the decrease in δ13C-SIC with plantation age in our study
indicates that afforestation induced abundant PIC formation.
Furthermore, a strong negative linear relationship between
δ13C-SIC and SIC content in our study (Figure 3), which was
also observed by Wang X.J. et al. (2015) in the northwest
China, suggests that a decreasing δ13C-SIC is associated with SIC
sequestration following afforestation. Specifically, PIC formation
is accompanied by SIC sequestration, as the decrease in δ13C-SIC
is indicative of the formation of PIC. Therefore, the carbon
isotope data in this study indicate that SIC sequestration is
probably caused by PIC formation after afforestation on SL.
Additionally, an estimation of the amount of PIC would be
very important to better understanding the contribution of PIC
to SIC sequestration. Based on the precise δ13C-SIC, δ13C-
PIC and δ13C-LIC values and empirical formulas, Wang et al.
(2014) successfully estimated the accumulation rate of PIC
under fertilization for loess soil. This method can ostensibly
be used to calculate the amount of PIC in the forestlands
in our study. However, an accurate δ13C-LIC value in the
desert cannot be measured with the current technology, so
we cannot supply values for the PIC stocks in this study.
The δ13C-LIC of desert soil should be precisely identified
in future studies because it is crucial for quantifying PIC
stock.

Effect of SOC Accumulation on PIC
Formation
In this study, afforestation simultaneously enhanced SIC and
SOC contents (Figure 2), and SIC content was positively
correlated with SOC content (Figure 4). Similar relationships
have also been identified in other arid and semiarid regions in
China (Zhang N. et al., 2010; Wang X.J. et al., 2015; Guo et al.,
2016). These results suggest that the increase of SIC following

FIGURE 6 | Relationships of soil inorganic δ13C value (δ13C-SIC) with silt particle content and clay particle content (using all 260 samples within 0–100 cm depth
from four sample plots). (A) Relationship between δ13C-SIC and silt particle content; (B) relationship between δ13C-SIC and clay particle content. Significance of the
linear regression was considered as P < 0.01.
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afforestation may be related to SOC accumulation. Furthermore,
our results showed that there was a decrease in both δ13C-SIC
and δ13C-SOC with plantation age. δ13C-SIC was strongly
positively correlated with δ13C-SOC (Figure 5), a finding that
is consistent with the observations of Landi et al. (2003). In
other words, the decrease in δ13C-SIC was accompanied by a
decrease in δ13C-SOC. The decrease in δ13C-SIC indicates PIC
formation, and SOC accumulation invariably leads to a decrease
in δ13C-SOC due to plant litter input (Trolier et al., 1996; Jin
et al., 2014). These results further imply that the PIC formation
following afforestation is correlated with SOC accumulation. Soil
organic matter affected PIC formation by regulating soil CO2
concentration and the precipitation of carbonate in the alkaline
environment (Monger et al., 2015). PIC accumulation involves
two main reactions:

2CO2 + 2H2O↔ 2HCO−3 + 2H+ (3)

Ca2+
+ 2HCO−3 ↔ CaCO3 +H2O+ CO2 (4)

A mass of CO2 is released into the soil following shrub and tree
plantation in deserts, mainly due to the decomposition of the
increased amount of organic matter (Zhang Z.S. et al., 2013).
In general, an increase in soil CO2 concentration would lead
to the production of HCO3

−. The accumulated HCO3
− can

drive reaction (4) to the right, resulting in the precipitation of
carbonate (Wang X.J. et al., 2015; Zamanian et al., 2016). When
2 mole of CO2 is consumed, 1 mole of CaCO3 is generated. At
our study site, the soil has a pH greater than 8 (Table 3) and is
rich in available Ca2+ and Mg2+ (Table 1). The decomposition of
the increased SOC in forestlands would dramatically elevate the
soil CO2 concentration and facilitate the occurrence of reaction
(3). The alkaline environmental conditions could neutralize the
H+ from reaction (3), which may be the reason for the decline in
pH in forestlands (Table 3). These conditions also continuously
promote the formation of HCO3

−. The newly generated HCO3
−

combined with available cations may cause PIC accumulation
following afforestation (Meyer et al., 2014; Monger et al., 2015).
In addition to the CO2 emitted via decomposition of the
increased SOC, soil CO2 respired by the roots of poplar trees
(autotrophic respiration) would affect the formation of PIC. The
effects of autotrophic respiration on PIC formation in plantation
lands need to be studied in future. Additionally, a long-term
study by observing SIC, SOC, soil carbon isotopes, soil CO2
concentration and available cations in the same forestland is
required, which could more directly and precisely characterize

the mechanisms of SIC variation along a chronosequence of
afforestation.

CONCLUSION

Our data demonstrate that afforestation on shifting SL has a
high potential to sequester SIC in degraded semiarid regions.
Afforestation elevated soil fine particles only at 0–40 cm,
and there was no correlation between SIC content and soil
fine particles, suggesting that the contribution of soil fine
particle deposition to SIC accumulation is limited. The decrease
in δ13C-SIC along a chronosequence of forestland and the
relationship between δ13C-SIC and SIC content both indicate
that SIC sequestration following afforestation is probably caused
by PIC formation. The positive correlations between SIC
content and SOC content and between δ13C-SIC and δ13C-SOC
imply that the newly formed PIC may be closely related to
SOC accumulation. Our findings suggest that SIC plays an
important role in the carbon cycle in semiarid areas and that
by overlooking SIC, we may substantially underestimate carbon
sequestration capacities following vegetation rehabilitation. Our
stable carbon isotope data will help to form an understanding of
the mechanisms of SIC formation and transformation in arid and
semiarid areas.
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Mobilization of unavailable phosphorus (P) to plant available P is a prerequisite to sustain
crop productivity. Although most of the agricultural soils have sufficient amounts of
phosphorus, low availability of native soil P remains a key limiting factor to increasing
crop productivity. Solubilization and mineralization of applied and native P to plant
available form is mediated through a number of biological and biochemical processes
that are strongly influenced by soil carbon/organic matter, besides other biotic and
abiotic factors. Soils rich in organic matter are expected to have higher P availability
potentially due to higher biological activity. In conventional agricultural systems mineral
fertilizers are used to supply P for plant growth, whereas organic systems largely rely
on inputs of organic origin. The soils under organic management are supposed to
be biologically more active and thus possess a higher capability to mobilize native
or applied P. In this study we compared biological activity in soil of a long-term
farming systems comparison field trial in vertisols under a subtropical (semi-arid)
environment. Soil samples were collected from plots under 7 years of organic and
conventional management at five different time points in soybean (Glycine max) -wheat
(Triticum aestivum) crop sequence including the crop growth stages of reproductive
significance. Upon analysis of various soil biological properties such as dehydrogenase,
β-glucosidase, acid and alkaline phosphatase activities, microbial respiration, substrate
induced respiration, soil microbial biomass carbon, organically managed soils were
found to be biologically more active particularly at R2 stage in soybean and panicle
initiation stage in wheat. We also determined the synergies between these biological
parameters by using the methodology of principle component analysis. At all sampling
points, P availability in organic and conventional systems was comparable. Our findings
clearly indicate that owing to higher biological activity, organic systems possess equal
capabilities of supplying P for crop growth as are conventional systems with inputs of
mineral P fertilizers.

Keywords: biological properties, phosphorus mobilization, soil enzymes, soybean–wheat system, available P
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INTRODUCTION

Low availability of native soil phosphorus for plant growth acts
as a limiting factor to realize increased crop productivity (Lynch
and Brown, 2008; Khan and Joergensen, 2009; Malik et al.,
2012; Johnston et al., 2014). It is well known that most of the
soils contain appreciable amounts of total P, yet soil solution
P concentrations are ironically low and thereby an impediment
for sufficient plant P assimilation (Hinsinger, 2001). As P is
subjected to precipitation reactions and sorption reactions on
soil colloids, substantial proportions of applied and native soil
P are rendered unavailable (Alam and Ladha, 2004; Brady and
Weil, 2008; Khan and Joergensen, 2009). Therefore, owing to
the very low efficiency of applied P (Syers et al., 2008), large
amounts of fertilizer P are required to sufficiently increase soil
solution P concentrations for assimilation by crop plants to
sustain crop productivity (Zhang et al., 2010; Shen et al., 2011;
Bai et al., 2013). Inorganic P fertilizers are, however, costly and
are either out of the reach of resource poor farmers in most of
the developing countries or need to be heavily subsidized by tax
payers’ money. Furthermore, with rapidly diminishing accessible
natural P resources, relying solely on inorganic P fertilizers is not
a sustainable strategy (Cordell et al., 2009). Therefore, it is of high
importance that alternate agricultural management strategies are
devised that are cost effective, P efficient and sustainable (Harvey
et al., 2009; Sánchez, 2010). Apart from the input of mineral P
fertilizers, some of the agricultural strategies that can mobilize
soil P for plant assimilation include organic matter management
(Damodar Reddy et al., 1999; Aulakh et al., 2003; Singh et al.,
2007), tillage interventions (Basamba et al., 2006; Shi et al., 2013),
microbial inoculation (Ramesh et al., 2011, 2014; Kumar et al.,
2014), and crop rotation (Aulakh et al., 2003; Ciampitti et al.,
2011).

In nature, phosphorus is known to occur in a number of
discrete chemical forms varying in solubility and availability. In
agricultural soils, P is found in both inorganic and organic forms,
of which organic forms of P are predominant (Turner et al., 2002;
Condron et al., 2005; Kong et al., 2009; Richardson et al., 2011).
Most of the organic P exists as phytate-P and in lesser amounts
as other phosphate esters such as phospholipids (Turner et al.,
2007; Richardson et al., 2011). The presence of high phytate-P
in soils could be attributed to its low solubility and close affinity
toward the solid phase (soil colloids) because of its higher stability
(George et al., 2005; Tang et al., 2006). This has been a major
impediment to P availability for plant uptake. Availability of P for
crop assimilation is net resultant of a number of simultaneously
occurring processes, predominantly the mobilization of inorganic
P, mineralization of organic P, immobilization of applied P and
the rates of P diffusion. These processes are influenced and
mediated by several bio-chemical and microbiological activities.
Though the roles of most of these biological activities in specific
processes are well understood, their synergistic or antagonistic
functions and their interactions under particular management
environments are still poorly studied.

By improving soil physicochemical and biological properties,
organic farming systems are known to play an important role
in agricultural ecosystems. They are also advocated for their

contribution to nutrient cycling in general and P in particular
(Malik et al., 2013; Masto et al., 2013; Tamilselvi et al., 2015).
Organic matter contributes 20–80% to the organic phosphorous
in soil (Richardson, 1994), which in turn is hydrolyzed by
phosphatases – enzymes of plant or microbial origin – to become
plant available P (Tarafdar and Claassen, 1988). Not only does
the mineralization of organic manure supplies available P for
plant uptake, it also plays a significant role in mobilization of
native P forms through an array of mechanisms. For instance,
organic anions evolved during manure decomposition, metal
complexation or dissolution reactions mediate release of P from
exchange sites (Bolan et al., 1994; Iyamuremye and Dick, 1996).
Also, the addition of organic matter serves as a substrate for
microbial proliferation that aides in changing the dynamics of P
(both organic and inorganic forms) in the rhizosphere thereby
positively affecting root architecture and biological properties
such as root released phosphatases or phosphatases of microbial
origin or both (Gichangi et al., 2009; Richardson et al., 2011;
Guan et al., 2012; Malik et al., 2013). The effectiveness of added
organic manures on microbial activity can be ascertained by
assessing its influence on pertinent changes in soil properties such
as pH, soil enzymatic activities, microbial biomass and its role
in P mobilization and assimilation. The assay of soil enzymatic
activities could provide an early and sensitive indication of
changes induced by management strategies such as organic
manuring, green manuring, crop residue incorporation, tillage
interventions, herbicide application etc. (Dick et al., 1988;
Nannipieri, 1994; Aparna et al., 2014; Tamilselvi et al., 2015).
Enzyme activity coupled with measurements of other relevant
biological and biochemical parameters (e.g., soil respiration,
microbial carbon biomass, soil pH etc.) provides indication on
the extent of biological activity in soil. Because of the inherent
complexity of multiple co-existing soil processes, it is, however,
challenging to quantify the net contribution of each of these
factors to plant P-availability under specific production systems.

The proclaimed effectiveness of organic management in
enhancing P availability could only be determined by systematic
comparison with conventional management systems under field
conditions. Such comparative studies need to also consider the
minimum time required for organic systems to become fully
functional. Despite the fact that P availability in soils is of high
scientific interest, systematic long-term comparisons of factors
contributing to P availability in organic and conventional farming
systems are lacking. In this study, we compared soil biological
activities pertaining to P availability at key crop growth stages
in agricultural plots that were subject to continuous organic
and conventional management for 7 years. The study was
conducted within the framework of a long-term farming systems
comparison trial in Vertisols of Central India, where soybean
(Glycine max) – wheat (Triticum aestivum) is a predominant
cropping system. We hypothesized that biological activity in
soils of organic production systems plays a significant role
in P mobilization in a soybean–wheat cropping system. The
specific objective of this study was to monitor changes in
and synergies among soil biological parameters contributing
to P availability such as soil dehydrogenase activity (DHA),
β-glucosidase (βGL), acid phosphatase (ACP) and alkaline
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phosphatase (ALP) activities, soil microbial respiration (SR),
substrate induced respiration (SIR) and soil microbial biomass
carbon (MBC) content at key growth stages of soybean and wheat
crops.

MATERIALS AND METHODS

Site and Trial Description
This study was conducted on the field site of the long term
farming systems comparison (SysCom) trial running since 2007
in the Nimar valley of Madhya Pradesh state in central India.
The trial site is located at an altitude of 250 m above sea
level (22◦8′30.28′′N; 75◦37′48.97′′E) in a subtropical (semi-arid)
climate with an average temperature of 25◦C (temperature range
05–48◦C) of which the maximum temperature occurs during
May/June and minimum temperature during January/February.
This region receives an average precipitation of 800 mm, most
of which comes during monsoon period from June to September
(Figure 1). The experimental site belongs to Vertisols (Fine,
iso-hyperthermic, montmorillonitic, Typic Haplusterts) and the
pertinent soil characteristics at the start of the experiment in
2007 were pH 8.7, organic carbon content 5.0 gkg−1, clay content
600 gkg−1, CaCO3 55 gkg−1, and available (Olsen’s) P content of
7.0 mg kg−1 (Forster et al., 2013). Cotton/ soybean–wheat is the
predominant cropping pattern in Nimar valley, though farmers
also grow other crops such as sugarcane, vegetables, fodder, and
pulses.

As described by Forster et al. (2013), the field site of SysCom
trial was under conventional management until December
2006, when a test crop of unfertilized wheat was grown to

assess the homogeneity of the terrain before setup of the trial.
The trial consists of four treatments – two organic farming
system, i.e., organic (BIOORG) and biodynamic (BIODYN)
and two conventional farming systems, i.e., conventional
(CON) and conventional including Bt-cotton (CONBtC). These
management systems are replicated four times in a randomized
block design in two stripes of plots with gross plot size of
16 m × 16 m and net plot size of 12 m × 12 m. While
designing the treatment compositions, due consideration was
given to prevalent practices of local farmers as well as standard
recommendations. As a rule of thumb, organic management
systems are implemented according to the standards prescribed
by International Federation of Organic Agriculture movements
(IFOAM, 2006) and conventional management is carried out in
line with the recommendations of Indian Council of Agricultural
Research, with slight adaptations to suit the prevailing local
situations (Forster et al., 2013). The nutrient inputs in organically
managed plots are mainly supplied by compost, castor cake, rock
phosphate, and farm yard manure (FYM), while in conventional
management systems, inorganic fertilizers are applied in the form
of urea, diammonium phosphate (DAP), Single super phosphate
(SSP) and muriate of Potash. It is noteworthy that following
the principle of good agricultural practices (and practice of local
farmers) every alternative year conventional plots also receive
a basal application of 4 t ha−1 FYM. This dose of FYM was
applied in the previous year (2013). In 2014, conventional system
(Soybean + wheat) received a total of 178 kg N ha−1, 78 kg
P ha−1, and 88 kg K ha−1 from synthetic mineral fertilizers;
whereas organic system received a total of 151 kg N ha−1, 79 kg
P ha−1, and 173 kg K ha−1from organic inputs. Soybean crop
(variety JS 93-05; seed rate 80 kg ha−1) was applied with a basal

FIGURE 1 | Rainfall, minimum and maximum temperatures of the experimental site during the period of study (2014–2015). Where, vertical arrows from top
horizontal axis represent the time of sampling and gradient bars indicate the crop growth periods for Soybean and wheat; +, Farmyard + rock phosphate and
compost application in organic systems; x, fertilizers application in conventional systems.
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application of 45 kg P ha−1 and 52.5 kg K ha−1 from SSP and
MOP, respectively, in conventional system. Single dose of 28.5 kg
N ha−1 from urea was applied at 19 DAS. In organic system,
2.5 t ha−1 of FYM and 2.4 t ha−1 of acidulated rock phosphate
was applied and incorporated in soil by bullock drawn harrow
at 34 days before sowing of soybean. Application of FYM and
acidulated rock phosphate provided 47 kg N ha−1, 33 kg P ha−1,
and 47 kg K ha−1 to wheat crop in organic system. In wheat
[variety HI-1544 (Purna), seed rate 100 kg ha−1], after soybean,
basal application of 33 kg P ha−1 and 35 kg K ha−1 was applied
with SSP and MOP, respectively, in conventional. A total of
149 kg of N ha−1 was applied in two identical splits at 19 and
43 DAS. Three days before sowing 13 t ha−1 of compost was
applied to organic system and incorporated in soil by bullock
drawn harrow, which provided 105 kg N ha−1, 47 kg P ha−1,
and 126 kg K ha−1. All the cultural management practices such as
weed and pest management were followed as per standard norms
prescribed for organic and conventional systems (Forster et al.,
2013).

Soil Sampling and Analysis
Organic (BIOORG) and conventional (CON) system plots were
sampled during soybean and wheat crops at five different time
points, i.e., from fallow land before sowing of soybean, R2 stage
of soybean, before sowing of wheat, panicle initiation stage of
wheat and after harvest of wheat (Figure 1). R2 stage of soybean
and panicle initiation stage of wheat are of high reproductive
significance and thus important for crop productivity. Each
plot was sampled to 0–20 cm depth from six random locations
and collected samples were pooled for analysis. DHA was
assessed through the reduction of 2,3,5- triphenyltetrazolium
chloride (TTC) to triphenylformazan (TPF) using colorimetric
procedure (Shimadzu UV-VS, Model- 1800) of Tabatabai (1994)
and expressed as µg triphenylformazan g−1 soil h−1 (Klein
et al., 1971). βGL activity was determined using p-nitrophenyl-
β-D-glucopyranoside (PNG, 0.05M) as a substrate (Sinsabaugh
et al., 1999) and the amount of p-nitrophenol released was
determined spectrophotometrically at OD420 and expressed as µg
p-nitrophenol g−1 soil h−1 (Tabatabai, 1994). ACP and ALP were
assayed by the standard method of Tabatabai and Bremner (1969)
in acetate buffer (pH 5.4) and borax-NaOH buffer (pH 9.4),
respectively, using p-nitrophenyl phosphate as a substrate. Soil
pH was determined in a soil: water ratio of 1:2.5 with intermittent
stirring for 30 min and feeding directly to a pH meter (Baruah
and Barthakur, 1999). SR was determined by quantifying the
carbon dioxide released in the process of microbial respiration
during 10 days of incubation (Anderson and Domsch, 1990).
SIR was determined by quantifying the carbon dioxide released
in the process of microbial respiration during 2 h incubation
after adding (0.0625 g) glucose and (2.5 g) talc to soil (Anderson
and Domsch, 1978). Microbial biomass-Carbon was estimated by
employing the fumigation-extraction procedure of Vance et al.
(1987) and was calculated from the relationship Bc = Fc/Kc,
where Fc is the difference between extractable carbon from
fumigated soil and non-fumigated soil; Kc is conversion factor,
which is 0.45 and the value has been expressed in mg C kg−1 soil
(Joergensen and Mueller, 1996). Olsen P was extracted with 0.5 M

sodium bicarbonate (pH 8.5) in 1:5 ratio of soil to extractant
and shaken for 30 min at 150 rpm (Olsen et al., 1954). After
filtration of suspension, phosphorus concentration in the extract
was estimated colorimetrically by ascorbic acid reductant method
(Watanabe and Olsen, 1965). For P content of seed and straw,
samples collected from soybean and wheat crops were air-dried
and kept in an oven at 65◦C till constant weight. Upon grinding
the samples were passed through 0.5 mm sieve and digested
in acid mixture of HNO3:HClO4, 5:4 ratio. The phosphorus
concentration in the digest was determined colorimetrically using
vanadomolybdate yellow color method. The seed and straw yield
of each net plot was recorded and converted to kg ha−1.

Statistical Analysis
The data was analyzed by using SAS statistical software (ver.9.2;
SAS Institute., Cary, NC, United States). For microbiological
parameters and available P content, three way analysis was
carried out involving treatments (Organic, conventional) crops
(Soybean, wheat) and periods of sampling and their interactions
as fixed factors. The significant differences between means were
identified using Fisher least significant differences (LSD) and
Tukeys multiple comparison tests at P = 0.05. For crop yield
and uptake parameters, one way analysis of variance (ANOVA)
was carried out using the ANOVA procedure in SAS enterprise
guide 4.2 and means separated with LSD and Tukeys multiple
comparison tests. In order to obtain a comprehensive picture of
potential synergistic interactions among the observed biological
and microbiological parameters, a Principle Component Analysis
(PCA) was carried out. Principle components thus constructed
allowed to define which original variables are responsible for the
mean difference between systems. PCA was performed using JMP
(©SAS Institute Inc.) (Goupy and Creighton, 2007).

RESULTS

First objective of this study was to monitor changes in
soil biological properties pertaining to P cycling in organic
and conventional management systems. The assessed soil
microbiological and chemical parameters showed considerable
variation across systems and crop growth stages. Soil DHA did
significantly vary between organic and conventional systems at
sowing under soybean cropping. Significant increase of up to
16.3% (66.3 µg triphenylformazon g−1 soil 24 h−1) and 8.7%
(58.7 µg triphenylformazon g−1 soil 24 h−1) was observed in
organic and conventional systems, respectively, at R2 stage as
compared to sowing (Table 1). At R2 stage, organic management
registered 12.9% increase in DHA over conventional system.
At harvest, there was a significant decline in DHA in both
the agricultural systems as compared to its activity at R2 stage
and also it showed significant variation between the agricultural
management systems with higher DHA in organically managed
systems. In wheat crop, DHA was significantly higher by 49%
(100.6 µg triphenylformazon g−1 soil 24 h−1) in organic
management as compared to the conventional system (71.2 µg
triphenylformazon g−1 soil 24 h−1). DHA was relatively higher
at active crop growth stages in both soybean and wheat while
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it decreased at harvest. Organically managed system exhibited
higher DHA activity throughout the experimental period, which
was on an average 17.2% higher than conventional system
(Table 1).

Significantly higher βGL activity under organic management
system was observed at R2 stage of soybean with a difference
of 15.3% (215.4 µg p-nitrophenol g−1 soil h−1) to conventional
management system (Table 1). From sowing to R2 stage of
soybean, βGL activity saw a significant increase of 52.4% in
organic (215.4 µg p-nitrophenol g−1 soil h−1) and 41.2%
(186.8 µg p-nitrophenol g−1 soil h−1) in conventional system
and there was a significant decline at harvest. At panicle initiation
stage of wheat, βGL activity was 15.7% (337.8 µg p-nitrophenol
g−1 soil h−1) higher in organic management system than
conventional management system.

Acid phosphatase activity was significant at R2 stage of
soybean and at harvest of wheat. In contrast, ALP activity
was significantly higher in organic systems as compared to
conventional at all the sampling times except for R2 stage
of soybean (Table 1). Considering the overall average of the
soybean–wheat system 24% higher (413.4 µg p-nitrophenol g−1

soil h−1) ALP activity was recorded under organic management
compared to the conventional management. MBC increased
during the active crop growth stages and decreased toward
harvest of soybean and wheat. At each of the sampling points,
MBC tended to be higher under organic management than
conventional, but the differences were never significant (Table 2).
Similar was the case of SIR, which increased from second
sampling (R2 stage) onward and decreased at harvest of wheat.
Organic system exhibited slightly higher MBC than conventional
system throughout the experiment but did not attain the level of
significance (Table 2). SR was higher in organically managed soil
before sowing of soybean, at R2 stage and at harvest of soybean.
Whereas, in case of wheat, organic and conventional systems
were statistically not different for SR at both the sampling points
(Table 2). Within each management system, SR did not exhibit
a major change during the different sampling points except for a
significant decline at the harvest of wheat.

Soil pH did not differ significantly between organic and
conventional management practices in soybean at any stage,
however, a significant decline in both the management systems
was observed at harvest of soybean (Table 2). The available
phosphorus content was highest at R2 stage of soybean,
irrespective of the production system. Though the availability
of P tended to be slightly higher under organic management at
different sampling points, the differences were not statistically
significant (Table 2). Seed yield of soybean was statistically
similar under organic (1902 kg ha−1) and conventional
management (1848 kg ha−1). Similarly, soybean straw yield was
also comparable in organic (1756 kg ha−1) and conventional
system (1723 kg ha−1). However, in case of wheat, conventional
system produced significantly higher seed and straw yield than
organic.

The results of PCA analysis provided a comprehensive picture
of parameters that work synergistically in each management
system. In the bi-plot (Figure 2), length of the vector
corresponding to a particular soil parameter demonstrates the
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FIGURE 2 | Bi-plot for the principal component analysis of organic and
conventional soybean and wheat management systems at five different times
of sampling: Before sowing of Soybean (# CONV, •ORG), 50 DAS (4 CONV,
N ORG), before sowing of wheat (× CONV, + ORG), 60 DAS (� CONV, �
ORG), and after wheat harvest (♦ CONV, � ORG). Soil pH (pH), microbial
biomass carbon (MBC), acid phosphatase (ACP), alkaline phosphatase (ALP),
arylsulphatase (ASP), β-glucosidase (βGL), dehydrogenase (DHA), microbial
soil respiration (SR), and substrate induced respiration (SIR).

extent of relative contribution of that parameter. Whereas,
the proximity of a vector to a symbol cluster indicates the
association of that biological parameter to the particular farming
system and sampling time represented by that symbol cluster.
Cumulative variability of 84.2% was captured by first three
principal components (PC) (Table 3). Distinguished presence
of farming systems’ clustered replicates in different quadrates
indicated the extent of activities of variables at different sampling
times (Figure 2). Dissociation between systems and variables
at soybean sowing, wheat harvest and wheat sowing (only
conventional) clearly came out in PCA from the presence of
respective points in 2nd and 3rd quadrate, which are aloof
from vectors of variables. In organic systems, the main active
variable selected by PCA was the MBC at R2 stage of soybean
and DHA was the main active variable at panicle initiation
stage of wheat (Figure 2). No such association of a particular
variable at active crop growth stages of soybean and wheat was
found in conventional system. The first PC explained 46.6% of
variability with major contribution of MBC, ACP, and ALP. In
2nd component major contribution comes from βGL and DHA
which explained variability of 25.9%. Soil pH was the only major
contributor for the PC3 and explained the variability of 11.9%.

DISCUSSION

The overall hypothesis of this study was supported by finding
of higher biological activity in organic systems that resulted
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TABLE 3 | Eigenvectors corresponding to principal components including
eigenvalues and cumulative proportion variance of measured variables.

Variables PC

1 2 3

pH 0.03 −0.01 0.95

MBC 0.45 −0.06 −0.01

ACP 0.40 −0.30 −0.07

ALP 0.41 −0.24 0.05

ASP 0.36 −0.37 0.11

βGL 0.14 0.60 0.07

DHA 0.26 0.47 0.14

SR 0.33 0.25 −0.03

SIR 0.38 0.25 −0.23

Eigenvalue 4.18 2.33 1.07

Cumulative proportion 46.4 72.3 84.2

in attaining P availability equivalent to conventional systems.
Soil microbiological parameters such as DHA, βGL, ACP,
ALP, SIR, SR, and MBC were in general higher in soil of
plots under 7 years of organic management compared to
those under conventional systems, particularly at key growth
stages of both soybean and wheat crops. Soil enzymes have
been suggested as potential indicators of soil quality because
of their ease of measurements, relationship to belowground
microbiological processes and rapid response to changes in
agricultural management (Dick et al., 1996; Dick, 1997; Jimenez
et al., 2002). Measurement of soil enzyme activities also provides
an integrative response to changes in soil chemical, physical
and biological characteristics under different management
induced perturbations and is used to monitor the effects
of different agricultural management strategies on long-term
productivity (Doran and Parkin, 1994; Ndiaye et al., 2000;
Acosta-Martinez et al., 2007). These measurements also provide
credible information on the key reactions that participate in
the rate limiting steps in the decomposition of soil organic
matter and nutrient transformation in soils and are thus of
high relevance in understanding P availability under different
management systems. The soil enzyme activities measured in this
study increased from sowing to R2 stage in soybean and to panicle
initiation stage in wheat crop and again declined toward harvest.
This increase in soil enzyme activities during active crop growth
stages can be ascribed to increased rhizo-deposition (Gregory,
2006; Mandal et al., 2007; Nayak et al., 2007; Masto et al., 2013;
Tamilselvi et al., 2015). The higher enzyme activity in organic
agricultural system can also be attributed to enhanced nutrient
availability from added organic inputs, increased root exudation
owing to improved crop growth and conducive environment
for microbial proliferation (Burns et al., 2013; Tamilselvi et al.,
2015). PCA results showed that DHA was main contributing
factor in organic systems at panicle initiation stage of wheat.
Dehydrogenase is an oxidoreductase enzyme that is present only
in viable cells and measurement of DHA provides an index
of endogenous soil microbial activity as its assay involves no
addition of substrate that preferentially stimulates any particular
group of soil microorganisms (Biederbeck et al., 2005). For this

reason, DHA assay has been used as a potential soil quality
indicator to discriminate changes under different agricultural
management systems (Kandeler et al., 1999; Aseri and Tarafdar,
2006; Aparna et al., 2014).

Similarly, βGL is involved in decomposition of cellulose
compounds and is synthesized by soil microorganisms in the
presence of suitable substrates. Therefore, it has been used
as sensitive indicator of microbially mediated soil processes
(Sinsabaugh, 1994; Lagomarsino et al., 2009; Stott et al.,
2010). Phosphatase activity in the soils may originate either
from plant roots or from microorganisms such as fungi and
bacteria (Tarafdar and Chhonkar, 1979; Tarafdar et al., 1988;
Dinkelaker and Marschner, 1992) and changes in its activity
could indicate changes in the quantity and quality of soil
phosphoryl substrates (Rao and Tarafdar, 1992). Apart from
creating conducive environment for increased biological activity,
organic amendments are rich in microbial biomass and may also
contain intra- and extracellular enzymes that stimulate microbial
activity in soil (Liang et al., 2005; Tejada et al., 2006). Our findings
are consistent with earlier studies that showed an increase in
enzyme activities with the application of organic amendments
(Marinari et al., 2006; Tejada et al., 2006; Aparna et al., 2014).

Generally, organic inputs increase C and energy availability to
microorganisms, thereby stimulating indigenous soil microbial
biomass and activity, especially in C-depleted agricultural soils.
In a long-term study conducted under temperate environmental
conditions, Fließbach and Mäder (2000), found 45–64%
higher microbial biomass in bio-dynamic farming systems
than conventional systems after18 years of respective crop
management. In contrast, our results show only an average
increase of about 6% MBC under organic management after
7 years of experimentation, while the differences are non-
significant at individual sampling points. This indicates that
due to higher turnover rates under tropical environments (as
in our study), 7 years is probably not a long enough period to
see clearly distinguishable differences in MBC. Moreover, owing
to the concept of good agricultural practices, conventionally
managed plots in this field trial also receives four tons of FYM
every alternate year (Forster et al., 2013), which contributes to
MBC in conventional plots and hence might have acted as a
confounding factor minimizing differences among productions
systems. Nevertheless, PCA results showed that MBC was the
main factor contributing to biological activities at R2 stage
of soybean in organic systems. Soil microbial respiration rate
gives an indication of microbiological activity in the soil and is
influenced by carbon availability to microorganisms in the soil
environment. We found higher rates of microbial respiration in
organically amended soils, which could be attributed to greater
labile fractions of organic matter in the added organic manures
(Tu et al., 2006; Chinnadurai et al., 2014; Tamilselvi et al., 2015;
Hernández et al., 2016). Similarly, SIR, another soil quality
indicator that provides us information on the metabolic and
physiological state of soil microorganisms (Anderson, 1994),
tended to be higher under organic management (Chinnadurai
et al., 2014; Tamilselvi et al., 2015). Moreover, both SR and SIR
were found to be significantly higher at active crop growth stages
that could be attributed to increased rhizo-deposition which is

Frontiers in Plant Science | www.frontiersin.org September 2017 | Volume 8 | Article 152326

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-01523 August 31, 2017 Time: 17:8 # 8

Bhat et al. P Mobilization in Farming Systems

conducive for microbial proliferation (Mandal et al., 2007; Li
et al., 2012; Masto et al., 2013; Tamilselvi et al., 2015).

Soil pH is considered an important factor influencing P
availability in soils and it could play a crucial role in alkaline soils
of our experimental site. However, in this study the differences in
pH among organic and conventional systems on an average were
not significant enough to exert a major influence per se. The most
interesting observation in this regard was the dip in pH at the
harvest of soybean, which recovered in organic systems (8.12) in
the subsequent sampling (panicle initiation stage of wheat) but
not in conventional (7.83). The reduction in pH at the harvest
of soybean is plausible as the leguminous plants are known to
reduce soil pH (Yan et al., 1996; Opala et al., 2012). However,
the observed differences in pH at panicle initiation stage of wheat
seem strongly influenced by management practices. The organic
systems received a basal dose of FYM based compost at the
planting of wheat, which seems to have contributed to quick
recovery in pH (Whalen et al., 2000). Whereas, conventional
systems received a basal dose of mineral P and K fertilizers
(SSP and MOP) at sowing of wheat and two split doses of
N (Urea) at 19 and 43 DAS, which might have resulted in a
lower pH. Use of acidifying inorganic mineral fertilizers over
considerably longer periods is known to result in a decline in soil
pH (Birkhofer et al., 2008), which could in turn affect aggregate
stability and loss of organic matter (Mäder et al., 2002; Mikha and
Rice, 2004). Inputs of organic manures applied every alternate
year to conventional plots in this study might be an important
contributing factor in slowing down the acidification of soil over
longer term.

On an average, P availability in the soil under organic
management tended to be higher (5.9 µg g−1) than that under
conventional management (5.6 ± 0.1 µg g−1). However, at any
particular sampling time, differences in P availability among
the two management systems were not statistically significant.
It is noteworthy that despite the application of mineral P in
conventional plots at sowing of wheat, the availability of P tended
to be slightly lower than that under organic management. The
values of P availability at panicle initiation stage of wheat under
organic (5.6 µg g−1) and conventional (5.1 µg g−1) management
indicate that most of the P applied to conventional plots in
the form of mineral fertilizer was either utilized by the crop
or fixed by the soil. Since yield of wheat was considerably
higher under conventional management, it is plausible that the
P applied at sowing was taken up by the crop by panicle initiation
stage. Comparing the P availability among two management
systems at all the five sampling times, we can conclude that P

availability was not a limiting factor for organic at any of these
time points. However, utilization of available P by crop plants
depends on several factors and N availability could be one of
them (Riar and Coventry, 2012). Since soybean can symbiotically
assimilate atmospheric nitrogen, probably it had relatively higher
capability of utilizing available P compared to wheat. Therefore,
soybean yield under organic management was equivalent to
conventional management, which was not the case of wheat.
Further investigations would be needed to identify the factors
responsible for yield difference in wheat, however, yield is a
complex trait influenced by multiple factors discussion of which
is beyond the scope of this study.

From the findings of this study, we conclude that owing
to higher biological activity, organically managed agricultural
soils could attain equivalent or higher P availability than
conventionally managed soils receiving regular inputs of mineral
P fertilizers. These results are of particular relevance to alkaline
vertisols, wherein sorption and precipitation are important
influencing factors in determining the availability of P. These
findings also carry a high global applicability, for instance,
P-fixing soils are widely prevalent in Africa, where P-inputs
through mineral fertilizers are ineffective. Organic management
over a considerable time period could support in building up
fertility and enhancing P availability in these soils. Moreover, it
also offers a suitable alternative to resource poor small holder
farmers of developing countries who cannot afford the expensive
mineral fertilizers.
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Interest in the use of biochar in agriculture has increased exponentially during the

past decade. Biochar, when applied to soils is reported to enhance soil carbon

sequestration and provide other soil productivity benefits such as reduction of bulk

density, enhancement of water-holding capacity and nutrient retention, stabilization of

soil organic matter, improvement of microbial activities, and heavy-metal sequestration.

Furthermore, biochar application could enhance phosphorus availability in highly

weathered tropical soils. Converting the locally available feedstocks and farm wastes to

biochar could be important under smallholder farming systems as well, and biochar use

may have applications in tree nursery production and specialty-crop management. Thus,

biochar can contribute substantially to sustainable agriculture. While these benefits and

opportunities look attractive, several problems, and bottlenecks remain to be addressed

before widespread production and use of biochar becomes popular. The current state

of knowledge is based largely on limited small-scale studies under laboratory and

greenhouse conditions. Properties of biochar vary with both the feedstock from which

it is produced and the method of production. The availability of feedstock as well as

the economic merits, energy needs, and environmental risks—if any—of its large-scale

production and use remain to be investigated. Nevertheless, available indications suggest

that biochar could play a significant role in facing the challenges posed by climate change

and threats to agroecosystem sustainability.

Keywords: feedstocks, highly weathered tropical soil, low-input agriculture, manure, nutrient retention,

phosphorus availability, plant biomass

INTRODUCTION

Agroecosystems the world over are under severe stress. Faced with the challenge of feeding
the burgeoning population and meeting the ever-growing demands for fiber and other natural
products, agricultural and forestry production systems have become highly dependent on chemical
products and technological inputs (for example, Mueller et al., 2012). While the resultant
production increases have helped eradicate hunger in many parts of the world, the accompanying
ecosystem degradation on a massive scale has raised major concerns (Nair P. K. R., 2014).
Consequently, farming practices and technologies that can increase and sustain production
without ruining the ecosystem were promoted as an approach to addressing these concerns. Thus,
numerous terms and rallying themes became prominent in the global land-use arena during
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the past few decades, such as (in alphabetical order), agroecology,
agroforestry, climate-smart agriculture, conservation agriculture,
organic agriculture, permaculture, sustainable intensification,
and so on. Almost all of them share the objective of minimizing
external inputs by building on the efficient use of locally available
resources. This has led to focusing attention on some naturally
occurringmaterials as well as products that can be relatively easily
assembled from natural resources to substitute or complement
the use of synthetic products. Biochar is one such product that
has become quite prominent in the recent past. This paper
presents a synthesis and evaluation of the current level of
knowledge on biochar and its potential role in agroecosystem
management in the climate–change–sustainability context.

PROPERTIES OF BIOCHAR: THE
CURRENT STATE OF KNOWLEDGE

The International Biochar Initiative (IBI) describes biochar as “a
solid material obtained from the carbonisation of biomass” (http://
www.biochar-international.org/) which occurs when biomass
(such as wood, manure, or crop residues) is heated in a closed
container with little or no air (Lehmann and Joseph, 2009).
Consequent to the realization of the potential role of biochar,
there has been a veritable explosion of interest in biochar in
the scientific community. Several materials are reported to have
been used as biochar feedstock in different parts of the world for
improving soil fertility and plant nutrition. A summary of the
available scientific reports on biochar, especially those during the
past 5 years, focused on its properties and role in plant nutrition
and soil management is presented in Table 1.

Biochar as a Source of Plant Nutrients
Recent research has showed that elemental composition of a
feedstock is not an indication of plant-nutrient availability in the
biocharmade out of that feedstock. Freitas et al. (2016) found that
available P (Mehlich 3) in biochar made from different feedstocks
was not at all proportional to the total P concentration of the
feedstocks. X-ray diffraction showed that poultry litter biochar
contained the mineral whitlockite (a sparingly soluble Ca-P or
Ca-Mg-P form), whichmight be used as a slow-release P fertilizer
(Dari et al., 2016). Furthermore, Mehlich 3-extractable K-values
in biochar from different feedstocks were also not proportional
to the concentration of the nutrients in the “parent” feedstock.
Based on these, Freitas et al. (2016) suggested that some nutrient
contents of animal-based biochar (e.g., K) would not necessarily
be higher than those of plant-based biochars.

The existence of such variability in biochar properties has been
well-established (Ippolito et al., 2015), but information on the
reasons for such differences is scanty. Pyrolysis is conducted at
varying temperatures (Table 1), and the temperature is reported
to have effect on the quality of biochar produced; a definitive
relationship between the two, however, has not been established.
Other processing differences could lead to different biochar
properties. Thus, it could well be that biochars prepared from the
same feedstock could have different characteristics depending on
pyrolysis temperature and other conditions.

Biochar + compost mixtures are becoming popular for
improving soil fertility and plant growth (Schulz and Glaser,
2012; Prost et al., 2013), especially when biochar is mixed with
biomass before composting. A recent review by Godlewska
et al. (2017) has pointed out that the effect of biochar on
composting depends on biochar and feedstock properties. Some
studies indicate the formation of oxygen-containing functional
groups during composting, which leads to increase in nutrient
retention (Schulz et al., 2014). This practice allows a higher
nutrient retention in the biomass, adding to the value of the final
product. As concluded by Wu et al. (2017) in another recent
review, biochar and composting could alter the physico-chemical
properties of both materials. The combination of biochar with
compost seems to be a promising source of amendment and an
interesting alternative to inorganic fertilizer.

RELATIONSHIP BETWEEN BIOCHAR AND
SOIL PROPERTIES

Soil Nutrient Retention
Nutrient retention/loss risk during biochar application depends
not only on the nutrient release potential of the biochar, but also
the nutrient retention properties of the soil. Dari et al. (2016)
showed that P retention in non-calcareous soils is a property of
the soil, independent of the nature of the feedstock. Therefore, the
biochar from the same source added at a given rate to different
soils could have different effects based on the respective soil
properties. As in the case of inorganic P additions, any P released
by a given biochar will be retained by the soil as long as the
threshold P saturation ratio of the non-calcareous soil is not
exceeded (Nair V. D., 2014). For example, when the same amount
of biochar is added to a sandy soil and a more clayey soil, the
sandy soil will begin to release P faster than the clayey soil. The
temperature at which biochar is producedmay not have any effect
on P release property of the biochar-amended soil (Nair et al.,
2016); therefore biochar produced using sophisticated techniques
or in simple kilns would likely behave similarly on a given soil
type.

Soil Aggregate Formation and Stabilization
of Soil Organic Matter
The influence of biochar on soil aggregates and physical
stabilization of soil organic matter (SOM) in aggregates has been
relatively less studied. Wang et al. (2017) demonstrated that, on
addition of biochar, soil aggregation markedly differed between
two contrasting soils: while biochar amendment dramatically
improved aggregate stability in a fine-textured soil, it had
no significant impact on a coarse-textured soil. Biochar also
increased C storage in macroaggregates of the fine-textured soil
and thereby enhanced the physical protection of SOM in the soil
by increasing the proportion of C stored within macroaggregates.
On the other hand, Fungo et al. (2017) did not find any effect
of biochar addition on soil aggregation in a 2-year study on
a tropical Ultisol. These studies suggest the effect of biochar
addition on soil aggregation and organic matter stabilization is
variable depending on the soil type.
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Soil Physical Properties
Several studies have reported that biochar addition to soils
decreases soil bulk density (BD) and increases water-holding
capacity (WHC). Increase in WHC following biochar addition
is attributed to high surface area and porosity of biochar
(Novak et al., 2009; Kinney et al., 2012; Laghari et al., 2016),
which contributes to greater water use efficiency and thus plant
productivity. Increase in WHC by biochar additions could be
particularly pronounced in sandy soils, where the low surface
area of their particles and abundance of macro-pores limit the
capacity for holding water. Based on studies using pine-sawdust
biochar produced under different temperatures, Laghari et al.
(2016) suggested that WHC of desert soils could be improved
leading to better plant growth through biochar addition.

Soil Microbial Properties
Thies et al. (2015) reviewed the studies on the influence of
biochar on soil microbial properties includingmicrobial biomass,
enzyme activities, nitrogen mineralization rates, soil respiration,
ratio of bacteria to fungi, and soil- borne diseases. Given the
variations among different types of biochar, the interaction
effects of biochar with various soils and plants under different
climatic conditions can be enormously variable. Consequently,
there could be corresponding impacts on plant growth and
productivity as well as emission of greenhouse gases.

BIOCHAR IN SOIL CARBON
SEQUESTRATION AND CLIMATE-CHANGE
MITIGATION

Based on the management practice of the ancient civilizations,
the idea of sequestering carbon via biochar addition to soil has
been of interest to scientists as a means of mitigating global
warming through soil C sequestration. So much so, biochar
application to agricultural soils is now considered as a soil-based
greenhouse mitigation strategy for sustainable environmental
management (Paustian et al., 2016). Management practices that
could potentially increase C sequestration in biomass and in the
soil by using biochar as a nutrient source also have received some
research attention. Following an evaluation of the characteristics
of 76 biochars from 40 studies, Brassard et al. (2016) reported
that biochars with lower N content (C/N ratio >30) were found
to be more suitable for mitigation of N2O emissions from soil,
and those produced at higher pyrolysis temperature might have
high C sequestration potential.

One of the important attributes of biochar is that carbon in
biochar resists decomposition. Lehmann et al. (2006) reported
that biochar “can hold carbon in soils for hundreds to thousands
of years” as evidenced by the Terra Preta soils of the Amazonian
region in Northern Brazil (Glaser et al., 2001). A meta-analysis
of decomposition and priming effects on biochar stability in soil
(Wang et al., 2016) suggested that only a small percentage of
biochar C (3%) is bioavailable and that the remaining contributed
to long-term stability in soil. The analysis was based on 128
observations of biochar-derived CO2 from 24 studies with 13C
and radioactive 14C isotopes. However, a systematic review by

Gurwick et al. (2013) concluded that: “there are not enough
data to draw conclusions about how biochar production and
application affect whole-system GHS (greenhouse gas) budgets.”

Increasing biomass production, whether for increasing food
production, energy generation or for reclaiming degraded land,
will remove atmospheric CO2 and could thus be a mitigating
strategy for reducing global warming. Moreover, conversion
of agriculture and forestry byproducts into biochar could
reduce CO2 and methane emissions from feedstocks during
the natural decomposition or burning of the waste material
(http://www.biochar-international.org/biochar/carbon). Overall,
it seems reasonable to conclude that biochar’s effect on climate
change mitigation cannot be established as a cause—effect
relationship; but there could be advantages in the longer term.

BIOCHAR AND SUSTAINABLE
AGRICULTURE

Sustainability is another “all-encompassing” and difficult-to-
measure issue, such that the specific role of biochar in
the sustainability paradigm is rather nebulous, just as for
climate-change mitigation. A meta-analysis on the effect of
biochar and plant productivity/nutrient cycling (Biederman and
Harpole, 2012) indicated that there was increased aboveground
productivity, crop yield, soil microbial biomass, rhizobial
nodulation, and plant K tissue concentration. The authors also
indicated that pH, N, P, K and total C in the soil increased
compared to control conditions. Jeffery et al. (2013) commented
that while meta-analyses are powerful tools for obtaining insights
from published literature, they rely heavily on input data, a view
the authors of this paper share. Additionally, almost all the issues
discussed under effect of biochar on soil properties and many
more have relevance to the sustainability issue.

LIMITATIONS OF BIOCHAR USE

Based on available data, Mukherjee and Lal (2014) identified
several negative aspects of biochar application to soil. These
included leaching losses of C and N, contaminant mobility,
and several unfavorable physical changes and changes to soil
biota. The authors also identified some negative impacts on
agronomic yields, and pointed out that effects of biochar
applications on gaseous emissions were contradictory. As Table 1
that summarizes some of the relatively recent literature on the
effect of biochar application on plant nutrition and soil nutrient
dynamics shows, the majority of the studies reported positive
responses, while a few indicated negative ones. It is also likely that
some authors may be reluctant to report negative results.

OPPORTUNITIES FOR BIOCHAR USE

Land-Application of Biochar
Besides greenhouse and laboratory experiments, some field
studies have been reported on agricultural use of biochar as
a nutrient source and soil amendment (Table 1). However,
as concluded in a recent review by Agegnehu et al. (2017),
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a substantial and scientifically rigorous body of knowledge
based on large-scale field validation of the purported merits of
biochar has not yet been generated. Based on a meta-analysis
of the effects of biochar-application on crop yields, Jeffery et al.
(2015) concluded that: “while biochar has been shown to have
promise for increasing crop productivity, we do not have a
mechanistic understanding of the interactions behind observed
yield increases to provide universally applicable guidance.” In
another meta-analysis, Jeffery et al. (2017) reported that the
extent and cause of the assumed yield benefit of biochar use was
controversial, and that the yield benefits were from nutrient-poor,
acidic, tropical soils when high-nutrient biochar inputs were
added. The authors also cautioned that the lack of uniformity
in the available literature on biochar effects on crop yield could
impact the statistical rigor of such meta-analyses.

Low Input Agriculture
The opportunities for using biochar in the low-input agricultural
systems that are predominant in developing countries are also
worth serious consideration. The smallholder family farms are
the mainstay of agriculture in the tropical and subtropical
regions. According to FAO statistics, there are 562M of the
so-called small farms out of the total 609M farms globally.
The average size of these farms varies widely among societies
and regions, and collectively they account for only 1,260M ha
or roughly 25% of the total agricultural area (http://faostat3.
fao.org/faostat-gateway/go/to/home/E). Yet, an estimated 2.6
billion people produce more than 70% of the world’s food
on these family farms. These smallholder farmers depend
heavily on indigenous and locally available materials such as
farmyard manure, green manure, and crop residues as soil-
fertility resources with only limited use of purchased chemical
fertilizers. At the same time, large quantities of agricultural
byproducts such as cereal straw and husk, bagasse, and tree limbs
that are generated from those multi-species smallholder land-
use systems are currently ignored and denigrated as “agricultural
waste.”

Highly weathered tropical soils are inherently poor in
soil fertility because of numerous physical, chemical, and
microbiological constraints that limit agricultural production.
Available results on the beneficial effect of biochar application
to soils in terms of better nutrient relations (e.g., improving
P availability, and reducing nutrient leaching), improvement
of soil aeration and water-holding capacity, and enhanced
microbiological activities (e.g., symbiotic N2 fixation and
mycorrhizal associations) suggest the promising role of biochar
under these tropical farming systems. Developing appropriate
technologies for converting these “waste” products into biochar
could go a long way in enhancing crop yields and maintaining
soil health. That will be a “win-win” situation in terms of
yield increases and waste disposal for smallholder farmers of
developing nations.

The multispecies combinations consisting of intimate
association of plants of various types and forms including
herbs, shrubs, vines, and trees, all in the same production
unit, as in agroforestry systems that are common in many
parts of the world might be another niche opportunity for

biochar technology adaptation. Farm “wastes” of various types
become available in relatively large quantities in land-use
systems involving frequently harvested tree crops such as palms,
coffee (Coffea spp), cacao (Theobroma cacao), and a variety of
other crops. Promising reports are available on the successful
conversion of these byproducts and wastes such as coconut
(Cocos nucifera) husks, shells and sheaths, outer covering
of cacao pods, and a variety of other materials to biochar.
Obviously, such operations are of limited scale and applicability,
but are important, especially in the production of specialty
crops and horticultural industry. It will be a worthwhile effort
to undertake market surveys and feasibility assessments of such
promising endeavors. Indeed, the whole area of socioeconomics
of biochar use in low-input agricultural systems deserves serious
attention.

Forestry and Specialty Crops
The potential for biochar applications in forestry, horticulture,
and specialty crops is another area that has not been explored
seriously. Production of healthy and vigorous seedlings/saplings
is of utmost importance in forestry, landscaping and
environmental horticulture, fruit trees, commercial plantings
of rubber (Hevea brasiliensis), oil palm (Elaeis guaneensis), tree
spices, and such other perennial specialty crops. Given the
reported benefits of biochar and the relatively small quantity of
biochar that is needed for application to nursery beds and pots
(as opposed to field application for crops), both commercial
and small-scale nurseries and individual owners of any size
of land holdings could be benefitted by biochar use. Spot
application of biochar in planting pits of trees is yet another,
relatively unexplored opportunity. For example, establishing
nitrogen-fixing trees (NFT) in agroforestry systems in acid
soils is a challenge because most NFTs as well as the symbiotic
nitrogen-fixing bacteria (Rhizobium spp.) prefer pH above 5.5
and many humid tropical soils have pH lower than that. Spot
application of lime in tree-planting pits is a commonly adopted
practice in such situations. Given its reported soil-amendment-,
pH-moderating-, and other beneficial effects, biochar could
possibly be applied to such planting pits alone or in combination
with lime. The high water-holding capacity of biochar could be
particularly advantageous in arid and semiarid regions.

CONCLUSIONS

Available evidence and indications strongly justify continued
research and development efforts in understanding more about
the benefits and potentials as well as limitations of biochar
and expanding its use in land management. The beneficial
role of biochar application on the broader issues of climate-
change mitigation and sustainable agriculture can reasonably be
assumed based on the available body of knowledge, but it is
abysmally weak—almost non-existent—on socioeconomic issues
(the “other hand” of sustainability). In order to accomplish the
goal of agroecosystem sustainability, it is essential that the two
sectors are strengthened and are then properly integrated as
presented schematically in Figure 1. Rather than presenting a
long “wish list” of “things to do,” suffice it to say emphatically that
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FIGURE 1 | A schematic presentation of the role and potential of biochar in the agroecosystem–climate-change–sustainability nexus. Integration of relatively

better-known productivity benefits with the yet-to-be-found solutions to little-known and unknown factors is conceptualized. C = carbon; C seq. = carbon

sequestration; SOM = soil organic matter.

while biochar use is not a panacea for solving all the problems of
land management, it certainly is an aspect that deserves serious
attention in agroecosystem management in the future.
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Today, when the emphasis on single-species production systems that is cardinal to

agricultural and forestry programs the world over has resulted in serious ecosystem

imbalances, the virtues of the time-tested practice of growing different species together

as in managed Multi-strata Tree + Crop (MTC) systems deserve serious attention.

The coconut-palm-based multispecies systems in tropical homegardens and shaded

perennial systems are just two such systems. A fundamental ecological principle of

these systems is niche complementarity, which implies that systems that are structurally

and functionally more complex than crop- or tree monocultures result in greater

efficiency of resource (nutrients, light, and water) capture and utilization. Others include

spatial and temporal heterogeneity, perennialism, and structural and functional diversity.

Unexplored or under-exploited areas of benefits of MTC systems include their ecosystem

services such as carbon storage, climate regulation, and biodiversity conservation.

These multispecies integrated systems indeed represent an agroecological marvel, the

principles of which could be utilized in the design of sustainable as well as productive

agroecosystems. Environmental and ecological specificity of MTC systems, however,

is a unique feature that restricts their comparison with other land-use systems and

extrapolation of the management features used in one location to another.

Keywords: agroforestry, biodiversity conservation, carbon sequestration, specialty crops, tropical homegardens,

shaded perennial systems

INTRODUCTION

Some agricultural historians trace back the technological innovations in agriculture to Jethro Tull’s
invention of the seed drill in 1701. Others consider the scientific investigations on the use of
fertilizers that began at the Rothamsted Experimental Station in England in 1843 as the true
beginning of technological agriculture. Nevertheless, the dramatic increase in global agricultural
production is a phenomenon of the second half the twentieth century. Out of the nearly 200%
increase in grain production during that period, only about 30% was the result of increases in area
under cultivation; the remaining was made possible by increases in yield per unit area through
technology-based agricultural intensification, the so-called Green Revolution (Borlaug, 2007).

These accomplishments have indeed been remarkable. Agricultural intensification, however,
is reported to have caused or exacerbated several environmental problems including
accelerated soil erosion and degradation, water-quality decline and lowering of water tables,
greenhouse-gas build-up and climate change, and biodiversity decline (Mueller et al., 2012).
The society at large had to pay a huge overall “price” for reaping the benefits, and yet
the benefits were beyond the reach of the vast majority of poor farmers. Moreover, it
became infeasible to sustain these benefits in the long run (Pingali, 2012). Furthermore,
disruption of intergenerational equity resulting from excessive use of finite resources beyond
the regenerative capabilities of nature might deprive the future generations of their ability to
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access their rightful share of natural capital (Daily and Ehrlich,
1996; Costanza et al., 1997). Today, the importance of conserving
the natural resource capital of soil, water, air, and biodiversity
is also being recognized while maintaining the main focus
on enhancing production of preferred commodities. All these
activities are rooted in the notion that modern agricultural and
forestry production systems have to be in single-species stands.
They entail line planting of plants of uniform age, and if possible
genetic make-up, at specified spacing between rows and plants
within the rows and monotonously uniform fields. On the other
hand, such artificially created landscapes are not found in nature.
In the drive for maximizing yield and profit, the age-old farming
systems involving plant associations of crops and trees of various
forms have been ignored.

The ecosystem imbalance caused by the over-emphasis on
single-species production systems is a very complex issue. We
certainly need to increase land productivity to meet the growing
demands of food and fiber, for which use of non-renewable inputs
is considered essential. At the same time we also need to reduce
the use of these inputs for the sake of environment and ecology.
In the search for such land-use systems, the multi-species tree-
based farming systems, based on the age-old practice of growing
different species together, deserve serious attention. Although
they are not major food-producing systems, there are important
lessons to be learned from these agroecosystems that maintain
their ecological integrity in spite of being continuously impacted
by human exploitation of the wide variety of products and
services. This paper assesses the unique characteristics of such
managed Multi-strata Tree + Crop (MTC) systems, explores
the ecological foundations upon which they are grounded, and
argues for finding ways to extrapolate those principles to other
land-use systems.

MANAGED MULTI-STRATA TREE + CROP

SYSTEMS

Integrated MTC systems are found all over the world.
Indeed, wherever land is not deliberately brought under single
species systems of crops and trees as in agricultural/grazing,
horticultural, and forestry operations, the vegetation will consist
of multi-species stands. But, managed MTC systems are a
predominant land-use feature of warmer parts of the world, and
are an important category of agroforestry systems (AFS).Two
groups of such systems with unique characteristics that have
received some scientific attention are considered here along with
their ecosystem characteristics and resource-utilization features.

Coconut-Palm-Based Multispecies

Systems and Homegardens
Palms, belonging to the distinctive botanical family Palmae
or Arecaceae, are among the most common perennial plants
(trees) and are distributed in the tropical and subtropical regions
(Johnson, 2011; Smith, 2014). The most widely cultivated among
them is the coconut palm (Cocos nucifera), one of the earliest
domesticated plants; its uses are legion (Purseglove, 1972). Unlike
other cultivated palms that are grown mostly in sole stands,
the coconut is usually grown in intimate association with other

species, making it perhaps the most widely intercropped tree.
The palm has been and still is an inseparable part of the socio-
cultural heritage and economic wellbeing of the inhabitants of its
major growing regions. Because of the high population density
and small landholding sizes in such regions, coconuts are grown
mostly in smallholder farms of less than 2 ha. Being a single-
stemmed perennial with no cambium, the main stem (trunk) of
the palm does not increase in girth with age, and its apical crown
at the growing tip of the trunk contains 30–40 long leaves at
any time and a fairly constant-sized crown with a diameter of
about 7m throughout its adult life from about 10 to 70 years. In
a planted stand of palms of same age, this characteristic growth
habit allows considerable light penetration to the plantation floor
as the palm grows taller with age, allowing growth of other species
under or between them. Thus, smallholder farms of coconut
consist mostly of palms in association with a variety of other
specialty species of all types: herbs, shrubs, vines, and trees
(Figure 1), all managed as family-farm enterprises.

Numerous reports are available on the extent of intercropping
and the types of crops grown in different countries and regions.
The species so intercropped consist of food crops including roots
and tubers, fruit trees and MPT, medicinal plants, and others
that provide multiple products such as food, fuel, fodder, timber,
medicine, and such other basic necessities, and helpmeet the cash
requirements of the growers (Kumar, 2011). These integrated
farming systems generally outperform the normal or commercial
farming systems in all four dimensions of a multifunctional
agriculture: food security, environmental functions, economic
functions, and social functions (Tipraqsa et al., 2007).

Homegardens, especially in the tropics, present the most
intense assemblage species in a managed community of plants.
Coconut palms and several other fruit- and nut-producing
species and crops are dominant components of such systems in
homesteads in different parts of the world, most notably in the
highly populated regions of South and Southeast Asia (Kumar
and Nair, 2006). Concerns have been raised about the likelihood
of labor-intensive homegardens being replaced by commercial

FIGURE 1 | A managed multi-strata tree–crop (MTC) system consisting of a

variety of economically useful species (banana, black pepper, clove trees,

pineapple, and others), grown in intimate association with coconut palms on

the west coast of India. Banana: Musa spp, Black pepper: Piper nigrum, Clove

trees: Syzygium aromaticum, Pineapple: Ananas comosus.
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farming in the wake of socioeconomic and technological changes.
Recent studies in Kerala, India, a well-known hotspot of tropical
homegardens, however, have found little evidence for such
apprehensions (Fox et al., 2017).

The ecological, managerial, and socio-cultural attributes of
tropical homegardens can also be found in similar approaches
to multispecies system management such as permaculture
(Permanent Agriculture: Mollison, 1994), and Forest Farming
(Hart, 1993) that is now gaining popularity in the UK (Pilgrim,
2014). Numerous other such integrated systems are practiced
around the world; but several of them are seldom known outside
their places of existence. Nair et al. (2016) described them as
Cinderella AFS that hold enormous promise for the future if they
are brought under the realm of modern research. While tracing
the history of development of agroforestry, several authors have
described how many of the AFS of today have evolved from such
indigenous systems around the world (Herzog, 1998; Kumar and
Nair, 2006, 2011; Miller and Nair, 2006; Papanastasis et al., 2009).

Shaded Perennial Systems
“Shaded perennial system” is a term that is used in agroforestry
literature for managed, vertically stratified plant associations
involving shade-tolerant and/or shade-adapted crops under tall-
growing trees. The overstory species of these combinations
include those that are either deliberately planted as shade trees
as in plantations of cacao (Theobroma cacao), coffee (Coffea
spp.), and tea (Camellia sinensis). A large number of economic
tree/shrub/vine species are grown under such partial-shade
conditions in a variety of situations. Excellent examples of such
traditional specialty crop associations from the Pacific Islands are
described by Elevitch (2006, 2011). Non-traditional species that
are getting popularized lately in such systems include a variety of
perennial species such as moringa (Moringa oleifera) and high-
value specialty species such as sandalwood (Santalum spp.) (S.
Viswanath, personal communication, 2017).

Information on the extent of area under shaded perennial
systems is not readily available. Cacao, a native of the Amazon
region, is an understory species in its native habitat, and is
cultivated almost exclusively under the shade of a variety of trees
and banana. As for coffee, the shade vs. sun coffee discussion
is as old as the history of coffee cultivation itself. While coffee
grown under shade (“shade coffee”) is unquestionably superior to
“sun coffee” in terms of aroma and taste and fetches much higher
price, the area under shade coffee has gradually been declining
because of economic reasons: sun-grown coffee cultivated with
rather heavy input of chemicals to keep insects, diseases, and
weeds under check far out-yield shade coffee. According to
the Millennium Ecosystem Assessment (MEA, 2005), shaded
perennial AFS render ecosystem services with high value for
supporting human livelihoods include carbon storage, regulation
of climate, biodiversity conservation, provision of clean water,
and maintenance of soil fertility.

Although the two types of systems mentioned above share
the multi-strata canopy configuration that is characteristic of all
MTCs, structurally and functionally these systems are different.
The shaded perennial systems usually contain only two major,
usually woody, species whereas the homegardens consist of

higher number of plant species of different forms (trees, shrubs,
herbs, vines). Another difference is the extent of socio-cultural
interplay in the management of these systems. Homegardens are
in smallholder family farms of less than a hectare area, managed
mostly by family labor with minimal to no use of chemicals and
machinery, whereas shaded perennial systems are commercial
operations involving hired labor and machinery.

ECOLOGICAL FOUNDATIONS OF

MULTI-SPECIES SYSTEMS

Niche Complementarity
One of the ecological foundations of the MTC systems is
the Niche Complementarity Hypothesis (Harper, 1977), which
states that “a larger array of species in a system leads to a
broader spectrum of resource utilization making the system
more productive, and leads to better and more efficient use
and sharing of resources.” This implies that land-use systems
that are structurally and functionally more complex than either
crop- or tree monocultures result in greater efficiency of resource
(nutrients, light, and water) capture and utilization, and greater
structural diversity that entails tighter nutrient cycles. As Tilman
and Snell-Rood (2014) have stated, “niche differences among
species help to explain why large numbers of competing species
coexist, and why greater plant diversity leads to greater ecosystem
productivity.” While the above- and below-ground diversity
provides more system stability and resilience at the site-level, the
systems provide connectivity with forests and other landscape
features at the landscape and watershed levels.

Systems Perspective
A common thread found in the many definitions and
descriptions of AFS/MTCs is their multi-faceted nature. Spatial
and temporal heterogeneity, perennialism, and the structural
and functional diversity are the ecological properties that are
fundamental to such systems (Nair et al., 2008). Comparisons are
usually made with natural forested or agroecosystems in terms
of the extent to which these properties are maintained in AFS.
For example, compared with the net primary productivity of 2–
6 Mg dry matter (biomass) ha−1 year−1 (depending on species)
for temperate coniferous forest plantations, the multi-strata
homegardens and shaded perennial systems of the tropics can
have in excess of 15 Mg ha−1 year−1. The ecological indices for
species similarity, diversity, and richness (Sorenson’s, Shannon-
Wiener, andMargalef, respectively) of multispecies homegardens
are similar to those of nearby primary forests (Kumar, 2011).
These similarities with natural ecosystems are strong indicators
of ecological sustainability.

Ecosystem Services
A major area of relatively unexplored potential of the MTC
systems is their ecosystem services. Among the several such
services that are mentioned as potential benefits (Minang and
Sassen, 2015), carbon sequestration and biodiversity are two that
have received some research attention lately. In these systems,
a significant part of the nearly 25% of total biomass production
that goes into roots will remain in the soil for periods longer than
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in annual cropping systems. Scientific data accumulated over the
past 20 years of our work show increase in soil carbon (C) stock
under agroforestry system under different ecological conditions,
and a higher percentage of that C in AFS (compared to treeless
systems) is in smaller (silt-and-clay) fractions of soil, indicating
recalcitrant nature and long-term storage of C. Increase in soil
organic carbon stock, which is important from the soil-fertility-
improvement as well as environmental-amelioration (carbon
sequestration) points of view.

Biodiversity is proving to be one of humanity’s best defenses
against extreme weather and rising temperatures; protecting it is
important for keeping the ecosystems working for us, providing
food, absorbing waste, and protecting shorelines (Duffy et al.,
2017). The inherently high level of biodiversity of multispecies
systems offers several possibilities for arrangement of various
tree/shrub/and grass components according to the needs and
preferences of farmers. For example, Webb and Kabir (2009)
reported, based on an extensive study in Bangladesh, that the
ubiquitous homegardens covered more than 12% of the land
area and provided the majority of tree-dominated habitats
across the country. The authors articulated that homegardens
represented the only real opportunity to conserve plant and
wildlife populations outside of the beleaguered protected-area
system. It remains unclear, however, whether few or many of the
species in an ecosystem are needed to sustain the provisioning
of ecosystem services. Isbell et al. (2011) showed, based on
a study of 17 biodiversity experiments, that although species
diversity may appear functionally redundant for one set of
environmental conditions, many species are needed to maintain
multiple functions at multiple times and places in a changing
world.

FUTURE SCENARIOS AND DIRECTIONS

Environmental and ecological specificity of MTC systems is
a unique feature that restricts the comparison of systems at
different locations and extrapolation from one location to
another. This issue needs to be analyzed in the context of
current research advances in the broad arena of land-use systems.
Admittedly, the Green Revolution is perceived as the most
impactful advance in this area during post-World War II era,
and has become a standard against which other advances are
compared. Although substantial advances have been made on
several fronts such as climate-change mitigation and adaptation,
and the use of computer modeling and GMOs (genetically
modified organisms) to name a few, they pale when compared
to the above-referenced “standard.”

A case in point is computer modeling. From the perspective
of MTC systems, the scenario is rather hazy. Most of the
seemingly reliable crop models are limited to single-species
systems where the interaction between plants are restricted
to resource utilization among same species (Steduto et al.,
2009). This is not to ignore or belittle the modeling work on
intercropping systems, and on tree-crop interactions including
WaNuLCAS (VanNoordwijk and Lusiana, 1998) and the SAFE
family of models (Vander Werf et al., 2007; Graves et al.,
2011). As Luedeling et al. (2014) and Bayala et al. (2015)
have pointed out, the complex nature of arrangement of

species within agroforestry systems hinders the progress in
their modeling. Research-based knowledge on the specific
management for each component while grown in combination
with other species, and the scope for development of varieties
are two important management-related research priorities. These
are equally challenging to both modelers and field-oriented
researchers.

The increasing importance being given to largescale computer
models and predictions also is noteworthy in this context.
Numerous estimates are available on the potential andmagnitude
of various ecosystem services; for example, global estimations
and predictions on C sequestration (Paustian et al., 2016), and
global economic valuations of ecosystem services (Kubiszewski
et al., 2017). Costanza et al. (2014) estimated that between
1997 and 2011 the global value of these services decreased
by an estimated USD 20 trillion/year due to land-use change.
Kubiszewski et al. (2017) predicted that under different scenarios,
the global value of ecosystem services could decline by $51
trillion/year or increase by USD $30 trillion/year. To what extent
such valuations are meaningful, and whether the site-specificity
of agroecosystems is factored into such global estimations
are unknown. Given the extremely site-specific nature of the
MTC systems, studies at the field level should be the starting
points for valuing the benefits of their ecosystem services.
Furthermore, often they are expressions of interactions involving
not only easily measurable biophysical factors but also difficult-
to-quantify sociocultural factors. This is particularly true in low-
resource farming situations in the tropics where such practices
are common.

The accumulated weight of evidence emerging from
various activities of similar nature including the consistency of
experience across geographical regions supports the conclusion
that these integrated MTCs represent an agroecological
marvel. Unfortunately such systems have not received
deserving research and policy attention. This is primarily
because they do not fit into the single-species model of
agricultural development paradigms. Serious efforts are needed
to learn the principles based upon which these systems
have stood the test of time. When properly understood,
those principles could be applied for improvement of
extensive food-production systems such as intercropping
of annual crops (e.g., maize and beans in Africa and
Latin America), and the extensive parkland systems of
Africa.
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For addressing potential food shortages, a fundamental tradeoff exists between investing

more resources to increasing productivity of existing crops, as opposed to increasing

crop diversity by incorporating more species. We explore ways to use local plants as

food resources and the potential to promote food diversity and agricultural resilience.

We discuss how use of local plants and the practice of local agriculture can contribute

to ongoing adaptability in times of global change. Most food crops are now produced,

transported, and consumed long distances from their homelands of origin. At the same

time, research and practices are directed primarily at improving the productivity of a

small number of existing crops that form the cornerstone of a global food economy,

rather than to increasing crop diversity. The result is a loss of agro-biodiversity, leading

to a food industry that is more susceptible to abiotic and biotic stressors, and more at

risk of catastrophic losses. Humans cultivate only about 150 of an estimated 30,000

edible plant species worldwide, with only 30 plant species comprising the vast majority

of our diets. To some extent, these practices explain the food disparity among human

populations, where nearly 1 billion people suffer insufficient nutrition and 2 billion people

are obese or overweight. Commercial uses of new crops and wild plants of local origin

have the potential to diversify global food production and better enable local adaptation to

the diverse environments humans inhabit. We discuss the advantages, obstacles, and

risks of using local plants. We also describe a case study—the missed opportunity to

produce pine nuts commercially in the Western United States. We discuss the potential

consequences of using local pine nuts rather than importing them overseas. Finally, we

provide a list of edible native plants, and synthesize the state of research concerning the

potential and challenges in using them for food production. The goal of our synthesis is

to support more local food production using native plants in an ecologically sustainable

manner.

Keywords: regenerative agriculture, local food, domestication, plant utilization, Pinus monophylla, Pinus edulis

REGENERATIVE AGRICULTURE IN A GLOBAL ECONOMY

Feeding growing populations with increasing demands for quality, healthy, savory, and attractive
food is a vital challenge for humanity. Contemporary agricultural practices have endeavored to
do so by improving productivity of a small number of existing crops, rather than by increasing
crop diversity. Developing new crops and learning to use wild plants creates the potential to
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diversify global food production and better enable local
adaptation to the diverse and changing environments humans
inhabit (Provenza, 2008). Manifestations of global changes—
climatic, ecological, behavioral, and technological—emphasize
the need to improve food production in ways that reduce negative
impacts on the carrying capacities of the ecosystems we rely upon
to sustain us. Regenerative-ecological agriculture can restore
earth and human health through the five processes that enable
and link all life: flow of energy, captured by plants through
photosynthesis; soil-mineral cycles that provides nutrients for
life; the water cycle essential for life; ecological relationships
that create soil-plant-animal communities; and human-land
linkages including landscape-genomics and our dialogue with
nature (Massy, 2017). As part of those essential linkages, we
could also benefit from re-learning to use local plants as
sources of healthy food and other products, with attention and
concern for environmental issues. Humans have used plants
in many ways that include various forms of domestication,
gathering, horticulture (Harris and Fuller, 2014), aquaculture
and production of secondary products like grazing (livestock,
bees) and forestry. While the use of animals for food and other
products also has a fundamental role in agriculture, in this review
we focus on plant-based agriculture.

Shelef et al. (2018) describe four aspects of sustainable
agriculture: landmanagement, resourcemanagement, the human
interface, and the ecosystem interface. They argue that using
native plants as part of local food production can help create
more sustainable agriculture. While local food production has
attracted much attention recently, use of native plants in local
food production has received little attention. Most food crops
are produced, transported, and consumed long distances from
their location of origin. Moreover, according to the Food and
Agriculture Organization of the United Nations (FAO), more
than 90% of the calories humans consume come from just 30
plant species (Hammer et al., 2003). We cultivate only about
150 out of an estimated 30,000 edible plant species (Sethi,
2015 and references within). Within these few species, genetic
diversity has decreased as the number of marketed varieties
has shrunk. For example, out of more than 7000 varieties of
apples grown in the United States in the last century, over 6000
varieties have become extinct (Shand, 2000). At the same time,
research efforts focus primarily on improving productivity of a
few existing crop species, rather than increasing crop diversity.
This represents a serious loss of agro-biodiversity and erosion
of genetic diversity, leading to a food industry and human
populations more susceptible to stressors associated with global
environmental change. Sethi (2015) described the potential loss
of food diversity in detail and the FAO estimates there has been a
75% reduction in crop diversity globally.

In this review, we discuss the tradeoffs between efforts to
improve the productivity of a limited number of crops and efforts
to increase crop diversity by recruiting new species and using
local species. We describe the concepts of local agriculture and
use of native species, elaborating on the ways these concepts
are perceived today. Commercial uses of new crops and wild
plants have potential, through diversification, to make global
food production more sustainable and resilient. We discuss

the advantages, obstacles, and risks associated with using local
plants. We also provide a case study—the missed opportunity to
utilize locally produced pine nuts at large scale in the Western
United States. Finally, we provide a list of consumable native
plants, and analyze research endeavors to study them.

In the process of using plants over thousands of years
humans have influenced plant evolution (Harris and Hillman,
1989). The early days of agriculture began about 10,000 years
ago (Zohary et al., 2012), when people used local species and
selected for desirable traits for human consumption (Diamond,
2002). Domestication began with the cultivation of wheat in
the Fertile Crescent and rapidly spread throughout Europe
(Zohary et al., 2012). Once domesticated, many crops expanded
rapidly and are now used in areas where they did not originate
(Drewnowski and Popkin, 1997). To a large extent, this is the
case with the seven most globally used food crops: rice (Oryza
sativa), wheat (Triticum aestivum), soybeans (Glycine max),
sugarcane (Saccharum spp.), tomato (Solanum lycopersicum),
maize (Zea mays), and potato (Solanum tuberosum) (FAO,
2016). In the United States, nearly all of the plants people
consume are exotic species, such as corn, rice, wheat, and
soybeans (Pimentel et al., 2005). Most research is now devoted
to improving existing crops through artificial selection and
breeding, agro-technical approaches and genetic modifications
(Lemaux, 2009). New crops developed from local species are the
exception (Shelef et al., 2016). Intensive agricultural practices
developed to increase yield are associated with ecological
and environmental costs that include reducing biodiversity,
accelerating land degradation, applying fertilizers, contaminating
water and spreading pesticides hazardous to human health
(Horrigan et al., 2002; Massy, 2017). Future agriculture will have
to cope with increasing food demands for greater populations
in the face of changing climates, including changes in the
frequency and intensity of precipitation, increasing occurrence of
droughts (Howden et al., 2007), and increasing use of chemicals
(Boxall et al., 2009). Developing new plant varieties for crop
production can help mitigate these challenges by increasing
the opportunity to match local crop species with changing
environmental conditions.

WHAT WE TALK ABOUT WHEN WE TALK

ABOUT LOCAL AGRICULTURE

Local agriculture has two facets. One is use of native plant
species that often have not been studied or commercialized. The
other is food production, which involves a short distance life
cycle from field to plate. Shorter cycles between production and
consumption reduce carbon footprints, defined as the equivalent
tons of CO2 emissions produced by a particular set of activities.
Food miles (Smith et al., 2005), the distance of food transport,
is a critical factor determining the carbon footprint of food
production. Edwards-Jones et al. (2008) criticized the popular
assumption that “local is better,” arguing that most analyses lack
the empirical evidence needed for explicit life-cycle assessment.
For example, they contend the distance considered within the
range of “locality” is ambiguously interpreted, and criticize the
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widespread reliance on supply-chain-distance as the sole metric
for evaluating food quality. They also question other ways we
attempt to assess the nutritional quality and value of food. Their
arguments highlight some weaknesses of the “local is better”
assumption that we consider later. We stress that the important
conceptual part of local plant consumption is the one that
is usually least discussed—the use of native plants for novel
agriculture.

The first step in commercializing any plant species is the
search for relevant plants (Figure 1). The FAO estimates a mere
1% of available tree species have been studied for agricultural
potential. As a matter of practical consideration, it is easier
to search for agricultural potential under the bright light of
traditional cultures. Ethnobotany, the study of native plant uses
through the traditional knowledge of a local culture (Balick and
Cox, 1996), had a significant contribution to the use of plants
in the modern society, mainly for the pharmaceutical industry
(Snader and McCloud, 1994). Ethnobotany uses socio-botanical
surveys and questionnaires as a first step prior to phytochemical
inspection. This practice is sometimes criticized for relying
more on “primitive conception” through qualitative sociology
inquiry than on “hard sciences” such as phytochemistry,
pharmacology and agronomy. The search for new drugs is
the main economic driver behind ethnobotanical studies, but
increasing agrodiversity is as important as developing new drugs.
Nevertheless, ethnobotanical studies have revealed important
knowledge about native plants as food resource. Worth
mentioning is a book by Daniel Moerman (1998) who listed the
ten plants most commonly used for food by Native Americans:
Common chokecherry (Prunus virginiana), Banana yucca
(Yucca baccata), Saskatoon serviceberry (Amelanchier alnifolia),
Honey mesquite (Prosopis glandulosa), Saguaro (Carnegiea
gigantea), Broadleaf cattail (Typha latifolia), Corn (Zea mays),
American red raspberry (Rubus strigosus), Salmonberry (Rubus
spectabilis), and Thimbleberry (Rubus parviflorus). It is also

worth mentioning that of all these plants, only the last four
(corn and the three berries) are commercially used today in
considerable scale. For additional examples of edible plants of
the new world, and potential obstacles for commercialization, see
Table 1.

Once a plant is identified as a novel food with good potential,
its agricultural commercialization can be developed through
two distinct strategies: one is establishing cultivated crops
and the other is developing solutions for the efficient, cost-
effective and ecologically sustainable gathering of native foods.
Developing novel cultivated crops requires vast investments
of time, knowledge, cash and patience for the long trial-
and-error learning process that is required, which is why
new crops are rare. Leaving the crop in its native habitat
is a good solution, as illustrated globally with many plants.
Coffee and cocoa—and to some extent tea, rice, coconut palm,
avocado, date palm and pineapple—are examples of plants that
are cultivated locally in their natural habitats and consumed
globally. These systems challenge the concept of native plant
use locally (see Figure 2): Is the global commercialization of
a native cocoa plantation considered local food? Is it good
for the local environment? We posit these extreme cases of
native plant production, harvesting, transport, and consumption
do not fit our thesis that promoting local food is neglected
or necessarily beneficial. A related issue is use of native
plants to improve existing conventional crops through back-
to-nature crop breeding (Palmgren et al., 2015). This aspect
is extensively studied and is not the focus of this review.
Finally, natural systems are hard to mimic, and many species are
impossible to domesticate. Yet, commercial use of wild plants
can be economically plausible. Contemporary food gathering
has great potential to expand the use of local plants, in concert
with properly managing natural ecosystems, their resources
and services, and improving plant gathering techniques at
commercial scales.

FIGURE 1 | A conceptual diagram illustrating the production cycle of edible plants from nature to plate. Commercialization of a new plant involves three phases: (A)

finding a species with potential for safe use commercially—the species may be used already by indigenous people or may be totally novel; (B) establishing the

technique for production through cultivation or gathering; (C) developing ways to harvest, store, and deliver the crop.
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FIGURE 2 | Conceptual illustration of local food production, native plants and agro-diversity. Illustrations (A–G) describe the differences between native plant

resources and local production, discussed further in the text. The plate represents a human community of consumers, and the squares represent their food resources.

The area of each square represents its actual size and its relative contribution to the food supply of the consumers. A small square stands for a native plant that can

(Continued)
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FIGURE 2 | supply food only when grown in its native range. The total area of squares is equal in all figures. (A) a community and its food demand; (B) a community

reliant on four crops that each supply a quarter of the demand; (C) a community reliant on a high variety of plant resources, 25 times more diverse than community B;

(D) a community fed by four plant resources, one of them is in proximity, the other three distant, demanding long chain of transports. Black arrows denote transport or

food miles; (E) a community relying on one short-chain food resource and many small resources with long supply chains; (F) a mixture of one big resource in the

vicinity of the community, two big and remote sources, and some small resources, most of them remote and two are local; (G) a community relying on a variety of

locally grown plants.

THE BENEFITS AND ASSETS OF LOCAL

FOOD PRODUCTION AND DEVELOPING

NEW CROPS FROM NATIVE PLANTS

In the developing world, 10–15% of one billion hectares are

farmed using traditional methods. Approximately 475 million

people cultivate food in smallholder farms (FAO, 2016). Local
production of food can reduce the carbon footprint of agriculture
by lowering costs of production, shortening food miles, boosting
local economies, and providing foods that are fresher and more
nutritious for customers. The discipline of economic sociology
links local food production to an increased sense of self-reliance
or embeddedness of provisioning services, resulting in tighter
social connectivity among individuals within communities and
the landscapes they inhabit (Hinrichs, 2000). Indeed, in many
industrial countries, the last decade saw proliferation of short-
distance cooperative distribution and delivery programs such as
community gardening and urban farming, farmers’ markets, and
various forms of community-supported agriculture including
vegetable box delivery. These trends set the stage for native
plants to develop into new biological resources that promote food
diversity and crop resilience and enhance ecosystem services.
The following is a more detailed list of the assets of local food
production and utilization of native plants for food.

Advantages of practicing local food production:

1) Greater proximity of food production and consumption can
lead to less waste and lower inputs of energy for transport,
storage and preservatives, as well as support the recycling
of plant nutrients, water and other inputs on site (for a
review of the many inefficiencies in agriculture see Alexander
et al., 2017). Local food supply helps to reduce food miles
thus reducing carbon emissions (Cowell and Parkinson, 2003;
Winter, 2003). For example, Coley et al. (2009) suggested that
a round-trip distance of less than 6.7 km by each customer to
purchase vegetables has a lower total carbon footprint than
a system of regional storage and transport of the same food
directly to the customer.

2) Locally grown crops supply fresher and potentially healthier
food through reduced use of preservatives and reduced loss
of nutritional value. Fresh food in short-chain production
systems is less likely to be heavily processed. Processed food
can negatively affect health by altering food preferences and
appetitive states (Provenza et al., 2015).

3) Domestic production implies self-reliance with less imports
(Little and Horowitz, 1987), which can promote societal
sovereignty that may become essential if the availability and
cost of fossil fuels make long-distance transport prohibitive.

In addition, local production and delivery promote small-scale
entrepreneurship, cultural diversity, sense of community,
cultural and physiological relationships between people and
seasonal availability of different foods.

4) At the ecosystem scale, the use of local plants can decrease
the risk of exotic plant invasions that can adversely affect
biodiversity (Cardinale et al., 2012). Compared with large-
scale monoculture agriculture, local food production can
reduce the spread of disease and the effects of invasive
species. Transport infrastructure has an enormous impact
on ecosystem fragmentation: the smaller the production-
consumption circles, the smaller the impacts of fragmentation
(Gehring and Swihart, 2003).

Advantages of using native plants and developing new
crops:

1) Promoting genetic diversity. People have selected for growth
over phytochemical richness in domesticated crops over the
past 10,000 years (Provenza et al., 2015). In the process,
domestication created a bottleneck of genetic diversity, as
numerous genes were out selected (Vigouroux et al., 2005).
Limited diversity of crops increases risks of disease and
reduces potential for climate change adaptation. Native
populations serve as a genetic bank that can enrich genetic
diversity and phytochemical richness of crops, which in
turn promotes resistance to adverse environmental conditions
(Palmgren et al., 2015). The opportunity to develop and
manage a greater array of native plants is critical to enhancing
genetic diversity with potential for agricultural use.

2) Recruiting new local foods and crops is a way to diversify
commercial uses, dietary options, and income for the local
communities that rely on agriculture. Notably, the adaptation
of local communities to climate changes will be critical for food
security and poverty reduction (FAO, 2016).

3) Native plants are adapted to their homeland environment
and thus better able to survive and produce high yields of
phytochemically rich foods with fewer inputs including water,
fertilization, and pest and disease control (Provenza et al.,
2015).

4) Native plants are likely to mitigate soil erosion and conserve
plant-microbe-soil interactions. Bacteria, fungi, endophytes
and rhizobia in the rhizosphere are essential for health of
plants and animals (Hawkes et al., 2007; Balestrini et al.,
2015). These findings, which suggest we have underestimated
the role of belowground interactions of plants with other
organisms historically (Shelef et al., 2013), offer great potential
to improve plant performance and crop yields (Drinkwater
and Snapp, 2007). Mutualistic associations take time to
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arise. Therefore, an optimal holobiome—sum total of all
genomes in a living system—will be easier to maintain in the
plant-rhizosphere-soil continuum developed in the location of
origin than in a mixture of soil, plant and other inputs derived
from different and distant locations not locally adapted.
Plant diversity can also be maintained in the context of a
shared holobiome, representing not only the genetic variety
of the individual plant genomes but also the metagenome
including associated fauna, such as the microorganisms in the
rhizosphere and the phyllosphere, which contribute to efficient
plant growth under evolving environmental conditions
(Pérez-Jaramillo et al., 2016). Agricultural management based
upon a metagenomics perspective can help to protect against
emerging plant diseases and pests, and can potentially reduce
the use of hazardous pesticides. In addition, decomposition
processes are likely to occur faster and more efficiently with
the home field advantage of native soil, plants, and herbivores
(Ayres et al., 2009).

5) Incorporating native food plants as temporal and spatial
intercrops for land management can help to maintain soil
quality and prevent soil degradation. The no-tillage strategy
depends on the availability of appropriate plants, often the
local plants found in the field. Intercropping also helps to
maintain soil quality and enhance nitrogen uptake (Eaglesham
et al., 1981), repel herbivores and other enemies (Tonhasca
and Byrne, 1994), reduce weeds (Liebman and Dyck, 1993)
and offer a higher net income to farmers (Yildirim and
Guvenc, 2005). Local plants as intercrops have two prominent
advantages—local adaptation is likely to occur with little
external inputs of water or fertilizers and the hazard of invasive
species is avoided by using noninvasive species.

6) By augmenting local food production with native plants,
people can enhance the diversity and resilience of existing
crops, using genetic diversity of native progenitors or crop-
recent relatives that preserve desired traits. In tomato, for
example, wild species outperformed the elite varieties for
total yield and soluble solids (15%), and fruit color and
sugars (40%), as compared to the normal improvement of
1% achieved annually through traditional breeding (Bernacchi
et al., 1998). Similar potential exists for the wild type gene
banks of the main crops (Tanksley and McCouch, 1997). Cox
et al. (2006) discuss the benefits of breeding and domesticating
perennial crops, including enhanced diversity of perennial
plants in native terrestrial biomes as opposed to monocultures
of annual crops. They also emphasize that today no perennial
crops produce adequate grain yields, though the perennial
crops that have been developed tend to store more carbon
and require less resources. Science can expedite processes
that a few millennia ago took centuries to develop, including
improving food quality and resilience, and breeding perennial
crops has been initiated in wheat, sorghum, sunflower and
wheatgrass (Cox et al., 2006). Diamond (2002) stresses that
knowledge regarding the control of bitterness and astringency
will allow selection for fruits that were not edible before, for
example acorns.

7) Local agriculture and native plants can help reduce human
conflicts, diminish exploitation of labor forces in developing

countries and enhance fair trade. An interesting example is
the cassava market. The starchy roots of cassava (Manihot
esculenta), native to Brazil, were expanded to a global
production of nearly 270m tones a year by 2014 (FAO). This
drought-tolerant crop is popular in small stakeholder farms
in rural areas of Latin America, Asia and Africa, (Henry and
Gottret, 1996). It is a unique example of a native Brazilian
plant that is successfully cultivated and globally distributed, yet
used primarily for self-production in short-chain markets. On
the other hand, quinoa illustrates the problems that can occur
when a local species is sold on international markets. Jacobsen
(2011) argued that increased demand for quinoa put too much
stress on the environment in Bolivia, leading to diminished
biodiversity and land health. Quinoa illustrates the complexity
of defining “local food” in a global economy. This crop is
grown in its natural homeland, due to biological constraints,
similar to many other crops including coffee, tea, cocoa, spices
and herbs. Once commercialized and distributed throughout
international markets, the impact on the local farmers can be
uplifting or devastating. Nevertheless, we argue that with fair
trade awareness and market incentives the use of native plants
can expand and diversify agricultural resources.

8) Native species can reduce negative impacts of introduced
species. Invasive species often spread and damage the
environment, threatening biodiversity, agriculture, and
human health (Schmitz and Simberloff, 1997). Insect
outbreaks transform ecosystems (Foucaud et al., 2010);
mammalian population outbreaks damage ecosystems and
risk human safety (Côté et al., 2004); and weeds adversely
impact rangelands across the U.S. and worldwide at an
alarming rate (DiTomaso, 2000; Duncan et al., 2004).
Recently, the EU Council adopted regulations on preventing
and managing invasive species (PE-CONS 70/14, 13266/14
ADD 1), suggesting that of 12,000 alien species in Europe, as
many as 10–15% spread and cause damage, estimated at 12
billion Euro each year. Clearly, encouraging the production
and use of local species could help to alleviate these issues.

9) Using native species can positively influence human health.
The so-called Western diet has changed key nutritional
characteristics of human diets worldwide, especially with the
introduction of processed foods. In addition, the food industry
has selected for fruits and vegetables of low palatability
by favoring varieties that are less phytochemically rich
than their wild ancestors (Robinson, 2013; Reeve et al.,
2016). Agricultural practices further diminish phytochemical
richness by increasing resource availability through fertigation
with off-farm sources of nitrogen, phosphorus, and potassium.
Primary and secondary compounds increase when plants
are mildly stressed due to less availability of nutrients and
water, but decrease when agricultural practices emphasize
productivity and growth (Bryant et al., 1983; Coley et al.,
1985). Expanding and diversifying use of native plants,
in combination with cultural practices for preparing those
foods, would add health-promoting phytochemicals to diets
and nullify the apparent economic costs of such practices
(Provenza et al., 2015). The use of native plants, some of
which have been used by humans for centuries, will result in
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vegetable foods that are highly nutritious, palatable and easily
digested.

In summary, significant advantages accrue to using local
plants to supplement food production, and through the
phytochemical richness they possess, enhance human health
(Provenza et al., 2015). In addition to enhancing diet diversity
for people, enhanced use of local plants will diversify agricultural
entrepreneurship and preserve genetic diversity so as to enhance
crop endurance during stressful environmental conditions. Local
species can reduce input investment and environmental conflicts.
Even if local species are not economically relevant globally,
maintaining a diversity of plants from different geographic
regions is important locally. Diverse plant communities have
myriad adaptations to environmental stressors, developed over
thousands of years in response to adverse environmental
conditions. Seed-bank collections can provide a genetic resource
to grow plants in various environmental conditions in different
geographic areas under changing climates (Dempewolf et al.,
2014). Domestication of plants, one of the most influential
processes in human history, resulted in vast socioeconomic
improvements and human development. According to Harris
and Hillman (1989), the main trends were increasing sedentism
(settlement size and duration), population density, and social
complexity from ranking to state formation. Domestication of
new crops has nearly stopped, supplanted by plant varietal
breeding (and genetic modification) of already domesticated
species. This practice creates a genetic bottleneck. For example,
the rich reservoir of wild tomato species has narrowed to a
few genetically poor cultivated varieties of tomatoes (Bai and
Lindhout, 2007). Miller and Tanksley (1990) estimated that
less than 5% of wild tomatoes’ genetic diversity is contained
in the genomes of modern cultivars. The current presumption
in research and practice is that agro-variability could be
remunerated by introgression of adaptive traits from wild
species to existing crops (Zamir, 2001) by researchers seeking
to improve crop resistance to abiotic stress (Flowers, 2004;
Tester and Bacic, 2005), disease (Johnson and Jellis, 2013),
and herbivory (Chaudhary, 2013). With growing initiatives to
improve agriculture through science and technology, expanding
use of native plants as novel crops is calling for more attention.
To do so, we must first learn the challenges of developing new
crops. If the benefits of using local species outcompete the use
of global crops, why are they not used more frequently? Here we
present some of the main reasons.

OBSTACLES TO DOMESTICATING LOCAL

PLANT SPECIES AND COMMERCIALIZING

THEIR PRODUCTS

Despite the advantages, recruitment of new crops from native
plants is extremely challenging. Several obstacles explain why
relying on native plants to supplement our diets remains to be
developed for the future, and is not yet a common practice:

1) Intensive agriculture selects for cash crops at the expense
of developing new crops with lower environmental impacts.

Existing crops are ready to use, whereas developing new
crops is demanding and risky. Existing companies, families,
machinery, roads and customers are all part of a well-known
infrastructure for food production. Neither producers nor
consumers are interested in leaving the familiar system to risk
investing in new crops. Evolving from the familiar into the
unfamiliar typically comes about only when people are under
great duress (Massy, 2017).

2) Consumer acceptance of novel food is hard to predict.
An interesting example is the acceptance of juice made of
Açaí palm (Euterpe oleracea). The plant, native to Brazil
and Trinidad, has a growing market as a healthy tropical
juice commercially distributed in Europe and the USA. Sabbe
et al. (2009) showed that consumer acceptance and purchase
intention of the fruit juice was affected by interactions among
many variables including socio-demographic characteristics,
health-orientation, perception of health claim, and of course,
to a large extent, taste experience. A rich body of literature is
related to causes and consequences of “food neophobia,” the
fear of eating unfamiliar foods (see for example Dovey et al.,
2008).

3) Domestication depends on financial investment and has high
risk. This implies that modern domestication can flourish only
with the strong support of policy makers and people with
strong financial interests.

4) Regulatory barriers exist for developing new crops. New foods
require the approval of government agencies. Proving that
a new food is safe for all consumers is not an easy task.
Only a handful of countries (e.g., Australia, Britain, USA,
and France) possess the technical and procedural abilities to
assess the risks of eating new foods. Most governments rely
on protocols and lists of edible species produced in those
countries. If the new food is not on those lists, regulators
are unlikely to prioritize investments in the risky process of
developing new crops, resulting in missed opportunities for
the entrepreneurial development of new crops derived from
native plant species.

5) In some countries, the use of local species may give rise to
intellectual property concerns (Ahmed and Johnson, 2000),
as indigenous communities may claim local plants and
cultivation and gathering procedures as their sole property.

6) Exploiting indigenous peoples’ rights (Lee, 2013) may hinder
domestication efforts. Indigenous communities tend to protect
their resources, which can cause conflicts when other people
want to share their experience. Cultivating food that was
formerly collected in the wild may require careful analysis
of the effects of the new practice on rural farmers and
harvesters (Stewart and Cole, 2005). The surging economy
generated by the Açaí palm, for example, has negatively
impacted local communities in the Eastern Amazon estuary.
The intensification of Açaí forestry impacted land tenure
systems, transportation systems, and social inequalities among
the local Caboblu producers due to the growing demand from
international urban centers (Brondízio et al., 2002).

7) Risk of overexploitation. Souther and McGraw (2014)
predicted that climate warming (1◦C, next 70 years) and
harvest will result in high risk of extinction of American
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ginseng (Panax quinquefolius L.). Similarly, local species
are used in oil palm agriculture, but 60% of the oil palm
plantation land use is at the expense of natural forests,
threatening their unique biodiversity and many ecological
services (Koh andWilcove, 2008). Thus, the use of local species
must involve a thorough study of the effects on ecosystems
including species biology, carrying capacity and interactions
with other species. Cultivating an over-harvested plant can
provide strong conservation benefits while still providing food
and income to indigenous populations, a strategy preferred
by Tekinşen and Güner (2010), who study tubers of native
Turkish orchids. The tubers of at least 30 species and 10
genera of the Orchidaceae family are traditionally collected
to produce a local delicate hot drink known as “Salep,” as
well as, among other products, a savory stabilizer of ice
cream. This high-quality local plant product has been traded
in the Mediterranean region for centuries. Nevertheless,
producing 1 kg of Salep requires thousands of dried tubers and
irresponsible plant poaching exposed the orchid population
to the risk of extinction—an estimated annual damage to 120
million wild Salep plants (Kreutz, 2002).

8) Biological barriers to domestication. Only a handful of plants
have been successfully domesticated in the last centuries. They
include strawberries, blueberries, macadamia, and pecan nuts,
which all had negligible economical value as compared to
ancient domesticated plants. An interesting example is the
enormous effort invested attempting to domesticate truffles.
The desert truffle Terfezia boundieri is associated with the
host plant Helianthemum sessiliflorum (Turgeman et al.,
2011). For decades, local Bedouin people have eaten the
truffle, which has great potential as a gourmet food, highly
valuable nutritionally and commercially (Kagan-Zur et al.,
2013). Truffles could be a novel crop with low inputs (Kagan-
Zur, 2001). Nevertheless, the complex symbiosis of this
mycorrhizal system (Zaretsky et al., 2006) has not proved easy
to domesticate and commercialize, despite several decades of
research. The same is true with huckleberries (Barney, 2003).
Another example, among many others, is the desert plant
Erodium crassifolium, an edible tuber plant used traditionally
by indigenous peoples (Batanouny, 2001), which was never
commercialized despite the fact it could potentially serve as an
energy source (carbohydrates) and a low input crop.

9) In addition to plant biology, some agro-technical issues must
be addressed, even when a plant is successfully transferred
from its native habitat to an agricultural field. The quality
and quantities of plant products are affected by seasonality,
climate, temperature, soil, nutrients and water supply. For
example, secondary metabolites of plants are often the
target of cultivation, as in the case of spices, tinctures and
drinks. However, the production of secondary metabolites
can be significantly altered when nutrient and water supply
is insufficient (Gershenzon, 1984), or with seasonal changes
(Grulova et al., 2015). Hence, finding the best conditions to
develop a new cultivar demands ample amounts of trial and
error, meaning vast investment of time, labor and resources.
Commonly, harvesting fruits and other plant parts from
naturally occurring stands and trees is more practical than

cultivation and domestication (Barney, 2003). However, some
masting species like acorns are subject to long reproductive
maturity and episodic fruit production.

10) The use of local varieties may result in the disappearance of
cultivars that support regenerative agriculture. For example,
Oriental Wheat Triticum turanicum Jakubz (Grausgruber
et al., 2005) is praised as a highly nutritious pure ancient
stand. Avoiding the use of this cultivar just because it has
expanded far from its area of origin (Anatolia, according to
Gökgöl, 1961) would have contradicted many other aspects of
promoting regenerative agriculture.

11) Once established, a new crop could rapidly spread andwould
not be a local crop anymore. The direct consequence is that
a successful new crop could inhabit new places and become
a well-established exotic and potentially invasive harmful
species. This can be avoided if plants are used in their native
range. For certain crops such as coffee, rice, and certain
tropical fruits, biological barriers dictate that crops are used
only in their home ranges.

UTILIZATION OF LOCAL PLANT

SPECIES—THE CASE OF PINE NUT

PRODUCTION IN THE WESTERN US

While export of agricultural products occurs globally, there are
plenty of untapped local resources. For example, approximately
11 species of North American pinyon pine produce edible
and highly nutritious nuts, with the most important being
Colorado piñon (Pinus edulis), dominant throughout pinyon-
juniper woodlands of the southwestern USA and Colorado
Plateau, and singleleaf pinyon pine (Pinus monophylla), which
is abundant throughout the Great Basin “cold desert” of Nevada
and western Utah. Archeobotanical records have dated pine nut
gathering in Utah to at least 7500 years before present (Rhode
andMadsen, 1998). As climates warmed and some species moved
north during the Holocene, the arrival of P. monophylla to the
Great Basin approximately 6000 years ago provided a critical
protein source that allowed people of the Middle Archaic period
to extend their seasonal use patterns beyond the wetland habitats
bordering pluvial lakes, into the surrounding uplands (Simms,
2008). Today, the same Pinus species cover large portions of
western North America, estimated at approximately 56 million
acres (Mitchell and Roberts, 1999), equivalent to 22.6 million
hectares.

Although piñon pine nuts are more nutritious than many
other tree nuts that are extensively cultivated in orchards—P.
edulis is rich in oils and P. monophylla is rich in proteins and
carbohydrates (Lanner, 1981)—pine nuts in the United States
are harvested only locally and nut harvests are not commercially
important. Yet large quantities of pine nuts are consumed each
year in the United States, often serving as a key ingredient
in pesto, salads and various Mediterranean dishes. Rich in
unsaturated fatty acids, pine nuts are beneficial for controlling
coronary heart disease through reduction of lipids in the
circulatory system (Ryan et al., 2006). In a $100 million market
over 80% of pine nuts consumed annually in the United States
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are imported mainly from eastern Asia (Russia and northeastern
China; Pinus koraiensis) andMediterranean Europe (Pinus pinea)
(Sharashkin and Gold, 2004). As a result, massive collection of
pine nuts in Russia and northeastern China continues to degrade
the Korean pine broad-leaved forests (Ogureeva et al., 2012; Zhao
et al., 2014), thousands of miles away from regions in North
America and Europe where the nuts are consumed (Slaght, 2015).

Despite the advantages, developing a commercial, local pine
nut industry in the western U.S. faces multiple challenges
including:

(1) Long generation time: reproductive maturity occurs at 25–
50 years, with maximum seed production occurring at 75–100
years (Krugman and Jenkinson, 1974).

(2) Episodic seed production: Good crop years of these masting
species are highly variable in space and time, occurring every
4–7 years (Barger and Ffolliott, 1972). During drought periods,
the frequency of good mast years can be reduced by as much
as 40%, particularly when drought is associated with high late
summer temperatures (Redmond et al., 2012).

(3) Picking nuts is laborious work and access to nut-producing
woodlands is often limited.

(4) Potential competition with cultural users of pine nuts. Pine
nut gathering remains important to native peoples in the
region, and increased commercialization of the pine nut could
come into conflict with such uses.

(5) Potential ecological sustainability issues. Commercial pine
nut harvesting could create competition for critical forage
resources required by certain seed-caching wildlife species,
including Pinyon Jay, Clark’s Nutcracker, and several species
of fossorial rodents (Vander Wall, 1997). Widespread seed
harvesting could also negatively affect the regeneration
potential of piñon pine populations, and hence resilience
to episodic drought events that cause extensive overstory
mortality (Redmond et al., in press).

Management of pinyon-juniper woodlands in the Western
United States has not strongly considered the food value of
pine nuts. In combination with recent drought events that have
resulted in widespread tree mortality that threatens the long-
term resilience of pinyon-juniper woodlands (Breshears et al.,
2005; Redmond et al., in press), recent and planned management
activities also threaten to reduce the availability of the pine nut
resource. Pinyon-juniper woodlands are currently targeted for
widespread tree removals across large areas of their distribution,
particularly in the Great Basin. The objectives are to create forage
for livestock and game mammals, to create or maintain habitat
for sagebrush specialist species such as Greater Sage-Grouse,
to provide woody fuels for bioenergy projects, to reduce fire
risk, and to increase resilience to post-fire invasion of exotic
annual grasses by fostering an understory of native perennial
herbaceous species (Chambers et al., 2014). Ironically, extensive
tree removal projects have occurred or are planned in many areas
that were tree-dominated prior to Euro-American settlement,
but were harvested in the late nineteenth Century to provide
charcoal and woody fuels for mining-related activities (Young
and Budy, 1979; Ko et al., 2011; Lanner and Frazier, 2011).
Subsequent regrowth over the past 100–150 years is commonly

viewed as an expansion of tree cover by human inhabitants of
the region, whose generation time is much shorter than that
of pinyon pines. In any case, many of the desired management
objectives for fire risk reduction and conservation of understory
plant species and the associated shrub-steppe habitats do not
require complete woodland removal, and can be compatible with
the goal of maintaining abundant pinyon pine seed production
for wildlife and humans. Silvicultural methods, likely including
uneven-aged management on favorable sites, can be further
developed to promote drought-resilient, fire-resistant woodlands
with a significant proportion of seed-producing trees (Gottfried
and Severson, 1993; Page, 2008). Cone production in Pinus pinea
can be increased by judicious thinning (Moreno-Fernandez et al.,
2013).

One requires only a small stretch of the imagination to
envision people in the Western United States meeting their
demand for pine nuts through purchase from local harvesters,
or by harvesting the nuts themselves when cones ripen in
the autumn. This would greatly reduce the carbon footprint
associated with pine nut importation, and would require no
water use or fertilizer application, as piñon pines occur naturally
under the driest conditions and in relatively nutrient-poor soils.
Increased consumption of locally harvested pine nuts might also
have the desirable effect of reducing the incidence of “pine nut
syndrome” or “pinemouth”. This condition is characterized by an
annoying metallic taste that can linger in the mouth for multiple
days, and that has been associated with consumption of Pinus
armandii, an inedible pine species whose nuts are occasionally
found mixed within pine nut batches that have been imported
from Asia (Mikkelsen et al., 2014).

Despite all the good reasons, economic and environmental,
to promote a local agriculture of pine nuts, we are still far
from seeing considerable change from importing these nuts to
developing local production. In a world motivated by short-term
economic incentives, with nearly unlimited transportability of
foods across the globe, most foods people eat are not produced
locally. If costs for transport increase, due to rising costs of
fossil fuels, that will drastically change the value of local food
production and consumption.

FUTURE PROSPECTS OF LOCAL FOOD

PRODUCTION

A recent call to rethink the research and development of food
production urges us to nourish humanity more efficiently and
improve the food disparity of a world in which 795 million
people are undernourished and 2 billion adults are overweight
or obese (Haddad et al., 2016). Haddad et al. (2016) discuss
ten global research goals, two of which are closely related to
our discussion. The first implies understanding the role of food-
chain length. Ultimately, that would lead to an optimal mix of
short-chain systems where high-quality food is produced and
consumed nearby and long-chain systems where large quantities
of food travel great distances (see Figures 2F,G). Second, they
argue that to improve global food production we must analyze
business incentives, mainly for private farmers, retailers and
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food processors. To help kick-start these activities, we contend
that governments should offer more incentives for shorter food-
chains by finding solutions to enhance diversity of uses of
native plants. Awareness of consumers and farmers for the
benefits of commercializing native species will play an important
role. The local food movement, urban farming, production and
consumption of pesticide-free healthy, nutritious, savory and
sustainable food have attracted a great deal of attention in the last
decade.

We refer here to agriculture as a more complex system than
traditional cultivated crops. Agriculture has a strong impact
on the environment: soil and water quality and quantity,
deforestation, habitats and biodiversity, intensive farming,
economic and social conditions in rural communities (Massy,
2017). The consequences can include the loss of biodiversity,
accelerated land degradation, high fertilizer inputs, water
contamination and the spread of pesticides hazardous to human
health. Regenerative agriculture has arisen as a reaction to
the negative effects of agriculture including impacts on land
and resource management, humans and ecosystem interfaces.
Agricultural practices can move from external-input farming
to low-input practices (e.g., water, nutrients, pest control, land,
energy) without significantly reducing production (Pittelkow
et al., 2015). One of the greatest challenges for agriculture
is to reduce the distances between crop production and food
consumption. In some cases, this challenge can be met by using
local species.

Recruiting native plants to develop cultivation of novel
crops has great potential to establish new markets. This
potential is countered by great challenges and enormous
financial demands—lack of knowledge concerning unfamiliar
species, the need for hybridization and agro technical
improvements, sometimes with slow growing plants, and
the risks associated with exchanging existing crops for uncertain
income opportunities in an already conservative market.
Some plant species are completely incompatible with any sort
of domestication, or their cultivation requires an enormous
investment of research, time and money. That is the case for
slow growing species (e.g., many trees), plants with specific and
narrow niche breadth (e.g., orchid tubers), and food sources that
require complex biological interactions that are hard to mimic
(i.e., edible mycorrhiza). Nevertheless, the success of some plants
that are now harvested for commercial use (e.g., truffles, pine
nuts, berries, spices, and herbs) demonstrate that modern food
gathering is feasible. Food gathering may be improved in various
ways, although many of them are not commonly practiced and
deserve more attention. The first step is developing tools to
find biological resources that are not used today, by expanding
the strategy of ethnobotany, with its pros and cons. People
also must continue to evolve ways to better manage naturally

occurring plantations, a process that is site-specific. The last

step is improving technological solutions for gathering, picking
and processing wild fruits and other plant organs. Commercial
gathering and developing new crops may balance each other,
as the risk of overexploitation may be offset by mitigation
of undesired plant invasions and overuse of agricultural
inputs.

Local does not necessarily mean native, and using non-native
foods grown, harvested, stored and delivered near the place
of their consumption is advantageous. Native plants can
complement these efforts. Native plants require lower inputs
of water, nutrients, pest control and energy. Nevertheless, the
long road to greater use of native species and local food
production has many obstacles to overcome. Biological barriers
to domestication are a challenge. In addition, global markets
make it difficult to establish new crops. Other barriers include
lack of financial incentives and investments, regulations, and
agro-technical boundaries. Moreover, a successful new crop
is likely to spread rapidly across the globe, losing its local
value. Despite these challenges, the advantages of using native
plants for food production are many. They include enabling
diverse agriculture entrepreneurship, preserving interspecies
crop and genetic diversity to enhance crop endurance in adverse
environmental conditions, reducing inputs, reducing conflicts
over indigenous land management, reducing environmental
conflicts, and intercropping to improve land management.

CONCLUSION

To date, most research and practical efforts have been devoted
to improving existing crops, rather than recruiting new, local
species. We conclude that native food production should receive
more attention in research and application to initiate and
empower regenerative agriculture.Moving frommonocultures to
more diverse local crops, and domestication of new species, can
conserve biological resources, and help to foster more sustainable
agroecosystems. However, the use of native plants in local food
production has not yet attained a high level of awareness. To
reach an optimal balance between short- and long-chains of food
production, shorter chains should be supported more vigorously
and the evaluation of this balance should consider a more
thorough-life-cycle analysis of food production (Edwards-Jones
et al., 2008). A pivotal strategy to support more local sources
of food production is to allocate more resources for improving
harvesting of local plants.
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Review: A Xerophilous Species of
Multi Values and Promising
Potentialities for Agrosystems under
the Threat of Global Warming

Stephanie Chedraoui 1, 2*, Alain Abi-Rizk 2, Marc El-Beyrouthy 2, Lamis Chalak 3,

Naim Ouaini 2 and Loïc Rajjou 1*

1 IJPB, Institut Jean-Pierre Bourgin (INRA, AgroParisTech, CNRS, Université Paris-Saclay), Saclay Plant Sciences

(SPS)-RD10, Versailles, France, 2 Faculty of Agricultural and Food Science, Holy Spirit University of Kaslik, Jounieh, Lebanon,
3 Faculty of Agricultural Sciences, Lebanese University, Beirut, Lebanon

Caper (Capparis spinosa L.) is a xerophytic shrub with a remarkable adaptability to harsh

environments. This plant species is of great interest for its medicinal/pharmacological

properties and its culinary uses. Its phytochemical importance relies on many bioactive

components present in different organs and its cultivation can be of considerable

economic value. Moreover, taxonomic identification of C. spinosa L. has been difficult

due to its wide heterogeneity, and many authors fell into confusion due to the scarcity

of genetic studies. The present review summarizes information concerning C. spinosa

L. including agronomic performance, botanical description, taxonomical approaches,

traditional pharmacological uses, phytochemical evaluation and genetic studies. This

knowledge represents an important tool for further research studies and agronomic

development on this indigenous species with respect to the emerging climatic change

in the Eastern Mediterranean countries. Indeed, this world region is particularly under

the threat of global warming and it appears necessary to rethink agricultural systems

to adapt them to current and futures challenging environmental conditions. Capparis

spinosa L. could be a part of this approach. So, this review presents a state of the art

considering caper as a potential interesting crop under arid or semi-arid regions (such

as Eastern Mediterranean countries) within the climate change context. The aim is to

raise awareness in the scientific community (geneticists, physiologists, ecophysiologists,

agronomists, …) about the caper strengths and interest to the development of this shrub

as a crop.

Keywords: Capparis spinosa L., drought tolerance, cultivation, agronomy, taxonomy, genetic analysis,

phytochemical, traditional use
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INTRODUCTION

In a world likely to be challenged by the threat of global
warming, it is expected to observe negative effects on growth
and reproductive success of plants. The Mediterranean region
has been pointed out as a climate change hot spot by the
IPCC (Intergovernmental Panel on Climate Change; http://
www.ipcc.ch; Pachauri et al., 2014). Evidences of substantial
impact on agricultural production are already occurring. High
temperatures, heat waves and drought stress leading to loss in
plant productivity might result in an inability to ensure global
food security (Bita and Gerats, 2013; Ray et al., 2015). For
instance, wheat crop yields fell by 25–35% with a 3–4◦C rise
in temperature in the Middle East (Ortiz et al., 2008). Various
molecular, cellular, physiological and morphological damages
have been observed under elevated temperatures, leading to a
decrease in plant growth (Vollenweider and Günthardt-Goerg,
2005; Hatfield and Prueger, 2015; Ohama et al., 2017). In
many cases, aridity, excessive heat and elevated CO2 cause
modifications in respiration and photosynthesis, leading to a
reduced plant life cycle and a loss in plant productivity (Prasad
et al., 2008; Yamori et al., 2014; Xu et al., 2015).

Nevertheless, the introduction of stress tolerant crops and
cultivars in agrosystems is not a rapid process due to the
long delays between laboratory research and validation of field
trials. Such crops might constitute an efficient way to cope with
the foreseeable nutritional needs and to promote a sustainable
agriculture (Thiry et al., 2016). In this context, this review gives
attention to a xerophilous crop, well adapted to drought and
of promising potentialities namely caper (Capparis spinosa L.).
Caper is a Mediterranean shrub known for its edible flower buds
and fruits pickled in salt and vinegar. This species possesses
strong characteristics of adaptation to the regions displaying
fluctuating climate and is a candidate for being domesticated to
maintain and promote agriculture in regions subject to extreme
climate change and affected by hyper-aridity. The advantages
of using such xerophilous species include their moderate water
requirements, a high potential for genetic improvement, local
knowledge and know-how on this plant material and an existing
global trade chain for the use of plant products. Perennial
plantations of caper could contribute to preserve water in the
soil for a longer period of time and can help to maintain
sustainable agroecosystems. Such shrubs protect the soil from
sunlight, limiting high soil temperatures and thus regulating the
microclimate. By comparison with other desert plants, caper
has a high water use efficiency (WUE) and a remarkable ability
to search and absorb water from its environment (particularly
in soil depths) thanks to an extensive root system and a very
high root/stem ratio (Zuo et al., 2012; Gan et al., 2013). This
root system is very effective for water retention during scattered
rainfall events, providing suitable conditions for soil fauna and
microbiota development. Caper plantations can be associated
with annual plants (e.g., vegetables, grassland plants, medicinal
herbs) to improve biodiversity and provide multiple benefits
(Solowey, 2010). In addition, it has a considerable economic
importance through the uses of its roots, buds and fruits in
many food and pharmaceutical industries (Sher and Alyemeni,

2010). C. spinosa L. has an aesthetic blossom and a sweet-
scented flower, thus it is used as an ornamental plant for gardens
and walls as well for terraces exposed to sun. It requires no
watering and can be grown in poor soils or even stones (Gan
et al., 2013). At the agronomic level, this species has led to
great financial returns from its cultivation due to its resistance
to environmental stresses and its enormous ethnobotanical and
pharmaceutical importance, as well as its content in bioactive
agents having high nutritional value and great efficacy in the
manufacture of medicines and cosmetics. Nevertheless, in the
East Mediterranean countries, C. spinosa has not yet been
sufficiently exploited due to the scarcity of buds consumption at
the local level (Chalak et al., 2007).

Few studies have reviewed C. spinosa focusing on the plant
nutritional quality, food and medicinal uses, phytochemistry,
ethnopharmacology, biological activities and cultivation (Rivera
et al., 2003; Sozzi and Vicente, 2006; Tlili et al., 2011a; Gull
et al., 2015; Nabavi et al., 2016). C. spinosa displays huge agro-
based potentialities and a highly demand for exploitation due
to a diversified international market. Today, it seems necessary
to focus on the possibility of selection and improvement of this
specie and to develop more intensive research to promote this
crop, especially in the east Mediterranean countries. Actually,
the impacts of climate change are already being felt by the
Arab region (UNEP/ROWA, 2015). Rural communities of this
region are the first to be vulnerable to such changes. This
could be overcome by exploiting and enlarging the cultivation
of existing well adapted flora and by the development of crops
highly tolerant to drought and heat stress. The awareness in
agro-biodiversity for selecting the development of C. spinosa as
a multipurpose crop that proved to have better resistance to
drought and harsh environmental conditions is a significant need
to alleviate climate change effects in agro-ecosystems of East
Mediterranean region.

ORIGIN AND DISTRIBUTION

Origin and Discovery
The Capparis spinosa Linnaeus (1753: 503) group belongs to the
Capparis genus sect. Capparis created and described by Carolus
Linnaeus in his book “species Plantarum” (Inocencio et al., 2006).
The genus Capparis belongs to the Capparidaceae family, closely
related to Brassicaceae (Hall et al., 2002; Inocencio et al., 2006)
and includes 350 species of tropical or subtropical origin, many
of them distributed in the Mediterranean regions (Fici, 2001;
Inocencio et al., 2006). C. spinosa was described as a hybrid
between C. orientalis and C. sicula (Rivera et al., 2002). Caper
is the English common name of this genus and it is also known
by different names, e.g., Kabbar (Arab), câprier (French), and
Alcaparro (Spain) (Zohary, 1960; Heywood, 1964; Jacobs, 1965;
Inocencio et al., 2006; Saadaoui et al., 2007). Archaeological
discoveries from anOld-World Paleolithic site in Egypt suggested
Capparis spp. consumption since 17,000 years ago (Hillman,
1989; Hansen, 1991). Seed of C. spinosa L. were found at
Tell es-Sawwan (Iraq, 5800 BC) and in the Yanghai Tombs of
Turpan District in Xingjiang-China (2800 B.C.) (Renfrew, 1973;
Jiang et al., 2007). The plant was used since ancient Greeks,
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Hebrews and Romans at Tell es Sweyhat-Syria. Pickled Capers
consumption dates back to the Bronze Age. (Van and Bakker-
Heeres, 1988; Sozzi, 2001). In the Middle East, Zohary regarded
Capparis as a native flora distributed in Africa and south-western
Asia (Zohary, 1960), whereas Jacobs suggested that theMalaysian
and Australian C. spinosa were introduced by humans (Jacobs,
1960).

Geographic Distribution
Capparis spinosa grows naturally from the Atlantic coast of
the Canary Island and Morocco to the Black Sea, in Crimea
and Armenia, and to the east side of the Caspian Sea and
Iran (Alkire, 1998; Inocencio et al., 2002). It is spread in
North Africa, Europe, West Asia, Afghanistan, and Australia
(Willis, 1988). This plant might have aroused in the tropics,
and then extended to the Mediterranean basin and Central Asia
(Zohary, 1960). Different subspecies and varieties have specific
geographic distributions. C. spinosa subsp. spinosa is distributed
in Southern Europe, northern Africa including Sahara, Arabic
peninsula, and Middle East to China. C. spinosa subsp. rupestris
is widespread in France, Italy, Spain, Slovenia, Malta, Croatia
and Albania and also reported in Turkey, Greece, Algeria, Libya
and Tunisia (Inocencio et al., 2006; Fici, 2015; see Figure 1).
The Mediterranean regions might be harshly affected by global
warming, leading to extensive effects on agroecosystems and
crop production. A particular attention should be paid to plants
adapted to arid conditions for being used in agricultural systems
under the current climate change scenario.

BOTANICAL AND TAXONOMIC STUDIES

Botanical Description
Species belonging to the genus Capparis have plesiomorphic
features (Fici, 2001). Some available literature treated the
botanical description of Capparis spinosa and reported the
polymorphic aspects of this species and the high degree
of heterogeneity in its morphological characters (Post, 1932;
Zohary, 1960; Mouterde, 1968; Higton and Akeroyd, 1991; Legua
et al., 2013). The latter being slightly zygomorphic, abaxial sepal
not galeate or slightly galeate with numerous stamens (Inocencio
et al., 2006).

The species C. spinosa is a winter-deciduous perennial shrub.
It is erect, precumbent or pendulous with branches being
unramified or multi-ramified, green, red or yellow, attending 4m
long. Twigs are tortuous or straight, with or without simple hairs.
Stipules are somewhat curved, straight, setaceous or spreading,
antrorse or retrorse, orange, yellow or green, reaching 6mm
long. Leaf stipules may be formed into spines, granting it the
name “spinosa.” Leaves are rounded, or ovate, lanceloate or
oblong, ellipticial or obordate with an obtuse, tapering, acute
or cordate base and an acute, rounded, obcordate, truncate or
obtuse apex. Leaf veins are prominent or not. Leaf texture can be
glabrous, pubescent and very dense. Petiole is grooved or entire,
0–2 cm. Flowers are solitary, somewhat zygomorphic mainly
noctoflorous. Four white or white-pinkish petals, oblong, obovate
or rounded-ovate. Stamens are numerous with filaments up to 5
cm. Gynophore is 3–6mm long. Fruit is ellipsoidal, obovate or

oblong. Seeds are numerous and reddish-brown (Inocencio et al.,
2006; Fici, 2014). Additionally, physiological capacities enabling
adaptation of C. spinosa to drought conditions were ascertained.
The plant might change its leaf, stem and root structure when
facing dry areas. The xylem and fibro-vascular systems increase
and the transit region between the root and stem enlarges in order
to boost water absorption and storage capacity (Gan et al., 2013).

Taxonomic Description
Taxonomic studies based on the shrub leaf and flower phenotypes
revealed a complex variation pattern within variants of C. spinosa
on different landmasses (Zohary, 1960). Consequently, this made
the identification of the C. spinosa group very complicated
in the Mediterranean region. Many taxa at various ranks of
classification have been described in the Middle East (Zohary,
1960; Maire, 1965; Inocencio et al., 2006; Danin, 2010).

A previous study indicated that C. spinosa is morphologically
related to C. sicula Duhamel as well to C. orientalis Duhamel
and overlaps with the latter (Inocencio et al., 2005). Recently
a taxonomic revision has been conducted by Fici (2014, 2015)
on the C. spinosa group widespread from the Mediterranean to
central Asia. C. spinosa is recognized as a single species and is
represented by four subspecies (i.e., C. spinosa subsp. spinosa;
C. spinosa subsp. rupestris; C. spinosa subsp. cordifolia; C. spinosa
subsp. himalayensis). C. spinosa subsp. spinosa is widely
distributed eastwards from the Mediterranean to China and
Nepal, showing inherited traits and great level of heterogeneity.
Within this subspecies, some varieties are identified, namely var.
herbacea and var. atlantica. C. spinosa subsp. rupestris is less
diversified and more similar to the tropical lineage. Two varieties
were also recognized, var. ovate and var.myrtifolia.

A more recent study investigated C. spinosa forms distributed
in the Paleotropis, Australia and in a few tropical areas
of northern-eastern Africa and southern Asia. Two original
nomenclatures are proposed, i.e., C. spinosa subsp. cordifolia
comb. et stat. nov. and C. spinosa subsp. himalayensis stat. nov.
(Fici, 2015).

GENETIC DIVERSITY

Capparis spinosa shows considerable morphological variation
due to various factors such as phenotypic plasticity, eco-
geographical differentiation, topographical modifications,
and hybridization processes promoting the presence of
intermediate phenotypes. This high variability suggests chaotic
complex structure within wild forms of C. spinosa. The pure
morphological approaches based solely on qualitative and
quantitative vegetative characters have led to much confusion
in the taxonomy of C. spinosa, with misidentification of the
taxon and erroneous classification of the different varieties.
Therefore, research that deals with molecular data has greatly
complemented morphological classifications and has helped
in revealing the phylogenetic relationships, with different
eco/biotypes and the evolutionary trends of this species. At
present, a few number of studies reported molecular data in
studying the taxonomy of C. spinosa and its genetic profile
(Table 1).
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FIGURE 1 | Distribution of Capparis spinosa L. (•) over the Mediterranean Basin (Adapted from Inocencio et al., 2006).

TABLE 1 | Genetic data available for the Capparis spinosa L. group in the Mediterranean and Near East.

References Geographic origin Markers Results

Wang et al., 2016 China cpDNA Genetic differentiation by vicariance.

Liu et al., 2015 China ISSR Genetic clustering linked to geographic factors.

Al-Safadi et al., 2014 Syria IRAP & ISSR Genetic distinction between Capparis sp. with possible hybrid origin.

Silvestre et al., 2014 Sicily-Itlay ISSR Genetic discrimination between two subspecies.

Ozbek and Kara, 2013 Turkey RAPD Genetic differentiation of five varieties.

Bhoyar et al., 2012 India RAPD and ISSR Geographical distribution and genetic variation are correlated.

Nosrati et al., 2012 Azerbaijan Iran RAPD Genetic variation in small population is lower than that in large population.

Saifi et al., 2011 Morocco ISSR Genetic distance partially related to geographical distances.

Moubasher et al., 2011 Egypt ISSR Three varieties of C. spinosa. var. inermis suggested as independent species.

Inocencio et al., 2005 Spain, Morocco, Syria AFLP C. spinosa is a hybrid resulting from C. orientalis with introgression from C. sicula.

Khouildi et al., 2000 Tunisia, Central Italy RAPD Genetic variation is related to environmental factors rather than geographical distances.

Based on Amplified Fragment Length Polymorphism (AFLP)
a low genetic distance was revealed among Capparis sp. (i.e.,
C. spinosa, C. orientalis, C. sicula, C. aegyptia, and C. ovata) from
Spain, Morocco and Syria (Inocencio et al., 2005). About 50%
of polymorphic frequency was revealed between C. orientalis,
C. spinosa and C. sicula and a low consistency of C. spinosa,
with 2% unique bands was marked. A possible hybrid origin
of C. spinosa was suggested, comprising cultivars from different
lineages of C. orientalis with some introgression from C. sicula
thus a greater genetic influence from C. orientalis due to the
unfrequented presence of C. sicula in the studied area (Balearic
Islands) (Inocencio et al., 2005).

In Egypt, the taxonomic identity among and within species
of the genus Capparis using Random Amplified Polymorphism
DNA (RAPD) was conducted by Moubasher et al. (2011). Eight
polymorphic RAPD markers were generated. A considerable
genetic variation was identified and revealed the presence of three
varieties of C. spinosa: var. spinosa, var. canescens, var. deserti and

one inermis type. C. spinosa var. inermis was closer genetically to
C. sinaica than toC. spinosa var. spinosa, C. spinosa var. canescens,
and C. spinosa var. deserti. Thus C. spinosa var. inermis was
suggested to be treated as independent species.

The genetic assessment of Moroccan capers by Inter Simple
Sequence Repeat (ISSR) revealed 98.89% distinct profiles based
on the geographic origin and indicated remarkable phenotypic
plasticity linked to the ecological area and environment (Saifi
et al., 2011). This might be explained by a low level of gene
flow due to the fragmentation of habitats of these populations
that leads to accumulate significant genetic differences (Inocencio
et al., 2005). The genetic study of Azerbi and Iranian Capers
using RAPD markers indicated no correlation between genetic
variation and geographical distances among populations (Nosrati
et al., 2012). Nevertheless, the same study revealed that those
genetic distances were significantly lower in small populations
than those in large populations with a percentage of polymorphic
RAPDs bands ranging from 42 to 67% in small-sized populations
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and from 70 to 81% in large-sized populations. Moreover, 32.83%
of total genetic variation was shared among populations while
67.17% restricted to within-populations, indicating an important
fragmentation of habitats in this region.

Bhoyar et al. (2012) analyzed the genetic variability of
C. spinosa populations growing in the trans-Himalayan region
in India for adaptation to high altitude, by using both RAPDs
and ISSRs markers. ISSRs were more efficient for detecting
polymorphism in caper where microsatellites containing the
repeated di-nucleotides (AG)n, (AC)n, (TG)n, (GA)n, and
trinucleotides (ACC)n, and (GGC)n were frequent in caper.
Geographical distribution and genetic variation were correlated,
which can be explained as a sign of a longstanding pattern of
restricted gene flow (Bhoyar et al., 2012).

In Turkey, Ozbek and Kara (2013) differentiated five varieties:
C. spinosa var. spinosa, var. aegyptia and var. canescens, and
Capparis ovate Desf. var. palaestina, and var. herbacea. Ten
RAPD primers produced 98 loci, 73 of which were polymorphic
with 87.42% total genetic variation. Hypothesis of the effect of
population size on genetic diversity was confirmed as well as the
relation between eco-geographical factors and genetic diversity
affecting the number of effective alleles.

Silvestre et al. (2014) investigated capers growing in Sicily and
the surrounding islets of Lampedusa, Pantelleria and Salina using
ISSR markers. The results strongly supported morphological
analysis and discriminated between the two subspecies spinosa
and rupestris, indicating that genetic diversity can be related to
environmental conditions rather than geographical distances. On
the other hand, intermediate phenotypes showed hybridization
between the two taxa for almost 80% in contact zones while
cultivated biotypes presented genetic affinity to subsp. rupestris.

A recent study conducted in Syria correlated the
morphological traits to the genetic differentiation and to
the geographical distribution of Capparis species, using
Inter Retro-transposon Amplified Polymorphism (IRAP),
ISSR and combined data of IRAP+ISSR. The percentages of
polymorphism recorded were 71, 82, and 75%, respectively for
the three techniques. A clear separation was revealed among
C. spinosa L., C. aegyptia Lam, and C. sicula Duh. Nevertheless,
two samples could not be identified and were found at an
intermediate position between C. sicula and C. spinosa indicating
a possible hybrid origin between these two species (Al-Safadi
et al., 2014).

The first genetic analysis of Chinese Capparis spinosa
populations revealed the classification of the three distinct groups
geographically separated and showed high genetic diversity using
ISSR markers (Liu et al., 2015). In Western Himalayas, Tianshan
Mountains and adjacent desert regions, vicariance phenomenon
was suggested to explain genetic clades of C. spinosa identified
based on three chloroplast DNA (cpDNA) fragments (Wang
et al., 2016).

CULTIVATION AND PRODUCTION

Environmental Conditions
Capparis spinosa L. is a species of arid and semi-arid climate
zones and is well known as a highly drought tolerant plant. It

is one of a few species that grow and flower in summer in arid
regions. In the Mediterranean basin, it is free of competition for
water with other species (Rhizopoulou et al., 1997; Rhizopoulou
and Psaras, 2003). It requires a semi-arid climate with mean
annual temperatures over 14◦C and mean annual rainfall not less
than 200mm. It is adapted to xeric areas, therefore, it can bear up
water stress without any manifestation, and resists strong winds
and temperatures exceeding 40◦C in dryMediterranean summers
(Sozzi andVicente, 2006).Moreover, caper survives winters in the
form of stump; yet, frost can be disturbing during its vegetative
period. It is usually grown at low altitudes even though some
plants were found even over 1,000m above sea-level (Barbera,
1991; Chalak et al., 2007).

C. spinosa was described as both a rupicolous and a
stenohydric plant (Rhizopoulou et al., 1997). Stenohydric plants
have not developed dehydration avoidance to as a degree as
in desiccation-tolerant organisms such as resurrection plants.
Caper plant adapts to calcareous soils or moderate percentages
of clay (González, 1973). It has an efficient root system associated
with nitrogen fixing bacteria that allows the growth in soils with
poor fertility (Andrade et al., 1997). It also tolerates salty, sandy,
or rocky soils, with low amount of organic matter as in India
(Ahmed, 1986; Kala and Mathur, 2002). It prefers saline and
halophytic habitats (Al-Yemeni and Zayed, 1999). Caper is also
wildly grown in wall joints and in antique monuments (Barbera,
1991; Chalak et al., 2007).

C. spinosa has low flammability thus might be used
for cutting down wild forest fires which are Mediterranean
climate characteristics (Neyisci, 1987). C. spinosa is utilized
for landscaping, it reduces erosions along steep rocky slopes,
highways, sands dunes or fragile semiarid ecosystems (Faran,
2014). C. spinosa is a promising species due to its potential use
in agroforestry and its ability to protect land in Mediterranean
countries (Sher et al., 2012).

Ecophysiological Aspects and Adaptation
Traits
The xeromorphic features of C. spinosa have been highlighted
in several studies (Rhizopoulou, 1990; Rhizopoulou and Psaras,
2003; Sakcali et al., 2008; Wang et al., 2016).

Anatomical adaptations to aridity include root, stem, leaf
and flower features. As mentioned above, a major aspect that
may explain the high resistance of wild C. spinosa to drought
concerns its extremely deep root system (Özkahraman, 1997).
Caper root system represents 62.5% of the total plant biomass
after 4–5 months of growth (Sozzi, 2001; Gan et al., 2013).
Roots also excrete acidic compounds that can perforate rocks
and cracks to reach water resources (Oppenheimer, 1960). In
addition, the xylem vessels in stems are extremely well developed
in C. spinosa, leading to an efficient hydraulic conductivity
(Psaras and Sofroniou, 1999; Levizou et al., 2004). It is worth
noting that the thick cortical layers in tap and fibrous roots and a
swollen transfer region are able to store water and protect fibro-
vascular bundle against damage under drought conditions (Gan
et al., 2013).

At the leaf level, thick, small and multi-layered mesophyll
cells were also found in C. spinosa. The small leaf intercellular
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air space percentage of 15% and the thick terminal epidermal
cell walls are characteristic traits of xerophytes. Moreover, the
wax-like and water-repellent cutin covering the epidermis and
the shapely trichomes help the growing of C. spinosa in arid
areas (Li et al., 2007). The well-developed sclerenchymatic tissue
and the differentiated palisade parenchyma allow to maintain
the protection of C. spinosa leaves against irreversible damages
during severe water stress (Stefanou and Manetas, 1997; Rotondi
et al., 2003). Stomata are the main channels for transpiration
and are widely and evenly distributed across both leaf surfaces
and are able to stay opened a full day. The opening of the
stomata promotes evapotranspiration and has a strong cooling
effect on leaf temperature in desert environments. Stomata
were also found on the adaxial and abaxial surfaces of the
petals and vacuolated parenchyma cells with large intercellular
space. The membrane fluidity is influenced by the presence of
unsaturated fatty acids, identified as major components of lipids
in petals (Rhizopoulou et al., 2006). Under stress conditions,
unsaturated fatty acids contribute to maintain membrane fluidity
and its physiological functions. These traits offer a competitive
advantage to this species.

The growth period and blooming of C. spinosa can occur
entirely during dry and hot summers in the Mediterranean.
It has been reported that the blooming of this shrub is not
affected by severe water deficit (Vardar and Ahmed, 1972; Sheikh,
1976; Rhizopoulou and Psaras, 2003). Furthermore, high solar
irradiance is very efficiently used by C. spinosa without any
symptoms of photoinhibition. This photosynthetic performance
makes C. spinosa a suitable candidate for being grown in drought
areas, while most plants have minimum growth rates (Levizou
et al., 2004).

Seed Propagation
One gram of fruit contains between 150 and 160 seeds (Gorini,
1981). Seeds are obtained by fruit rubbing followed by washing
and drying in the shade (Sozzi and Vicente, 2006). Seed
germination is the method of propagation mostly adopted for
caper plant. The germination performance of caper seeds is poor
due to a high dormancy and a low longevity. Seed viability
is about 2 years when kept at 4◦C and low relative humidity.
Sprouted seeds are obtained after 25–50 days (Barbera, 1991).
This traditional technique strongly limited by a low germination
rate has been used in Argentina (Sozzi and Chiesa, 1995),
Armenia (Ziroyan, 1980), Cyprus (Orphanos, 1983), India (Singh
et al., 1992), Italy (Barbera and Di Lorenzo, 1984), Spain (Lorente
and Vicente, 1985; Pascual et al., 2003), and USA (Bond, 1990).

The poor caper seed propagation is due to the weak
germination capacity and to the hard coat of the seeds; therefore,
the tough structure of the seed and the mucilage developing
when placed in contact with water could limit the diffusion
of oxygen to the embryo (Barbera, 1991; Bahrani et al., 2008).
Indeed, the seed vigor (including speed and rate of germination)
is affected by the maturity of the seeds, the fruit position and
weight (Pascual et al., 2003). Different treatments are requested to
overcome the prevailing dormancy to improve the germination
(Sozzi and Chiesa, 1995). Among them, mechanical scarification
(sand paper, ultrasound etc.), cold stratification, soaking in

concentrated sulfuric acid (H2SO4), 0.2% KNO3, gibberellins
(GA4+7 and GA3) and manipulation of the environmental
conditions (light/dark, temperature) were efficient to promote
caper seed germination.

Asexual Propagation
Use of stem cutting for propagation pays the serious rooting
problems but has the advantages of avoiding high variability in
terms of production and stability of quality traits. Vegetative
propagation of caper allows to obtain numerous individuals from
a limited number of plants. Stem cuttings can be obtained from
hardwood, semi-hardwood or softwood (herbaceous) segments
(Güleryüz et al., 2009). Hardwood cuttings vary in length from
1 to 50 cm and from 1 to 2.5 cm in diameter. Stems can be
collected on February and March, treated with fungicides (e.g.,
captan or captafol) and then stratified outdoors or at 3–4◦C
and finally covered with sand or plastic (Lorente and Vicente,
1985). Semi-hardwood cuttings can be collected and planted
on August and September, but low survival rates (under 30%)
have been observed (Barbera, 1991). Softwood cuttings increase
rooting percentage; they are collected and prepared on April
(germination period) with basal or subterminal cuttings more
successful than the terminal ones. Stem cuttings are planted
under a mist system with heat that is believed to have a positive
effect on rooting as well as dipping the cutting basal into auxin
solution (1,500–3,000 mg/L) (Pilone, 1990). Hardwood cuttings
do not seem to be influenced by hormonal treatments, whereas
softwood cuttings gave 83% rooting percentages when treated
with α-naphtaleneacetic acid (NNA) (Lorente andVicente, 1985).

Propagation by grafting is a less adopted method for caper;
however, it was carried out in Spain with acceptable results
using bark grafting in planting (60% rooting) (Barbera, 1991)
and could offer very interesting perspectives to develop caper
hybrids (Zhou and Liu, 2015). In vitro propagation was successful
from nodal shoot segments. Rodriguez et al. (1990) showed
that 6-benzylaminopurine enhanced clusters proliferation when
combined with indoleacetic acid and GA3. Gamma irradiation
stimulated growth of shoots up to 200% and increased shoot
rooting percentage from 75 to 100% according to Al-Safadi and
Elias (2011). The in vitro micropropagation of C. spinosa was
reported in several countries (Salem et al., 2001; Chalak et al.,
2003; Caglar et al., 2005; Musallam et al., 2010; Carra et al., 2011,
2012). Chalak and Elbitar (2006) described a protocol for the
micropropagation of a Lebanese morphotype (C. spinosa subsp.
rupestris) using single nodal cuttings. High rates of shootlets
rooting response (92%) was obtained after 4 h pulse treatment
period in darkness with auxin, followed by culture on solid
half strength Murashige and Skoog basal medium. Development
of a tissue culture system is a promising approach to identify
high-yielding lines. Micropropagation protocols for caper could
be useful and efficient in producing desirable seedlings for
transplanting.

Cultivation, Practices, and Productivity
Caper plant phenology was reported using the BBCH scale
(Biologische Bundesanstalt, Bundessortenamt, and CHemical
industry) describing nine principal growth stages (Legua et al.,
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2013). The main traits of interest for cultivated caper bush
are: high productivity, long stems, short internodes and high
node fertility, dark green spherical flower buds with close
non-pubescent bracts and late opening, oval fruit with light
green pericarp and few seeds, absence of stipular spines, easy
stalk separation to simplify harvest and postharvest operations,
capacity for asexual reproduction and resistance to biotic and
abiotic stresses (Barbera, 1991).

Caper is a spontaneously growing plant, though it is cultivated
in several Mediterranean countries. It has already developed
traits to survive new climate conditions. Therefore, its cultivation
can help in adapting agricultural management to climate
constraints in most Mediterranean regions (Howden et al., 2007).

C. spinosa is known as an economic plant in Australia and
tends to spread in Latin America. The economic importance
of caper has led to an increase in yield and production level.
Specialized cultivation of caper started around 1970 in Spain and
Italy, with a maximum of about 4,000 and 1,000 ha in cultivation,
respectively in the 1990s. World caper production is estimated
around 15–20,000 tons/year and the global trade concerns about
60 countries. Actually,Morocco and Turkey are the leading world
producers and exporters (Infantino et al., 2007). Cultivation
of caper is recorded in Spain, Italy and France, especially the
Mediterranean island of Pantelleria, the Aeolian island of Salina
and Sicily, where several local cultivars and ethnovarieties are
known (Inocencio et al., 2006).

Themost important Spanish cultivars (biotypes) are “Común”
or “del País” and “Mallorquina” (Lorente and Vicente, 1985).
Italian commercial biotypes are “Nocellara” (a cultivar within C.
orientalis), and “Nocella.” Other Italian biotypes are “Ciavulara,”
“Testa di lucertola,” “Spinoso of Pantelleria” and “Spinoso of
Salina” (a cultivar within C. sicula subsp. sicula) (Barbera,
1991). “Redona,” “Roses,” “De las Muradas,” “FiguesSeques,” and
“Peluda” are cultivated in a lower amount in the Balearic Islands:
(Rivera et al., 1999). Nevertheless, caper cultivation is mostly
restricted toC. spinosa but also the commercial product known as
“Capers” is actually being obtained from the cultivatedC. spinosa,
C. orientalis and C. sicula, in addition to intermediate biotypes
having an identical genetic constitution (Inocencio et al., 2005).

Caper bush is cultivatedmostly in non-irrigated lands. Despite
its ability to grow in drought conditions, irrigation is especially
important during the first year when the caper bush is highly
sensitive to water stress (Sozzi and Vicente, 2006). Moldboard
plowing and harrowing are usual practices prior to caper
cultivation (Lorente and Vicente, 1985).

Nursery plants, propagated as seedlings or rooted cuttings,
are maintained in nursery row during the dormant season.
Transplanting, either bare-root or containerized, takes place after
the last frosts and is carried out by hand (Sozzi and Vicente,
2006).

Square/rectangle and hedgerow planting designs are used.
Spacing is determined according to the fertility of the soil, the
resistance of the biotype, the equipment to be used and the
irrigation method employed. Bush spacing of 2.5 × 2.5m, or
2.5 × 2m, 3 × 3m, 4 × 4 or 5 × 5m are satisfactory (Barbera
and Di Lorenzo, 1984; Bounous and Barone, 1989). Caper bush
cultivation can also be associated with vine (as in Pantelleria,

Italy), olives (as in Salina, Italy) or almonds (as in south Spain)
(Barbera, 1991).

Harvest is the heaviest operation of Caper production. It may
represent 2/3 of the total labor as it is done manually. Harvest is
difficult and time-consuming due to the dropping branches, the
presence of stipular spines in some biotypes, the small diameter
of flower buds and the high temperatures and solar radiation
during summer under Mediterranean climate. Yields of flower
buds increase with age, from 1 to 9 kg/plant/year. A maximum
yield is expected in the 4th year; however, caper bush yields
are highly variable depending on the age, growing environment,
cultural practices and biotype.

Pests and Diseases
Capparis spinosa is not very sensitive to pests and pathogens
when growing in wilderness (Sozzi and Vicente, 2006). Caper
diseases have never been considered as limiting factors for this
crop, probably because of the low production density. However,
Caper can be attacked by wide range of species including insects,
viruses and fungi (Infantino et al., 2007; Table 2).

Economic Value
The main economic importance of caper lays in dealing
with flower buds, generally known in the market under the
name of “capers” or “caper berry” which are the subject
of considerable trade at an international level. Global caper
production progressively increased at an annual growth rate of
6%. About 60 countries trade capers and the USA is considered as
the most important consumer where the price reaches 25 US$/kg
(ready for consumption). In the Balkans region, total production
costs of caper represent less than 10% only of its selling price
in the US markets. In Tunisia, the species is associated to a
high socio-economic value especially for the rural farmers in the
Northern country. The Chinese are earning an annual profit of 3
million US$ from this single specie (Saadaoui et al., 2011). More
recently, C. spinosa is suggested to uplift the socio-economic level
in the Kingdom of Saudi Arabia, in Lebanon, Syria and other
Mediterranean countries (Sher and Alyemeni, 2010).

PHYTOCHEMICAL COMPOSITION AND
ACTIVITIES

Extracts
Capparis spinosa has been investigated for its biochemical
contents, which are affected by multiple factors such as
geographical and environmental conditions, harvest date and
size, preservation procedures, genotype, and processing methods
of extraction (Sozzi and Vicente, 2006; Tlili et al., 2010). Capers
are rich in phenolic compounds and flavonoids as reported in
several studies (Table 3). Such secondary metabolites generally
play a role in abiotic stress responses widely associated with
tolerance to heat (Wahid, 2007). For instance, total phenolics
ranged from 21.42 to 27.62mg Gallic Acid Equivalent (GAE)/g
of dry weight (DW) in caper leaves methanol extract taken
from different sites in India. Caper leaves aqueous extract from
Tunisia recorded total phenolics of 33.55mg GAE/g DW and
buds aqueous extracts contained 67.29mg GAE/g DW, while
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TABLE 2 | Vulnerability of Capparis spinosa L. to pests and diseases.

Category Pathogen Plant parts

affected

Damages Control References

Virus Caper Latent Virus (CapLV) Leaves • Asymptomatic • Understanding the

epidemiology of each

caper viruses

• Developing certification

protocol for virus testing

• Obtaining small-scale

production for virus-free

seedlings

Ciferri, 1949; Di Franco and

Gallitelli, 1985; Gallitelli and

Di Franco, 1987; Adams

et al., 2004; Tomassoli et al.,

2005; Infantino et al., 2007

Eggplant Mottled Dwarf Virus

(EMDV)

• Clearing, yellowing veins

• Necrosis

• Curling leaves

• Shortened internodes

• Severe dwarfing

• Decreasing yields.

Cucumber Mosaic Virus (CMV) • Mosaic leaves

• Chlorosis

• Mottled leaves

• Vein banding

• Yellow Spots

Co-infection CMV and EMDV or

CapLV

• Thickening, malformation

of leaves

• Stunting of the plant

Fungi Fusarium spp. • Rotting of cuttings

• Damping-off of seedlings

• Avoidance of excessive

watering

• Use of steril soil

Lorente and Vicente, 1985

Sclerotium rolfsii Branches • Yellowing and wilting of

branches

• Death of affected shoots

• Removal of crop debris

• Weed control

• Reduction of stress

factors

Infantino et al., 2006

Leveillula taurica Leaves, petioles,

branches

• Chlorosis

• Necrosis

• Defoliation

• Production of

conidiophores

• Sulphur-based fungicides

• Humidity reduction

Gupta and Bhardwaj, 1998;

Kavak, 2004; Infantino

et al., 2007

Albugo capparidis Mainly leaves and

flowers

• Whitre rust

• Hypertrophy of leaves,

flowers, peduncles

• Floral abortion.

• Destroying infected plants Ciferri, 1949; Infantino et al.,

2007

Insect Pests *Acalles barbarus Lucas Roots • Slender mines in the

woods

– Liotta, 1977

*Phyllotreta latevittata Kutsch Leaves Circular gouges – Longo, 1996

**:Bagrada hilaris (Burmeister)

Nezara viridula (L.)

Eurydema ventrale Kol.

Eurydema ornata L.

Holcostethus punctatus L.

Carpocoris lunula F.

Leaves, buds,

fruits

• Yellowing spots and

chlorosis

• Hollowing out plant parts

• Deformation

• Insecticides (pyrethroids,

organophosphates,

cabamates)

• Some cultural practices

like breaking uo the

groundand destroying

residues of alternative

host plants

Colazza et al., 2004

***: Bemisia tabaci

Aleurolobus niloticus

Priesner and Hosny Brevicoryne

brassicae (L.)

Aspidiotus nerii Bouchè

Planococcus citri Risso

Leaves, stems • Yellowish spots and

deformation

• Loss of vigor and leaves

• Death of plant

• Spraying mineral oils Rapisarda, 1985; Longo,

1996; Bayhan et al., 2006;

Peri et al., 2006

****: Pieris brassicae L.

Pieris rapae (L.)

Colotis evagore Lucas

Anaphaeis aurota F.

Colotis fausta fausta Olivier

Lepidoptera Colotis liagore Klug.

Cydia capparidana (Zel.)

Lampides boeticus L.

Leaves, buds • Holes in leaves

• Deformation and abortion

of buds

• Insecticides based on

Bacillus thuringiensis

Pittaway, 1979; Murzin,

1986; Fernández Garica,

1988; Jordano Barbudo

et al., 1988; Kontaxis, 1990;

Longo, 1996; Bayhan et al.,

2006; Peri et al., 2006

*****: Capparimyia savastani

(Martelli)

Asphondylia gennadii (Marchal)

Capparimyia savastani(Martelli)

Buds, fruits Deformation and abortion • “lur and kill” strategy with

pyrethroids

• Cultural practices

Harris, 1975; Orphanides,

1975; Rangarajan and

Mahadewan, 1975; Donati

and Belcari, 2003; Bayhan

et al., 2006; Peri et al., 2006

*Cloeptera, **Heteroptera, ***Homoptera, ****Lepidoptera, *****Diptera, –, not available.
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TABLE 3 | Chemical composition of the extracts from different organs of Capparis spinosa L.

Organs Extracts Chemical constituents Location References

Fruits ME (6S)-hydroxy-3-oxo-α-ionol glucoside,Corchoionoside C, prenyl glucoside,

indol-3-acetonitrile glycoside, capparilloside A, capparilloside B.

Turkey Calis et al., 2002

AE Flazin, guanosine, capparine A, capparine B, 1-H-Indole-3-carboxaldehyde,

4-hydroxy-1H-indole-3-carboxaldehyde, chrysoeriol, apigenin, kaempferol,

thevetiaflavone, 5-hydroxymethylfuraldehyde, vanillic acid, cinnamic acid.

China Haifeng et al., 2010

EE/AF Cappariside, 5-hydroxymethylfurfural, 5-hydroxymethyl furoic acid, 2-furoic acid. China Yang et al., 2010a

EE/EF Protocatechuic aldehyde, E-butenedioic acid, ethyl 3,4-dihydroxybenzoate, syringic

acid, protocatechuic acid, vanillic acid, succinic acid, 4-hydroxybenzoic acid.

EE/AF Capparisine A, capparisine B, capparisine C, 2-(5-hydroxymethyl-2-formylpyrrol-1-yl)

propionic acid lactone, N-(30-maleimidy1)-5-hydroxymethyl-2-pyrrole formaldehyde.

China Yang et al., 2010b

EE p-hydroxy benzoic acid, 5-(hydroxymethyl)furfural, bis(5-formylfurfural)ether,

daucosterol, α-D-fructofuranosides methyl, uracil, stachydrine.

China Feng et al., 2011

EE/BF Tetrahydroquinoline acid. China Zhang et al., 2014

EE/EF Racemic benzofuranone.

ME Phenolics, flavonoids, carotenoids. Bahrain Allaith, 2014

Aerial Parts ME Quercetin 3-O-rutinoside, quercetin 3-O-glucoside, quercetin

3-O-glucoside-7-O-rhamnoside, Quercetin 3-O-[6′′′ -α-L-rhamnosyl-6′′

-β-D-glucosyl]-β-D-glucoside.

Egypt Sharaf et al., 2000

EE/HF Terpene. Jordan Yang et al., 2010b;

Muhaidat et al., 2013EE/AMF Terpene, flavonoids.

EE/BF Tanins, flavonoids, alkaloids.

EE/AF Reducing sugar, flavonoids.

Shoots and buds Glucocapperin, glucoiberin, progoitrin, epiprogoitrin, sinigrin, gluconapoleiferin,

glucoalyssin, gluconapin, 4-hydroxyglucobrassacin, glucobrassicanapin,

glucobrassicin, gluconasturtiin.

Turkey Matthäus and Ozcan,

2002

EE/AMF 1-tetradecanol, methyl hexadecanoate, octadecanoic acid,

6,10,14-trimethyl-2-pentadecanone, β-sitosterol, glycerol monotetracostanoate,

p-hydroxybenzaldehyde, ursolic acid, β-sitosterylglucoside,

β-sitosterylglucoside-6′-octadecanoate.

Jordan Khanfar et al., 2003

EE/BF 4-coumaric acid, nicotinamide, cadabicine, isorhamnitine-3-O-rutinoside, rutin,

stachydrine, 3-methyl-2-butenyl-β-glucoside.

Leaves and Stems EE kaempferol 3-Rha-7-G, quercetin 3-Rut, quercetin 7-Rut, quercetin 3-G-7-Rhaw1. China Sharaf et al., 1997

Leaves and Flower buds AE 5-Caffeoyl quinic acid, 1-Caffeoyl quinic acid, 5-p-Coumaroyl quinic acid, 4-Feruloyl

quinic acid, Rutin, Quercetin 3-O-glc, Kaempferol 3-O-rutinoside,

Methyl-quercetin-O-rutinoside, Kaempferol 3-O-glucoside, acids, flavonols.

Croatia Kulisic-Bilusic et al.,

2010

Roots EE Capparispine, Capparispine 26-O-b-D-glucoside, Cadabicine 26-O-b-D-glucoside

hydrochloride.

China Fu et al., 2008

ME, Methanolic Extraction; AE, Aqueous Extraction; EE, Ethanolic Extraction; AF, Aqueous Fraction; EF, Ethyl acetateFraction; BF, Butanol Fraction; HF, Hexane Fraction; AMF, Aqueous

Methanol Fraction.

427.27mg GAE/g DW of total phenolics was quantified in
hydroethanolic extract of leaves. Iranian roots and fruits aqueous
extracts contained 15.4 and 17.2mg GAE/g DW respectively,
lower than root ethyl acetate extracts containing 37.2mg GAE/g
DW and fruit ethanol extract containing 34.2mg GAE/g DW.

Total flavonoids registered 57mg Quercetin Equivalent
(QE)/g DW in hydroethanol extract of leaves and ranged from
2.6 to 6.96mg QE /g DW in leaves methanol extract, whereas,
13.97mg QE/ g DW and 25mg QE/ g DW were found in
leaves and flowers aqueous extracts respectively. Roots and fruits
ethyl acetate extracts had a content of flavonoids of 95.5 and

18.1mg QE/g respectively (Bhoyar et al., 2011; Mahboubi and
Mahboubi, 2014; Akkari et al., 2016; Mansour et al., 2016).
According to Inocencio et al. (2000), 10 g of commercial caper
bud will provide 40mg QE as aglycone in Mediterranean
countries (Spain, Turkey, Morocco, Italy, Greece). C. spinosa is
cited as a very good source of phenolic acids, alkaloids, flavonoids
(rutin, quercetin, kaempferol) and glucosinolates (glucocapparin,
glucoiberin, sinigrin, glucobrassicin) (Sozzi and Vicente, 2006;
Kulisic-Bilusic et al., 2012; Francesca et al., 2016). The latter
having hydrolysis products known as anti-cancer agents (Mithen
et al., 2000).
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The glucosinolate content of caper parts varies between
84 and 89%. Young shoots contain the highest amount of
glucosinolate whereas the content in buds decreased as their
size decreased. Glucocapperin (methyl glucosinolate) is the main
glucosinolate of shoots and buds whereas indole glucosinolate
(4-hydroxyglucobrassicin) is present in trace amounts in leaves
and shoots (2.04 µmol/g), glucocapparin and glucocleomin
appeared in seeds and leaves (Matthäus and Ozcan, 2002). Seeds
are rich in oils, proteins, and fibers. Seed oils are adapted
for feed and have a high content of linoleic, and oleic acids,
sterols (namely, sitosterol, campesterol, stigmasterol and 15-
avenasterol) and tocopherols (Akgül and Özcan, 1999; Matthäus
and Özcan, 2005). In addition, the aliphatic (octadecanol as
the major compound) and triterpenic (citrostadienol as the
major compound) alcohol in the lipid unsaponifiable fraction
were detected (Tlili et al., 2011b). These compounds can be
integrated in cosmetic and pharmaceutical solutions. Seeds are
rich in oils, proteins, and fibers. Seed oils are adapted for
feed and food with a high content of linoleic, and oleic acids,
sterols (namely, sitosterol, campesterol, stigmasterol and 15-
avenasterol) and tocopherols (Akgül and Özcan, 1999; Matthäus
and Özcan, 2005). In addition, the aliphatic (octadecanol as the
major compound) and triterpenic (citrostadienol as the major
compound) alcohol in the lipid unsaponifiable fraction were
detected (Tlili et al., 2011b). These compounds can be integrated
in cosmetic and pharmaceutical solutions.

The fruit constituents have been subject of interest in
several studies in order to determine the biochemical content
which is of great benefit in biology and food industries. From
fruits of C. spinosa, 11 organic acid compounds and a new
antioxidant active compoundwere isolated and identified and the
structures of five novel alkaloids were determined (Yang et al.,
2010a,b). Carotenoids and some terpenoids such as tocopherol
stabilize and photo-protect the lipid–phase of the cell membrane
providing great tolerance to increased temperatures (Velikova
et al., 2005; Camejo et al., 2006). Aquaeous ethanolic fruit extracts
contained flavonoids equivalent to rutin, phenolic compounds,
tocopherol, carotenoid and vitamin C (Huseini et al., 2013).
In addition to the known capparilloside A and stachydrine, an
adenosine nucleoside, hypoxanthine and uracil were isolated
from C. spinosa (Capparidaceae) fruits in China (Fu et al., 2007).

Essential Oils
The chemical composition of C. spinosa essential oils was subject
to few studies (Table 4). Afsharypuor et al. (1998) determined
22 components in essential oil extracted from leaves, fruits and
roots. The yield ranged from 0.02 to 0.9%. Fourteen components
constituted leaf oil were detected (accounting for 91% of the total
leaf oil composition); thymol (26.4%), isopropyl isothiocyanate
(11%), 2-hexenal (10.2%), and butyl isothiocyanate (6.3%)
represented the four major components. In the fruit oil only
four components were detected (accounting for 98.5% of the
total fruit oil composition); methyl isothiocyanate (41.6%) and
isopropyl isothiocyanate (52.2%) were found as the two major
components. Root components were represented mainly by
methyl isothiocyanate (53.5%) and isopropyl isothiocyanate
(31.4%). In Croatia, the essential oil of C. spinosa revealed

that methyl isothiocyanate (92.06%) is the major compound in
leaf and flower bud oils, in addition to benzyl isothiocyanate
(0.74%), benzeneacetonitrile (0.40%), sec-butyl isothiocyanate
(0.25%), and butyl isothioyanate (0.38%) (Kulisic-Bilusic et al.,
2010). In the Eolian Archipelago, isothiocyanate is also a major
component in caper, followed by benzyl isothiocyanate (Romeo
et al., 2007). As to the Jordanian C. spinosa, essential oil is
mostly represented by isopropyl isothiocyanate (28.92%), methyl
isothiocyanate (25.6), and butyl isothiocyanate (16.65%) as
major components (Muhaidat et al., 2013). Therefore, methyl
isothiocyanate and isopropyl isothiocyanate are mainly present
in fruits and roots, butyl-isothiocyanate is tissue-specific and
is present in leaves but not in fruits and roots. Thiocyanate
and isothiocyanate are break down products of glucosinolate as
methyl glucosinolate (Glucocapperin) catalyzed by the enzyme
myrosinase passes by the intermediate thiohydroximate and a
rearrangement of the latter gives methyl isothiocyanate (Sozzi
and Vicente, 2006).

Biological Activities
Several researchers have reported different biological activities
of C. spinosa extracts in various in vivo and in vitro test
models. Certain pharmacological properties of great interest of
C. spinosa had been identified and others are being studied
(Moufid et al., 2015). It is worth noting that most of the evidences
about biological activity and phytochemistry still derive from the
analysis of wild plant material.

C. spinosa aqueous extracts displayed a significant anti-
hyperglycemic activity and anti-obesity effects (Eddouks et al.,
2004, 2005; Lemhadri et al., 2007). Indeed, consumption of caper
fruit extracts by diabetic rats induced a decrease in both blood
sugars and blood triglycerides (Rahmani et al., 2013). Likewise, a
study on caper fruit ethanol extracts on type 2 diabetic patients in
Iran showed significant decrease in fasting blood glucose levels
and glycosylated hemoglobin and also a significant decrease in
triglyceride level, thus assuring previous results on the anti-
hyperglycemic and hypolipidemic effects of C. spinosa (Huseini
et al., 2013). In multi-low dose streptozotocin-induced (MLDS)
diabetic mice, a treatment with aqueous extract from fruits
of C. spinosa promotes insulin sensitivity in peripheral tissues
resulting in a lower endogenous glucose production (EGP) in
treated than in untreated mice (Eddouks et al., 2017). Both leaf
and root ethanolic extracts of C. spinosa showed inhibition of
pancreatic α-amylase activities that could be involved in the
control of blood sugar (Selfayan and Namjooyan, 2016).

Additionally Aghel et al. (2010) showed that the ethanolic
root bark extract of C. spinosa has a significant dose-dependent
protection against carbon tetrachloride and induced liver damage
in vivo, in accordance with Gadgoli and Mishra (1999), who
previously found that p-Methoxy benzoic acid isolated from the
methanol soluble fraction of the aqueous extract of C. spinosa
L. aerial part possesses an antihepatotoxic activity. Using Swiss
albino mice intoxicated with trichloroacetic acid (TCA), a
synergic effect between a mixture of C. spinosa leaves and honey
to cope with the TCA hepatotoxicity has been shown (Alzergy
et al., 2015). Cisplatin is one of the premium-choice drugs for
the treatment of many cancers but it is not without drawbacks,
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TABLE 4 | Chemical composition of the essential oil of Capparis spinosa L. obtained by hydrodistillation.

References Kulisic-Bilusic et al., 2010 Afsharypuor et al., 1998 Muhaidat et al., 2013

Collection location Croatia Iran Jordan

Collection time Jun-06 Aug-95 May-12

Species C. spinosa L. C. spinosa L. var. mucronifolia (Boiss.) C. spinosa L. var. aravensis

Type of plant material Floral buds and Leaves Leaves Fruits Roots Aerial parts

Yield 0.044% (w/w) 0.08% (v/w) 0.9% (v/w) 0.02% (v/w) 0.067% (w/w)

COMPONENT %

Methyl isothiocyanate 92.06 41.6 53.5 25.6

Sec-butyl isothiocyanate 0.25 2.2 0.6

Butyl isothiocyanate 0.38 6.3 16.65

2-butenyl isothiocyanate 2.24

Benzene acetaldehyde 0.23

Benzene acetonitrile 0.4

(E) β-Ionone 0.5

Methyl methylsalicilate 0.17

Benzyl isothiocyanate 0.74

3-Hexenyl benzoate 0.27

3-Hexenyl benzoate 1.75

Isopropyl isothiocyanate 11 52.2 31.4 28.92

2-Hexenal 10.2

Unknown 4.4 2.5 10.1

γ -Terpinene 4.7

n-Dodecane 1.8

Carvone 2.3

Thymol 26.4

n-Tetradecane 4.3

Geranyl acetone 3.5

n-Hexadecane 5.5

Dill apiole 2.4

Palmitic acid 4.7

n-Eicosane 3.5

3-p-menthene 3.08

3-methylthio-1-hexanal 2.03

Total % 96.75 91 98.5 95.6

principally toxicity to the liver and kidney. A recent work
reported that methanolic extract of C. spinosa leaves significantly
restored both the kidney and liver damages induced by cisplatin-
treatment (Tlili et al., 2017).

Moreover, an in vivo study on murine indicated that
the Tunisian C. spinosa leaf ethanol extract can stimulate
melanogenesis in a dose-dependent manner without cytotoxicity.
It can be useful in tanning and treating hair depigmentation
(Matsuyama et al., 2009).

On the other hand, Panico et al. (2005) revealed the action
exhibited by lyophilized extracts of C. spinosa (LECS) flower buds
in developing novel anti-inflammatory/anti-degenerative agents
that block the cartilage destruction during the inflammation
in vivo and protect chondrocytes. More specifically, a recent
study exhibited a better anti-inflammatory and analgesic effects
for the fruits and stem-leaves of C. spinosa than those of
the roots (Haifeng et al., 2010; Hong-Juan et al., 2014). The

aqueous extracts from C. spinosa fruits were characterized as
the best anti-inflammatory active fraction and also shown an
anti-arthritic activity (Feng et al., 2011; Jiang et al., 2015).

Anti-inflammatory response of human peripheral blood
mononuclear cells (PBMCs) induced by C. spinosa leaf extracts
results from the control of cytokine gene expression (El
Azhary et al., 2017). Cytokines constitute a category of small
proteins (∼5–20 kDa) that are important in cell signaling and
inflammatory response. On PBMCs, C. spinosa extracts are
able to suppress the expression of IL-17, coding for a pro-
inflammatory cytokine, and promote the expression of IL-4,
coding for an anti-inflammatory cytokine. Kulisic-Bilusic et al.
(2010) isolated the essential oil of C. spinosa flower buds and
leaves and proved its antioxidant activity by β-carotene bleaching
method and thiobarbituric acid reactive species essay. Moreover,
this same essential oil and the aqueous infusion of the same
plant parts showed anti-proliferative activity on colon cancer
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cells by decreasing the activation of nuclear factor NF-Kappa B
(aqueous infusion had more inhibition activity than essential oil)
and arresting the cell cycle at G2/M phase (Kulisic-Bilusic et al.,
2012).

Great anti-oxidant activity was demonstrated also in fresh
caper berries methanolic extracts; more specifically, fruit on
liver hepatocellular carcinoma cells (HepG2) (Yu et al., 2017).
Pain associated with rheumatoid arthritis and osteoarthritis was
soothed after single dose administration of caper root decoction
and hydroalcoholic extracts to rat models (Maresca et al.,
2016). The latter extract explored cardio protective effect by
reducing the undesired apoptotic effect of an anti-cancer drug,
doxorubicin (Mousavi et al., 2016).

Moreover, anti-fungal activity against Valsa mali and
inhibition of HIV-1 reverse transcriptase activities were shown
with a 38 kDa protein purified from C. spinosa fresh seeds from
fruits. Inhibition of colon cancer MT29 cells, breast cancer MCF-
7 cells and hepatoma HepG2 proliferation was also attributed to
this caper protein (Lam and Ng, 2009; Lam et al., 2009).

Aqueous caper bud extracts alleviated neurodegeneration
induced by lipopolysaccharide in rats thus showed protective
effect against cognitive diseases, learning, and memory damage
(Goel et al., 2016). The decoction of C. spinosa roots showed
significant inhibition activity on the growth of Deinococcus
radiophilus (Boga et al., 2011). The butanolic and aqueous
methanolic extract fractions from Jordanian C. spinosa showed
antibacterial activity against Staphylococcus epidermis (ATCC
12228), whereas petroleum ether, hexane and water fractions
exhibited antibacterial activity against Streptococcus faecalis
(ATCC 29212) (Muhaidat et al., 2013).

TRADITIONAL USES

Food and Culinary
Caper is a potential source of valuable nutrients, since 100 g of
caper fruit contain 67mg calcium, 65mg phosphorus, 9mg iron,
and 24.5 g protein.

Commercial capers are immature flower buds that can be
pickled in salt or vinegar and used as an appetizer or condiment
(Saadaoui et al., 2011). Hence, capers are included in hundreds
of recipes due to their sharp piquant flavor owed to a complex
organoleptic profile (Brevard et al., 1992) and are used as a
seasoning to add pungency to sauces (e.g., tartare, remoulade,
ravigote etc.,) dressings and salads (e.g., caponata, a cold eggplant
salad with olives and capers), cold dishes and sauces served with
salmon, herring, pasta and pizzas, cheeses, lamb, mutton, pork
and chicken preparations (Sozzi and Vicente, 2006).

Unripe fruits called caper berries are also pickled and used as
spices and condiments (Rivera et al., 2003). Food industries also
use extracts from Caper buds and ripened fruits as flavor agents
(Aliyazicioglu et al., 2015).

Medicinal
Capparis spinosa L. (Capparidaceae) is one of the medicinal
plants that have been widely used in the traditional medicine
during successive civilizations to cure various health disorders
and illnesses. A wide range of therapeutic benefits are credited

to caper extracts such as anti-hypertensive (Ali et al., 2007),
anti-hepatotoxic (El Tanbouly et al., 1989; Gadgoli and Mishra,
1999), anti-diabetic (Kazemian et al., 2015; Mollica et al.,
2017; Vahid et al., 2017), anti-obesity (Lemhadri et al., 2007),
bronchorelaxant (Benzidane et al., 2013), anti-allergic and anti-
histaminic (Angelini et al., 1991; Trombetta et al., 2005), anti-
inflammatory (Al-Said et al., 1988; Zhou et al., 2010) or anti-
biotic (Abraham et al., 2011; Mahboubi and Mahboubi, 2014)
properties.

Iranian people used the root, fruit and plant bark of
C. spinosa as diuretics and tonics against malaria and joint
disease (Hooper, 1937; Afsharypuor et al., 1998). In Pakistan,
leaves of C. spinosa are used as analgesic, anti-hemorrhoid,
anti-rheumatic, aperients, deobstruent, depurative and diuretic
(Chopra et al., 1986). In India, buds and roots of C. spinosa are
useful in the treatment of boils, while leaves are used as counter-
irritant and as a cataplasm in swellings. Roots are used to treat
fever, rheumatism, paralysis, toothache and kill worms in the ear.
Bark is used against coughs, asthma and inflammation (Wealth
of India, 1992). The stem-leaves, fruits, and roots have been used
for the treatment of rheumatoid arthritis and gout in traditional
medicine in China (Feng et al., 2011).

The root bark of Caper has been used as an analgesic and
carminative agent and possesses antihypertensive activity as
well (Eddouks et al., 2004; Lemhadri et al., 2007). Decoctions
from root bark are also used to treat dropsy, anemia and
rheumatism. Herbal tea made from root and young shoots is of
benefit for the treatment of rheumatism, stomach and intestinal
disorders. In the folklore of the central region of Saudi Arabia,
along with C. spinosa diuretic and body tonic utilization, pastes
prepared from the root bark are used externally to treat swollen
joints, skin rashes and dry skin. During the last decade, some
cosmetic products derived from C. spinosa fruit extract (e.g.,
Gatuline R© Derma-Sensitive; SKIN MOON R©; SKIN SAVE R©)
were commercialized, claiming skin protection and anti-aging or
anti-inflammatory properties. Herbal tea prepared by C. spinosa
buds and leaves is found to be a popular remedy against cold
and related infections, also decoction of buds and leaves is used
internally for curing gastrointestinal infections, diarrhea, and
dysentery and also useful for the removal of kidney stones (Sher
and Alyemeni, 2010). In Morocco, unopened buds are used
externally to treat eye infections and prevent cataracts while
caper dried fruits are meant to cure hypertension and diabetic
complications when taken orally with a glass of water (Jouad
et al., 2001; Eddouks et al., 2002).

Recent review articles provide a detailed overview of the state
of the art in the field of medicinal/pharmaceutical properties of
C. spinosa (Moufid et al., 2015; Anwar et al., 2016; Nabavi et al.,
2016; Rahnavard and Razavi, 2016).

CONCLUSION

This review encourages further studies on C. spinosa in the
East Mediterranean countries to face the changing environment,
climate-mediated transition of agriculture and to promote
its nutritional and health benefits. This plant has various
medicinal, culinary, agronomic and economic values. Caper
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cultivation could be a good solution for implementing needed
novel agricultural practices for climate risk management and
production sustainability. Its remarkable ability to adapt to
different climates call upon to integrate C. spinosa in the long-
term agricultural strategy to cope with larger impacts of climate
changes in the future.

The establishment of genetic data for taxonomic identification
and productivity is a priority research need for caper. Genetic
variability for tolerance to heat stress should be exploited in order
to screen germplasm and select cultivars with high temperature
tolerant genotypes. High genetic potential can also be exhibited
by selection of hybrids and induced crossings.

The identification of molecular markers correlated with
phenotypic traits of caper will be a future tool to promote stress-
related breeding programs, as well as an integrative view of the
biology of the species and its evolution.

The traditional medicinal knowledge and the biological
studies have to find ways to enlarge the benefits and the capacities
of this natural plant resource.

Finally, this plant could be integral part of family farming
and value chain products in the Mediterranean contributing
enormously to socio-economic development.
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Artificially Induced Floods to Manage
Forest Habitats Under Climate
Change
Berit Arheimer*, Niclas Hjerdt and Göran Lindström

Swedish Meteorological and Hydrological Institute, Norrköping, Sweden

Global change is affecting agroforestry and its inherent ecosystems in Sweden. Here we

examine the benefits of ecologically adjusted dam regulations to conserve biodiversity

under climate change in floodplain habitats, including meadows and riparian mixed

forests. The natural flood regime in snow-dominated regions has changed significantly

during the last decades, in line with the projections for climate change. The ecosystems

of temporary flooded forests show high biodiversity but are dependent on river high flows

with long duration. These events are rare in the new climate scenario, but on the other

hand, snow-fed rivers are also affected by hydropower dams and regulations. In this

study we explored the potential of using reservoir regulation to artificially induce flood

events; water management would then be a method to conserve biodiversity in forest

habitats and adapt management to climate change. We made detailed calculations

in lower Dalälven River, central Sweden, using observed time-series of river flow and

dynamic scenario modeling for highly valuable Natura 2000 habitats. Here we show that

long-term flooding is less frequent since extensive hydropower was introduced during

the 1920s, and moreover, since the 1990’s the spring floods are low due to low snow

storage and short winter seasons. Sustainable management of 50% of the riparian forest

requires flooding by 25 continuous days of 800 m3 s−1. We found that artificial floods

using new ecological regulation regime of upstream hydropower reservoirs would help,

but not be enough, to achieve this goal. The new regulation routines would correspond

to a loss of 50-200 GWh in hydropower production for each artificial flood. Sustainable

ecosystems in the study site do not request flooding every year, but some every fifth year.

For practical implementation, the County Board is currently driving the process locally

and we discuss the relevant social features, such as legal and funding aspects, of this

adaptive management of water and forests. A smaller part of the forest could probably be

rescued and costs could potentially be lowered by using only the most snow rich years

and seasonal forecasting of river flow for optimal timing of water release from dams to

induce flooding.

Keywords: environmental flow, river regulation, climate change, climate adaptation, biodiversity, water

management, floodplains
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INTRODUCTION

Currently, productive forests account for 57% of the Swedish
land cover and they have been constantly expanding throughout
the 20th century (KSLA, 2015; Nilsson et al., 2016). During the
last century, forests in Sweden have seen important changes in
forest structure and composition (Antonson and Jansson, 2011).
Agroforestry is responsible for most changes in the diversity of
coniferous and deciduous species (Laudon et al., 2011; Elmhagen
et al., 2015), yet, climate change and water management may also
have a severe impact on biodiversity in these forests. The highest
biodiversity in Sweden is found in ecotopes of temporarily
flooded riparian mixed forests, which have been recognized as
highly valuable Natura 2000 habitats (Hedström-Ringvall et al.,
2017a). The high biodiversity is dependent on river high flows
with long duration, but such occasions have become rare during
the last decades. As a consequence, there is a great concern about
the possible disappearance of these valuable ecosystems.

The flood regime in snow-dominated regions has changed
significantly during the last decades, which is in line with the
projections for climate change impact but also an effect of
extensive flow regulations (Arheimer et al., 2017). During the
cold part of the year in Sweden, water is stored as snow and ice,
which fully or partly melt during the spring. The natural flow
regime is therefore characterized by low flow during the winter
followed by a high spring peak flood event. The ecosystems have
evolved over time to benefit from these flow dynamics with high
biodiversity in the floodplains as an outcome. Several studies
of climate-change impacts on rivers show that the annual peak
flood event may be less distinct and even disappear in some
snow dominated areas (Molini et al., 2011; Godsey et al., 2013)
as global warming will reduce the snow fall (Krasting et al., 2013)
and/or snow storage period by the end of this century (Barnett
et al., 2005).More precipitation falling as rain in snow-dominated
regions and shorter freezing periods will thus give less difference
in river flow between seasons and less flooding of floodplains
during spring.

Arheimer et al. (2017) concluded that at the large scale and for
floodplains in snow-dominated regions, hydropower production
can have the same effect as climate change on the flow regime.
During spring, the river water is stored in dams and reservoirs
often to be released throughout the year whenever electricity
is needed most. Thus, the high flow of the snow-melt season
is damped and the river flow redistributed to other times of
the year (e.g., Arheimer and Lindström, 2014). The negative
effects on ecosystems that follow from river regulation are well
known (e.g., Andersson et al., 2000; Bunn and Arthington,
2002; Leira and Cantonati, 2008) and in addition, ecosystems in
regulated rivers are considered particularly vulnerable to climate
change (e.g., Nilsson et al., 2005; Palmer et al., 2008). However,
ecosystems affected by river regulations have also been suggested
as more favorable for adaptation measures as flow regimes can be
manipulated (e.g., Lytle and Poff, 2004; Rheinheimer and Viers,
2015). Artificially induced floods by changed regulation regimes
at hydropower dams have been suggested as a possible climate
adaptation measure to conserve biodiversity under climate
change (Arheimer et al., 2017). Nevertheless, the potential of
this management protocol still remains unknown and detailed

site-specific investigations are needed in each case to justify any
implementation, as large economic costs are involved from loss
in energy production.

We here describe such a case study of central Sweden, where
detailed calculations were made to: (i) analyse the reasons behind
the reduced flooding that threatens a rare forest habitat, and
(ii) explore the potential of using changed regulation strategy
at upstream hydropower dams to induce river flooding for
sustainable management. We found that reduction of snow
storage was the main reason behind the loss of peak-flows during
recent decades, and that changed regulation of hydropower dams
could not save 50% of the habitats of the threatened temporarily
flooded forest.We show that the regulations could help in climate
adaptation, but there may be high costs for energy loss and melt-
water must still be available in sufficient amounts from snow
storage. Overall, the study highlights the importance of revising
management protocols under non-stationary conditions due to
global warming.

MATERIALS AND METHODS

Study Site
The floodplain forests of lower Dalälven River in central
Sweden, receive water from a 29,000 km2 watershed starting
in the mountains of Norway to the west, from which the
river flows to the east and ends in the Baltic Sea (Figure 1).
The regulation of Dalälven River started during the 1920’s to
produce electricity from hydropower reservoirs. Dams were
constructed to store the water from snowmelt during spring,
to be released for hydropower production throughout the year,
especially during the long and dark winter when most electricity
is needed in this region. Often natural lakes are regulated but
in some cases new reservoirs were constructed. Altogether, the
watershed encompasses about 125 dams at present, with a total
regulated volume of 2,739 Mm3 and a degree of regulation of
23.5% (Arheimer et al., 2017). The total annual production is
approximately 5 TWh year−1. The most prominent dams are
Gråda and Trängslet. Gråda is regulating the lake Siljan and
was constructed during the 1920’s with a head of 12 meters
and volume of 660 Mm3 (Hedström-Ringvall et al., 2017b).
Trängslet is from 1950’s with a head of 142 meters and a
volume of 880 Mm3. Both are owned by the company Fortum
and the regulation schemes also affect many down-stream
dams.

Several climate change impact studies have encompassed river
flow in Dalälven River (e.g., Andréasson et al., 2004; Arheimer
et al., 2017) and can also be found at the websites www.
smhi.se or http://swicca.eu/. The climate change projections
show an increase in mean annual air temperature by +3
to +6◦C at the end of the Twenty-First century, with a
higher increase in winter (+4 to +7◦C) compared to summer
temperatures (+2 to +4◦C). At the same time, annual
precipitation is expected to increase by ±0 to +30%, with a
higher increase in winter (+20 to +40%) compared to summer
precipitation (±0 to +20%). The growing season is expected
to increase by 40 to 80 days at the end of the Twenty-First
century.
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FIGURE 1 | Map showing the catchment borders (red line) of Dalälven River (blue line) in Northern Europe, and the location of the hydropower plant “Näs” (black dot)

upstream the regularly flooded residua forest of high biodiversity (checkered).

Environmental Flows for Forest Flooding
The natural river regime with annual floods due to snowmelt
during the spring has created a very unique zonation of
ecosystems at various altitudes of the floodplains, depending on
frequency and duration in flooding. The region is recognized as
having the highest biodiversity in Sweden, with several valuable
Natura 2000 habitats identified along the river floodplains. This
is a unique service provided by the river from its original
flow dynamics. The most vulnerable ecosystem is the regularly
flooded riparian mixed forests, which requests flood duration
of 25 continuous days to initiate the ecological processes and
serve as habitat for the specific species living and growing there
(Hedström-Ringvall et al., 2017b).

Differentiation of floodplain habitats was based on different
elevation zones, using a topographic GIS analysis (Zinke, 2013).
Each habitat needs specific flooding to sustain the diversity of
species and different elevation zones will be flooded at different
magnitudes of river flow. As most of floodplain habitats are
located along wide, lake-like, sections of the river, the river flows
required to flood these habitats were estimated from an analysis
of habitat elevation zones and stage-discharge rating curves of
the lake outlets (Figure 2). The topographical GIS analysis of the
floodplains together with hydraulic modeling results show that
river flow above 800 m3s−1 will flood a significant part of the
riparian mixed forest (the mean elevation minus one standard
deviation, i.e., 56.4m, see Table 5, 6 by Zinke, 2013), while 1,250
m3s−1 is needed for all forest representing these unique ecotopes
to be flooded (Hedström-Ringvall et al., 2017a). In this study, the
value 800 m3s−1 was thus used as environmental flow for forest
flooding to conserve the biodiversity in lower Dalälven River.

Data and Methods
Observed time-series of daily river flow were collected
from the discharge stations at Långhag/Fäggeby (since

FIGURE 2 | Analysis of floodplain habitat elevation zones in relation to the

observed and modeled stage-discharge rating curve for Färnebofjärden in

Lower Dalälven. In order to flood riparian mixed forest habitats (Natura 2000

habitat code 91F0) a river discharge exceeding 800 m3s−1 is required.

1851) and at Näs (since 1961). The stations are situated
not far from each other in the main river channel close
to the downstream floodplains. The observed data was
used to analyse the long-term changes in river flow, which
could be due to either climate variability/change or flow
regulation in hydropower dams. Observed time-series from
the hydropower stations Trängslet and Gråda (Lake Siljan)
were used as a base-line when exploring effects from changed
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regulation routines to induce flooding for specific years (see
below).

Dynamic modeling was performed using the numerical
Hydrological Predictions for the Environment (HYPE) model
(Lindström et al., 2010) as set up for Sweden in S-HYPE
(Strömqvist et al., 2012). The model simulates flow generating
processes from meteorological input data, by taking into account
for instance snow melt, evapotranspiration, soil moisture,
groundwater fluctuations, routing in lakes and streams. It
also includes routines for simulating regulation in hydropower
reservoirs (Arheimer and Lindström, 2014; Arheimer et al.,
2017). In the national model setup, the Dalälven River basin is
divided into 2,823 coupled watersheds along the river network.

The S-HYPE model was used to simulate the changes
in snow storage between 1961 and 2015, to evaluate the
impact from climate on observed changes in river regime.
The S-HYPE model was also used to reconstruct the natural
river flow, as it would have been without the influence
of hydropower regulations, using the method described by
Arheimer and Lindström (2014) and Arheimer et al. (2017).
Return periods for daily environmental flows, were analyzed
by dividing time series data into 30-year periods and using
the statistical method described by Bergstrand et al. (2014).
Time series from two sources were used: Observed daily
discharge from Långhag/Fäggeby for the period 1851–1920
(before the development of hydropower), and reconstructed
natural daily discharge for Näs for the period 1961–2015 (after
the development of hydropower), using the hydrological model
S-HYPE.

To investigate future climate impact on river flow, the S-
HYPEmodel was used for climate change projections. It was then
fed with time-series from the Coupled Model Intercomparison

Project Phase 5 (CMIP5) from the Intergovernmental Panel
on Climate Change (IPCC), using projections for two different

assumptions on societal development and emission scenarios

(Representative Concentration Pathways (RCPs) 4.5 and 8.5,
respectively). Data was extracted from the Regional Climate

model RCA (Samuelsson et al., 2011) version 4, using an
ensemble of nine General CirculationModels (GCM): CanESM2,
CNRM-CM5, GFDL-ESM2M, EC-EARTH, IPSL-CM5A-MR,
MIROC5, MPI-EMS-LR, NorESM1-M, HadGEM2-ES. The RCA
downscaled the GCM data from 1,000 km to 50 km, as part of
the Coordinated Regional Downscaling Experiment (CORDEX)
initiative (http://www.cordex.org/). Thereafter statistical bias-
correction was made using the distributed based scaling (DBS)
method (Yang et al., 2010) to a Swedish 4 km meteorological
grid based on observations (Johansson, 2002). To estimate future
climate change impact on Dalälven River, the river flow at the end
of the century (2068–2098) was compared with a reference period
(1981–2010) for each ensemble member.

To explore the effects from inducing floods by changed
regulation strategies, four alternative scenarios were constructed
for the spring flood of recently wet years (1999, 2006, 2010, 2015):

- Business as usual, using daily corrected observations from
monitoring stations by the Swedish Meteorological and
Hydrological Institute (SMHI).

- Scenario 1, reduced regulation from both Trängslet and Siljan
hydropower dams.

- Scenario 2, reduced regulation only from Lake Siljan
hydropower dam (Gråda).

- Natural flow calculated with the S-HYPE model as described
by Arheimer and Lindström (2014) andArheimer et al. (2017).

The calculations at both Trängslet and Siljan hydropower dams
were made by the hydropower companies (Hedström-Ringvall
et al., 2017a), using site-specific and detailed local information
on regulation capacities, head, outlet conditions, and legal
agreements on volumes, water levels, spill, and flow (Hedström-
Ringvall et al., 2017b). They used their operational set-up of
numerical models for production, based on the open access tool
Hec ResSim from US Army Corps of the Engineers (http://
www.hec.usace.army.mil/software/hec-ressim/) as applied for
the specific reservoirs. Additional lumped flow routing methods
were used, as suggested by Chow et al. (1988). For scenario
1 and 2, the flows to downstream reservoirs were adjusted by
applying the estimated change in flow from calculated regulations
at Trängslet or Siljan to the observed flows at each site.

RESULTS

Observed Changes in River Flow
Long-term flooding is less frequent since extensive hydropower
was introduced during the period 1920–1960 and the spring peak
is less pronounced. Time-series of >50 years of observations
both before and after building hydropower dams, show that the
average in high water inflow causing flooding of the vulnerable
forest habitat has dropped from 900 to 500 m3s−1 due to
regulation (Figure 3). The long-term average in flow is thus far
from reaching the 800 m3s−1 threshold for the modern time
period, although specific years still exceed this threshold. Since
the 1990’s the annual spring-floods have been low due to low
snow storage and short winter seasons. The spring peak also
starts about 1 month earlier. These are results of a warming
climate, which has already affected the flow regime in this region
considerably. From the observed time-series, however, it is not
possible to judge whether the observed change in flow regime is
due to river regulations or climate change. However, our analysis
of reconstructed natural flow using a hydrological model enables
us to evaluate the potential effects of climate change separately.
A comparison of measured flow before regulation (1852–1919)
to reconstructed natural flow (1961–2015) clearly shows that the
magnitude and duration of the spring-flood has decreased over
the last decades.

Observed Changes in Snow Storage
Annual precipitation over the watershed upstream Näs
hydropower station varies from 470 to 860mm year−1, but there
is a slight but significant increase in average annual precipitation
over the last 55 years (Figure 4A). Our analysis shows that
while annual precipitation increases over time, the fraction of
precipitation falling as snow decreases and annual maximum
snow storage decreases (Figures 4A,B). For unregulated areas,
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the reduced peak-flow during spring is thus a result from reduced
snow-melt and not from reduced precipitation.

The annual maximum snow storage is a relatively good
indicator of the spring flood volume, and therefore also flood
duration (Figure 4C). Years with large maximum snow storage

typically yield spring floods of long duration (R2
= 0.56,

Figure 4C). On average, a maximum snow storage of about

160mm is required to produce a spring flood that exceeds 25 days
in duration, which is required to conserve 50% of the temporarily
flooded riparian mixed forest. We found nine such years for the
last 55 years, which could then be about enough for generating a
designed flow peak of sufficient duration every fifth year.

Changes in Return Periods of
Environmental Flow
There is a temporal variability in calculated return periods but
more so for floods with long duration (Figure 5). Daily discharge
above 800 m3s−1 occurs on average every or every other year
throughout the entire time period. Daily discharge above 800
m3s−1 for at least 25 consecutive days in April-June occurred
every 2–3 years in the period 1851–1920, but has become rarer
after 1990. In the observed discharge data from Näs, spring-
floods with such high magnitude and duration have not occurred
since the mid 1980s. However, in the reconstructed natural
discharge for the last 30-year period investigated (1986–2015),

FIGURE 3 | Average water discharge at Näs, using scaled observation from the nearby river gauge at Fäggeby for the period before constructing hydropower dams

(purple) and observations at Näs after regulations (black).

FIGURE 4 | Annual precipitation in Dalälven watershed upstream of Näs with fractions falling as rain and snow (A, upper left), annual maximum snow storage

upstream of Näs (B, lower left), correlation between flood duration (continuous number of days of unregulated flow exceeding 800 m3s−1 during the period between

April and June) and annual maximum snow storage upstream Näs (C, right).
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spring floods of long duration occurred every 6 years on average
(Figure 5). This indicates again a change in climate and that
future climate change may further reduce the potential for the
targeted environmental flows.

Projected Future Climate Change Impact
Projections for Dalälven River suggest that climate change
upstream the temporary flooded riparian mixed forest has
less impact on the seasonal distribution of flow than current
hydropower regulation (Figure 6). On average for the 30-year
period studied, the natural spring flow has been reduced by 32%
due to dam constructions (green vs. black line in Figure 6), while
climate change is projected to reduce a natural spring peak by
13% (blue vs. red line in Figure 6). The results from this analysis
show that changes in hydropower regulation control the flow
more than climate. This implies that changes in management
protocols could be an efficient method to reconstruct the natural
flows by opening the dam gates during the flow peak in spring.
Although, it is not clear if the effect would be enough.

Scenarios of Artificially Induced Floods
Although the changed strategies for regulating river flow helped
to flood the riparian mixed forest of the floodplain, it would
not have been possible to obtain 25 consecutive days with the

FIGURE 5 | Temporal variability in the return period of daily discharge above

800 m3s−1 (blue) and daily discharge above 800 m3s−1 for at least 25

consecutive days in April-June (black).

environmental flow of > 800 m3 s−1 at Näs during the wet
years studied using any of the alternative scenarios (Table 1).
Even for natural flow, the threshold of 25 days was only achieved
during one of the years with extreme high flows (i.e., 2010). The
difference in river flow between the two alternatives was not very
large; however, the loss in energy production varied considerably
(with a loss of some 50–200 GWh, respectively) with alternative
No. 2 being much more cost effective (Hedström-Ringvall et al.,
2017a). Thus, from only considering these two alternatives and
losses in production, only changing the regulation of Lake Siljan
came out as the best choice. However, additional challenges with
changing this regulation routine include new legal agreements
and security design, as well as extremely good monthly river flow
forecasts.

DISCUSSION

This detailed site-specific investigation for adapting the
vulnerable riparian mixed forest at the floodplains of Dalälven
River to climate change conditions, shows that induced floods
by changed hydropower regulation will not help saving 50% of
the habitats. The environmental goals must thus be revised to
be realistic under climate change, as the snow storage will most
likely be further reduced in the future. Sustainable management
of the study site does not request flooding every year, but some
every fifth year (Hedström-Ringvall et al., 2017a). The most
favorable years could be chosen from snow measurements
during winter and seasonal forecasts of the flow peak during
spring. Monthly seasonal forecasts of spring flow show skills in
the region (Arnal et al., 2017; Foster et al., 2017), although low,
and the efficiency of the artificially induced floods will increase
with help of natural high flow also from unregulated areas
contributing to flooding of the floodplains.

The County Board is currently driving the process locally and
will proceed by establishing a working group for the next 5 years
to further analyze effects and potential of changed regulations.
The environmental flows will be reconsidered regarding area to
be flooded, to also investigate the possibilities for sustainable
management of smaller areas, which requests lower river flow.
Besides from the flooded riparian mixed forest there are also
flooded meadows of concern that request lower flow volumes
than the forest to become sustainable under climate change.

FIGURE 6 | Impact on river flow at Näs by hydropower regulation and climate change, respectively. Regulated flow is observed river flow, while naturalized flow is

modeled using the observed climate (green) and the climate model data of current climate (blue) and by the end of the century (red).
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TABLE 1 | Number of days and production losses for different scenarios of artificially induced floods (modified from Hedström-Ringvall et al., 2017a).

Scenario: No. days with river flow > 800 m3 s−1 at Näs Loss of energy production (GWh)

1999 2006 2010 2015 1999 2006 2010 2015

B.a.U.1 0 0 7 4 NA NA NA NA

Alt. No 1 14 6 15 12 190 174 200 215

Alt. No 2 14 5 11 7 54 47 35 54

Natural2 19 16 26 15 NA NA NA NA

NA, Not Applicable.
1Business as Usual, using present regulation strategy.
2Natural flow, without any regulation.

Both environmental goals will be negotiated and optimized
against loss in energy production in new scenarios by the working
group, to estimate the most cost effective climate adaptation
for floodplains in Dalälven River. In addition, a committee for
adaptive management will be established to elaborate operational
decision-making of artificial flooding, taking fictive decisions
from various sources of support material during spring each of
the 5 years.

Finally, it should be mentioned that the hydropower
companies and the engineering consultants that have been
involved in the calculations for each hydropower dam are more
reluctant to changes in regulation strategies. The calculations for
each dam were based on statistics and observations, but in reality
it would be very difficult to forecast exactly when the flow peaks
will reach the riparian mixed forest. There is a high risk that the
gates are opened too early or too late, which significantly would
affect the result. It is thus difficult to match the flood peak from
artificial flooding with the natural flooding from unregulated
areas, while the joint effect is needed. The dam operators also
see the difficulties in spring-flood forecasting and claim that the
methods available are still too poor to be used for decision-
making. They also see security risks, as when the discharge from
Lake Siljan once has started it will be difficult to stop, due to the
naturally inherent slowness of the system, and intense rains may
challenge the upper limit of the reservoir. The new regulation
strategies must thus also be analyzed from a security perspective
as the dam was never designed for this purpose and the legal
agreements on volume fluctuations must be further validated.

Apart from the concerns about ecology, actual costs and
security mentioned here, there are also other policy concerns
with changing regulation strategy from hydropower dams.
Hydropower is referred to as a clean and renewable energy
source, which is favored over fossil fuels. Reservoir storage
is often used to balance out fluctuations in other renewable
power sources, such as wind and solar, which may become
more important in future energy production. Hence, climate
mitigation may request more hydropower in the future and more
flexible regulation schemes also taking this aspect in concern.
Water governance always require collaborations among multiple
actors to ensure sustainability in various sectors (Falkenmark and
Molden, 2008; Palmer et al., 2009; Grafton et al., 2013). Also other
stakeholders representing domestic, industrial, agricultural or
recreation interests may have an opinion on regulation strategies,
so probably a wider audience must be addressed and consulted
during the upcoming 5 years before actual implementation.

CONCLUSIONS

Our analysis show that annual maximum snow storage in
Dalälven River decreases despite an overall slight increase
in annual precipitation during the last 55 years, and that
these changes can be attributed to climate change. During
the same period, hydropower regulations have reduced
the flow peaks from snow melting, which naturally should
overflow the floodplains. Both changes will affect forest
habitats.

Searching for sustainable agroforestry requires an analysis
where hydrologists and ecologists work in close collaboration. In
lower Dalälven River, riparian biodiversity relies on occasional
spring floods with relatively long duration to “reset” habitats.
Artificially induced flooding is one possible adaptation measure,
although it implies significant costs in lost energy production and
changes in both regulation strategies and river basinmanagement
plans.

Managing floodplain ecosystems under climate change is
facilitated by hydrological modeling tools. In this study we
demonstrate that reference conditions are not stationary under
climate change, which prevents the use of historic measurements
to define reference conditions and targets of river basin
management. Rather, reference conditions must be dynamically
modeled to be comparable to the present-day situation
and for separating the anthropogenic pressures from natural
variability.
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Nitrogen deficiency limits crop performance under elevated CO2 (eCO2), depending on

the ability of plant N uptake. However, the dynamics and redistribution of N2 fixation,

and fertilizer and soil N use in legumes under eCO2 have been little studied. Such an

investigation is essential to improve the adaptability of legumes to climate change. We

took advantage of genotype-specific responses of soybean to increased CO2 to test

which N-uptake phenotypes are most strongly related to enhanced yield. Eight soybean

cultivars were grown in open-top chambers with either 390 ppm (aCO2) or 550 ppm

CO2 (eCO2). The plants were supplied with 100mg N kg−1 soil as 15N-labeled calcium

nitrate, and harvested at the initial seed-filling (R5) and full-mature (R8) stages. Increased

yield in response to eCO2 correlated highly (r = 0.95) with an increase in symbiotically

fixed N during the R5 to R8 stage. In contrast, eCO2 only led to small increases in the

uptake of fertilizer-derived and soil-derived N during R5 to R8, and these increases did

not correlate with enhanced yield. Elevated CO2 also decreased the proportion of seed

N redistributed from shoot to seeds, and this decrease strongly correlated with increased

yield. Moreover, the total N uptake was associated with increases in fixed-N per nodule

in response to eCO2, but not with changes in nodule biomass, nodule density, or root

length.

Keywords: open-top chamber, 15N labeling, nodule density, symbiotic N2 fixation, N remobilization,Glycinemax L.

INTRODUCTION

Plant demand for nitrogen (N) likely increases under elevated atmospheric CO2 (eCO2). Nitrogen
addition enhances CO2 effects on plant productivity. In ryegrass swards, compared to non-N
control, N addition resulted in a greater yield response to eCO2 (Schneider et al., 2004). Moreover,
eCO2 significantly increased N uptake of wheat (Butterly et al., 2016). It appears that sufficient N
supply may lead to optimization of photosynthetic processes to favor the productivity under eCO2

(Ainsworth and Long, 2005; Luo et al., 2006; Langley and Megonigal, 2010).
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Therefore, the magnitude of response in plant productivity
largely depends on how plant N uptake is capable to keep pace
with eCO2-induced stimulation of carbohydrate production and
growth. Plants may positively regulate a series of physiological
processes, such as secretion of enzymes and root growth, to
increase the capacity of plant nutrient acquisition for optimal
adaptability to eCO2 (Rogers et al., 2006; Sardans and Peñuelas,
2012). In legumes, symbiotic N2 fixation has been considered
as the most influential factor affecting plant N uptake and
productivity under eCO2 (Ainsworth et al., 2003). Elevated CO2

increased nodule size and number, specific nitrogenase activity
and plant N content, and consequently increased biomass and/or
seed yield in legumes such as Trifolium repens, Lupinus albus,
Pisum sativum, and Glycine max (Zanetti et al., 1996, 1997; Lee
et al., 2003; Rogers et al., 2009; Butterly et al., 2016). However, the
responses of symbiotic N2 fixation to eCO2 may vary between
legume species and even varieties within a given species. For
example, Lam et al. (2012) reported that eCO2 (550 ppm)
significantly increased the amount of symbiotic N2 fixation in the
soybean (G. max) cultivar Zhonghuang 13 but had no effect in
Zhonghuang 35.

Labile N in soil is an important source to satisfy plant
N demand under eCO2 (Shimono and Bunce, 2009). Studies
have shown that the increased root biomass of crops grown
under eCO2 could increase N uptake from soil (Matamala and
Schlesinger, 2000; Bertrand et al., 2007). Moreover, Matamala
et al. (2003) reported that under eCO2, fine roots are more
important for N uptake than total root biomass. However, to
our knowledge, the extent of N originating from N2 fixation and
soil/fertilizer among the soybean cultivars in response to eCO2

has not been quantified, especially in Mollisol regions where
soybean is a major crop (Liu and Herbert, 2002; Yu et al., 2016).
Investigating the cultivar variation in N uptake in response to
eCO2 is essential to predict the adaptability of soybean cultivars
and formulate the N fertilization strategy to increase N-use
efficiency in the future.

Besides plant N uptake, the remobilization of N from
vegetative to reproductive sinks during the reproductive stages
of crop development is an important contributor to maximizing
yield in soybean. Because N previously accumulated in vegetative
organs can be remobilized to seeds when exogenous N cannot
fulfill the N demand in seed filling (Salon et al., 2001; Schiltz et al.,
2005), the effect of eCO2 on the dynamics of N accumulation
might determine the pattern of N remobilization. It has been
reported that the extent of the contribution of N remobilization
to seed N varies from 80 to 90% in soybean cultivars
(Warembourg and Fernandez, 1985; Kinugasa et al., 2012).
However, few studies have investigated the N remobilization of
soybean cultivars in response to eCO2.

Therefore, N uptake and its partitioning in plants under
eCO2 are important characteristics of phenotypic plasticity
in response to climate change. While most previous studies
have focused on responses in single genotypes, or compared
different unrelated species, our study utilized a group of soybean
genotypes that differed in their plastic responses to eCO2. Using
the 15N dilution method (Unkovich and Baldock, 2008), we
aimed to assess the effect of eCO2 on the origins of plant

N, i.e., symbiotically fixed-N, fertilizer N, and soil N, and the
correspondent N remobilization during the seed-filling stage. We
then correlated these changes with yield stimulation under eCO2.
We hypothesized that eCO2 would increase N2 fixation and alter
distribution of the fixed-N to seed to contribute to yield gain.

MATERIALS AND METHODS

Research Site and Experimental Design
A pot experiment was conducted in open-top chambers
(OTC) at the Northeast Institute of Geography and Agroecology
(45◦73′N, 126◦61′E), Chinese Academy of Sciences, Harbin,
China. The experiment had a random block design comprising
two atmospheric CO2 concentration levels and eight soybean
cultivars with three replications. The two CO2 levels were
ambient CO2 (aCO2; 390 ppm) and eCO2 (550 ppm). Each
couple of OTC (one per CO2 treatment) was considered as a
block, and they were randomly located in the field site. The eight
soybean cultivars were Xiaohuangjin (XHJ, released in 1951),
Hejiao 6 (HJ6, released in 1962), Nenfeng 1 (NF1, released in
1972), Nenfeng 9 (NF9, released in 1980), Suinong 8 (SN8,
released in 1989), Suinong 14 (SN14, released in 1996), Heinong
45 (HN45, released in 2003), Suinong 22 (SN22, released in 2005).
These cultivars have been widely grown in northeast China with
a growing area of more than 2 million ha (Jin et al., 2012).

Six octagonal OTC (three for each CO2 concentration) were
constructed with a steel frame. The main body of each OTC is
3.5m in diameter, 2.0m high and with a 0.5-m high canopy,
which formed a 45◦ angle with the plane (Zhang et al., 2014).
The OTC were covered with polyethylene film (transparency ≥

95%). This OTC design has been widely used in CO2-associated
studies (e.g., Liu et al., 2016; Yu et al., 2016; Chaturvedi et al.,
2017). A digital CO2-regulating system (Beijing VK2010, China)
was installed to monitor the CO2 level in each OTC and
automatically regulate the supply of CO2 gas (99.9%) to achieve
CO2 concentrations of 550 ± 30 ppm for eCO2 and 390 ± 30
ppm for aCO2. There were 16 pots per OTC with two pots per
cultivar for two harvest time points.

Plant Growth and 15N Labeling
The soil used in this study was classified as a Mollisol, and had
an organic C content of 28.3mg g−1 soil, total N of 2.24mg g−1

soil, available N of 260 µg g−1 soil, and a pH of 6.97 (1:5 H2O).
Nitrogen fertilizer was applied as Ca(NO3)2 with 5% of 15N atom
excess at a rate of 100mg N kg−1 soil. The procedure of 15N
labeling is described in Li et al. (2016).

Before sowing, uniform seeds were selected and germinated
at 25◦C on moistened filter paper. After 2-day germination,
six seeds were sown in each pot (20 cm diameter and 40 cm
high) containing 9 L soil and thinned to 2 plants 10 days
after emergence. Thus, there were six pots per cultivar grown
in either aCO2 or eCO2 environment. The pot design was
considered appropriate for precise isotope labeling and root
sampling (Ainsworth et al., 2002). However, the pot size used in
this experiment might limit, to some extent, the plant response
to CO2 elevation as Arp (1991) stated that plants grown in
pots of 3.5–12.5 L had intermediate responses to eCO2. Soil
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water content was maintained at 80 ± 5% of field capacity by
weighing and watering. In addition, wheat (Triticum aestivum L.
cv. Longmai 26) plants were grown under the same conditions as
non-N2 fixing reference species (Rennie and Dubetz, 1986) due
to lack of suitable non-nodulating isolines, and was harvested at
physiological maturity. Although choosing wheat as non-fixing
control exhibits some methodological limitations (Unkovich and
Baldock, 2008), wheat has been widely used as a reference plant
species in many studies to estimate legume N2 fixation (Rennie
and Dubetz, 1986; Carranca et al., 1999; Lam et al., 2012).

Harvest and Measurements
Plants of three pots were harvested at the R5 (beginning seed
formation, 81 days after sowing) and R8 stages (maturity, 120
days after sowing), respectively (Fehr et al., 1971). Shoots were cut
at the cotyledon node level and separated into stems plus petioles,
leaves and pods at R5, and additionally seeds at R8. The abscised
leaves in each pot between R5 and R8 stages were collected for C
and N measurements. The entire root system of each plant was
carefully separated from soil, and then washed with tap water
to remove soil particles adhering to the roots. Nodules were
removed from the root system, counted and weighed. The root
length and diameter classes of roots were then determined using
WinRhizo 2004b (Régent Instruments Inc., Québec, Canada).
According to their diameter, roots were classified as fine roots
(<0.5 mm), intermediate roots (0.5–1.0 mm), and coarse roots
(>1 mm) (Costa et al., 2002).

All plant samples were dried at 70◦C for 72 h, and then
finely ground in a ball mill (Retsol MM2000, Retsch, Haan,
Germany). The 15N/14N ratio of all samples was measured with
an isotope ratio mass spectrometer (Deltaplus, Finnigan MAT
GmbH, Bremen, Germany). The C and N contents of plant
samples were determined using an ELEMENTAR III analyzer
(Hanau, Germany).

Calculations and Statistical Analysis
Atom% 15N excess was calculated with reference to the natural
15N abundance in the atmosphere (0.3663 atom% 15N; Mariotti
et al., 1984). The percentage of plant N derived from N2 fixation
(%Ndfa) was calculated as follows (Rennie and Dubetz, 1986):

%Ndfa = {1 − [atom% 15N excess (fs)/atom% 15N excess
(nfs)]}× 100

where fs and nfs represented fixing and non-fixing (wheat)
system, respectively.

N2 fixed was calculated as follows:
N2 fixed (mg plant−1)= (%Ndfa/100)× Nplant(mg plant−1)

where Nplant was the N content of each plant compartment.
The amounts of plant N derived from fertilizer (Ndffplant) and

soil (Ndfsplant) were estimated (Martínez-Alcántara et al., 2012)
as follows:

Ndffplant = Nplant(mg plant−1) × N atom% 15N excess in
plant/N atom%

15N excess in fertilizer (19.83%)
Ndfsplant = Nplant(mg plant−1)− Ndffplant − N2 fixed

The amount of N remobilized from vegetative organs to seeds
was estimated as N content in vegetative organs aboveground
at R5 subtracted from that at R8 (Egli et al., 1978). Nodule

density was calculated as nodule number divided by total
root length. Two-way ANOVA on variables including yield
components, parameters of plant N, root morphology, nodule
number, and nodule fresh weight was performed with Genstat 13
(VSN International, Hemel Hemspstead, UK). Partial correlation
analyses were used to evaluate the correlations of N assimilation
indices with nodule characteristics, root morphology and yield
gain in response to eCO2 (Peng et al., 2004). The least significance

FIGURE 1 | (A) Seed yield, (B) soil-derived N, fertilizer-derived N, and

symbiotically fixed-N content in seed and (C) the relationship between

increased fixed-N in seeds and yield increment of eight soybean cultivars

under eCO2 relative to aCO2. Each data point represents one cultivar. The

error bars represent standard error, and separate vertical bar(s) in (A) and (B)

indicate the LSD (P < 0.05) for the CO2 × cultivar interaction.
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difference (LSD) was used to assess the differences among
treatments at P = 0.05.

RESULTS

Seed Yield and Seed N Origins
Compared to aCO2, eCO2 increased seed yield by an average
of 40% (Figure 1A). The yield response to eCO2 varied among
cultivars (P < 0.001), resulting in a 91% increase in XHJ in
comparison to 12% in NF1, and leading to a significant CO2×

cultivar interaction (P < 0.001). Interestingly, the cultivars
showing the highest yield under eCO2 were not the ones showing
the highest yield under aCO2, but exhibited the biggest increase
in yield gain. In addition, the N content of the seed showed a
shift in origin toward greater fixed N under eCO2 (Figure 1B).
Overall, there was a strong (P < 0.001) correlation between the
increase in fixed-N content of seeds and their yield increase under
eCO2 (Figure 1C).

Shoot Biomass and N Content
Shoot biomass at R8 also significantly increased (by 46% on
average) under eCO2 compared with aCO2 (Figure S1) with a
minimum increase of 22% for HN45 and a maximum of 87% for
XHJ (P < 0.001). Compared with aCO2, eCO2 increased shoot N
content by 11% at R5, and 41% at R8 (P< 0.05) (Table 1). Among
cultivars, the largest increase in shoot N content at R8 in response
to eCO2 was observed in XHJ (119%), and the smallest one (7%)
in NF1.

Elevated CO2 decreased shoot N concentration (mg g−1) by
an average of 30% at R5 (Figure S1). At R8, eCO2 did not affect
shoot N concentration in SN8, SN14, HN45, and SN22 (Figure
S1), but increased it by 17% in XHJ.

Shoot N Origins
Compared to aCO2, eCO2 decreased the fixed-N content (mg
plant−1) of the shoot at R5 (P < 0.05), but significantly increased
it at R8 (Table 1). The maximum increase was found in XHJ

TABLE 1 | Shoot N content, symbiotically fixed-N (SNF) content, fertilizer-derived, and soil-derived N content in shoot of eight soybean cultivars grown under aCO2 or

eCO2 till R5 (81 days after sowing) and R8 (120 days after sowing).

N content (mg plant−1) SNF N content (mg plant−1) Fertilizer N content (mg plant−1) Soil N content (mg plant−1)

aCO2 eCO2 aCO2 eCO2 aCO2 eCO2 aCO2 eCO2

R5 (81 DAYS AFTER SOWING)

XHJ 220 262* 79.0 79.2ns 96.6 118* 44.4 64.8*

SN14 216 233ns 80.5 64.6* 93.4 107* 42.9 58.9*

SN8 240 266ns 89.9 59.3* 115 118ns 52.9 65.2*

HN45 258 243* 74.5 62.5* 95.1 112* 43.7 61.7*

SN22 217 231* 78.8 56.4* 79.1 106* 36.4 58.7*

HJ6 218 264* 93.5 80.7* 85.3 118* 39.2 65.0*

NF9 213 236* 83.3 67.6* 107 128* 49.2 70.5*

NF1 194 222ns 76.6 61.2* 95.5 111* 43.9 61.2*

LSD0.05 19.6 7.76 9.16 4.64

SIGNIFICANCE LEVEL

CO2 <0.001 <0.001 <0.001 <0.001

Cultivar <0.001 <0.001 <0.001 <0.001

CO2×Cultivar 0.004 <0.001 0.004 0.009

R8 (120 DAYS AFTER SOWING)

XHJ 339 742* 162 466* 114 167* 63.6 110*

SN14 405 680* 249 461* 97.1 127* 59.1 91.6*

SN8 448 626* 248 399* 126 134ns 73.7 93.9*

HN45 356 461* 174 233* 116 133 66.5 94.7*

SN22 329 423* 169 231* 102 112* 58.3 79.0*

HJ6 349 438* 201 223* 91.8 125* 55.5 90.0*

NF9 418 466* 215 241* 128 130ns 74.7 94.8*

NF1 415 442* 261 234ns 95.9 121* 57.8 87.6*

LSD0.05 22.4 16.0 12.4 7.31

SIGNIFICANCE LEVEL

CO2 <0.001 <0.001 <0.001 <0.001

Cultivar <0.001 <0.001 <0.001 <0.001

CO2×Cultivar <0.001 <0.001 <0.001 <0.001

* and ns indicate significant and non-significant difference (t-test) between aCO2 and eCO2, respectively, for individual cultivars. LSD values correspond to the CO2 × cultivar interaction

(two-way ANOVA).
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(188%) while no difference occurred in NF1 (P > 0.05) at R8
(Table 1).

Elevated CO2 increased the accumulation of the fertilizer-
derived N in the shoot (mg plant−1) by 20 and 21% at R5 and R8,
respectively (Table 1). The extent of increase of fertilizer-derived
N under eCO2 differed among cultivars. At R5, the increase in
fertilizer-derived N in HJ6 under eCO2 reached 38% compared
to aCO2, while there was no CO2 effect in SN8. At R8, eCO2

increased fertilizer-derived N by 46% in XHJ but did not affect
it in SN8 and NF9. A significant (P < 0.001) CO2× cultivar
interaction was observed at R5 and R8 (Table 1).

Similarly, eCO2 increased the soil-derived N accumulation in
the shoot by 45 and 47% at R5 and R8, respectively (Table 1). A
significant CO2× cultivar interaction on soil-derived N content
in the shoot was observed (Table 1). At R5, soil-derived N
content increased by 66% in HJ6 under eCO2 in comparison to
23% in SN8. At R8, XHJ exhibited 73% increase for soil-derived
N content, but only 27% increase in SN8 and NF1 was observed.
However, overall, there was no significant correlation between
yield gain and either soil-derived or fertilizer-derived N uptake
under eCO2 (Figure S2).

FIGURE 2 | The effect of CO2 on the percentage of plant N derived from

symbiotically fixed-, fertilizer-, and soil-N at (A) R5 and (B) R8 (81 and 120

days after sowing, respectively). The error bars represent standard error, and

separate vertical bars indicate the LSD (P < 0.05) for the CO2 × cultivar

interaction. The letters of a and e on the x-axis indicate aCO2 and eCO2,

respectively.

Under eCO2, the proportion of fixed-N in the shoot at R5
decreased (P < 0.05) by 27% compared to aCO2 (Figure 2A).
In contrast, the proportion of fertilizer- and soil-derived N in
the shoot at R5 increased by 9.1 and 31%, respectively, under
eCO2. At R8, however, eCO2 increased the proportion of fixed-
N in the shoot of all cultivars except for HJ6 (−12%) and NF1
(−16%) (Figure 2B). Under eCO2, the proportion of fertilizer-
derived N decreased in all cultivars. Elevated CO2 decreased the
proportion of soil-derived N in the shoot of XHJ, SN8, and SN14,
but increased it in HJ6, NF1, NF9, HN45, and SN22, leading to
significant CO2× cultivar interactions (Figure 2B).

N Remobilization
Elevated CO2 significantly decreased the proportion of the
remobilized N in seeds, with the greatest decrease for XHJ and
no significant response for HJ6, NF9, and NF1 (Figure 3A).

Approximately 68% of N was remobilized from vegetative
organs to seeds at aCO2 in comparison to 60% under eCO2

(Figure 3B). Elevated CO2 significantly (P < 0.05) decreased the
proportion of the N remobilization in XHJ, NF1, SN8, and HF45,
but did not affect it in HJ6, NF9, SN14, and SN22, contributing
to a significant CO2× cultivar interaction.

FIGURE 3 | The percentage of (A) remobilized N in seed and (B) the

percentage of N remobilized from vegetative organs to seeds of eight cultivars

grown under aCO2 or eCO2. The error bars represent standard error, and the

separate vertical bar in each panel indicates the LSD (P < 0.05) for the CO2 ×

cultivar interaction.
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Relationship between Yield and N
The stimulation of fixed-N was significantly correlated with seed
N increase (Figure 4A) and yield gain (Figure 4B), while the
decrease of remobilizedN to seed significantly correlated with the
response of seed N to eCO2 (Figure 5A) and yield (Figure 5B).
No significant correlation (P > 0.05) was found between the
increase in fertilizer- or soil-derived N content and the increase
of yield in response to eCO2 (Figure S3).

Root Morphology
Elevated CO2 increased total root length (P < 0.05) by an average
of 19% (Table S1). The length of fine roots accounted for more
than 85% of total root length, and fine roots (<0.5 mm) had
a positive (P < 0.05) growth response to eCO2 in all cultivars
except for SN22 (Table S1). Only the length of intermediate roots
of XHJ, and the length of coarse roots of SN22 and NF1 were
significantly higher under eCO2 than under aCO2 (P < 0.05).

Elevated CO2 significantly increased the N uptake per unit of
root length in XHJ, SN14, HN45, SN22, and NF1 compared to
aCO2 (P < 0.05), but did not in SN8, HJ6, and NF9 (Table S2).
The fertilizer-derived N uptake per unit of root length did not
significantly change in response to eCO2 except for NF1 (+15%)
and NF9 (–12%) (P < 0.05). The soil-derived N uptake per unit

FIGURE 4 | Relationships between the increase in the amount of fixed-N in

shoot at R8 (120 days after sowing) and increases in (A) seed N and (B) seed

yield of the eight soybean cultivars under eCO2 relative to aCO2. Each point

represents one cultivar.

of root increased by 26% (P < 0.05) across the cultivars under
eCO2 compared to aCO2, with the maximum increase (44%) for
XHJ and the minimum (9%) for SN8.

Although there were marked changes in root architecture
in response to eCO2, these changes did not directly contribute
to yield gain under eCO2. There was no correlation
between seed yield increase with changes in total root
length, fine, intermediate or coarse root length (P > 0.05,
Figure S4).

Nodulation
Elevated CO2 significantly altered the nodule characteristics of
soybean. Nodule numbers increased from 79 under aCO2 to
113 under eCO2 on average across cultivars (Table 2). Nodule
number in response to eCO2 differed among soybean cultivars,
with 96% of increase in HJ6 in comparison to only 3% in
SN14. A significant (P < 0.001). A significant CO2× cultivars
interaction was observed (P < 0.001; Table 2). Elevated CO2

resulted in a significant increase in nodule fresh weight (Table 2).
The maximum increase (301%) was found in SN14 while the
minimum increase was 93% in SN22. Elevated CO2 significantly
increased nodule density of all cultivars but NF9 and SN14
(Table 2).

FIGURE 5 | Relationships between the decrease of remobilized N in seed

under eCO2 and (A) the seed N content increase, and (B) seed yield increase.

Each point represents one soybean cultivar. The decrease of remobilized N

was calculated as proportion of remobilized N in seed under aCO2 minus that

under eCO2.
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TABLE 2 | Nodule number per plant, nodule fresh weight per plant, nodule density, and single nodule N fixation of eight soybean cultivars grown for 120 days (R8) under

aCO2 or eCO2.

Nodule number (number plant−1) Nodule fresh weight (mg plant−1) Nodule density (number m−1) Fixed-N per nodule (mg nodule−1)

aCO2 eCO2 aCO2 eCO2 aCO2 eCO2 aCO2 eCO2

XHJ 80 132* 368 1,392* 1.35 1.87* 2.04 3.54*

SN14 132 136ns 431 1,726* 2.71 2.27* 1.89 3.42*

SN8 78 112* 554 1,480* 1.19 1.51* 3.19 3.58ns

HN45 101 142* 368 1,035* 1.82 2.32* 1.73 1.65ns

SN22 104 171* 712 1,376* 1.74 2.54* 1.64 1.36ns

HJ6 55 108* 509 1,698* 1.05 1.48* 3.71 2.10*

NF9 56 62* 353 1,125* 1.08 1.03ns 3.83 3.92ns

NF1 30 42* 228 560* 0.52 0.67* 8.97 5.56*

LSD0.05 10.3 307 0.15 0.33

SIGNIFICANCE LEVEL

CO2 <0.001 <0.001 <0.001 <0.001

Cultivar <0.001 <0.001 <0.001 <0.001

CO2×Cultivar <0.001 0.002 <0.001 <0.001

* and ns indicate significant and non-significant difference (t-test) between aCO2 and eCO2 within a genotype, respectively, for individual cultivars. LSD values correspond to the CO2

× cultivar interaction (two-way ANOVA).

The amount of N fixed per nodule showed different responses
to eCO2 among cultivars (Table 2), with 81 and 74% of increase
in SN14 and XHJ in comparison to 43 and 38% of reduction
in HJ6 and NF1, respectively, resulting in a significant CO2×

cultivars interaction (P < 0.001).
Irrespective of cultivars, the increase in symbiotically fixed-N

content in shoot correlated positively with the increase of fixed-N
per nodule in response to eCO2 (P < 0.01; Figure 6), but did not
correlate with nodule number, fresh weight, and density changes
(P > 0.05; Figure S4).

DISCUSSION

This study demonstrated that eCO2 enhanced total N uptake in
soybean, especially during the late reproductive stages. It was
evident that the increase in the N content in shoots under eCO2

was greater at R8 than at R5 (Table 1). Moreover, irrespective of
cultivars, the extent of the increase in N content derived from
symbiotically fixed-N was greater than either fertilizer-derived N
or soil-derived N during the period from R5 to R8 (Table 1). The
fixed-N was the dominant source of plant N, but the proportion
of fixed-N was greater under eCO2 than under aCO2 (Figure 2).
The results are consistent with those of previous studies showing
that eCO2 increased total N uptake in agricultural crops (Kimball
et al., 2002; Leakey et al., 2009; Jin et al., 2012; Lam et al., 2012;
Butterly et al., 2016).

Symbiotic N2 fixation during this reproductive period is
critical for yield gain under eCO2. This was supported by
the positive correlation (P < 0.05) between the amount of
symbiotically fixed-N and seed yield (Figure 4), and the fixed-N
being the major source of seed N (Figure 1). Furthermore, eCO2

decreased the proportion of remobilized N in seed (Figure 3),
indicating that the eCO2-enhanced total N uptake during the
late reproductive stage can largely satisfy N demand in seed
development. Since the major source of N remobilization in

FIGURE 6 | Relationship between the increase in fixed-N per nodule and the

increase in fixed-N content in shoot of eight soybean cultivars at R8 (120 days

after sowing) under eCO2 relative to aCO2. Each point represents one cultivar.

soybean plants is from leaves (Schiltz et al., 2005; Li et al., 2016),
the lesser amount of N removed from vegetative organs including
leaves in response to eCO2 (Figure 3) was likely to maintain
leaf photosynthetic capacity. Makino and Osmond (1991) also
showed that leaf N correlated highly with the photosynthetic
function of the leaf. Thus, the maintenance of adequate N in
vegetative organs is likely to contribute to the increased biomass
accumulation and seed yield under eCO2 (Figure 5).

The stimulation of N2 fixation during R5 to R8 under eCO2

was attributed to the increase in nodule N2 fixation efficiency,
as evidenced by the positive correlation between the increase of
fixed-N per nodule with the increase in fixed-N content in shoot
under eCO2 (Figure 6). In previous studies, eCO2 enhanced N2

fixation through increasing specific nitrogenase activity (Saeki
et al., 2008). The reason for the increased N2 fixation is that
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the enhanced photosynthesis under eCO2 (Ziska, 2008; Bishop
et al., 2015) provides sufficient C sources for maintaining nodule
function and N2 fixation (Li et al., 2016), resulting in the increase
in shoot and root biomass (Figure S1). Another reason would
be a change of rhizobium community in the rhizosphere of
soybean under eCO2 (Yu et al., 2016), which might favor N2

fixation efficiency of nodules. This interaction between functional
rhizobia and photosynthetic C supply under eCO2 warrants
specific investigation.

A number of studies reported that eCO2 increased nodule
number and biomass in chickpea, field pea (Jin et al., 2012),
and common bean (Miyagi et al., 2007; Rogers et al., 2009). In
the current study, a similar trend was observed for soybean, but
neither the increase of nodule number nor biomass correlated
with the increase of fixed-N content (Figure S4). This implies
that the increase of fixed-N under eCO2 cannot be predominantly
attributed to the number of nodules.

Elevated CO2 also changed root morphology with an increase
in the proliferation of fine roots, which is likely to enhance
plant nutrient absorption (Bentley et al., 2013; Beidler et al.,
2015). Fine roots play a key role in N acquisition rather than
root biomass (Matamala et al., 2003). In this study, the length
of fine roots (<0.5 mm) significantly increased under eCO2

(Table S1), which helped to increase the uptake of soil and
fertilizer N (Table 1). This is consistent with previous studies
(Mikan et al., 2000; Zak et al., 2000; de Graaff et al., 2006;
Beidler et al., 2015). Rogers et al. (1992) suggested that the
greater proliferation of roots grown under eCO2 was a strategy
to permit adequate nutrient acquisition under sub-optimal
water supply. However, compared to fixed-N, the soil-, and
fertilizer-derived N in the plant showed much less response
to eCO2. The increase in fine root growth had no significant
correlation with seed yield increase in response to eCO2 across

genotypes (Figure S3), indicating that the contribution of root
N uptake to yield gain is minimal under eCO2. In agreement
with our observations, Butterly et al. (2015) also found that
N fertilizer did not affect plant N concentration, and the
proportion of fertilizer-derived N in field pea decreased under
eCO2.

Nevertheless, eCO2 increased the uptake of soil N per unit of
root length (Table S2). The enhancement ofmicrobial activity and
N mineralization in soil under eCO2 might be the main reason.
The growth of fine roots leads to more rhizodeposition, which
provides labile C for microorganisms to mineralize more soil
organic N (Fischer and Kuzyakov, 2010; Fischer et al., 2010).

The capacity for total N uptake in response to eCO2 varied
among soybean cultivars, XHJ had the greatest increase in
N2 fixation under eCO2 (Figure 2), which supplied a large
amount of N to seed during the reproductive stage (Figure 1B),
and reduced the demand for N remobilization (Figure 3). In
contrast, NF1 did not exhibit any increase in fixed-N during
R5 to R8, and had the least increase in yield under eCO2

(Figure 1). The largest N2 fixation in XHJ would contribute
to a high N2 fixation efficiency, since the amount of fixed-
N per nodule was greatest in this cultivar (Table 2). As the
dominant rhizobial strains in nodules greatly affected N2-fixing
efficiency (Saeki et al., 2008) and soil microbial communities in
the rhizosphere in response to eCO2 are dependent on soybean
cultivars (Yu et al., 2016), the specific interaction between
cultivar and rhizobial genera under eCO2 may influence soybean
adaptability to eCO2. Therefore, the cultivar-specific rhizobia
community in nodules may predominantly regulate the N2-fixing
function in response to eCO2. This hypothesis deserves further
research.

In summary, Figure 7 shows a conceptual diagram illustrating
how eCO2 affects N uptake, and consequent yield gain in

FIGURE 7 | Diagram illustrating the N origins, root morphology, N remobilization, and yield gain of soybean in response to eCO2. The measurements that were

significantly correlated with yield gain (P < 0.05) are indicated in red-bold, while the measurements responding to eCO2 but not correlated with yield gain are shown in

orange. Upward and downward arrows indicate increase and decrease under the eCO2 condition, respectively.
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soybean. Elevated CO2 increased the plants’ ability for N
uptake. The N2 fixation during R5 to R8 became a major
contributor to the increased N uptake and hence yield gain
under eCO2. The enhanced N2 fixation under eCO2 might also
lead to the decrease in remobilization of N from vegetative
organs, increasing photosynthetic capacity and yield formation.
Although eCO2 facilitated root proliferation and nodule growth,
these variables were not correlated with yield gains. Cultivars
with a greater N2-fixing efficiency during the late reproductive
phase may exhibit a better adaptability to eCO2. The specific
interaction between cultivar and rhizobia in the rhizosphere of
soybeanwould be the key to this adaptability, and is worth further
investigation.
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Field experiments were conducted in marginal lands, i.e., sub-humid climate and

saline-land (SHS) and semi-arid climate and wasteland (SAW), to evaluate ethanol

potential based on the biomass yield and chemical composition of biomass type (var.

GN-2, GN-4, and GN-10) and sweet type (var. GT-3 and GT-7) hybrids of energy sorghum

[Sorghum bicolor (L.) Moench] in comparison with sub-humid climate and cropland (SHC)

in northern China. Results showed that environment significantly (p < 0.05) influenced

plant growth, biomass yield and components, and subsequently the ethanol potential of

energy sorghum. Biomass and theoretical ethanol yield of the crop grown at SHS (12.2 t

ha−1 and 3,425 L ha−1, respectively) and SAW (8.6 t ha−1 and 2,091 L ha−1, respectively)

were both statistically (p < 0.001) lower than values at the SHC site (32.6 t ha−1 and

11,853 L ha−1, respectively). Higher desirable contents of soluble sugar, cellulose, and

hemicellulose were observed at SHS and SHC sites, while sorghum grown at SAW

possessed higher lignin and ash contents. Biomass type sorghum was superior to sweet

type as non-food ethanol feedstock. In particular, biomass type hybrid GN-10 achieved

the highest biomass (17.4 t ha−1) and theoretical ethanol yields (5,423 L ha−1) after

averaging data for all environmental sites. The most productive hybrid, biomass type

GN-4, exhibited biomass and theoretical ethanol yields >42.1 t ha−1 and 14,913 L ha−1,

respectively, at the cropland SHC site. In conclusion, energy sorghum grown on marginal

lands showed a very lower ethanol potential, indicating a considerable lower possibility

for being used as commercial feedstock supply when compared with that grown on

regular croplands. Moreover, screening suitable varieties may improve energy sorghum

growth and chemical properties for ethanol production on marginal lands.

Keywords: saline-land, dry wasteland, biomass sorghum, sweet sorghum, theoretical ethanol yield

INTRODUCTION

Industrial-scale cultivation of non-food energy crops for biofuels production is generally
recognized as a positive step toward preventing energy shortages and decreasing greenhouse gas
emissions (Qin et al., 2011; Sanscartier et al., 2014). As part of China’s comprehensive energy plan,
its bioenergy industry is vigorously accelerating cellulosic ethanol fuel production and diversifying
feedstock supplies to include new crops such as cassava and sweet sorghum. In 2020, ethanol yield
will reach 4.0 million tons, a 90% increase from 2.1 million tons in 2015, according to the 13th
5-Year Plan for bioenergy development released by the National Energy Administration of China.
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Due to China’s fairly limited cultivatable land resources, national
policy has implemented land-use planning. As part of the overall
plan, biofuel feedstock production will be limited to marginal
lands to avoid land-use competition with food crops to maintain
greater food security (Zhuang et al., 2011).

Energy sorghum, including biomass and sweet type varieties,
has recently gained favor as bioethanol feedstock amongst
numerous candidate crops (Rooney et al., 2007; Tew et al.,
2008; Xie, 2012). Low input requirements, wide adaptability,
and remarkable biological productivity confer better energy
balance to sorghum as compared to other competing crops
(Yu et al., 2008). Using current renewable energy technologies,
soluble sugars and structural carbon compounds (cellulose and
hemicellulose) in energy sorghum stems and leaves could be the
most promising approach for the first and second generation
ethanol production (Zhao et al., 2009; Zegada-Lizarazu and
Monti, 2012; Cotton et al., 2013). Thus, knowledge of energy
sorghum biomass chemical composition is a prerequisite for
effective industrial production because composition directly
impacts performance in various energy conversion processes. For
example, cellulosic biomass is optimally converted to ethanol
when lignin content is low (Weng et al., 2008). Lignin cannot be
converted into carbohydrates and exerts a recalcitrant effect on
conversion (Rocateli et al., 2012). In addition, high ash content
may reduce efficiency of thermochemical conversion of biomass
to fuel (Cassida et al., 2005).

The impact of environment factors including land type
should be considered to select biomass feedstock crops and
varieties. Rocateli et al. (2012) evaluated three types of sorghum
(grain, forage, and photoperiod-sensitive sorghum) grown in
the southern U.S. and observed that environment and genotype
both exerted sizeable effects on biomass yield and chemical
composition. Performances of biomass yield and its components
of energy sorghum have been well documented by previous
reports on the basis of its production on arable land (Amaducci
et al., 2004; Tew et al., 2008; Zhao et al., 2009, 2012; Maw et al.,
2016; Pannacci and Bartolini, 2016).

However, sorghum is particularly well-adapted to marginal
land and constraints conditions, such as water deficits, salinity,
and alkalinity (Dalla Marta et al., 2014; Regassa and Wortmann,
2014; Schmer et al., 2014). Sweet sorghum provided sufficient
total sugar and ethanol yields in fields with a saline soil, even
if it received 50–75% of the irrigation water typically applied
to sorghum in Northern Greece (Vasilakoglou et al., 2011). On
dryland in Nebraska one sweet sorghum cultivar was found
to be competitive with grain crops for some biofuel criteria,
but it was not competitive with grain crops for total or net
liquid transportation fuel produced per hectare (Wortmann et al.,
2010). Sweet sorghum exhibited a better energy efficiency (Ren
et al., 2012) and economic return (Liu et al., 2015) to scale on
investment than cotton or sunflower did on saline-alkali land
in northern China. According to an industrial survey, the non-
food feedstock cost was found to be 70–80% of the total ethanol
production cost (Xie, 2012). Crop production in marginal lands
faces a lack of infrastructural conditions and lower soil fertility,
resulting in a higher feedstock cost than the same crop grown in
regular croplands. However, previous reports comparing biomass

yield and chemical composition of energy sorghum grown in
marginal and croplands do not exist. Moreover, previous studies
focused on sweet sorghum and few data are available on biomass
sorghum, which has been recognized as a promising feedstock
type for cellulosic ethanol production.

Therefore, the objectives of this study were: (1) to compare
the variation in calculated ethanol potential based on biomass
yield and chemical composition of energy sorghum grown on
marginal and arable cropland under different climatic conditions;
(2) to clarify the difference in biomass yield and chemical
composition between biomass and sweet sorghum; and (3) to
screen for suitable energy sorghum hybrids which could achieve
high biomass yield and quality under marginal and arable land
conditions for maximal ethanol production in northern China.
The expected findings of this work could be helpful to evaluate
the possibility of growing energy sorghum on marginal lands for
commercial ethanol production in northern China.

MATERIALS AND METHODS

Site Description
Field experiments were conducted in northern China at three
different sites with distinct environmental characteristics, i.e.,
sub-humid climate and saline-land (SHS), semi-arid climate and
wasteland (SAW), and sub-humid climate and cropland (SHC)
(Table 1). These locations were selected based on the results of
Zhang et al. (2010), who reported that Inner Mongolia ranks the
highest for ethanol production potential from sweet sorghum,
followed by Hebei and next by the northern Shandong Province.
Thus, these regions should be regarded as priority regions for
energy sorghum based biofuel feedstock production in northern
China. Soil samples at a depth of 0–30 cm were collected before
sowing in order to determine the main soil physical and chemical
properties (Table 2). Weather data for the three sites during the
energy sorghum growth period were also collected from nearby
meteorological stations.

Experimental Design and Operation
Five energy sorghum hybrids including biomass type (var. GN-
2, GN-4, and GN-10) and sweet type (var. GT-3 and GT-7)
were arranged in a randomized complete block design with four
replicates at the SHS site in 2013, at the SWA site in 2013 and
2014, and at the SHC site in 2014. The selected hybrids were
developed by the National Energy R&D Center for Non-food
Biomass, China Agricultural University. Each plot was 36 m2

in size and divided into a sampling area (12 m2) and a harvest
area (24 m2) for all replicates. Because soil and meteorological
conditions were different each year at each experimental
site, thus each year-location combination was considered an
“environment” with its own specific characteristics.

Two to three seeds were sown at 0.6× 0.2 m intervals oriented
in a north–south direction using a manual hill-drop method.
At the three-leaf growth stage, seedlings were manually thinned
to leave one vigorous plant per hole and concurrently weeds
were manually removed. All trials were carried out in accordance
with good agricultural practices. However, due to concerns about
extreme soil and arid conditions at the SAW site, irrigation
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TABLE 1 | Description of the study sites of sub-humid climate and saline-land

(SHS), semi-arid climate and wasteland (SAW), and sub-humid climate and

cropland (SHC).

Parameter SHS site SAW site SHC site

Location Binzhou,

Shandong

Ordos, Inner

Mongolia

Zhuozhou,

Hebei

Latitude 37◦42′N 39◦10′N 39◦28′N

Longitude 118◦17′E 109◦53′E 115◦51′E

Elevation (m) 8 1,032 42

Climate type Sub-humid Semi-arid Sub-humid

Land type Saline-land Wasteland Cropland

Multi-year mean yearly

precipitation (mm)

563 368 576

Multi-year mean yearly

potential evaporation (mm)

1,213 2,506 1,575

Multi-year mean yearly

average temperature (◦C)

13 7 12

Multi-year mean yearly

maximum temperature (◦C)

19 12 19

Multi-year mean yearly

minimum temperature (◦C)

8 2 9

and a higher fertilization dose were applied to the crop grown
there, but not at the SHS and SHC sites. Sprinkler irrigation
of approximately 30mm of water was applied per month. Main
agronomic practices and growth periods are presented inTable 3.
The crop was harvested manually and harvest dates were chosen
according to the timing of the killing frost.

Sample Collection and Measurements
On the harvest dates, tiller number was recorded for 10 hills in
each plot and afterwards all aboveground plants in the harvest
area of each plot were cut and weighed to estimate the fresh yield.
Concurrently, 10 aboveground sorghum plants chosen randomly
were harvested at the soil surface in the sampling area of each
plot and were used to measure plant size (plant height and
stem diameter). Next, each individual sample plant was divided
into stems, leaves, and panicles, and their fresh weights were
separately measured. For sampled stems, every other internode
was taken from the base of each individual plant. All leaves,
panicles, and sampled internodes were cut into pieces 2-to-
3 cm in length and subsampled using a point-centered quarter
method. Each subsample was weighed and oven-dried at 75◦C
until constant weight was achieved for gravimetric determination
of moisture content and calculation of plant dry biomass yield.

Dried stem and leaf tissues (after panicles were removed) were
ground using aWiley mill and passed through a 0.5-mmmesh for
total soluble sugar determination and through a 1-mm mesh for
cellulose, hemicellulose, lignin, and ash determinations. Soluble
sugar was determined in the supernatants using the anthrone-
H2SO4 method and assayed using a UV–VIS spectrometer (TU-
1901, Beijing Purkinje Instruments Co., Ltd., Beijing, China)
according to Li et al. (2014). According to National Renewable
Energy Laboratory Analytical Procedures (NREL LAP), cellulose,
hemicellulose, and lignin were extracted using a two-step

TABLE 2 | Main soil properties and meteorological characteristics during the

growth period of energy sorghum at the experimental sites of sub-humid climate

and saline-land (SHS), semi-arid climate and wasteland (SAW), and sub-humid

climate and cropland (SHC).

Parameter SHS site SAW site SHC site

2013 2013 2014 2014

Sanda (%) 66.3 91.8 86.1 67.1

Silta (%) 31.0 7.6 13.1 32.1

Claya (%) 2.7 0.6 0.8 0.8

pH 8.2 8.0 8.1 7.9

Total salinity (g kg−1) 7.8 2.1 2.0 0.6

Soil organic matter (g kg−1) 5.4 0.7 0.7 12.0

Total nitrogen (g kg−1) 0.4 0.5 0.6 0.7

Available phosphorus (mg kg−1) 4.6 6.1 6.2 21.6

Available potassium (mg kg−1) 194.6 54.1 55.3 75.4

Rainfall (mm) 649.0 429.5 375.6 390.4

Relative humidity (%) 70.1 50.9 51.9 68.3

Daily mean temperature (◦C) 24.4 18.8 18.9 23.0

Sunshine hours (h) 1044.0 1309.1 1163.4 1008.5

Solar radiation (MJ m−2) 2729.7 3029.5 3450.8 3013.2

Accumulated temperature (≥13◦C) 1717.0 863.5 799.2 1704.3

Diurnal temperature difference (◦C) 9.7 9.9 9.7 11.3

aThe soil texture was defined as sand, 0.02–2.0mm; silt, 0.002–0.02mm, and clay,

<0.002mm.

sulphuric acid hydrolysis process (Sluiter et al., 2008). Dry matter
(2 g of each) was added to a 30mL ceramic crucible to determine
ash content using a muffle furnace (VULCAN 3-550, Dentsply
International Inc., York, PA, USA). All chemical assays were
conducted in triplicate and the average values were presented on
an oven-dried basis.

Calculations and Statistical Analysis
Theoretical ethanol yield (TEY) values from soluble sugar,
cellulose and hemicellulose were individually calculated using the
following formulas:

TEYsugar = total sugar content × dry biomass × F1

× F2×
1000

ρ

TEYcellu = cellulose and hemicellulose content

× dry biomass × F1 × F2 × F3× F4 ×
1000

ρ

Where, TEYsugar represents the TEY from soluble sugar;
TEYcellu represents the TEY from cellulose and hemicellulose;
F1 represents the coefficient of conversion factor of ethanol
from sugar (0.51); F2 represents the process efficiency of ethanol
from sugar (0.85); F3 represents the coefficient of 1.11 for the
conversion factor of sugar from cellulose and hemicellulose; F4
represents the process efficiency of sugar from cellulose and
hemicellulose (0.85); ρ represents the specific gravity of ethanol,
0.79 g mL−1.
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TABLE 3 | Agronomic practices in planting energy sorghum at the field

experimental sites of sub-humid climate and saline-land (SHS), semi-arid climate

and wasteland (SAW), and sub-humid climate and cropland (SHC).

Agronomic

practice

SHS site SAW site SHC site

2013 2013 2014 2014

Previous crop Non Non Sorghum Corn

Sowing date 1 May 8 May 12 May 29 April

Nitrogen fertilizer

(kg N ha−1)

140 180 180 140

Phosphate fertilizer

(kg P2O5 ha−1)

60 75 75 60

Potassium fertilizer

(kg K2O ha−1)

60 30 30 60

Irrigation (mm) 0 150 150 0

Harvest date 28 September 3 October 24 September 15 October

Growth duration

(day)

151 149 136 170

Means and standard errors were calculated for the four
replicates for each parameter. Two-way ANOVA was performed
using the SPSS 19.0 analytical software package (IBM SPSS Inc.,
Chicago, IL, USA) to assess the effects of genotype, environment,
and their interaction. A mean separation test was performed
by using the F-protected least significant difference (LSD) test
at 5% level of significance for each evaluated parameter. The
coefficients of variation (CV) were calculated from all original
determinations and defined as the ratio of the standard deviation
to the mean value.

RESULTS AND DISCUSSION

Environmental Conditions
Soil and weather variables differed considerably during the
energy sorghum growing period among the three sites (Table 2).
Cumulative rainfall plus irrigation was higher at the SHS
(649mm) site and SWA (580mm in 2013 and 526mm in
2014) site than the SHC site (390mm) during the sorghum
growing seasons (Tables 2, 3). Relative humidity, daily mean
temperatures, and accumulated temperatures (≥13◦C) were
higher at the SHS and SHC sub-humid climate sites than the
SAW semi-arid climate site, whereas cumulative sunshine hours
and solar radiation varied inversely (Table 2). A maximummean
diurnal temperature difference value was observed at the SHC
site, while the other sites exhibited almost no difference. Overall,
the SHC site exhibited higher initial soil nutrients as compared to
the marginal lands of both SHS and SAW sites.

Effect of Genotype and Environment on the
Growth and Yield of Energy Sorghum
Effects of variables of environment, genotype, and their
interaction on all measured parameters of plant growth
were significant (p < 0.05), with the exception of non-
significant effects of genotype on tiller number and ash
yield and non-significant effects of environment and genotype

TABLE 4 | Combined analyses of variance (F-value) for morphological and

chemical characteristics of energy sorghum evaluated for four environments under

field conditions.

Parameter Environment

(df = 3)

Genotype

(df = 4)

Environment ×

Genotype (df = 12)

Tiller number 15.6*** 2.3ns 0.9ns

Plant height 631.0*** 79.9*** 2.7**

Stem diameter 24.9*** 9.7*** 1.4ns

Plant moisture 139.8*** 6.7*** 0.9ns

Biomass yield 231.3*** 4.9** 3.2**

Soluble sugar content 21.0*** 29.7*** 4.5***

Soluble sugar yield 195.3*** 12.3*** 3.8***

Cellulose content 54.2*** 28.4*** 3.6**

Cellulose yield 291.0*** 11.1*** 5.8***

Hemicellulose content 20.6*** 42.6*** 7.8***

Hemicellulose yield 277.6*** 13.5*** 7.0***

Lignin content 50.9*** 3.7* 1.4ns

Lignin yield 205.9*** 9.9*** 6.7***

Ash content 85.3*** 10.5*** 2.8**

Ash yield 105.7*** 1.5ns 1.6ns

Theoretical ethanol yield 301.3*** 4.7** 2.8**

nsNon-significant effects;

*Significant effect at p < 0.05 level;

**Significant effect at p < 0.01 level;

***Significant effect at p < 0.001 level.

interaction on tiller number, stem diameter, plant moisture,
lignin content, and ash yield (Table 4). The effects of the
studied factors on energy sorghum growth can be ranked
as environment > genotype > interaction between genotype
and environment. However, an exception to this ranking
was observed in only one case, for soluble sugar content
and hemicellulose content, where ranking was in the order
of genotype > environment > environment and genotype
interaction. These findings align with those of Amaducci et al.
(2004), demonstrating that year, as well as the year and genotype
interaction, had significant effects on aboveground biomass yield
and quality of sweet and biomass sorghum. Furthermore, Zhao
et al. (2009) concluded that effects of year and genotype on
biomass, carbohydrates, and ethanol yield were highly significant
(p < 0.001) and that differences among various years were
ultimately attributed to variations in environmental conditions.

Tiller Number, Plant Size, and Moisture
Content
Tiller number, plant size, and moisture content showed
significant differences (p < 0.05) among the experimental sites
and the energy sorghum hybrids (Tables 5, 6). Averaged across
all the hybrids, both SAW, and SHS sites produced plants with
smaller size, higher tiller number, and higher plant moisture
content in comparison with plants of the SHC site (Table 5),
whereas each of these parameters was lower for sorghum at
the SAW site vs. the SHS site. Moreover, biomass type hybrids
exhibited larger plant sizes than sweet type hybrids did, whereas
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TABLE 5 | Energy sorghum characteristics for performance at the experimental

sites of sub-humid climate and saline-land (SHS), semi-arid climate and wasteland

(SAW), and sub-humid climate and cropland (SHC).

Character SHS site SAW site SHC site

2013 2013 2014 2014

Plant height (cm) 444 a 258 b 227 c 444 a

Stem diameter (mm) 17.3 a 15.1 b 14.9 c 17.0 a

Tiller number (no.) 0.5 a 0.2 b 0.2 b 0.2 b

Plant moisture (%) 83.6 a 66.6 c 72.9 b 65.3 c

Soluble sugar content (g kg−1) 171 b 111 c 118 c 201 a

Soluble sugar yield (t ha−1) 1.3 b 0.7 c 0.7 c 5.9 a

Cellulose content (g kg−1) 384 a 345 b 298 d 330 c

Cellulose yield (t ha−1) 3.2 b 2.0 c 1.8 c 10.0 a

Hemicellulose content (g kg−1) 238 a 239 a 226 b 206 c

Hemicellulose yield (t ha−1) 2.0 b 1.4 c 1.4 c 6.3 a

Lignin content (g kg−1) 173 b 247 a 155 b 158 b

Lignin yield (t ha−1) 1.5 b 1.5 b 0.9 c 4.8 a

Ash content (g kg−1) 40 c 56 b 61 a 30 d

Ash yield (t ha−1) 0.3 b 0.3 b 0.3 b 0.9 a

Different small letters within a row indicate significant differences at p < 0.05.

TABLE 6 | Plant size, tiller number, and plant moisture of the energy sorghum

hybrids averaged across the experimental sites of sub-humid climate and

saline-land (SHS), semi-arid climate and wasteland (SAW), and sub-humid climate

and cropland (SHC).

Type Hybrid Plant height

(cm)

Stem

diameter

(mm)

Tiller

number

(no.)

Plant moisture

(%)

Biomass

sorghum

GN-2 363 b 16.2 ab 0.2 ab 71.7 b

GN-4 363 b 17.0 a 0.2 b 71.1 b

GN-10 379 a 16.2 ab 0.3 a 68.7 c

Average 368 16.5 0.2 70.5

Sweet

sorghum

GT-3 312 c 15.8 b 0.3 a 74.7 a

GT-7 262 d 14.7 c 0.3 ab 71.3 b

Average 287 15.2 0.3 73.0

Regardless of sorghum type, different small letters within a column indicate significant

differences at p < 0.05.

tiller number and plant moisture were higher in sweet type
hybrids (Table 6).

In general, larger plant size is partially responsible for the
highest observed biomass yield at the SHC site and showed
a significantly positive correlation (p < 0.01) with biomass
yield (r = 0.663 for plant height and r = 0.471 for stem
diameter). In addition, the longer growth period at the SHC
site also contributed to higher biomass yield, as did lower tiller
number, as observed previously (Huang et al., 2013). Moreover,
Ao et al. (2010) demonstrated that low tiller number values
can facilitate synchronous harvest by promoting uniformity of
plant characteristics, ensuring a more efficient use of horizontal
space. Furthermore, low plant moisture of biomass sorghum
is very conducive to rapid drying for facilitated transportation

and storage (Zegada-Lizarazu and Monti, 2012; Iqbal et al.,
2017).

Biomass Yield and Stem, Leaf, Panicle
Partitioning
Obviously, biomass yields averaged across all energy sorghum
hybrids grown at either the SAW site (8.6 t ha−1 for average
of 2013 and 2014) or SHS site (12.2 t ha−1) were statistically
(p < 0.01) lower compared to average yield for hybrids grown at
the SHC site (32.6 t ha−1) (Figure 1). However, energy sorghum
at the SHS site showed a significantly (p < 0.05) higher biomass
yield (41.9%) than at the SAW site. In general, salt stress at
the SHS site or infertile soil coupled with higher evaporation
probably leading to soil water stress at the SAW site decrease
biomass yield relative to the regular cropland conditions at
the SHC site. The dramatic differences in biomass yield at
different sites in this study could be attributed to considerable
diversity in environmental factors, such as climate (precipitation,
temperature, and evaporation) and soil type and fertility. Tang
et al. (2015) demonstrated that precipitation and soil organic
matter were key environmental factors influencing biomass yield
of sweet sorghum. Meanwhile, high altitude also caused a decline
in sweet sorghum production due to a lower temperature (Li
and Feng, 2013). Previous studies confirmed that well-timed
irrigation could considerably improve biomass yield (Mastrorilli
et al., 1995; Dercas and Liakatas, 2007). Habyarimana et al. (2004)
demonstrated that higher aboveground biomass yield of sorghum
ranged from 33 to 51 t ha−1 under irrigation than that of 20–
29 t ha−1 under rain-fed conditions in the Mediterranean region.
Cosentino et al. (2012) reported that sweet sorghum produced
7.5 t ha−1 of dry matter with 80mm irrigation vs. 21.1 t ha−1 with
334mm irrigation under semi-arid conditions.

While lower than cropland biomass yields, yields on marginal
lands studied here were comparable to yields of previous field
studies conducted under similar environmental conditions. For
instance, Ameen et al. (2017) and Fu et al. (2016) measured
biomass yield of energy sorghum fluctuating from 4.9 to 14.2 t
ha−1 on a sandy loam soil of marginal land in Inner Mongolia.
A recent study by Tang et al. (2018) reported that energy
sorghum exhibited a good biomass yield (6.1–9.2 t ha−1) due to
its superior adaptability to abandoned marginal land. In another
study conducted in northern Greece, significantly lower sweet
sorghum biomass yield (13.7 t ha−1) was observed in soil with
high salinity (Vasilakoglou et al., 2011).

Averaged across hybrids, biomass type sorghum exhibited
significantly (p < 0.05) higher biomass yield (17.3 t ha−1) than
sweet type (14.7 t ha−1), with a particularly greater difference
in biomass type vs. sweet type yields at the SHC site (34.5 vs.
29.9 t ha−1, respectively) (Figure 1). Thus, biomass type sorghum
holds a promising future for energy generation due to its higher
biomass production compared to that of sweet type sorghum
in this study. With regard to two type’s hybrids across all sites,
biomass type hybrid GN-10 showed the highest average biomass
yield (17.4 t ha−1) and is particularly well-adapted to adverse
environmental conditions such as water deficits, salinity, and
alkalinity. Considering only biomass yield performance as the
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major priority, biomass type hybrid GN-4 demonstrated a very
high biomass yield of 42.1 t ha−1 after growth on cropland (but
not onmarginal land) under sub-humid climate conditions at the
SHC site. Other research groups have also achieved successful
growth of energy sorghum in sub-humid climate conditions,
including Gnansounou et al. (2005) who reported that sorghum
for energy purpose was well adapted to temperate sub-humid
climates, and Zhao et al. (2009), who reported that sweet sorghum

exhibited a high biomass yield of 35.2 t ha−1 after 40 days
following anthesis under sub-humid climate conditions.

Biomass yield partitioning across all the hybrids showed that
stem weight represented the highest proportion (74.8–82.3%) of
total dry biomass at the SHC site to the values at the SHS site
(50.4–66.1%) and SAW site (39.5–60.2%). Panicle biomass was
found to be significantly (p < 0.05) the lowest proportion of total
biomass, ranging between 4.6 and 9.7% at SHC site (Figure 2).

FIGURE 1 | Biomass yield of energy sorghum hybrids at sites of sub-humid climate and saline-land (SHS), semi-arid climate and wasteland (SAW), and sub-humid

climate and cropland (SHC) in 2013 and 2014. The different small letters indicate significant differences within environments for each hybrid at the p < 0.05 level.

Vertical bars represent standard errors.

FIGURE 2 | Dry biomass yield partitioning of energy sorghum hybrids as determined by the weight fractions of stem, leaf, and panicle for different experimental sites

of sub-humid climate and saline-land (SHS), semi-arid climate and wasteland (SAW), and sub-humid climate and cropland (SHC) in 2013 and 2014.
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Notably, sweet type sorghum hybrids exhibited higher overall
values of stem (60.3 vs. 57.0%) and leaf biomass yield (18.4 vs.
16.9%) than biomass type hybrids.

Chemical Components
Energy sorghum chemical components were significantly affected
by environment and sorghum genotype. Across all sites, a
relatively high coefficient of variation (CV) was observed for
soluble sugar (34.5%), lignin (26.1%), and ash (33.7%), whereas
cellulose and hemicellulose content exhibited relatively lower
variability, with CV values of 13.4 and 10.4%, respectively
(Figure 3). Previous studies reported that sucrose, cellulose,
hemicellulose, and ash content varied significantly with locations,
while lignin content remained relatively constant (Amaducci
et al., 2004; Singh et al., 2012; Wei et al., 2014). After comparison
of the three sites in this study (Table 5), we determined that under
sub-humid climate conditions, the SHC site was most conducive
to obtaining ideal soluble sugar content, while the SHS site
was conducive to obtaining higher cellulose and hemicellulose
content. However, higher content of lignin and ash observed
for sorghum from the SAW site demonstrated that undesirable
components of cellulosic materials may easily be produced on
sandy wasteland under the water deficit conditions of a semi-arid
region. Therefore, energy sorghum cultivated in a sub-humid
climate is recommended instead for use as solid biofuel feedstock
for thermal utilization, due to its lower ash content (Pannacci and
Bartolini, 2016).

Meanwhile, yield of all chemical components in aboveground
plants was significantly (p < 0.05) higher at the SHC site
(Table 5), due to significantly higher overall biomass production.

TABLE 7 | Content and yield of chemical components in plants of different energy

sorghum hybrids averaged across the experimental sites of sub-humid climate

and saline-land (SHS), semi-arid climate and wasteland (SAW), and sub-humid

climate and cropland (SHC).

Type Hybrid Soluble

sugar

Cellulose Hemicellulose Lignin Ash

Content Biomass

sorghum

(g kg−1) GN-2 101 b 359 a 246 a 196 a 49 ab

GN-4 111 b 358 a 243 a 198 a 46 b

GN-10 114 b 363 a 247 a 184 ab 39 c

Average 109 360 245 193 42

Sweet

sorghum

GT-3 214 a 304 b 200 b 169 b 47 b

GT-7 207 a 315 b 201 b 172 b 54 a

Average 210 310 201 171 50

Yield Biomass

sorghum

(t ha−1) GN-2 1.3 b 3.9 a 2.6 a 2.0 b 0.4 b

GN-4 1.8 b 4.9 a 3.2 a 2.6 a 0.5 ab

GN-10 1.8 b 5.3 a 3.4 a 2.6 a 0.5 b

Average 1.6 4.7 3.1 2.4 0.5

Sweet

sorghum

GT-3 3.1 a 3.6 b 2.2 b 1.8 b 0.5 ab

GT-7 2.9 a 3.9 b 2.5 b 1.9 b 0.6 a

Average 3.0 3.7 2.3 1.8 0.6

Regardless of sorghum type, different small letters within a column indicate significant

differences at p < 0.05.

FIGURE 3 | Variations in chemical components of whole plants of biomass and sweet sorghum at the experimental sites of sub-humid climate and saline-land (SHS),

semi-arid climate and wasteland (SAW), and sub-humid climate and cropland (SHC).
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In particular, the yields of three desirable components (soluble
sugar, cellulose, and hemicellulose) on marginal lands were 4.5–
8.4 times lower at the SAW site (average of 2013 and 2014) than
the SHC site and 3.2–4.5 times lower at the SHS site than at the
SHC site. On the one hand, water supply and normal agricultural
land for conservation tillage positively affected cellulosic biomass
production (Rocateli et al., 2012). On the other hand, for energy

purpose total cellulosic biomass yield is much more important
than cellulosic biomass quality for selection of the optimal energy
sorghum hybrids.

As an additional consideration, biomass type sorghum is
predominantly composed of structural carbohydrates (cellulose
and hemicellulose) (Figure 3). It exhibited significantly
(p < 0.01) higher (by 27.0–34.8%) yields of cellulose,

FIGURE 4 | Chemical components partitioning of biomass and sweet sorghum into stem and leaf averaged across all hybrids used at the experimental sites of

sub-humid climate and saline-land (SHS), semi-arid climate and wasteland (SAW), and sub-humid climate and cropland (SHC). Asterisks indicate significant

differences within stem and leaf for each component at the p < 0.05 level. Vertical bars represent standard errors.

FIGURE 5 | Theoretical ethanol yield of energy sorghum hybrids at sites of sub-humid climate and saline-land (SHS), semi-arid climate and wasteland (SAW), and

sub-humid climate and cropland (SHC) in 2013 and 2014. The different small letters indicate significant differences within each hybrid and each site at the p < 0.05

level. The vertical bars indicate standard errors.
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hemicellulose, and lignin than the sweet type. However,
reverse trends were observed for yields of soluble sugars and
ash, which were lower (by 87.5 and 20%, respectively) for
biomass type sorghum when averaged across all hybrids and
sites (Table 7). Moreover, hybrid GN-10 biomass type sorghum
exhibited higher contents of desirable components (including
soluble sugar, cellulose, and hemicellulose) and lower contents
of lignin and ash in aboveground plants, while producing the
highest yields (10.5 t ha−1) of the first three aforementioned
components across all sites. Between the two hybrids of sweet
type sorghum analyzed, GT-7 produced higher yields of all
chemical components except for the yield of soluble sugar.

With regard to components partitioning, soluble sugar in stem
was significantly (p < 0.05) higher (3.7 times) than in leaf when
averaged across sites and hybrids (Figure 4). Moreover, ratios
of components in leaf vs. stem were as follows: hemicellulose
content (1.2 times), lignin (1.2 times), and ash (1.9 times).
However, while cellulose content was 9.9% higher in stem than
in leaf of biomass type sorghum, cellulose was 6.0% lower in
stem than leaf of sweet type sorghum. These findings agreed with
results of Zhao et al. (2009) and Monti et al. (2008).

Theoretical Ethanol Yield (TEY)
High TEY yield mirrored biomass yield in this study; a TEY
>11,853 L ha−1 was observed at the SHC site, which produced
3.5 times (p < 0.05) higher ethanol yield than that observed at
the SHS site (3,425 L ha−1) and 5.7 times greater yield than at the
SAW site (2,091 L ha−1, averaged of 2013 and 2014) (Figure 5).
Furthermore, correlation analysis of biomass yield, plant height,
stem diameter, and soluble sugar content showed significantly
(p< 0.01) positive correlations with TEY; however, the content of
ash, lignin, and hemicellulose and plant moisture were negatively
correlated with TEY (p< 0.01, Figure 6). However, tiller number
and cellulose content were not significantly correlated with TEY,
which indicates that both parameters did not affect ethanol
production.

The TEY values for marginal lands including saline-land
and dry wasteland reflected severely reduced potential ethanol
production relative to cropland. According to Fu et al. (2016),
sweet sorghum grown on sandy loam soil exhibited TEY of
2,491 L ha−1 from stalk of the crop in a semi-arid region in
northern China. Vasilakoglou et al. (2011) reported an ethanol
yield of 2,623 L ha−1 from sweet sorghum on land with salinity
6.9 dS m−1. Wortmann et al. (2010) reported a potential ethanol
yield of 2,211 L ha−1 using biomass of sweet sorghum grown at
seven dryland site-years in a semi-arid region. However, much
higher ethanol yield on cropland under sub-humid climate
conditions at Missouri, USA, was reported by Houx and Fritschi
(2013) and Maw et al. (2016), indicating that sweet sorghum
can achieve TEY values of 5,000–7,488 L ha−1. Moreover, Zhao
et al. (2012) reported that high-yielding sweet sorghum cultivars
provided the highest ethanol yield potential ranging between
9,097 and 10,803 L ha−1 from sugar, starch, cellulose, and
hemicellulose, on a cropland geographically near to the SHC site
of this study. The reason for the large gap of ethanol potential
from sweet sorghum between marginal land and cropland would
probably be the variations in temperature, precipitation,

evaporation, soil fertility, and management practices,
which could substantially impact crop biomass yield and
components.

In this study, the biomass type sorghum exhibited a higher
TEY magnitude compared with sweet type sorghum (5,056 vs.
4,578 L ha−1) averaged across all sites. In particular, hybrid GN-
10 biomass type sorghum produced the highest TEY (5,423 L
ha−1, Figure 5), which was 34.1% higher than the lowest TEY
observed for hybrid GN-2. Hybrid GN-4 produced significantly
(p < 0.05) highest ethanol yield at the SHC site relative to the
other hybrids, exhibiting the highest value of 14,913 L ha−1.

Future Perspectives
In this study, energy sorghum grown onmarginal lands exhibited
a much lower ethanol potential than that on cropland, indicating
a considerable lower possibility for being used as commercial
feedstock production due to environmental stresses and an
additional input. At a saline-alkali site Wuyuan in northern
China, sweet sorghum showed negative economic performance,
whereas the reference crops maize and sunflower exhibited
relatively high positive benefit (Liu et al., 2015). For sustainable
commercial energy sorghum production, marginal lands with
relatively low environmental stresses should be selected and
stress-resistant plantation technologies should be developed. It
is important to screen stress-resistant varieties with genetic
improvement strategy and establish efficient crop production
systems with conservation tillage (Xie, 2012). Favorable policy
is particularly of significance in non-food biofuel development.
Economic incentives including specific capital subsidies, low-
cost financing, tax incentives and R&D funding should be

FIGURE 6 | Analysis of correlation between theoretical ethanol yield and

related growth, yield and quality parameters of energy sorghum production.

Two asterisks indicate significant correlations at the p < 0.01 level.
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established to promote non-food energy crop production in
marginal lands.

CONCLUSIONS

This study revealed environmental stress affecting biomass yield
to guide future development of promising sorghum hybrids
adapted to growth on marginal lands. As part of a larger
sustainable agro-industrial framework, biomass type sorghum
feedstock should be encouraged for industrial scale ethanol
production due to its high productivity, adaptation to marginal
growth conditions, and desirable qualities that facilitate efficient
conversion of its biomass to ethanol. In particular, hybrid
biomass type GN-10 possesses all of these attributes, while
being especially well-adapted to growth in adverse environmental
conditions such as water deficits, salinity, and alkalinity.
However, from an output point of view, biomass type hybrid
GN-4 achieved the highest values of biomass yield (42.1 t ha−1)
and TEY (14,913 L ha−1) on cropland in a sub-humid climate.
Ultimately, lower ethanol potential of energy sorghum grown
on marginal land reflected a lower possibility for commercial

feedstock supply than that grown on regular cropland. As
well, screening suitable varieties could improve energy sorghum
growth and chemical components for ethanol production.
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Organic agriculture is one of the most widely known alternative production systems
advocated for its benefits to soil, environment, health and economic well-being of
farming communities. Rapid increase in the market demand for organic products
presents a remarkable opportunity for expansion of organic agriculture. A thorough
understanding of the context specific motivations of farmers for adoption of organic
farming systems is important so that appropriate policy measures are put in place.
With an aim of understanding the social and biophysical motivations of organic and
conventional cotton farmers for following their respective farming practices, a detailed
farm survey was conducted in Nimar valley of Madhya Pradesh state in central India.
The study area was chosen for being an important region for cotton production, where
established organic and conventional farms operate under comparable circumstances.
We found considerable variation among organic and conventional farmers for their social
and biophysical motivations. Organic farmers were motivated by the sustainability of
cotton production and growing safer food without pesticides, whereas conventional
farmers were sensitive about their reputation in community. Organic farmers with
larger holdings were more concerned about closed nutrient cycles and reducing their
dependence on external inputs, whereas medium and small holding organic farmers
were clearly motivated by the premium price of organic cotton. Higher productivity
was the only important motivation for conventional farmers with larger land holdings.
We also found considerable yield gaps among different farms, both under conventional
and organic management, that need to be addressed through extension and training.
Our findings suggest that research and policy measures need to be directed toward
strengthening of extension services, local capacity building, enhancing availability of
suitable inputs and market access for organic farmers.
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INTRODUCTION

Global population is projected to reach 11 billion by the
end of 21st century (Alexandratos and Bruinsma, 2012)
further escalating the multifaceted challenges ahead of modern
agricultural systems. In a scenario where nearly 1 billion people
are currently undernourished (FAO, 2011) our agricultural
system needs to ensure the provision of sufficient and affordable
nutrition for everyone. About a billion hectares of additional
cropland are needed by 2050 to meet the projected increase of
70–110% in global food demand using contemporary farming
practices (Tilman et al., 2001; Bruinsma, 2009). Most of the
additional land will come from developing countries mainly in
the tropics, which will inhabit more than half of the world’s
population by the middle of this century (Edelman et al., 2014).
This makes further intensification of agro-ecosystems imminent,
which needs to be brought in such a way that ecological balance
of our planet is maintained (Andres and Bhullar, 2016).

In recent decades, fossil based input-intensive industrial
agricultural technologies have been widely recognized as being
unsustainable over the long-run (Pingali, 2012). Moreover, global
food system has increasingly faced the impacts of escalating
intensity of climatic extremes (Nelson et al., 2009) as well as
economic uncertainties (Kastner et al., 2012). This has led to
stronger calls for transformation of our agricultural system using
holistic farming practices based on ecological principles. Several
different alternative farming approaches have been put forward
in different parts of the world from time to time with varying
degree of success. Organic agriculture is one of the most widely
known alternative agricultural production systems advocated for
its benefits to soil, environment, health and economic condition
of farming communities (Mäder et al., 2002; Badgley et al., 2007;
Forster et al., 2013).

Steep growth in organic markets has resulted in global
demand for organic products surpassing the total production
(Sahota, 2016; Willer and Lernoud, 2016). Until recently,
organic market was primarily dominated by the developed
countries, where prosperous consumers can afford to pay
premium prices for organic products. Organic sector in the
developing countries has largely been export oriented, however,
with rapid economic development domestic organic markets
are currently seeing significant expansion in the emerging
economies (Sirieix et al., 2011). There have been strong
calls for mainstreaming of organic agriculture in some of
the developing countries as well (Scialabba, 2000; UNCTAD-
UNEP, 2008) and in some cases governments in different parts
of the world have implemented pro-organic policies (Kolanu
and Kumar, 2007; FAO, 2011; Wai, 2016). This presents a
remarkable opportunity, particularly for small and medium
holding farmers in developing countries (Rundgren, 2006). To
fully utilize the available potential, appropriate implementation
of policy measures is necessary, which demands a context specific
understanding of available scenarios. For instance, the adoption
rates of organic farming practices may vary among farmers
depending upon various factors, including those of biophysical
and socio-economic nature. Understanding the motivation
of farmers for adoption of their specific set of agricultural

management practices is of crucial importance to design suitable
policy measures.

Since ancient times, India has been an important exporter of
cotton. India regained its position as world’s largest producer of
cotton in 2014–2015, as Indian farmers consistently produced
over 6 million tons of cotton lint in 2013–2015. A dramatic
change in the age old cotton cultivation practices in India
happened in the second half of 20th century as the indigenous
or ‘Desi’ varieties (Gossypium arboreum) were first replaced by
American cotton (Gossypium hirsutum) varieties and hybrids
and subsequently by genetically modified Bt-cotton. Because of
the resistance to cotton bollworms and hence reduced pesticide
usage, Bt-cotton was adopted by farmers relatively quickly after
its first release in 2002 (Finger et al., 2011; James, 2011; Krishna
and Qaim, 2012; Qaim and Kouser, 2013). Today, more than
95% of cotton produced in India is Bt-cotton, yet the impact
of Bt-cotton adoption on farmers’ livelihood and environment
is debated (Stone, 2011; Kathage and Qaim, 2012). Moreover,
many reports of bollworms attaining resistance to Bt-toxin and
emergence of secondary pests question the sustainability of this
technology (Tabashnik, 1994; Luttrell et al., 2004; Bagla, 2010;
Downes et al., 2010, 2016).

The productivity of cotton is limited by the following external
factors: Scale of production, level of research support, local
ginning capacity, access to quality seed, access to irrigation,
access to timely inputs, production costs, price paid for seed
cotton, access to credit, timely payment for the crop and
availability of season-long farmer training (Page and Ritchie,
2009). The biggest sustainability challenge in conventional cotton
production remains the need for high inputs of agrochemicals,
many of which are known for their adverse effects on human
health and potential harm to the environment (Page and Ritchie,
2009; Bachmann, 2012). Since most of the cotton produced in
India is grown by smallholder, subsistence farmers usually with
land holdings of less than one hectare, capital intensive high
input farming is not the most suited choice for them. Organic
production offers a suitable alternative to such farmers with
potential advantages of lower expenses for farm inputs, healthier
soils and environment as well as competitive gross margins
(Rajendran et al., 2000; Lakhal et al., 2008; Forster et al., 2013).
Despite the fact that only less than 5% of cotton produced in
India is certified organic (Stone, 2011; Kathage and Qaim, 2012),
India is still leading the global organic cotton production, as it
contributed 66.9% of the worldwide production in 2014–2015
(Truscott et al., 2016). The global production of organic cotton
saw a rapid growth from 2006 to 2010, which started to decline
from 2011 onward (Truscott et al., 2016). With a steep increase
in demand of organic fiber (Truscott et al., 2016), it is important
to safeguard and increase the production of organic cotton in a
sustainable manner.

Although India is a significant producer of organic crops,
the bulk of organic production has been largely targeted at
export markets. The share of domestic market is steadily
increasing owing to the recent economic developments and
consumer awareness (Chandrashekar, 2010). However, there is a
strong need for development and implementation of appropriate
policy measures considering the choices and motivations of
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farmers. This study was aimed at diagnosing the biophysical
and socio-economic factors influencing the adoption of organic
and conventional management practices by the cotton farmers
in order to facilitate appropriate policy development. We
hypothesized that the motivation of farmers for adoption of
conventional or organic farming systems differs depending upon
their awareness level, social perceptions, availability of resources
and perceived profitability.

MATERIALS AND METHODS

Study Region
This study was conducted in the Nimar valley of Madhya Pradesh
state in central India, which is an agriculturally important region.
In the study area, cotton is cultivated as a major cash crop,
in rotation with other crops such as cereals, vegetables, and
legumes (Myers and Stolton, 1999; Eyhorn et al., 2007). Studies
comparing organic and conventional farming systems in this
region have showed that performance of both the systems is
somewhat comparable to each other (Eyhorn et al., 2007; Forster
et al., 2013; Helfenstein et al., 2016). However, cotton yields in
general are low and variable in Nimar valley and often do not
reach the attainable levels on several farms of the region. This
unique situation where conventional and contemporary organic
agricultural systems are existing in parallel in a society with wide
economic disparities offers a rigorous platform to understand
the biophysical and socio-economic motivational characters of
farmers. The main aim of this study was to identify social and
biophysical motivational characters controlling rational decision
of farmers to opt for either organic or conventional agricultural
system at farm level.

Farm Survey
During the cotton season of 2015 (May to December), a detailed
structured survey of organic and conventional cotton farms
was conducted in the cotton growing region of west Nimar.
Survey questions were standardized in preliminary focussed
group discussions with farmers, extension workers, research
staff and other stakeholders using the joint innovation platform
of the Research Institute of Organic Agriculture (FiBL) and
bioRe Association (Andres et al., 2016). For structured survey,
individual interviews were conducted at 60 organic and 60
conventional farms randomly selected from five different cotton
growing pockets/clusters of west Nimar. Each farm was treated
as a single operational unit and the farmer responsible for
decision-making was interviewed. Farmers were selected solely
based upon their farming practices, irrespective of farm size,
soil type, education, income or any other demographic factors.
In order to identify the social, biophysical and economic
motivational factors behind adoption of a particular farming
system (organic/conventional) by the farmers, the survey
questionnaire included a section with a number of statements
relating to views on farming practices and their sustainability.
The farmers were asked to mark the category best describing their
level of agreement with the statement (not, little, quite, very, and
extremely). Additionally, survey respondents (farmers) had the

possibility to add their own statements regarding major limiting
factors for cotton production, in their preference to grow organic
cotton and switching from conventional to organic. Upon careful
consideration of each of such statements, they were grouped into
thematically relevant categories.

For statistical analysis, farmers were further grouped
according to size of their land holdings, in order to broadly
represent different socio-economic categories. They were
grouped into small (<2 ha), medium (2–4 ha), and large (>4 ha)
holding farmers, with the small scale farmers recognized as being
asset-poor (Singh et al., 2010; Coventry et al., 2015). Upon further
subgrouping it was found that the number of respondents was
too low in certain sub-categories to arrive at statistically sound
conclusions per group. However, the number of respondents
are sufficiently large to be able to discern issues and emerging
trends. The survey targeted whole farm information on cotton
crop management practices (including variety selection, fertilizer
management, weed and pest management, number of picking)
as well as the information on farmer demography and attitudes.
Each farmer was personally visited by one of the designated
staff members of bioRe extension team. The staff members were
instructed in survey data compilation, to safeguard standardized
survey data collection and preparation. Informed consent was
obtained from all individual participants included in the study.
The data were collected in an Excel document and to derive
inferences Principal Component Analysis (PCA) were conducted
on this data set.

Principal Component Analysis
To do the PCA, the number of farmers selecting each of the
limiting factors divided by the total number of farmers within
each farm size group was calculated as a percentage using JMP
(© SAS Institute Inc.) (Goupy and Creighton, 2007). Farming
practices and farm size were included as factors and all the
surveyed social and management related limiting factors were
included as variables, and covariance was selected as the matrix
type.

RESULTS AND DISCUSSION

Profile of Respondents – Gender, Age,
Education and Experience
Survey results show that farming is a means of livelihood
in Nimar valley area and predominantly a male dominant
profession as 86% of the total farm units surveyed were led
by male farmers (Table 1). Interestingly, the proportion of
farms managed by female farmers as operational head of farm
was higher in organic farms group compared to conventional
farms (17% v. 11%). Furthermore, the farm size showed a
distinguishing feature, since the proportion of farms managed
by female farmers was higher on farms with large land holdings
both on conventional and organic farms (Table 1). This result
is of particular significance since women are believed to be
the quiet drivers of change toward more sustainable production
systems and healthier diets (Altieri and Koohafkan, 2008).
Women comprise of more than 40% of the agricultural labor
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TABLE 1 | Profile of surveyed respondents for gender, age, education, farming experience and land holding.

Farming practices Conventional Organic

Small Medium Large Overall Small Medium Large Overall

Male % 100.0 89.3 77.8 88.3 90.9 94.3 64.3 86.7

Female % 0.0 10.7 22.2 13.2 9.1 5.7 35.7 13.3

Average age (Years) 47.6 40.9 44.2 44.2 44.5 46.8 44.9 45.4

Education < 5 year (%) 71.4 71.4 38.9 61.7 72.7 60.0 28.6 55.0

Education > 5 year (%) 28.6 28.6 61.1 38.3 27.3 40.0 71.4 45.0

Experience in farming (Years) 17.8 23.4 28.3 23.2 23.2 21.7 23.8 22.9

Average land holding (ha) 1.25 2.91 7.60 3.9 1.30 2.77 5.46 3.2

force in developing countries and up to 50% in Asia and
sub-Saharan Africa. In recent decades, development agencies
and policy advocates have been emphasizing that women could
increase the farm productivity by 20–30%, if they have the same
access to productive resources as men (Lastarria-Cornhiel, 2006;
Altieri and Koohafkan, 2008). However, in an extensive review
of available literature, Doss (2015) found men and women to
be equally productive, given the access to similar resources.
In our study, the productivity of organic farms operated by
females was statistically similar, i.e., 1410 ± 161 kg ha−1 and
1396 ± 121 kg ha−1 of organic farms operated by female and
male farmers, respectively. Similar to organic farms, productivity
of conventional farms led by male (1819 ± 123 kg ha−1) and
female (1792 ± 327 kg ha−1) farmers also did not differ. Like all
other faces of life, the participation of women at decision-making
capacities has also increased in agriculture also in developed
countries. According to a report by the US Department of
Agriculture’s Economic Research Service, farms operated by
women increased to 14% in 2007, up from 5% in 1978 (Hoppe
and Korb, 2013). Some studies in developed countries (mainly
Europe) have tried to generalize the differences among organic
and conventional farmers based on their age, education, farming
experience and land holding. For instance, Rigby and Cáceres
(2001) characterized organic farmers in United Kingdom (UK)
as typically smaller in terms of land holding with better education
and of younger age with urban background and little experience.
In our study, the organic and conventional farmers in Nimar
valley did not differ for these characteristics. Average age of the
farm head came out to be 44 years for conventional farmers and
45 years for organic farmers. The oldest conventional respondent
was 75 years old and youngest was 24 years old whereas among
the organic farmers, oldest respondent was 70 years old and
youngest respondent was 27 years old.

Survey also showed that education was low in Small and
Medium land holding farmers in both conventional and organic
farms. On an average, only 38.3% of conventional farmers and
45.0% of organic farmers had more than 5 years of formal
education. Level of education showed positive relationship with
the land holding as within large land holding farmers, 61.1% of
conventional farmers and 71.4% of organic farmers had more
than 5 year of formal education. All surveyed farmers showed
similar level of experience in farming (average 23 years; range
18–28 years). Reported gross agricultural income ha−1 was

FIGURE 1 | Gross agricultural income ha−1 of organic (Org) and conventional
(Conv) farmers (1 USD = 62 INR).

comparable across farm sizes and farming systems (Figure 1). On
conventional farms, median income per unit of land decreased as
the land holding increased (Figure 1), whereas level of income
per unit of land remained unrelated to landholding of organic
farmers and did not vary much among the farm sizes.

Farmers’ View on Major Limiting Factors
of Cotton Production in Nimar Valley
In an open ended question, conventional and organic farmers
were asked about their major concerns on cotton production
in Nimar valley. Climatic uncertainty, pest and disease attack
were the main concerns of conventional and organic farmers
(Figure 2). The concerns about climatic uncertainty were raised
by proportionately higher number of organic farmers compared
to conventional farmers. We found that organic farmers had
limited options and capacities for production of botanical
extracts to deal with pest and disease incidences. Since seasonal
variations have a high degree of influence on frequency and
magnitude of pest and disease attacks, the concerns of organic
farmers regarding climatic uncertainty indirectly relate to pest
and disease attack. Similar concern were also observed in United
States by Organic Trade Association (Organic Trade Association,
2015). The conventional farmers interpreted climatic uncertainty
in terms of rainfall pattern and distribution throughout the
cotton growing season. Low production was the other main

Frontiers in Plant Science | www.frontiersin.org July 2017 | Volume 8 | Article 1289110

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-01289 July 17, 2017 Time: 15:8 # 5

Riar et al. Motivational Factors Influencing Farmers’ Choice

FIGURE 2 | Organic and conventional farmers’ views on major limiting factors of cotton production in Nimar valley.

concern raised by organic farmers in direct open ended questions,
however, elaborated data analysis showed that median yield and
yield variation was similar between organic and conventional
farms (Figure 2). This also shed light on the assumption of
satisfactory yield levels, i.e., different farmers could perceive
same yield levels as being ‘high’ or ‘low’ depending upon their
perspective and awareness. Nevertheless, it is also evident that
competitive performance of different agriculture systems vary
in different environments and crops; Birkhofer et al. (2008)
found that organic system yield 23% lower than conventional
system whereas (Reganold et al., 2001) found that organic and
conventional system perform similar in apple production.

Labor availability was also a major concern amongst
organic farmers compared to conventional. The local farmers
perceived that mechanical operations can only be performed on
conventional farms whereas organic farming has to be done in
more traditional ways. More labor requirement in organic was
mainly associated to hand weeding and spraying of the botanical
extracts. Lakhal et al. (2008) noted that the organic cotton farmers
use 10 times more hired labor than the conventional cotton
farmers. Noticeably, the concerns about low price, high input
costs, poor quality seed (Hillocks and Kibani, 2002; Page and
Ritchie, 2009), lack of high yielding varieties (Page and Ritchie,
2009), and non-availability of water were similar in both organic
and conventional farmers.

Cotton Yield
A number of factors could influence yield of cotton, crop
management practices being the prominent one. Farm size could
be a major factor influencing the decision-making and effective
implementation of adequate management, whereas irrigation
facilities and soil type could be limiting factors for water and
nutrient supply to the cotton crop. Farmers were asked to report

cotton yield in last 3 years (2012, 2013, and 2014). Means of
the reported yields were analyzed against the above-mentioned
limiting factors to understand the cotton productivity scenario
for both organic and conventional farms in Nimar valley.
Analysis showed that the influence of farm size on cotton
yield in general was statistically insignificant (Figure 3A). The
average yield of cotton crop was 1270 ± 383 kg ha−1 and
1926 ± 515 kg ha−1 on small organic and conventional farms,
respectively. Medium sized organic and conventional farms
showed comparable cotton yields (1473 ± 253 kg ha−1 and
1556 ± 299 kg ha−1) with very little variability among the
farms. Yield on large size organic farms was 1315 ± 351 kg
ha−1 compared to 1961 ± 476 kg ha−1 on conventional large
size farms but both groups did not differ significantly to each
other. Most of the surveyed cotton farms had irrigation facilities
(Figure 3B). The median yield of irrigated cotton organic farms
was 1430 ± 121 kg ha−1 compared to 1768 ± 115 kg ha−1 for
irrigated conventional farms. Organic farms with two soil types
had lower yield (1239 ± 99 kg ha−1) compared to conventional
farms that have fields with both soil types (2107 ± 247 kg ha−1)
(Figure 3C). All other groups based on different soil types showed
similar yield levels.

Findings from the long-term farming systems comparison
experiment located in the same region as this study (Nimar
valley) showed that cotton yield in organic production
system matched those of conventional production system
as soon as the conversion period was over Forster et al.
(2013). A farm survey conducted in the same region also
showed comparable cotton yields of organic and conventional
farms (1459± 83 kg ha−1 vs. 1400± 67 kg ha−1) in 2003
and (1237 ± 105 kg ha−1 vs. 1166 ± 70 kg ha−1) 2004,
respectively (Eyhorn et al., 2007). Similarly, in a recent farms
survey comparable yields of wheat were found on organic and
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FIGURE 3 | Cotton yield of conventional (Conv) – open circles – and organic
farms (Org) – closed circles – in relation to (A) farm size, (B) irrigation
availability, and (C) soil types, where each circles represent the reported
averaged cotton yield for last 3 years; H: Heavy cotton soil (Vertisol); L: Light
soil (Inceptisols and entisols).

conventional farms (Helfenstein et al., 2016). In our study, the
analysis of three key factors (farm size, irrigation facilities, and
soil type) showed that the range of variation among the farms
was far-flung, hence it could be concluded that cotton yield gets
limited by other factors before it comes to the level where it can
be limited primarily by water and soil nutrients. In each category,
there were some farms with relatively high productivity as well
as with poor productivity. Widespread variation in cotton yield
among the farms also indicates that the first step to increase

yield would be to improve management practices of cotton crop
at individual farm. Therefore, farmers’ knowledge need to be
strengthened to improve their understanding and skills (Misiko
et al., 2011).

Farmers’ Motivational Characters behind
Farming Practices
While there are no differences among organic and conventional
farmers with regard to their age, education, experience and
farm size, there must be some other factors influencing their
decision to choose either organic or conventional way of
farming. We used principle component analysis (PCA) to
identify the social, economic, and biophysical motivations of
different farmers for following their respective farming practices.
PCA provided an overview of the relationship of organic and
conventional farming practices on different sized farms to social
motivational characters of the farmers as well as to the biophysical
reasons perceived by them (Figures 4, 5). In the biplot figures
(Figures 4, 5), the axis labels indicate the extent to which the
mentioned factors account for the total variation in data. The
proximity of a farming system group to a particular motivational
character demonstrates the agreement of the farmers in that
group to the influence from that character and the length of
the vector shows the degree of influence compared to other
characters.

Social Motivational Characters
Analysis of survey data revealed that the motivational characters
vary among farmers following specific farming practice and
having different farm sizes. Besides the differences among
different farm sizes, the points pertaining to organic and
conventional farm groups spread into different coordinate
quadrants (Figure 4) indicate the ideological differences among
the followers of these two production systems. The first
component of PCA accounting for 63.1% of the total variation,
and first component + second component accounting for 85.1%
of the total variation showed that these are the most common
listed social motivational factors that impact on adoption of
a specific management system for cotton production. Some
of the social motivation factors such as perception of climate
change, habitual reasons, long-term sustainability, interest to
grow safer food and societal influence were more important on
total variation than others as indicated by the long length of
vectors in Figure 4. Studies conducted in Canada and United
States have reported similar concerns as motivation of farmers
for converting to organic, e.g., concerns over environmental
impact of farming (Henning, 1994) and motivation for personal,
family, or consumer health and safety (Cacek and Langner,
1986; Lockeretz and Madden, 1987; Molder et al., 1991;
Henning, 1994; Hall and Mogyorody, 2001; Cranfield et al.,
2010).

Long-term sustainability of cotton was the major motivation
for organic farmers with larger land holdings (>4 ha). Whereas,
growing safer food without pesticides and a wish to handover
their land to the next generation in a better condition were
expressed as main motivations by the organic farmers with
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FIGURE 4 | Biplot for the principal component analysis of the respective social motivational characters of ( ) large, (N) medium, and (�) small holding organic
farmers; as well as (#) large, (1) medium, and (�) small holding conventional farmers. Closeness of a farming system symbol to a particular motivational character
confers the dominance of that motivation, whereas length of the vector line signifies the effect of that motivational character.

medium sized holdings (2–4 ha). However, it is noteworthy that
only 32.3% of the surveyed organic medium holding farmers
wanted their children to become farmer 1 day. Motivation
of small holding (<2 ha) organic farmers was to perform
agricultural practices that are favorable for an intact nature and
33.3% of them wanted their children to become farmers 1 day.
In contrary to organic farmers, the motivation of conventional
farmers was ambiguous. Large holding conventional farmers
did not seem to derive their motivation from the mentioned
social factors as indicated by the remote presence of point
pertaining to this group in 2nd quadrate (Figure 4). The closest
vector indicated that they were only concerned about their
reputation in the community. Medium holding conventional
farmers believed that the conventional practice was a better
way of farming (personal belief). However, the small holding
conventional farmers seemed to be aloof of the studied social
factors and therefore, the social motivation of this farming group

remains unclear. The closeness to vectors of ‘personal belief ’ and
‘appreciation from family’ may suggest lack of awareness and
limited risk bearing ability, preventing a shift from the existing
farming practices.

Biophysical and Economic Motivational
Characters
Similar to the social motivational characters, the points
pertaining to organic and conventional farming groups with
different farm holdings were spread into different coordinate
quadrants, clearly distinguishing the biophysical motivational
characters of each group. As the first and second component
together account for 73.6% of the total variation, it means that the
listed biophysical factors are the most common ones influencing
the surveyed organic and conventional farms (Figure 5). Current
price of cotton, avoiding the exposure to pesticides and closed
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FIGURE 5 | Biplot from the principal component analysis of the biophysical factors influencing the adoption of specific practices by ( ) large, (N) medium, and (�)
small holding organic farmers as well as (#) large, (1) medium, and (�) small holding conventional farmers.

nutrient cycles turned out to be more important factors on
total variation than other ones, as indicated by their long
length of vectors in the first quadrant. Reduction of the
production costs and risk of ineptness by being independent
of external inputs as well as the premium price were some
other important factors for organic farmers. Closer review
of the responses revealed that large holding organic farmers
were more concerned about closed nutrient cycles to reduce
their dependence on external inputs, whereas medium and
small holding organic farmers were clearly motivated by the
premium price of organic cotton. Results of this study as
well as previously conducted studies in advanced economies
reveal that profitability/financial return is gaining importance
as a stronger decision-making factor in opting for organic.
In a survey conducted by Henning (1994), only 9% of the
study respondents indicted profitability as important factor,
whereas in a survey of 2001, 56% of the respondents mentioned

profitability as very important factor for conversion to organic
agriculture (Hall and Mogyorody, 2001). On the other hand
large holding conventional farmers in our study did not
opt for organic agriculture as they believed that high yield
was the key to success which could only be achieved by
conventional practices. As in the case of social motivational
factors, medium holding conventional farmers did not have
any clear consideration of biophysical factors for adoption
of conventional farming. Small holding conventional farmers
believed that the application of fertilizers is important to
improve the fertility of their soils. In addition, opportunistic
decisions influenced by changed circumstances could contribute
to farmers’ adoption or abandoning of a specific farming system.
For instance, Eyhorn et al. (2007) reported 30–40% fallback rate
of organic cotton farmers to conventional practices under the
influence of campaign by companies selling newly introduced
Bt-cotton seed in 2003.
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TABLE 2 | Main reasons of farmers to opt for organic cotton production and the
proportion of farmers assigning importance to each.

Response % farmers

Low production cost 31.6

Premium price 16.5

Cash payment 12.0

Door-step purchasing 12.0

Improves the soil health 12.0

Stable production 3.8

No wilting problem 3.0

Easy seed availability from contractor 2.3

Personal preference 2.3

Intact nature 1.5

No disease 1.5

No dependency on market 0.8

Low risk 0.8

TABLE 3 | Scenarios for shifting from conventional to organic farming practices.

Sr. No. Response % farmers

1 When cost benefit ratio will further decline due to
high input costs related to conventional farming
practices

61.9

2 When soil fertility become too low, I would opt for
organic agriculture to maintain it.

23.8

3 If I get substantial support from private/govt. sector
for organic

6.3

4 If there is no solution of Bt-cotton wilting 4.8

5 Higher premium price 1.6

6 When more farmer of my region will opt for organic
agriculture I also will go for organic.

1.6

Preference to Grow Organic Cotton
Apart from the PCA comparing different farming groups, we
also sought to find out the relative importance of different
factors considered important by organic farmers for adoption
of organic practices. Low production cost followed by premium
price, cash payment and door-step purchasing were the main
motivating factors to grow organic cotton in west Nimar valley
(Table 2). Farmers’ responses explained that financial motivation
was the main driving factor for the cotton production followed
by sustainability (soil health+ stable production) and hassle free
management of organic cotton crop. Rigby and Cáceres (2001)
also identified the financial motivation and soil health as two
out of four major key motivational factors for organic farming
in United Kingdom.

Switching from Conventional to Organic
In contrary to organic farmers, the conventional farmers were
asked about the potential circumstances under which they
can switch from conventional to organic farming. Surprisingly
only six key responses surfaced, which clearly showed that
conventional farmers were very clear in making the comparisons
about the ground situation of organic and conventional farming
(Table 3). Cranfield et al. (2010) reviewed the literature and
categorized the motivational factors for conversion into four

broad themes of (a) financial issues; (b) environmental concerns;
(c) philosophical motives; and (d) health and safety concerns.
Out of six key potential circumstances of cotton grower for
conversion four fell into first three themes [response 1, 2, 5, and
6 (Table 3)]. However, in-depth analysis of motivational factor
revealed that even health and safety concerns are not untouched
in this part of the world and remained a subconscious motivation
of organic cotton growers in Nimar valley (Figure 5). Similar to
organic farmers, main motivation of the conventional farmers for
potential conversion was also to achieve economic profit either
by high yield and high price, low input cost or by hassle free
management (Table 3).

POLICY IMPLICATIONS OF INFERENCES

The findings of this study confirm our hypothesis that
the motivational characteristics of farmers for adoption of
conventional or organic farming systems differs depending upon
their awareness level, social perceptions, availability of resources
and perceived profitability. In addition, the study results provide
a detailed diagnoses of the biophysical and socio-economic
factors influencing the rationale behind decision of the cotton
farmers to adopt organic or conventional production systems.
The inferences from this study could contribute toward the
development and implementation of suitable policies promoting
organic/sustainable farming systems. For instance, the large
variation among cotton yields achieved by both the organic
and conventional farmers highlights the tremendous scope of
improvement of cotton productivity. If the underperforming
farms are supported to increase their production, even to the
average levels, significant increase in overall production could
be achieved. In some cases, the farmers (particularly the small
holders) are not even aware of the potential of increasing yields
by available technologies. This is an important open area to be
addressed by extension and policy institutions in collaboration
with research. Innovation platforms aimed at local capacity
building and development of locally adapted technologies could
serve as an important tool in this direction (Andres et al., 2016).

Social motivational factors vary among organic and
conventional farmers, as organic farmers are motivated by the
sustainability of cotton production, growing safer food without
pesticides and a wish to hand over their land to their successors in
favorable condition, while the major motivation of conventional
farmers is their reputation in community. Considering this,
incentivising the sustainable farms for ecosystem services
they provide would be an important policy measure toward
achieving sustainability in agricultural systems. In case of the
biophysical factors, organic farmers with larger holdings are
more concerned about closed nutrient cycles and reducing their
dependence on external inputs, whereas medium and small
holding organic farmers are clearly motivated by the premium
price of organic cotton. Since 80% farmers in India are small and
medium holder, financial support during the conversion period
from conventional to organic production system could serve
as important driver of change to bring them on board. Higher
productivity is the only important motivation for conventional
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farmers with larger land holdings. These results suggest that it is
important to close the knowledge gap by strengthening extension
services. Simultaneous and continuous training of extension
workers and farmers in sustainable farming practices is of high
value and thus deserves due diligence. It is also important that
the farmers are made aware of the scope of increasing yields
and the potential of existing technologies. Creating the awareness
about yield gap and yield variation among the farmers and
encouraging them to achieve maximum attainable yield by using
the examples of high yielding farms could be a useful approach.
Efforts need to be directed at improving the timely availability
of quality on-farm inputs for organic production such as seeds
and pest control measures. Moreover, research efforts need to
be intensified to make available locally developed technologies
and improved organic practices for nutrition, plant protection
as well as agronomic management. Providing suitable marketing
opportunities by developing value chains for organic produce
other than cash crops (organic cotton in this case) will also
be important to maintain the motivation and commitment of
organic farmers as well as will provide level economic ground.
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Climate change models predict reduced summer precipitations for most European

countries, including more frequent and extreme summer droughts. Rainout-shelters

which intercept part of the natural precipitation provide an effective tool to investigate

effects of different precipitation levels on biodiversity and ecosystem functioning. In this

study, we evaluate and describe in detail a fixed-location rainout-shelter (2.5× 2.5m) with

partial interception of natural rainfall. We provide a complete parts list, a construction

manual and detailed CAD drawings allowing to rebuild and use these shelters for

rainfall manipulation studies. In addition, we describe a rainout-shelter control treatment

giving the possibility to quantify and account for potential shelter artifacts. To test the

rainout-shelters, we established the following three treatments each in eight winter

wheat plots of the agricultural long-term farming system comparison trial DOK in Therwil

(Switzerland): (1) A rainout-shelter with 65% interception of rainfall, (2) a rainout-shelter

control without interception of rainfall, and (3) an ambient control. The rainout-shelter

effectively excluded 64.9% of the ambient rainfall, which is very close to the a priori

calculated exclusion of 65.1%. In comparison to the ambient control plots, gravimetric

soil moisture decreased under the rainout-shelter by a maximum of 11.1 percentage

points. Air temperature under the rainout-shelter differed little from the ambient control

(−0.55◦C in 1.2m height and +0.19◦C in 0.1m height), whereas soil temperatures were

slightly higher in periods of high ambient temperature (+1.02◦C), but remained basically

unaffected in periods of low ambient temperature (+0.14◦C). A maximum edge effect of

0.75m defined a sampling area of 1× 1m under the rainout-shelter. The rainout-shelters

presented here, proved to sustain under heavy weather and they were well-suited

to be used in agricultural fields where management operations require the removal

of the rainout-shelters for management operations. Overall, the results confirmed the

good performance of the presented rainout-shelters regarding rainout-shelter artifacts,

predictable rain exclusion, and feasibility for experimental studies in agricultural fields.

Keywords: rainout-shelter design, summer drought, climate change, precipitation, wheat, CAD drawings
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INTRODUCTION

Climate change models predict a future increase in temperature
and altered precipitation regimes for Central Europe (Russo
et al., 2013; Spinoni et al., 2015; EEA, 2017) as well as on
a global scale (IPCC, 2014). For Switzerland, average annual
precipitation is predicted to decrease by 21–28% by the
end of the century, accompanied by more frequent drought
events in summer (CH2011, 2011). Temperature and water
availability are key drivers of ecosystem functioning and effects
of these changing conditions are expected on biotic and
abiotic system components (Porporato et al., 2004). Effects of
altered precipitation are primarily documented from forest and
grassland ecosystems (Blankinship et al., 2011), with far fewer
studies from agroecosystems (Wu et al., 2011; Beier et al., 2012).
Models for agricultural systems predict an increased risk of
crop yield loss due to higher seasonal variation in precipitation
and more frequent water shortages during the growing season
(Olesen and Bindi, 2002; Falloon and Betts, 2010; Trnka et al.,
2011; EEA, 2017). In order to understand how climate change
affects biotic and abiotic components in agroecosystems, it
is crucial to simulate such precipitation regimes under field
conditions.

Field studies that experimentally alter rainfall primarily use
rainout-shelters to exclude ambient precipitation from a pre-
defined experimental area. One group of shelter types provides
a complete or almost complete exclusion of precipitation by
permanently closed roofs (Svejcar et al., 1999; Fay et al., 2000;
Poll et al., 2013; Prechsl et al., 2015) or by roofs that are closing
automatically during rain events (Mikkelsen et al., 2008; Parra
et al., 2012). Roofs that only close during rain events minimize
unintended shelter effects on the microclimate, as they are only
closed for short periods of time (closed for <5% of daytime,
Mikkelsen et al., 2008). Yet, these roofs do not operate during
strong wind, which often coincides with rainfall events and
therefore do not exclude 100% of precipitation. The need for
a motor and an electricity source for each roof makes this
rainout-shelter type very costly for experimental designs with
replicated sites and time consuming in terms of maintenance.
Fixed rainout-shelters with permanently closed roofs, on the
other hand, are often suitable for long-term studies. However,
a complete exclusion of precipitation by a permanent roof
inevitably has effects on the microclimate, such as alterations
of air temperature and photosynthetic active radiation (PAR)
(Beier et al., 2012). Further, in long-term studies, complete roofs
necessarily need extra irrigation systems, otherwise they do not
reflect realistic conditions under climate change as predicted for
the next 50–100 years in most regions of Europe.

Major problems of permanent roofs relevant for biota and
ecosystem processes include in particular passive warming
(Svejcar et al., 1999; Fay et al., 2000; Vogel et al., 2013)
and reduced PAR (Svejcar et al., 1999; Vogel et al., 2013).
Reduced air circulation under complete exclusion roofs may
lower the vapor-pressure deficit (VPD) and thereby reduce
evapotranspiration, which in turn lowers the water demand
of plants. The combination of complete exclusion roofs with
irrigation systems that recirculate the intercepted rain water

back onto the plots allows for flexible control of the amount of
excluded precipitation (Svejcar et al., 1999; Fay et al., 2003; Castro
et al., 2010), but holds the risk of changes in water chemistry
(Beier et al., 2012). Again, such systems cannot be installed
without access to electricity. Side-effects due to reduced air
circulation and changes in water chemistry are limited by using
roofs that only partially exclude rain (Yahdjian and Sala, 2002;
Gimbel et al., 2015; Canarini et al., 2016). These roofs can further
be designed to exclude pre-defined amounts of precipitation
(e.g., according to predicted climate scenarios) during long-
term experiments (Yahdjian and Sala, 2002). These authors used
V-shaped acrylic bands (Figure 1C), which function as gullies to
lead the water away and can have varying spacing in between to
exclude pre-defined amounts of rain while minimizing effects on
other environmental variables.

Here, we propose a revised design of the rainout-shelters
by Yahdjian and Sala (2002) for the use in arable crop
fields. We inspected potential side-effects of our design and
provide a parts list, a construction manual and detailed
CAD drawings (computer aided design) to allow construction
of such rainout-shelters. The type of acrylic glass used for
our rainout-shelters is highly UV-transparent, which is a major
improvement over previously used shelter designs. We tested
the effect of these rainout-shelters on basic abiotic conditions
in cereal fields in an agricultural long-term experiment in
Switzerland (DOK Trial, Mäder et al., 2002). To disentangle
intended effects of the manipulated precipitation regime
from unintended artifacts of the rainout-shelters, we further
established two sets of control plots. Besides undisturbed plots
that received ambient precipitation, we installed a replicated set
of rainout-shelters that were identical to our original rainout-
shelters, but allowed all natural precipitation to reach the
area under the rainout-shelter (V-bands were turned over to
become 3-bands). The partial reduction of rainfall simulated by
our rainout-shelters reflects predictions of future precipitation
changes during the crop growing season in Central Europe
(Russo et al., 2013; Spinoni et al., 2015; EEA, 2017). Our rainout-
shelters are suitable for studies in a wide range of ecosystems,
including agricultural systems, as they are both stable enough to
endure extreme weather events in open land and are removable
to allow for management activities. It is further possible to adapt
the amount of excluded rainfall according to the needs of a
study by adjusting the distance between the V-bands. In this
manuscript, we provide a detailed description and evaluation of
the proposed rainout-shelter design and discuss the performance
of rainout-shelters considering intended and unintended effects
on microclimate, soil moisture and edge effects.

MATERIALS AND METHODS

Site Description and Design of Drought

Manipulation Experiment
We established rainout-shelters in the “DOK” farming system
trial (bioDynamic, bioOrganic, Konventionell, Mäder et al.,
2002). The DOK trial has been established in 1978 by the
Swiss Federal Research Station for Agroecology and Agriculture
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FIGURE 1 | (A) A metal frame (2.5 × 2.5m) serves as the basic rainout-shelter construction, the shelter is anchored in the soil using drive-in sleeves; (B) acrylic glass

bands are fixed to the steel frame by specially designed holders; (C) the metal frame supports V-shaped clear acrylic glass bands in which rainfall is collected; (D) rain

gutter holder consist of pipe clamp, adapter plate, and gutter bracket (view from the rear); (E) a T-pipe connector with adaptor piece holds the drain pipe in place;

(F) the final rainout-shelter with partial rainfall interception and precipitation collection.

(Zürich-Reckenholz, Switzerland) and the Research Institute
of Organic Agriculture (Frick, Switzerland) to compare the
production levels of arable crops under different organic and
conventional farming systems (Fliessbach et al., 2007). The trial
site is located in the Leimen valley near Basel, Switzerland
(47◦30′09.3′′N 7◦32′21.5′′E, 300 a.s.l.) and has a slope of 3–
5% in S-N-direction. Mean annual temperature at the site
is 9.5◦C and mean annual precipitation is 785mm. The soil
(15% clay, 70% silt, 15% sand, Fliessbach et al., 2007) at the
site is a haplic luvisol on deposits of alluvial loess (Mäder
et al., 2002). Soils in plots where the roofs were installed
contained on average 11.9mg organic carbon per gram of
soil.

The rainout-shelter design we present here was developed
in the ERA-Net Biodiversa project “SOILCLIM” (http://www.
biodiversa.org/976). The main aim of SOILCLIM is to investigate
links between soil biodiversity and ecosystem functioning along
natural and simulated precipitation gradients and different soil
organic matter (SOM) levels.

We established three treatments in four replicated winter
wheat (Triticum aestivum L. cv. “Wiwa”) plots (5 × 20m) of
two farming systems, resulting in 24 subplots. As the aim of the
current study was to evaluate the general performance of the
rainout-shelter, we did not differentiate between the two farming
systems but treated the plots of the two systems as independent
replicates (n= 8 plots).

The three treatments were (i) a precipitation reduction
treatment with rainout-shelters (R) (ii) a rainout-shelter control
treatment with a modified rainout-shelter that allowed for
ambient precipitation levels to assess rainout-shelter artifacts

(RC) and (iii) an untreated ambient control without any
rainout-shelter (C). Treatments were established in a row,
both at the near and the far end of each plot. In order to
prevent mutual interference of rainout-shelter and rainout-
shelter control treatments, these were never located side by
side (Supplementary Figure 1). Instead, rainout-shelter and
rainout-shelter control treatments were always located next to
the ambient control treatment or had no adjacent treatment.
Positions of treatments were randomized across the eight plots
within these limitations, whereas every treatment combination
occurred twice across the DOK trial. We maintained a distance
between treatments as well as between treatments and field edges
of at least 0.5m. To avoid potential confounding edge effects
such as lateral inflow of precipitation on our measurements,
we determined all abiotic conditions only in the center of each
plot (1.5 × 1m). Approximately 2 month after rainout-shelter
establishment, we quantified this edge effect by measuring
gradients in soil humidity (see section Data Collection for
details).

Rainout-Shelter Design
The rainout-shelters consist of a tubular steel frame (2.5 × 2.5 ×
1.2–1.7m, 6.25 m²; Figure 1A) supporting 12 V-shaped clear and
UV transparent acrylic glass bands (PLEXIGLAS SUNACTIVE R©

GS 2458, Evonik Perfomances Materials GmbH, Darmstadt,
Germany). Each band had a length of 2,500mm, an inner
flange leg length of 96mm, an angle of 90◦ and a thickness of
3mm. According to Equation 1, 12 acrylic bands should exclude
65% of the ambient precipitation. The amount of intercepted
precipitation can easily be adjusted by changing the number of
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bands (see also Yahdjian and Sala, 2002).

Intercepted precipitation [%] =
N ∗Width of band

Shelter width
∗ 100% (1)

Equation (1): Amount of precipitation intercepted (%) by
number of bands (N). For the current design: N = number of
bands (here 12), width of the bands: 135.8mm, shelter width:
2,500mm.

In order to alter natural light conditions as little as possible,
we chose a roof band material that is as permeable for the full
range of PAR and transparent for most wavelengths of UV-a and
-b radiation (Transmission: 380–780 nm ≥90%, 315 nm ≥80%),
but is still resistant against weathering and possible damage
under field conditions [for details see http://www.plexiglas.
de/sites/lists/PM/DocumentsAP/222-6-PLEXIGLAS-GS-UV-
durchlaessig-de.pdf (in German)]. The acrylic bands were fixed
to the steel frame by custom-made holders (Figure 1B) on the
front steel pipe and an additional central parallel steel pipe
(Figure 1C). The rainout-shelters have a maximum height of
1.7m and a minimum height of 1.2m, resulting in an incline
of 13◦, which guarantees water run-off, but the incline can
be adjusted if required. The horizontal roof parts rest on four
supporting steel pipes anchored in the soil using commercially
available metal drive-in sleeves (Figure 1A). This construction
allows to temporarily remove the rainout-shelter during
management actions without much effort. Shelters were located
with the lower side facing west, as this is the prevailing wind
direction at the study site. Water that was collected by the acrylic
bands was channeled via rain gutters (Figures 1D,E) at the lower
side of the steel frame into 310 L rain barrels (Figure 1F). This
prevented a reflux of water onto the experimental plot under
the roof and allowed to measure the amount of intercepted
precipitation.

As mentioned above, we established a rainout-shelter control
treatment that was identical to the rainout-shelter except that
the 12 V-shaped acrylic glass bands were turned over allowing
the precipitation to fall onto the plot under the rainout-shelter
control. This treatment made it possible to quantify potential
artifacts. More details on the parts and the assembly of the
rainout-shelters are given in Supplementary Tables 1, 2. A blank-
free cutting plan for the pipes, the distances between band holders
and details on the adaptor plates for the rain-gutter brackets, the
holders for the acrylic glass bands and the clamping claws are
shown in Supplementary Figures 7–12. One rainout-shelter as we
present it in this study costs 730e (630e for a control shelter).

Data Collection
To assess the actual percentage of precipitation intercepted
by the rainout-shelters, we used the precipitation data
from a close-by weather station in Therwil, Switzerland
(http://www.bodenmessnetz.ch/messwerte/datenabfrage)
as well as data from the on-field meteorological station
(Campbell-CR1000) and regularly measured the amount
of intercepted precipitation in the rain barrels. We then
subtracted the average amount of precipitation collected
in the rain barrels from the amount of rain that fell on

the ambient control plot (6.25 m2) to calculate the actual
percentage of precipitation that was intercepted by the
rainout-shelters.

From April to June 2017 we took weekly measurements
at three randomly chosen locations within the center of all
24 subplots to assess volumetric soil water content in 0–6 cm
depth (in approx. 75 cm3 soil) using a handheld Time Domain
Reflectometry (TDR)-device (ML-2x ThetaProbe, Delta-T). Each
month, we sampled soil in the center of all experimental plots
(0–20 cm depth), oven-dried the soil sample to constant weight,
and calculated the soil water content (% water, based on g H2O/g
dry weight). In May 2017, we assessed the extent of lateral
water movement (“edge effect”) under the rainout-shelter and
the rainout-shelter control in a subset of 2 plots, each along
transects from north to south and from west to east (see also
Yahdjian and Sala, 2002). Along each transect, we measured
the volumetric water content using the TDR device in 0–6 cm
depth in triplicates at 13 measurement positions (25 cm apart
from each other, see Supplementary Figure 2). For each transect,
rainout-shelter type and plot, we performed a one-way ANOVA
to assess the effect of the measurement position (distance from
shelter edge) on the soil water content, followed by a Tukey’s
honestly significance post-hoc test. We confirmed the fit of the
models by visual inspection of the residual plots, which did
not reveal any obvious deviations from homoscedasticity or
normality.

We assessed possible shelter effects on the microclimate
using iButtons temperature loggers (DS1922L/T/E/S; accuracy:
0.0625◦C, 1 record/h) by constantly measuring air temperature
at a height of 0.1m in the center of the respective subplots
(total N = 3 subplots, each one iButton in a rainout-shelter
treatment, a rainout-shelter control treatment and an ambient
control treatment), and 1.2m (total N = 6 subplots, each
one iButton per treatment in 2 plots) as well as on soil
temperature at 0.1m depth (total N = 6 subplots, each one
iButton per treatment, 2 plots). For each of the three temperature
datasets, we calculated a daily mean temperature to determine
the day with the highest and lowest temperature, respectively.
We then averaged the individual hourly temperature readings
of the highest temperature day, the respective previous and
following day for each of the three treatments to calculate
mean differences and standard deviations between rainout-
shelter treatments and ambient control plots. We used this
information to describe potential shelter artifacts under the
two most extreme environmental scenarios. In the same
way, we also proceeded with the lowest temperature day.
In cases the lowest/highest day was the first/last day of the
recording period, we used the two following or preceding days,
respectively.

We harvested aboveground biomass of the wheat plants 4, 8,
and 13 weeks after rainout-shelter establishment from subplots
(20× 50 cm, 2 wheat rows), each subplot located in the core area
of the experimental plots.

The analysis of all data and drawing of all figures (excluding
the CAD drawings) were done using R (R Core Team, 2016)
and the package ggplot2 (Wickham, 2009). CAD drawings were
created with Siemens NX.
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RESULTS

Precipitation Interception, Soil Moisture,

and Edge Effect
In total, precipitation under the rainout-shelters was 70.6mm
(19th of April to 06th of June 2017) corresponding to a
precipitation reduction of 64.9% as compared to the ambient
precipitation (201.1mm) at the study site. This observed value
is almost identical to the expected precipitation exclusion values
based on a priori calculations for a shelter with 12 bands
(−65.2%, Equation 1). In the week prior to rainout-shelter
establishment (baseline assessment; T0), all treatment plots had
comparable soil water contents [ambient control (C): 29.37 ±

1.07% (Mean±SD), rainout-shelter control (RC): 28.87± 1.21%,
rainout-shelter (R): 29.10 ± 1.27%; Figure 2A]. There was little
precipitation between T0 and the first assessment (T1; 21.2mm
in 36 days, Figure 2C). Soil water content under both shelter
types therefore differed only slightly from the ambient control
plots [R: −4.0 percentage points (pp) ± 1.54 pp, n = 8, RC:
−1.98 pp ± 1.50 pp, n = 8] at T1 (35 days after rainout-
shelter establishment). The amount of precipitation increased
between T1 and the second assessment (T2; 121.6mm in 27
days; Figure 2C) and we recorded more pronounced differences
in the soil water content between the rainout-shelter treatment
plots and the ambient control plots (R: −11.06 pp ± 0.71 pp, n
= 8). In contrast, the soil water content in the rainout-shelter
control treatment plots was only weakly lower as compared to the
ambient control plot (RC: −2.66 pp ± 1.27 pp, n = 8). Between
T2 and the third assessment (T3), precipitation was low again
(75.6mm in 35 days; Figure 2C), and differences between the two
rainout-shelters and ambient control decreased (R: −4.68 pp ±

1.65 pp, RC:−2.24 pp± 1.39 pp).
Data from weekly soil moisture measurements as determined

with the TDR device in the top 6 cm of soil also revealed
only minor deviations in soil water content between the
rainout-shelter control treatment and the ambient control.
The data further confirmed that soil moisture content in
the rainout-shelter treatment was considerably lower already
1 month after rainout-shelter establishment as compared
to the ambient control treatment (Figure 2B). Edge effects
on soil moisture were only detectable up to 75 cm under
shelter the area (Figures 3A,B, Supplementary Figures
3A,B).

Shelter Effect on Microclimate
Our rainout-shelters had slight impacts on air temperature at
1.2m height (06th of April to 20th of June 2017; Supplementary
Figure 4) in comparison to ambient control plots (R: −0.55 ±

2.76◦C, n = 3648; RC: −0.59 ± 2.58◦C, n = 3648). During the
period with high ambient temperatures (18th to 20th of June
2017), we recorded reduced temperatures up to 1.0◦C in the two
rainout-shelter treatments as compared to the ambient control
plot (rainout-shelter; R: −0.92 ± 3.46◦C, n = 144; rainout-
shelter control; RC:−0.94± 3.3◦C, n= 144; Figure 4A). During
the period with rather low temperatures (26th to 28th of April
2017) air temperature was only marginally lower under both
rainout-shelter types (R: −0.11 ± 1.27◦C, n = 144; RC: −0.23

FIGURE 2 | (A) Rainout-shelter effect on soil water content (% water, based

on g H2O/g soil dry weight) as assessed in the top 20 cm (means ± standard

deviation, n = 8) on March 15, 2017 (baseline assessment; T0), April 20, 2017

(first assessment; T1), May 17, 2017 (second assessment; T2), and June 20,

2017 (third assessment; T3); (B) rainout-shelter effects on volumetric soil

water content measured with a TDR device (ML-2x ThetaProbe, Delta-T) in

0–6 cm depth. Data points represent means ± standard deviation, n = 8;

(C) Precipitation (mm in 24 h) during the rainfall manipulation experiment. Data

between April 5 to May 8, 2017 derived from the online database http://www.

bodenmessnetz.ch (station in Therwil), all other data was recorded by the

on-site weather station (Campbell-CR1000).

± 1.28◦C, n = 144) as compared to the ambient control plots
(Figure 4B).

The rainout-shelters had very little impact on air temperature
at 10 cm above soil surface (07th of April to 05th of June 2017;
Supplementary Figure 5) as compared to ambient control plots
(R: +0.19 ± 1.25◦C, n = 1,440; RC: +0.19 ± 1.06◦C, n = 1,440).
Deviations from ambient temperature readings were low during
the high (R: +0.11 ± 1.06◦C, n = 72; RC: +0.19 ± 0.88◦C, n =

72; Figure 5A) and low (R: +0.17 ± 1.56◦C, n = 72; RC: −0.15
± 1.36◦C, n= 72; Figure 5B) temperature period.

Similarly, the two rainout-shelter types had little impact
on soil temperature (07th of April to 05th of June 2017;
Supplementary Figure 6) in comparison to ambient control plots
(R: +0.64 ± 0.53◦C, n = 6,076; RC: +0.39 ± 0.33◦C, n = 6,076).
Deviations from ambient temperature readings were low during
the high (R: +1.02 ± 0.46◦C, n = 828; RC: +0.63 ± 0.31◦C, n =

828; Figure 6A) and low (R:+0.14± 0.52◦C, n= 828; RC:+0.20
± 0.41◦C, n= 828; Figure 6B) temperature phase.

Frontiers in Environmental Science | www.frontiersin.org March 2018 | Volume 6 | Article 14122

http://www.bodenmessnetz.ch
http://www.bodenmessnetz.ch
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Kundel et al. Rainout-Shelter Manual for Agricultural Fields

FIGURE 3 | (A) Assessment of the soil water content under the rainout-shelter

(R) and the rainout-shelter control (RC) using a handheld TDR device (ML-2x

ThetaProbe, Delta-T) in the top 6 cm of soil. Data points represent means ±

standard deviation, n = 3. We measured along transects located (A)

North–South and (B) West-East in two of the eight experimental plots (Plot 2,

see also Supplementary Figure 3) on May 15, 2017. Data was analyzed by a

one-way ANOVA followed by a Tukey’s honestly significance post-hoc test.

Means within treatments not sharing the same letter are significantly different

(Tukey HSD, P < 0.05). Rainout-shelters were located with the lower side

facing west as this is the prevailing wind direction at the study site.

Shelter Effect on Shoot Biomass

Production
Shoot biomass production was not significantly affected by the
rain exclusion treatment, neither 4, 8, or 13 weeks after rainout-
shelter establishment (data not shown).

DISCUSSION

Previous designs of rainout-shelters revealed several
methodological challenges. Rainout-shelters should allow for
a predictable alteration of the precipitation amount, minimize

FIGURE 4 | Air temperature (◦C) as measured in 1.2m height using iButton

temperature loggers under the rainout-shelter (R), the rainout-shelter control

treatment (RC), and the ambient control plots (C). Data points represent hourly

temperature measurements (means ± standard deviation) of two plots and 3

days during (A) a high temperature phase (June 18–20, 2017) and (B) a low

temperature phase (April 26–28, 2017).

FIGURE 5 | Surface temperature (◦C) as measured in 0.1m height using

iButton temperature loggers under the rainout-shelter (R), the rainout-shelter

control treatment (RC), and the ambient control plots (C). Data points

represent hourly temperature measurements (means ± standard deviation) of

one plots and 3 days during (A) a high temperature phase (May 28–30, 2017)

and (B) a low temperature phase (April 18–20, 2017).

artifacts on microclimatic conditions under the shelter, allow
for replication across larger spatial scales and be stable enough
to persist under field conditions. The rainout-shelter design
described here fulfils all these requirements.

Roof Performance
The rainout-shelters effectively excluded 64.9% of the ambient
precipitation, very close to the a priori calculated rain exclusion
of 65.2%. A precise prediction of the amount of excluded
water depending on the number of acrylic bands in the shelter
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FIGURE 6 | Soil temperature (◦C) as measured in 10 cm depth using iButton

temperature loggers under the rainout-shelter (R), the rainout-shelter control

treatment (RC), and the ambient control plots (C). Data points represent hourly

temperature measurements (means ± standard deviation) of two plots and 3

days during (A) a high temperature phase (June 18–20, 2017) and (B) a low

temperature phase (June 6–8, 2017).

construction is thereby possible and provides a crucial tool for
the planning of field experiments.

In addition to measurements of rain drainage and natural
precipitation levels, soil water content is an important parameter
for the evaluation of the performance of rainout-shelters. Soil
water content was very similar in the rainout-shelter control
and the ambient control treatment during the whole sampling
campaign, and lowest in the rainout-shelter treatment for most
of the study period. After an initial phase with similar soil
water content in each of the three treatments, soil water content
was constantly lower under the rainout-shelter as compared
to the ambient control and the rainout-shelter control plots.
The soil water content in the experimental treatments started
to differ after the first heavy rain events supporting results of
previous studies (Mikkelsen et al., 2008; Vogel et al., 2013).
Although the early summer 2017 was characterized by several
short drought-like periods, the developed rainout-shelters still
resulted in differences in soil water content, making the design
also suitable for regions with drier climatic conditions.

The spatial extent of an edge effect defines the size of the
suitable sampling area under a rainout-shelter. However, only
few studies determined edge effects by measurements in the
field (Yahdjian and Sala, 2002; Beier et al., 2004). In this study,
the maximum edge effect was 0.75m beyond the edges of the
2.5 × 2.5m roof area, resulting in a 1.00 × 1.00m core area
receiving full treatment effect and thereby being available for
measurements. The assessment of edge effects was conducted
after a period of rain events, so that the edge effect of 0.75m
can be considered as the maximum edge effect. The chosen
dimensions of the rainout-shelters (2.5× 2.5× 1.2–1.7m), which
mainly determine the size of the edge effect, result in a reasonable
balance between available sampling area, handling and material
costs.

The performance of the rainout-shelter material in terms of
stability and practicability was excellent. The construction was
not damaged by heavy hail storms or rain events as well as
temperatures below 0 and above 30◦C, and the UV transparent
bands did not show any signs of weathering over the study period.
The plastic rain gutters slightly deformed during hot summer
days and should be replaced by metal rain gutters, especially
at field sites with higher maximum temperatures. The specific
requirements of field studies in agricultural areas, i.e., the need to
remove the shelters for management activities, were successfully
met by our removable rainout-shelter construction (note that at
least four people are needed to move the rainout-shelter). The
workload for maintenance was limited to the drainage of the
water barrels which took place every 1 to 2 weeks, depending
on precipitation events. This limited workload for maintenance
allows managing several replicated rainout-shelters even if in use
for longer periods of time.

Microclimate
Rainout-shelters may cause lower air temperature due to the
interception of radiation (Yahdjian and Sala, 2002), on the one
hand, on the other hand a greenhouse effect, enhanced by
reduced air flow under shelters, may cause higher temperature
(Svejcar et al., 1999; Vogel et al., 2013). Both artifacts may bias
the results of rainout-shelter experiments.

In this study, air temperature at 1.2 and 0.1m height above
ground was little affected by the rainout-shelter, especially during
periods of low ambient temperature. This suggests that the
spacing of the acrylic bands allowed sufficient airflow to prevent
greenhouse effects under the rainout-shelters. A setup with more
acrylic bands and subsequently a narrower spacing between
bands, however, may have stronger impact on the temperature
regimes. The facilitation of air movement is especially crucial
in systems with high and dense plant growth such as cereal
crops. In the current study, winter wheat plants in their final
growth stages almost reached the height of the rainout-shelter,
but temperature measurements still did not indicate greenhouse
effects (Figure 4A). However, differences in air temperatures
of up to 1◦C during periods of high ambient temperature
confirm the need of a rainout-shelter control treatment. Our data
showed virtually identical temperature under the two rainout-
shelter types (Figures 4, 5, Supplementary Figures 4, 5), thereby
supporting the suitability of a rainout-shelter control, especially
under constantly warm conditions.

Soil temperature was slightly higher under the rainout-shelter
as compared to the ambient control, but only during periods
of high ambient temperature and differences to the control plot
were more pronounced under the rainout-shelter than under
the rainout-shelter control (Figure 6). This might be caused by
lower soil moisture under the rainout-shelter and consequently
lower total water content that buffer heating of the soil by solar
radiation. Accordingly, the soil temperature was highest in the
rainout-shelter treatment in which soil moisture contents were
lowest and only slightly increased in the rainout-shelter control
treatment which had intermediate soil moisture contents. This
artifact cannot be avoided, because lower soil moisture is the goal
of the rainout-shelter.
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The interception of radiation was minimized by the use
of highly UV-permeable acrylic glass bands as roof material
(transmission at 315 nm ≥80, transmission 380–780 nm ≥90%).
The use of this material guaranteed natural PAR levels under the
rainout shelters.

Plant Performance
The production of above-ground biomass was not significantly
affected by the exclusion of rain, neither 4, 8, or 13 weeks
after rainout-shelter establishment.We suspect that the exclusion
level we selected was not sufficient to dry out the soil within
the relatively short duration of our experiment. In order to
reduce soil moisture also at lower depths, it seems necessary
to extend the duration of the experiment and/or increase
the amount of excluded rainfall. It is notable that in annual
crop fields longer exclusion periods are almost not possible
during the growing season (tillering to harvest is only a few
months) and that a more complete exclusion of rainfall over
such periods is unrealistic according to all climate change
scenarios.

CONCLUSION

The rainout-shelter design presented here is well-suited for
experimental manipulations of precipitation in open land
ecosystems and agricultural fields in particular. Microclimatic
conditions under the rainout-shelter were largely unaffected
and the intended alteration of precipitation levels followed
our a-priori calculations. Slightly lower under-shelter air
temperatures during high ambient temperature phases were the
only unintended artifacts we measured. These artifacts were
reflected by the rainout-shelter control treatment allowing to
account for them. Soil moisture differences between the different
treatments established after the first rain events and remained
present throughout the experiment. Animated 3-D drawings
of the rainout-shelter design (note that the PDF reader needs
to be able to show animated PDFs), detailed descriptions of
shelter construction, manuals for their setup and a list of
material allow future users to apply the developed design in
their studies. With this study, the authors hope to promote
the use of rainout-shelters to simulate and investigate climate
change effects on agricultural systems, which is crucial given
the risk of crop yield losses under altered future precipitation
regimes.
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