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A B S T R A C T   

Partial root-zone drying irrigation (PRDI) can influence carbon (C), nitrogen (N), and P (phosphorus) allocations 
in annual crop plants. This study consisted of a two-factorial split-plot field experiment conducted on Huanghua 
farmland in western China, and it was focused on investigating the effects of PRDI on the biomass; water pro-
ductivity; and C, N and P allocations in a perennial plant (alfalfa) from 2016-2017. The two factors were the 
irrigation mode (PRDI and conventional furrow irrigation (CFI)) and irrigation volume (70 %-I1, 85 %-I2, 100 
%-I3 and 115 %-I4 of the alfalfa water requirement), in which the irrigation mode was the primary plot and the 
irrigation volume was the subplot. This study showed that PRDI decreased the alfalfa leaf biomass and increased 
the alfalfa root, stem biomass and water productivity but that it had no effect on the alfalfa shoot biomass at the 
end of the vegetative growth period in 2016 and 2017. PRDI increased the C and P concentrations in the roots 
and the N concentration in the roots, stems and leaves, and it led more C and P to be allocated to the roots and 
more N to be allocated to the leaves in 2016 and 2017. These results implied that C, N, and P allocation changes 
in different organs induced by PRDI may be one of the possible ways for alfalfa plants to adapt to the changing 
environmental conditions caused by PRDI.   

1. Introduction 

Carbon (C), nitrogen (N) and phosphorus (P) are three vital elements 
for plants, and they are believed by many to regulate plant growth and 
development (Zhang et al., 2018b) because C provides the structural 
basis and constitutes 50 % of the dry mass of plants (Tang et al., 2018), N 
is part of all amino acids, and P is an essential part of nucleic acids and 
membrane lipids (Somaweera et al., 2015; Zhang et al., 2018a). At 
present, the C, N and P allocations in the roots, stems and leaves of plants 
are often considered an important mechanism for plants to adapt to a 
specific environment (Akmal et al., 2010; Aaltonen et al., 2017), and 
they have been found to vary with the C, N, and P concentrations in the 
roots, stems and leaves and the biomass of those organs (Ye et al., 2014; 
Sun et al., 2015); the C, N and P concentrations in an organ and the 
biomass of that organ are often influenced by agricultural management 
choices, such as tillage (Laufer and Koch, 2016), fertilization (Akmal 
et al., 2010) and irrigation (He et al., 2017; Liu et al., 2018a). 

Partial root-zone drying irrigation (PRDI), a water-saving irrigation 
technique with easy extension and low cost, is a spatial and temporal 
alternative to other irrigation types used to produce wet-dry cycles in 
the root systems of plants (Kang et al., 1997; Topcu et al., 2007; Sarker 
et al., 2019). This irrigation pattern has been successfully applied to 
plant production in arid and semiarid regions (Mingo et al., 2004; 
Shahnazari et al., 2008; Wang et al., 2017) because it can improve water 
productivity (Li et al., 2007; Consoli et al., 2017), with minor or no yield 
loss (Xiao et al., 2015; Mossad et al., 2017). Generally, PRDI improves 
water productivity in two ways: first, PRDI can lead to the closure of the 
leaf stomata and reduce luxury transpiration by encouraging the abscisic 
acid (ABA) induced by dry soil conditions to transform from the roots to 
the leaves; second, PRDI can maintain relatively higher photosynthesis 
rates and improve the root absorption simultaneously (Kang et al., 1997; 
Mingo et al., 2004; Sun et al., 2013). Current studies have addressed the 
C, N and P allocations in the roots, stems and leaves of plants to explain 
how they adapt to the changing environmental conditions induced by 
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PRDI (Mingo et al., 2004; Wang et al., 2009; Ye et al., 2014; Somaweera 
et al., 2015; Mossad et al., 2017). PRDI has been found to encourage 
more C and N to be allocated to the roots and less C and N to be allocated 
to the stems and leaves of rice (Ye et al., 2014), more N and P to be 
allocated to the stems and leaves and less N and P to rice panicle 
(Somaweera et al., 2015), and more P to be allocated to potato roots 
(Sun et al., 2015). However, these studies focused on the effects of PRDI 
on the C, N, and P allocations in annual crops, in which seeds or tubers 
are often harvested. In agriculture, some crops are annual, whereas 
others are perennial. In addition, the harvest targets of some crops are 
reproductive organs (such as seeds and fruits) and underground vege-
tative organs (such as tubers and roots), whereas the harvest targets of 
other crops are aboveground vegetative organs (stems and leaves). 
However, little attention has been given to the effect of PRDI on the C, N, 
and P allocations in perennial crops, in which the aboveground vege-
tative organs are harvested. 

Alfalfa, which has high quality forage and a high N fixing ability (Fan 
et al., 2016), is a perennial legume in which the aboveground vegetative 
organs (leaves and stems) are generally harvested to feed livestock 
directly (He et al., 2017; Fan et al., 2016). This crop is widely planted 
throughout the arid and semiarid regions of Europe (Cavero et al., 
2017), the Americas (Del Pozo et al., 2017) and China (Zhang et al., 
2019). Meuriot et al. (2004) have stated that understanding the C, N, 
and P allocation in alfalfa plants is essential for implementing efficient 
water management to ensure sustainable alfalfa production in arid and 
semiarid regions. Some studies have verified that PRDI has been found 
to be applicable to alfalfa production because it can increase water use 
efficiency without reducing yields (Xiao et al., 2015; Zhang et al., 2016, 
2019), and others have shown that clipping and shading management 
encourage more C to be allocated to the roots of alfalfa plants (Schmitt 
et al., 2013), and N application allocates more N to alfalfa shoots 
(Meuriot et al., 2004). Therefore, more studies are needed to simulta-
neously examine whether PRDI influences C, N, and P allocations to the 
roots, stems and leaves and biomass of alfalfa plants. 

This study investigates the effect of PRDI on the biomass; water 
productivity; and C, N and P allocations in the roots, stems, and leaves of 
alfalfa. In this study, it was hypothesized that (1) PRDI has no effect on 
the stem and leaf biomass and increases water productivity; (2) PRDI 
increases the C concentrations in the roots and the N and P concentra-
tions in the leaves; and (3) PRDI encourages more C to be allocated to 
the roots, and more N and P to be allocated to the leaves. 

2. Materials and methods 

2.1. Experimental site 

The experimental site was located at the Huanghua Farmland Station 
(97◦11′E, 40◦23′N, 1395 m altitude) in Gansu Province, West China. 
This station is located in a typical continental arid region with annual 
sunshine of 3000 h, a mean annual temperature of 9.3 ℃, a maximum 
temperature of 40.4 ℃ in July, a minimum temperature of -16 ℃ in 
January, and annual mean precipitation of 59.5 mm. The monthly pre-
cipitation differed but the monthly temperature did not between 2016 
and 2017 (Fig. 1). Based on the Chinese soil classification system (Gong, 
2001), the soil type is medium loam, in which the pH value, bulk den-
sity, average field capacity and permanent wilting coefficient data for 
the 2 m soil profile are approximately 8.1, 1.42 g cm− 3, 25 % and 8.1 %, 
respectively, and the organic matter and available N, P, and K contents 
of the soil are 20 g kg-1, 91 mg kg-1, 18.46 mg kg-1, and 151.52 mg kg-1, 
respectively. 

2.2. Experimental design and crop management 

The field experiment was performed from 2015-2017. On 5 April 
2015, a furrow-ridge system (Qi et al., 2017) was used to establish the 
experimental alfalfa pasture, with a 22.5 kg⋅ha− 1 seeding density and a 
3 cm depth. The alfalfa cultivar was ‘8920-FM’ from Canada. The irri-
gation treatments were performed from 2016 to 2017 because the 
two-year alfalfa pasture had a relatively steady yield (Guo et al., 2005). 
This experiment involved two factors (irrigation mode and irrigation 
volume) in a split-plot design, in which the irrigation mode was 
considered as the primary plot and the irrigation volume was considered 
as a subplot. In northern China, cropland in the same environment has 
been divided into individual parcels and each parcel is managed by an 
individual household through a long-term contract since the 1980s (Qu 
et al., 1995). The size of each parcel ranges from 0.1 to 0.4 ha in the 
study areas, thus this study used a common parcel (approximate 
0.35 ha) managed by an individual household to establish an experi-
mental field area measuring 89 m × 39 m. The experimental field was 
divided into three equal blocks for 3 replications. Each block was 
89 m × 13 m, consisting of 8 subplots. Each subplot was set at 
10 m × 11 m and consisted of 11 rows, in which each row was 0.5 m 
wide with 10.0 m-long ridges (Fig. 2). The 0.5 m ridge width between 
furrows was determined in previous studies (Sepaskhah and Tafteh, 
2012; Barzegari et al., 2017) and a pre-experiment test, which ensured 
that PRDI truly occurred. Between subplots, a 1 m buffering belt was 
designed to eliminate the effect of lateral soil water movement. An 
irrigation furrow with a top width of 0.3 m, a bottom width of 0.25 m 

Fig. 1. Means of monthly precipitation (mm), temperature (℃) (A) and evapotranspiration (ET) (B) at the experimental site during 2016-2017.  
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and a depth of 0.3 m was developed between the ridges, and each furrow 
was labeled with odd and paired (even) numbers. Management mea-
surements for the experimental field area, including pests and diseases, 
were performed in accordance with the local farmers who live in this 
region. Every year during the experimental period, each subplot 
received 25.95 kg ha− 1 N, 83.55 kg ha− 1 P2O5 and 218.55 kg ha− 1 K2O 
as urea (N 46 %), calcium superphosphate (P2O5, 15.5 %) and potassium 
sulfate (K2O 51 %), respectively, at the regrowth stage, when the shoots 
emerged from the crown, and these fertilizers were evenly broadcast 
into all the furrows of each subplot. 

2.3. Irrigation treatments 

The irrigation modes (IM) consisted of PRDI and conventional 
furrow irrigation (CFI). In this study, PRDI was conducted through 
alternate furrow irrigation in the field (Kang et al., 1997; Barzegari et al., 
2017). In PRDI, odd furrows were irrigated the first time, and paired 
furrows were irrigated the next time, which ensured that only one side of 
the plant roots received water and that the other side was left dry during 
that irrigation event. In CFI, each furrow was irrigated each time. The 
irrigation volumes were set up according to the alfalfa water require-
ment. The alfalfa water requirement was estimated by using the FAO 
(Food and Agriculture Organization of the United Nations) 
Penman-Monteith formula (Allen et al., 1998) of ET = Kc × ET0. The 
reference crop evapotranspiration (ET0) was computed based on the 
20-year (1994–2014) statistical data from the local meteorological sta-
tion. The crop coefficient (Kc) was 0.88 based on the average value 
during the entire growth period in this region (Xiao et al., 2015). The 
calculation result indicates that the ET was 1117 mm, which was total 
ET of the entire growing season, and the alfalfa ET for the experimental 
period from March (regrowth after winter) to June (early flowering 
stage) was 357 mm. The four irrigation volumes were 70 % of ET (I1), 85 
% of ET (I2), 100 % of ET (I3) and 115 % of ET (I4). Therefore, the 
experiment resulted in 8 treatments, i.e., PRDI + I1, PRDI + I2, 
PRDI + I3, PRDI + I4, CFI + I1, CFI + I2, CFI + I3, and CFI + I4, and each 
treatment had three replications. There were 24 total subplots. Here, the 
PRDI subplots received 50 % of the irrigation water used for the CFI, and 
the actual irrigation water volumes were 250, 304, 357 and 411 mm for 
the I1, I2, I3 and I4 treatments under CFI, respectively, while the 
respective values for PRDI were 125 mm, 152 mm, 179 mm and 
206 mm. The irrigation volume was not adjusted according to the 
rainfall since rainfall was scarce during the experimental period. The 
irrigation volumes were the same for each treatment from 2016 to 2017 
since the alfalfa water requirement was calculated using 20 years of 
weather data. Water was applied briefly with a controlled irrigation 
system, and the irrigation water was delivered to each furrow from the 
canal with an electrical pump. The water coming from the canal was 
passed through a flow meter to control the irrigation water before it 
entered a flexible hose (diameter 120 mm) that was laid in each subplot. 
The actual irrigation date was determined by the local farmer’s 
long-term irrigation experience and the critical water requirement stage 

of alfalfa (Xiao et al., 2015; Zhang et al., 2019). The critical water 
requirement stage of alfalfa was approximately 20 d at regrowth after 
the winter and at the branch stage. The actual irrigation date should be 
delayed 3 d if it rains (Table S1), which could ensure PRDI really 
occurred again. 

2.4. Plant sampling and measurements 

At the end of the vegetative growth period of the alfalfa (Baslam 
et al., 2012) in 2016 and 2017, three sampling quadrants (0.5 m by 
0.5 m) were placed randomly in each subplot to collect the aboveground 
parts of the alfalfa plants, and then the roots of that subplot were 
collected using a 0.5 by 0.5 by 1.0 m soil column created with a shovel. 
All the visible root systems were collected from the corresponding soil 
column and were then carefully washed free of soil. The aboveground 
parts of the alfalfa plants were further divided by hand into leaves 
(including floral components) and stems (Lamb et al., 2007). The roots, 
stems and leaves were immediately oven-dried at 105 ◦C for 1 h and then 
maintained at 70 ◦C until they reached a constant mass to calculate the 
dried biomass. The dry root, stem and leaf samples were weighed and 
then ground into powder with a Mixer Mill grinder. These sample 
powders were passed through a 2-mm mesh screen to prepare for 
measuring the C, N and P concentrations. The C, N and P concentrations 
were measured by Dumas dry combustion method in a Flash-II EA112 
Elemental Analyzer (Thermo Fisher Scientific, Waltham, MA, USA), 
Kjeldahl procedure (Foss Kjeltec 8400, FOSS, DK) and Mo-Sb colorim-
etry (UV-2102C, UNICO, Shanghai, China) (Bao, 2000), respectively. 

2.4.1. Water productivity 
Water productivity is dependent on the temporal and spatial scales of 

concern (Sarker et al., 2019) and is calculated with many different 
formulas in accordance with the given objectives (Wang et al., 2010a, 
2017; Carracelas et al., 2019; Wakchaure et al., 2020). In this study, 
water productivity was calculated with the following equation: 

WP =
Shoot biomass

I + P
(1)  

where WP was water productivity (kg− 1 ha− 1 mm− 1); the shoot biomass 
was the sum of the leaf and stem biomass (kg ha− 1); and I and P were 
irrigation volumes and precipitation (mm), respectively. 

2.4.2. C, N, and P accumulation and allocation 
The C, N, and P accumulations in different alfalfa organs were 

calculated by multiplying the C, N, and P concentrations in one organ by 
the biomass of the corresponding organ. For example, the C accumula-
tion in the roots was calculated according to the following equation:  

CAR = CCR × RDM                                                                         (2) 

where CAR is the C accumulation in the roots (kg ha− 1), CCR is the C 
concentration in the roots (mg g− 1), and RDM is the root dry matter (kg 
ha− 1). 

Fig. 2. Layout of treatments at experimental block and schematic diagram of partial root drying irrigation (PRDI) in field.  
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A previous study employed the shoot-to-root ratio to estimate the N 
allocation in tomato plants (Topcu et al., 2007). Therefore, this study 
also used the shoot-to-root ratio to estimate the C, N, and P allocations 
between the shoot and root, which were calculated as follows:  

CS / CR = (CAS + CAL) / CR                                                          (3)  

NS / NR = (NAS + NAL) / NR                                                         (4)  

PS / PR = (PAS + PAL) / PR                                                            (5) 

where CS, NS, and PS are the C, N, and P accumulation, respectively, in 
the shoots (kg ha− 1), which were calculated by finding the C, N, and P 
accumulation in the leaves plus the C, N and P accumulation in the 
stems; the CR, NR, and PR are the C, N and P accumulation, respectively, 
in the roots (kg ha− 1); the CAS, NAS, and PAS are the C, N and P 
accumulation, respectively, in the stems (kg ha− 1), and the CAL, NAL 
and PAL are the C, N and P accumulation, respectively, in the leaves (kg 
ha− 1). 

The C, N and P allocations in the shoots were further estimated by 
finding the ratio of C accumulation in leaves to stems (CL/CS), the ratio 
of N accumulation in leaves to stems (NL/NS) and the ratio of P accu-
mulation in leaves to stems (PL/PS). 

2.5. Soil water content 

The gravimetric soil water content of the 0− 2 m soil depth range was 
measured at 20 cm intervals by using soil cores with a 4-cm diameter 
and a 20 cm height. Six soil cores were taken randomly at both ridges 
and furrows in each subplot. The collected soil samples were weighed 
immediately, dried at 105 ◦C for 24 h, and then weighed again to 
calculate the gravimetric soil water content. The gravimetric soil water 
content was measured at 7-day intervals after the first irrigation. 

2.6. Statistical analysis 

The 2016 and 2017 data were analyzed separately using the 
following analysis procedure. The variables (root, stem, leaf, and shoot 
biomass; water productivity; and C, N and P concentrations, accumu-
lations and allocation in the roots, stems and leaves) were tested for 
normality and homogeneity, and logarithmic transformations were 
performed when necessary. 

Two-way analyses of variance (ANOVA) with the general linear 
model univariate procedure were used to test the effects of the irrigation 
mode and irrigation volume as well as their interaction on the root, 
stem, leaf and shoot biomass; water productivity; and C, N and P con-
centrations, accumulations and allocation, in which the irrigation mode 
and irrigation volume were considered fixed factors and the root, stem, 
leaf, and shoot biomass, water productivity, and C, N and P concentra-
tions, accumulations and allocations were considered separate depen-
dent variables. The least significant difference (LSD) test was used to 
compare the mean values of the different treatments at a significance 
level of P < 0.05. If the interaction was significant, the building multi-
variate quadratic polynomial regression model was used to establish the 
equation on the effect of the interaction of the irrigation mode and 
irrigation volume, in which the irrigation modes were assigned nu-
merical values. 

In the abovementioned statistical analyses, a multivariate quadratic 
polynomial regression model was created with MATLAB 2014, and 
others analyses were performed using the SPSS 17.0 software package 
from SPSS Inc., Chicago, IL, USA. 

3. Results 

3.1. Soil water content 

Regardless of the irrigation modes, the soil water content under four 

irrigation volumes was between field capacity and permanent wilting 
point from 2016-2017. The soil water content was higher under CFI 
conditions than under PRDI conditions, and it was the highest under I4 
irrigation conditions in both 2016 and 2017 (Fig. 3). As time passed 
during the experimental period, the soil water content showed similar 
fluctuating variations under two irrigation modes and four irrigation 
volumes between 2016 and 2017. These fluctuation variations were 
more distinct at the 0− 100 cm soil depth than at the 100− 200 cm soil 
depth under PRDI, compared to CFI (Fig. S1). At each soil depth layer, 
the soil water content under PRDI and CFI increased as the irrigation 
volume increased in 2016 and 2017. During both years, the gravimetric 
soil water content under each treatment decreased with the increasing 
soil depth (Fig. S2). 

3.2. Effect of PRDI on alfalfa biomass and water productivity 

In both 2016 and 2017, the irrigation mode significantly affected the 
root, stem, and leaf biomass and water productivity, but it did not affect 
the shoot biomass (Table 1). The irrigation volume affected the leaf, root 
and shoot biomass and did not affect the stem biomass and water pro-
ductivity. Interactions between the irrigation modes and irrigation 
volumes did not affect the leaf, stem, shoot, and root biomass or the 
water productivity. 

Regardless of the irrigation volumes, PRDI resulted in greater stem 
and root biomass and water productivity, while it lowered the leaf 
biomass (P < 0.05) during the two years. The water productivity under 
PRDI was 12.00 % and 11.87 % higher than under CFI in 2016 and 2017, 
respectively. Irrespective of the irrigation modes, the leaf, shoot and root 
biomass first increased and then decreased as the irrigation volume 
increased, peaking under I3 irrigation conditions. 

3.3. Effect of PRDI on the C, N and P concentrations in the roots, stems 
and leaves of alfalfa 

With the exception of the P concentration in the stems, the responses 
of the C, N, and P concentrations in the roots and leaves to the irrigation 
mode and irrigation volume were similar in 2016 and 2017. The irri-
gation mode had significant impacts on the C and P concentrations in the 
roots and the N concentrations in the roots, stems, and leaves (P < 
0.05), whereas the irrigation mode had no significant impacts on the C 
and P concentrations in the stems and leaves (Figs. 4, 5 , and 6). The 
irrigation volume had significant impacts on the C, N and P concentra-
tions in the roots, stems, and leaves. The interactions of irrigation modes 
and irrigation volumes were only significant concerning N concentra-
tions in the roots in 2016 and 2017. 

During the two-year study, PRDI produced a higher C concentration 
in the roots (Fig. 4); N concentration in the roots, stems (Fig. 5) and 
leaves; and P concentration in the roots (Fig. 6). The C concentration in 
the roots and stems increased from the I1 irrigation conditions to the I3 
irrigation conditions and decreased from the I3 irrigation conditions to 
the I4 irrigation conditions, while the C concentration in the leaves 
increased from the I1 irrigation conditions to the I3 irrigation conditions 
and was not different between the I3 and I4 irrigation conditions. The P 
concentration in the roots increased from the I1 to I3 irrigation condi-
tions and showed no difference when the irrigation volume was above 
that of the I3 irrigation conditions, while the N and P concentrations in 
the leaves first increased and then decreased, peaking under I3 irrigation 
conditions. The P concentration in the stems in 2016 first increased from 
I1 to I2 irrigation conditions, then remained stable from I2 to I3 irrigation 
conditions, and then decreased from I3 to I4 irrigation conditions, 
whereas the P concentration in stems in 2017 first remained stable from 
I1 to I2 irrigation conditions, increased from I2 to I3 irrigation conditions, 
and then decreased from I3 to I4 irrigation conditions. 

During both years, PRDI resulted in higher N concentrations in the 
roots under four irrigation volumes. Under the PRDI mode, the N con-
centration in the roots first increased from the I1 to I2 irrigation 
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conditions and then remained stable from the I2 to I4 irrigation condi-
tions. Under the CFI mode, the N concentration in the roots first 
increased from the I1 to I3 irrigation conditions and then decreased from 
the I3 to I4 irrigation conditions (Figs. 5, 7 ). Among all of the treatments, 
the highest N concentration in the roots was observed in PRDI + I3 
treatment, and the quadratic polynomial regression showed that there 
was a strong relationship among the N concentrations in the roots (YC) 
and the irrigation mode (X1) and irrigation volume (X2); and the 
regression models were YC = -9.88 + 2.28 X1 + 40.13 X2 - 4.14 X1X2 - 
17.74 X2

2 (R2 = 0.56; F = 6.06, P < 0.001) in 2016 and YC = -9.54 + 0.28 
X1 + 0.71 X2 – 0.07 X1X2 – 0.25 X2

2 (R2 = 0.90; F = 44.5903, P < 0.001) 
in 2017. 

3.4. Effect of PRDI on the C, N and P accumulations in the roots, stems, 
and leaves of the whole alfalfa plant 

In 2016 and 2017, the irrigation mode was only found to signifi-
cantly affect the P accumulation in the roots, and irrigation volume was 

found to significantly affect the C, N, P accumulations in the roots and 
leaves (P < 0.05) (Fig. S3, S4, and S5), while irrigation volume had no 
significant effect on the C, N, and P accumulation in the stems. The 
interaction of the irrigation modes and irrigation volumes did not 
impact the C, N, and P accumulations in the roots, stems, and leaves. 

PRDI only increased P accumulation in the roots. The C accumulation 
in the roots and the C, N, and P accumulations in the leaves first 
increased from the I1 to I3 irrigation conditions and then decreased from 
the I3 to I4 irrigation conditions, while the N and P accumulations in the 
roots first increased and then remained stable, respectively. 

3.5. Effect of PRDI on C, N and P allocations in alfalfa 

In both 2016 and 2017, the CS/CR were markedly influenced by the 
irrigation mode, irrigation volume and their interactions (P < 0.05), 
whereas the NS/NR and PS/PR were only markedly influenced by the 
irrigation mode (P < 0.05) (Table 2). 

PRDI decreased the CS/CR at each irrigation volume during the two- 

Fig. 3. Average soil water content as time goes under two irrigation modes (PRDI: partial root drying irrigation, CFI: conventional furrow irrigation) and four 
irrigation volumes (I1, I2, I3, I4) in 2016 and 2017 (FC: field capacity; PWC: permanent wilting coefficient). 

Table 1 
Effects of irrigation mode (IM) and irrigation volume (IV) on dried stem, leaf, shoot and root biomass of alfalfa, and water productivity in 2016 and 2017.  

Treatments 

Dried biomass (kg ha− 1) 
Water productivity (kg ha− 1 mm− 1) 

2016 2017 

Stem Leaf Shoot Roots Stem Leaf Shoot Roots 2016 2017 

PRDI + I1 2085.69 ab 2266.82 c 4352.52 bc 5716.36 ab 2852.64 a 1931.66 c 4784.31 c 3773.16 c 28.88 a 28.87 a 
PRDI + I2 2308.77 a 2720.57 bc 5029.35 bc 7537.99 a 2742.99 a 3002.14 ab 5745.12 ab 8930.32 a 28.33 a 29.84 a 
PRDI + I3 2416.24 a 3450.78 a 5867.02 ab 6944.53 a 2576.54 a 3721.17 a 6297.71 a 6496.67 bc 28.72 a 28.71 a 
PRDI + I4 2416.57 a 2436.21 bc 4852.78 bc 7004.74 a 2285.11 a 2608.55 bc 4893.65 c 6456.67 bc 20.99 b 19.88 b 
Average 2306.82 A 2718.61 B 5025.42 A 6800.91 A 2614.32 A 2815.88 B 5430.20 A 6414.20 A 26.73 A 26.83 A 
CFI + I1 1772.76 b 2211.83 c 4168.56 c 4486.00 c 2468.34 a 2401.48 bc 4869.81 c 5020.94 bc 14.44 c 16.75 bc 
CFI + I2 2289.15 a 2346.84 c 4832.67 bc 7019.86 a 2231.20 a 3057.01 ab 5288.21b 5014.98 bc 14.07 c 15.35 c 
CFI + I3 2335.59 a 4156.00 a 6179.30 a 6140.67 ab 2445.50 a 3690.12 a 6135.62 a 6749.18 b 16.95 bc 15.42 c 
CFI + I4 2369.57 a 3079.02 ab 5150.69 bc 4686.44 bc 2524.79 a 3048.22 ab 5573.01 ab 4733.82 c 12.47 c 12.34 c 
Average 2191.77 B 2948.42 A 5140.19 A 5583.24 B 2417.46 B 3049.21 A 5466.67 A 5379.73 B 14.48 B 14.96 B 
LSD0.05           

IM 109.08 * 207.89* 459.66 ns 908.65* 190.94* 210.75* 487.06ns 891.35* 3.18* 1.86* 
IV 318.01ns 504.35* 650.06* 1285.03* 270.03ns 298.04* 688.81* 1260.56* 4.49ns 2.64 ns 

IM × IV 338.96ns 709.15ns 919.32ns 1817.30ns 381.88ns 421.50ns 974.13ns 1782.71ns 6.35ns 3.73ns 

Notes: Values are means. NS indicates not significant. LSD indicates the least significant difference at P < 0.05. PRDI and CFI represents partial root drying irrigation 
and conventional furrow irrigation; I1, I2, I3, and I4 represents four irrigation volumes based on alfalfa water requirements. Values followed by the same letter in a 
column for each treatment are not significantly different according to LSD (0.05). Upper–case letters indicate comparisons between two irrigation modes, lower–case 
letters indicate comparisons among all eight treatments. 

J. Zhang et al.                                                                                                                                                                                                                                   



Agricultural Water Management 243 (2021) 106525

6

Fig. 4. Carbon (C) concentrations in roots, stems and leaves of alfalfa as affected by irrigation modes (PRDI and CFI), irrigation volumes (I1, I2, I3 and I4) and their 
interaction in 2016 and 2017. Data are represented as the mean of three replicates and the bars indicate standard errors. Different uppercase letters indicate sig-
nificant differences among irrigation volumes (P < 0.05). Within each irrigation volumes, asterisks indicate significant differences between PRDI and CFI (P < 0.05), 
in which, * indicates significant at the 0.05 level. 

Fig. 5. Nitrogen (N) concentrations in roots, stems and leaves of alfalfa as affected by irrigation modes (PRDI and CFI), irrigation volumes (I1, I2, I3 and I4) and their 
interaction in 2016 and 2017. Data are represented as the mean of three replicates and the bars indicate standard errors. Different uppercase letters indicate sig-
nificant differences among irrigation volumes (P < 0.05). Within each irrigation volumes, asterisks indicate significant differences between PRDI and CFI (P < 0.05). 
Different lowercase letters indicate significant differences due to the interaction between irrigation modes and irrigation volumes (P < 0.05). 
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Fig. 6. Phosphorus (P) concentrations in roots, stems and leaves of alfalfa as affected by irrigation modes (PRDI and CFI), irrigation volumes (I1, I2, I3 and I4) and 
their interaction in 2016 and 2017. Data are represented as the mean of three replicates and the bars indicate standard errors. Different uppercase letters indicate 
significant differences among irrigation volumes (P < 0.05). Within each irrigation volumes, asterisks indicate significant differences between PRDI and CFI 
(P < 0.05). 

Fig. 7. 3D response surface plots of N concentration in roots of alfalfa for interaction of irrigation mode and irrigation volume in 2016 and 2017.  

Table 2 
Effects of irrigation mode (IM) and irrigation volume (IV) on C, N and P allocation in roots, stems, and leaves in 2016 and 2017.  

Treatments 
CS/CR NS/NR PS/PR CL/Cs NL/Ns PL/Ps 

2016 2017 2016 2017 2016 2017 2016 2017 2016 2017 2016 2017 

PRDI + I1 1.00 d 0.96 c 1.56 c 1.39 ab 0.86 c 1.28 b 0.71 c 0.82 c 2.60 b 2.46 b 1.43 ab 2.09 a 
PRDI + I2 1.00 d 1.34 b 2.70 a 1.85 ab 0.89 c 1.75 b 1.36 ab 1.25 ab 3.83 ab 3.65 ab 2.55 a 2.19 a 
PRDI + I3 1.30 bc 1.36 b 2.23 a 2.20 a 1.14 bc 1.31 b 1.17 ab 0.95 c 4.57 b 3.92 a 2.25 a 2.61 a 
PRDI + I4 1.17 c 1.01 c 2.03 bc 1.92 ab 0.87 c 1.53 ab 0.93 ab 1.09 b 3.58 ab 2.81 b 1.86 ab 2.28 a 
Average 1.13 B 1.17 B 2.13 A 1.84 A 0.94 B 1.47 B 1.04 B 1.03 B 3.64 A 3.21 A 2.03 A 2.29 A 
CFI + I1 1.69 b 1.26 b 1.25 c 1.28 b 1.44 bc 1.39 b 0.76 b 1.11 b 2.11 b 2.01 b 0.91 b 1.60 a 
CFI + I2 2.44 a 2.25 a 1.70 bc 1.75 ab 2.18 a 1.85 ab 1.35 ab 1.24 ab 2.85 b 2.74 ab 1.73 ab 1.76 a 
CFI + I3 1.53 b 1.55 ab 1.30 c 1.31 b 1.81 ab 2.20 a 1.24 ab 1.35 a 2.91 b 2.68 b 1.70 ab 1.64 a 
CFI + I4 1.11 d 1.67 ab 1.35 c 1.53 ab 1.94 a 1.92 ab 1.49 a 1.08 b 2.78 b 2.23 b 1.78 ab 1.73 a 
Average 1.69 A 1.68 A 1.40 B 1.47 B 1.84 A 1.84 A 1.21 A 1.20 A 2.66 B 2.42 B 1.53 A 1.68 A 
LSD0.05             

IM 0.21* 0.20* 0.32* 0.35* 0.24* 0.35* 0.15* 0.16* 0.78* 0.60* 0.60ns 0.53ns 

IV 0.31* 0.29* 0.45ns 0.49ns 0.35ns 0.49ns 0.25* 0.22* 1.11ns 0.86ns 0.86ns 0.76ns 

IM × IV 0.44* 0.42* 0.65ns 0.71ns 0.50ns 0.71ns 0.36ns 0.32ns 1.59ns 1.23ns 1.24ns 1.09ns 

Notes: Values are means. Ns indicates not significant. LSD indicates the least significant difference at P < 0.05. PRDI and CFI represents partial root drying irrigation 
and conventional furrow irrigation; I1, I2, I3, and I4 represents four irrigation volumes based on alfalfa water requirements. Values followed by the same letter in a 
column for each treatment are not significantly different according to LSD (0.05). Upper–case letters indicate comparisons between two irrigation modes, lower–case 
letters indicate comparisons among all eight treatments. 
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year study. As the irrigation volume increased, the CS/CR under the two 
irrigation modes first increased and then decreased (Table 2; Fig. 8), and 
they were the highest in the CFI + I2 treatment. The results of building a 
multivariate quadratic polynomial regression showed that the rela-
tionship among the CS/CR (YC), irrigation mode (X1), and irrigation 
volume (X2) was described as YC = - 9.40 + 0.61 X1 + 21.90 X2 + 0.01 
X1X2 - 11.79 X2

2 (R2 = 0.61, F = 7.47, P < 0.001) in 2016 and YC = - 
5.60 + 1.58 X1 + 12.21 X2 - 1.29 X1X2 - 5.77 X2

2 (R2 = 0.48, F = 10.47, 
P < 0.001) in 2017. PRDI decreased the PS/PR, whereas it increased the 
NS/NR (Table 2), and CS/CR first increased and then decreased as the 
irrigation volume increased. 

In 2016 and 2017, the CL/CS were significantly affected by the irri-
gation mode and irrigation volume, and the NL/NS were only notably 
influenced by the irrigation mode, whereas the P allocations in the 
leaves and stems were not affected by the irrigation modes, irrigation 
volume and their interaction (P < 0.05) (Table 2). In contrast to CFI, 
PRDI decreased the CL/CS and increased the NL/NS. The CL/CS first 
increased and then decreased as the irrigation volume increased. 

4. Discussion 

PRDI changes the soil biophysiochemical conditions where plants 
grow and further influences plant performance (Sun et al., 2013; Zare 
Abyaneh et al., 2017). This study shows that PRDI increases the root and 
stem biomass and decreases the leaf biomass, and this finding is not 
consistent with the first hypothesis. PRDI has no effect on the shoot 
biomass of alfalfa plants, confirming the results reported by Xiao et al. 
(2015) and Zhang et al. (2019). These results further verify that there is 
no shoot biomass response in alfalfa plants to PRDI caused by the 
trade-offs of an increase in stem biomass and a decrease in leaf biomass 
but do not indicate a lack of response in the stem and leaf biomass to 
PRDI. PRDI produces higher root biomass because it increases the lateral 
root numbers (Liu et al., 2017b) and root length density (Qi et al., 2017), 
and similar results are also found in annual crops (Mingo et al., 2004; 
Somaweera et al., 2015; Liu et al., 2017b) and other perennial crops in 
which fruits (Degaris et al., 2016) and roots (Zare Abyaneh et al., 2017) 
are harvested, implying that the effect of PRDI on the root biomass is 
consistent among plants that are annuals and perennials or in which 
different organs are harvested. PRDI increases the stem biomass of al-
falfa plants, which supports the idea that PRDI increases the branch 
numbers per plant to some extent (Xiao et al., 2015), while this trend 
differs from annual crops (Wang et al., 2009; Sun et al., 2015; Wang 
et al., 2015; Hou et al., 2017; Zheng et al., 2018). These annual crops are 
generally sampled at their full maturity stage. During the reproductive 
period of the abovementioned annual crops, plants generally translocate 
most of their photosynthate to seeds, tubers, and fruits rather than 
stems. Alfalfa plants are sampled at the vegetative stage, when plants 

allocate most of their photosynthate to the stem to encourage the plants 
to stand upright (Sheaffer et al., 2000), indicating that the harvest or 
sample times can result in different stem biomass responses to PRDI. 
PRDI decreased leaf biomass, which is in agreement with previous re-
sults showing that PRDI decreases the number of leaves of alfalfa plants 
(Xiao et al., 2015; Zhang et al., 2016) and as well as the leaf biomass of 
annual crops (Liu et al., 2018b; Zheng et al., 2018) and perennial crops 
in which the roots (Zare Abyaneh et al., 2017) and fruits (Degaris et al., 
2016) are harvested; however, some studies argue that PRDI has no 
effect on the leaf biomass of annual crops (Jovanovic et al., 2010; Hou 
et al., 2017) and perennial crops in which roots are harvested (Barzegari 
et al., 2017), suggesting that the response of leaf biomass to PRDI varies 
with the plant species. These results demonstrate that the tradeoff in the 
different responses of the stem and leaf biomass to PRDI results in a 
stable shoot biomass for alfalfa plants under PRDI, and a vigorous root 
system caused by PRDI (Xiao et al., 2015; Zhang et al., 2016) is an 
important way for alfalfa plants to adapt to the changing environmental 
conditions under PRDI. High alfalfa water productivity caused by PRDI 
is ascribed to low irrigation volume and soil evaporation (Kang et al., 
1997) and less deep percolation (Jovanovic et al., 2010), similar to 
potatoes (Sarker et al., 2019) and maize (Wang et al., 2017). The root, 
stem, and leaf biomass are higher at 100 % ET than other ET levels 
because low irrigation volumes do not meet the requirement of alfalfa 
plants for water, whereas excessive irrigation water under I4 irrigation 
conditions often leads to a lack of O2 in the root zone, which causes the 
development of high ethanol and other toxic substances in the roots 
(Cavero et al., 2017), inhibiting alfalfa plant growth and wasting water 
resources. These results indicate that there is an appropriate irrigation 
volume for alfalfa production in a given region. 

This study also shows that PRDI increases the C and P concentrations 
in the roots the N concentrations in the roots, stems and leaves of alfalfa 
plants, which is not in accordance with the second hypothesis. PRDI 
develops drought stress in alfalfa plants to some extent, which provokes 
the C translocation from the leaf as the “source” to the root as the sink 
(Xu et al., 2007), resulting in higher C concentrations in the roots of 
alfalfa plants. Higher N concentrations in the roots, stems and leaves are 
also observed in annual crops (Shahnazari et al., 2008; Wang et al., 
2010a), which can be caused in the following three ways: first, PRDI 
increases the accumulation of soluble proteins in the plants (Raza et al., 
2017); second, PRDI may facilitate the transport of nitrate from bulk soil 
to the root surface, which is beneficial for improving N uptake by the 
plant (Shahnazari et al., 2008); and third, PRDI increases the available N 
supply for plants because it accelerates the organic N mineralization 
process (Wang et al., 2010b; Sun et al., 2013). The higher N concen-
tration in alfalfa plants induced by PRDI can improve the ability of al-
falfa plants to adapt to environmental conditions by controlling the 
plant water status (Sun et al., 2013), maintaining a greater 

Fig. 8. 3D response surface plots of CS/CR of alfalfa for interaction of irrigation mode and irrigation volume in 2016 and 2017.  

J. Zhang et al.                                                                                                                                                                                                                                   



Agricultural Water Management 243 (2021) 106525

9

photosynthesis rate and higher water use efficiency (Karandish and 
Shahnazari, 2016). PRDI enhances the P uptake by plant roots in a 
horizontal direction or along the vertical soil profile (Liu et al., 2018a) 
because it stimulates root growth (Qi et al., 2017) and transports more P 
from soils to roots (Liu et al., 2017a), resulting in higher P concentra-
tions in alfalfa roots, which is similar to what happens in annual crops 
(Somaweera et al., 2015). The C, N, and P concentrations in the roots, 
stems and leaves under the I1 and I2 conditions were lower than those 
under I3 and I4, which may be ascribed to drought stress, in which 
drought stress influences C metabolism (Saud et al., 2017) and reduces N 
and P mineralization (Wang et al., 2010b; Liu et al., 2018a), resulting in 
low C, N, and P concentrations in the roots, stems and leaves under I1 
and I2. In addition, the P concentrations in the stems showed a different 
change as the irrigation volumes increased from I1 to I3 irrigation con-
ditions between 2016 and 2017, which can be explained by three fac-
tors: first, the soil in the study area is phosphorus-deficient, and the 
available P in the soil was lower in 2017 than in 2016 because alfalfa can 
deplete some P (Fan et al., 2016); second, the available P transportation 
from roots to shoots is slow under I2 irrigation conditions because alfalfa 
plants suffer from water stress (Dimkpa et al., 2020); and third, the I2 
irrigation conditions could have encouraged the alfalfa to grow more 
root systems in 2017 than in 2016, which can consume more available P 
to support N fixation by alfalfa roots (He et al., 2017). These three 
factors encourage alfalfa plants to transport less P under I2 from roots to 
shoots than under I3 irrigation conditions. In addition, the P in shoots 
under I2 irrigation conditions has yet to be allocated to the leaves 
(Rosecrance et al., 1996), which decreased the P in the stems under I2 
irrigation conditions from 2016 to 2017. Low P concentrations in stems 
under I2 in 2017 made no significant difference in the P concentration in 
stems between the I1 and I2 irrigation conditions. 

This study further shows that PRDI encourages more C and P to be 
allocated to the roots and more N to be allocated to the shoots, especially 
in alfalfa leaves, because of the higher NS/NR and NL/NS and lower CS/ 
CR, PS/PR and CL/CS, which does not support the third hypothesis. The 
higher C and P allocations in roots under PRDI is also observed in annual 
crops (Ye et al., 2014; Sun et al., 2015), implying that PRDI can lead to 
more C and P allocation to the roots of annual and perennial plants. 
However, PRDI can allocate more N to alfalfa leaves under field condi-
tions, which is similar to annual tomatoes (Wang et al., 2010b) and rice 
(Somaweera et al., 2015) under pot experimental condition and is not 
similar to rice under field conditions (Ye et al., 2014), demonstrating 
that the effect of PRDI on N allocation varies with the crop types or 
experimental conditions. In this case, higher C and P allocations in roots 
under PRDI are primarily ascribed to higher root biomass because the 
higher number of roots induced by PRDI is a major mechanism through 
which plants adapt positively to a limiting resource supply (Ye et al., 
2014; Liu et al., 2018a). More C allocation in roots under PRDI condi-
tions is good for alfalfa root growth. The large root system in alfalfa 
under PRDI is beneficial for taking up soil water and soil-released N and 
P (Xu et al., 2007; Oberhuber et al., 2017), ensuring rhizosphere respi-
ration and N fixation (Schmitt et al., 2012), which contributes to the 
development of aboveground organs and the regrowth of alfalfa plants 
after clipping (Schmitt et al., 2012) and results in a relatively stable 
alfalfa forage yield. Higher P allocation in roots under PRDI has been 
found to indirectly increase N-rich extracellular phosphatase (Zhang 
et al., 2018a). Higher N allocation in leaves under PRDI can be due to 
two factors: first, PRDI increases the N concentration in leaves, and 
second, the leaf is often considered the primary organ of plant N 
assimilation at the vegetative growth stage of plants (Zhang et al., 
2018a). More N allocation in leaves under PRDI contributes to increased 
photosynthesis ability (Hu et al., 2018), benefiting the synthesis of 
amino acids (Schmitt et al., 2012), which can improve the alfalfa feed 
quality for livestock (Noland et al., 2017; Lamb et al., 2007). The low 
irrigation volume encourages more C to be allocated to alfalfa roots 
because increasing drought stress encourages the roots to acquire more 
of the new C in the roots (Xu and Zhou, 2005), and similar results were 

also found in Scots pine seedlings (Aaltonen et al., 2017) and Norway 
spruce (Oberhuber et al., 2017). The highest N allocation in leaves and P 
allocation in roots were found under I2 irrigation conditions because 
moderate drought stress increases the N concentrations in leaves (Aal-
tonen et al., 2017) and reduces P translocation (Somaweera et al., 2015). 
These results suggest that alfalfa plants adopt different strategies to 
allocate C, N and P to roots, stems and leaves to optimize their growth 
and adapt well to the changed environment caused by PRDI. 

Notably, PRDI can decrease the leaf biomass and increase the stem 
biomass, implying that PRDI is not beneficial to the alfalfa feed quality 
for livestock (Zhang et al., 2016), whereas PRDI can increase the N 
concentration in the shoots, suggesting that PRDI can indirectly improve 
the alfalfa feed quality for livestock (He et al., 2017). Although the re-
sponses in the alfalfa feed quality to PRDI is a complicated issue, PRDI 
has higher economic benefits than CFI since it maintains relatively sta-
ble yields and decreases the irrigation volume. These findings imply that 
PRDI can be applied to the alfalfa production of individual households. 
In addition, the furrow length under PRDI may have impacts on the 
biomass, C, N, and P allocations to different alfalfa organs. In this case, 
the furrow length under PRDI is determined by the common cropland 
area of an individual household in the study regions; therefore, the 
findings of this study can provide useful information towards 
water-saving irrigation in alfalfa production for most individual 
households in northern China. However, the cropland area is different 
among different regions and countries. As a consequence, the appro-
priate furrow length under PRDI must be redetermined for alfalfa 
production. 

5. Conclusions 

This study has investigated the effects of PRDI on C, N, and P allo-
cations to the roots, stems, and leaves of alfalfa, one of the perennial 
crops for which the aboveground biomass is harvested. The results of 
this study show that PRDI increases the root and stem biomass and water 
productivity and decreases the leaf biomass, and the trade-offs of an 
increase in stem biomass and a decrease in leaf biomass result in a 
relatively stable shoot biomass. PRDI increases the C and P concentra-
tions in the roots and the N concentrations in the roots, stems and leaves 
of alfalfa, and it encourages more C and P to be allocated to the roots and 
N to the leaves, indicating that changes in the C, N, and P allocations in 
the roots, stems, and leaves of alfalfa are beneficial in enhancing the 
ability of alfalfa plants to adapt to the changed environmental condi-
tions induced by PRDI. The findings of this study suggest that changes in 
C, N, and P allocations caused by PRDI are one way to optimize plant 
growth for perennial crops for which the aboveground biomass is 
harvested. 

Declaration of Competing Interest 

No conflict of interest exits in the submission of this manuscript, and 
the manuscript is approved by all authors for publication. 

Acknowledgments 

This work was supported by the Key Projects of National Natural 
Science Foundation of China (31730093), Changjiang Scholars and 
Innovative Research Team in University (IRT17R50) and the 111 Project 
(B12002). 

Appendix A. Supplementary data 

Supplementary material related to this article can be found, in the 
online version, at doi:https://doi.org/10.1016/j.agwat.2020.106525. 

J. Zhang et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.agwat.2020.106525


Agricultural Water Management 243 (2021) 106525

10

References 

Aaltonen, H., Linden, A., Heinonsalo, J., Biasi, C., Pumpanen, J., 2017. Effects of 
prolonged drought stress on Scots pine seedling carbon allocation. Tree Physiol. 37, 
418–427. https://doi.org/10.1093/treephys/tpw119. 

Akmal, M., Schellberg, J., Khattak, R.A., 2010. Biomass allocation and nitrogen 
distribution in ryegrass under water and nitrogen supplies. J. Plant Nutrition 33 
(12), 1777–1788. https://doi.org/10.1080/01904167.2010.503826. 

Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. Crop Evapotranspiration: Guidelines 
for Computing Crop Water Requirements. United Nations FAO Irrigation and 
Drainage Paper No. 56, FAO, Rome, Italy. http://www.fao.org/docrep/X0490E/x04 
90e00.htm.  

Bao, S.D., 2000. Soil and Agricultural Chemistry Analysis, 3rd edn. China Agriculture 
Press, Beijing.  

Barzegari, M., Sepaskhah, A.R., Ahmadi, S.H., 2017. Irrigation and nitrogen 
managements affect nitrogen leaching and root yield of sugar beet. Nutr. Cycl. 
Agroecosys. 108 (2), 211–230. https://doi.org/10.1007/s10705-017-9853-y. 

Baslam, M., Erice, G., Goicoechea, N., 2012. Impact of arbuscular mycorrhizal fungi 
(AMF) and atmospheric CO2 concentration on the biomass production and 
partitioning in the forage legume alfalfa. Symbiosis. 58, 171–181. https://doi.org/ 
10.1007/s13199-012-0199-6. 

Carracelas, G., Hornbuckle, J., Rosas, J., Roel, A., 2019. Irrigation management 
strategies to increase water productivity in Oryza sativa (rice) in Uruguay. Agric. 
Water Manage. 222, 161–172. https://doi.org/10.1016/j.agwat.2019.05.049. 

Cavero, J., Faci, J.M., Medina, E.T., Martínez-Cob, A., 2017. Alfalfa forage production 
under solid-set sprinkler irrigation in a semiarid climate. Agric. Water Manage. 191, 
184–192. https://doi.org/10.1016/j.agwat.2017.06.018. 

Consoli, S., Stagno, F., Vanella, D., Boaga, J., Cassiani, G., Roccuzzo, G., 2017. Partial 
root-zone drying irrigation in orange orchards: effects on water use and crop 
production characteristics. Eur. J. Agron. 82, 190–202. https://doi.org/10.1016/j. 
eja.2016.11.001. 

Degaris, K.A., Walker, R.R., Loveys, B.R., Tyerman, S.D., 2016. Comparative effects of 
deficit and partial root-zone drying irrigation techniques using moderately saline 
water on ion partitioning in Shiraz and Grenache grapevines. Aust. J. Grape Wine R. 
22 (2), 296–306. https://doi.org/10.1111/ajgw.12220. 

Del Pozo, A., Ovalle, C., Espinoza, S., Barahona, V., Gerding, M., Humphries, A., 2017. 
Water relations and use-efficiency, plant survival and productivity of nine alfalfa 
(Medicago sativa L.) cultivars in dryland mediterranean conditions. Eur. J. Agron. 84, 
16–22. https://doi.org/10.1016/j.eja.2016.12.002. 

Dimkpa, C.O., Andrews, J., Sanabria, J., Bindraban, P.S., Singh, Upendra., Elmer, W.H., 
Gardeatorresdey, J.L., White, J.C., 2020. Sci. Total Envir. 722, 137808. https://doi. 
org/10.1016/j.scitotenv.2020.137808. 

Fan, J.W., Du, Y.L., Wang, B.R., Turner, N.C., Wang, T., Abbott, L.K., Stefanova, K., 
Siddique, K.H.M., Li, F.M., 2016. Forage yield, soil water depletion, shoot nitrogen 
and phosphorus uptake and concentration, of young and old stands of alfalfa in 
response to nitrogen and phosphorus fertilisation in a semiarid environment. Field 
Crops Res. 198, 247–257. https://doi.org/10.1016/j.fcr.2016.08.014. 

Gong, Z., 2001. Chinese Soil Taxonomy. Sci. Press, China.  
Guo, Z.G., Liu, H.X., Wang, S.M., Tian, F.P., Cheng, G.D., 2005. Biomass, persistence and 

drought resistance of nine lucerne varieties in the dry environment of west China. 
Aust. J. Exp. Agr. 45 (1), 59–64. https://doi.org/10.1071/EA03119. 

He, S.B., Long, M.X., He, X.Q., Guo, L.X., Yang, J.Y., Yang, P.Z., Hu, T.M., 2017. 
Arbuscular mycorrhizal fungi and water availability affect biomass and C:N:P 
ecological stoichiometry in alfalfa (Medicago sativa L.) during regrowth. Acta 
Physiol. Plant 39 (9), 199. https://doi.org/10.1007/s11738-017-2493-7. 

Hou, M.M., Jin, Q., Lu, X.Y., Li, J.Y., Zhong, H.Z., Gao, Y., 2017. Growth, water use, and 
Nitrate-15N uptake of greenhouse tomato as influenced by different irrigation 
patterns, 15N labeled depths, and transplant times. Front. Plant Sci. 8, 666. https:// 
doi.org/10.3389/fpls.2017.00666. 

Hu, C.X., Tian, Z.W., Gu, S.L., Guo, H., Fan, Y.H., Abid, M., Chen, K., Jiang, D., Cao, W.X., 
Dai, T.B., 2018. Winter and spring night-warming improve root extension and soil 
nitrogen supply to increase nitrogen uptake and utilization of winter wheat (Triticum 
aestivum L.). Eur. J. Agron. 96, 96–107. https://doi.org/10.1016/j.eja.2018.03.008. 

Jovanovic, Z., Stikic, R., Vucelic-Radovic, B., Paukovic, M., Brocic, Z., Matovic, G., 
Rovcanin, S., Mojevic, M., 2010. Partial root-zone drying increases WUE, N and 
antioxidant content in field potatoes. Eur. J. Agron. 33 (2), 124–131. https://doi. 
org/10.1016/j.eja.2010.04.003. 

Kang, S.Z., Zhang, J.H., Liang, Z.S., Hu, X.T., Cai, H.J., 1997. The controlled alternative 
irrigation: a new approach for water saving regulation in farmland. Agric. Res. Arid 
Areas. 15 (1), 1–6 (in Chinese with English abstract).  

Karandish, F., Shahnazari, A., 2016. Soil temperature and maize nitrogen uptake 
improvement under partial root-zone drying irrigation. Pedosphere 26 (6), 872–886. 
https://doi.org/10.1016/S1002-0160(15)60092-3. 

Lamb, J.F.S., Jung, H.J.G., Sheaffer, C.C., Samac, D.A., 2007. Alfalfa leaf protein and 
stem cell wall polysaccharide yields under hay and biomass management systems. 
Crop Sci. 47 (4), 1407–1415. https://doi.org/10.2135/cropsci2006.10.0665. 

Laufer, D., Koch, H.J., 2016. Growth and yield formation of sugar beet (beta vulgaris L.) 
under strip tillage compared to full width tillage on silt loam soil in central europe. 
Eur. J. Agron. 82, 182–189. https://doi.org/10.1016/j.eja.2016.10.017. 

Li, F.S., Liang, J.H., Kang, S.Z., Zhang, J.H., 2007. Benefits of alternate partial root-zone 
irrigation on growth, water and nitrogen use efficiencies modified by fertilization 
and soil water status in maize. Plant Soil 295 (1-2), 279–291 https://dx.doi.org/ 
10.1007/s111 04-007-9283-9288.  

Liu, C., Liu, F., Ravnskov, S., Rubaek, G.H., Sun, Z., Andersen, M.N., 2017a. Impact of 
wood biochar and its interactions with Mycorrhizal Fungi, phosphorus fertilization 

and irrigation strategies on potato growth. J. Agron. Crop Sci. 203 (2), 131–145. 
https://doi.org/10.1111/jac.12185. 

Liu, X.G., Li, F.S., Zhang, F.C., Cai, H.J., Yang, Q.L., 2017b. Influences of alternate partial 
root-zone irrigation and urea rate on water- and nitrogen-use efficiencies in tomato. 
Int. J. Agr. Biol. Eng. 10 (6), 94–102. https://doi.org/10.25165/j. 
ijabe.20171006.2541. 

Liu, C.X., Ravnskov, S., Liu, F.L., Rubæk, G.H., Andersen, M.N., 2018a. Arbuscular 
mycorrhizal fungi alleviate abiotic stresses in potato plants caused by low 
phosphorus and deficit irrigation/partial root-zone drying. J. Agr. Sci. 156, 46–58. 
https://doi.org/10.1017/S0021859618000023. 

Liu, H., Song, F.B., Liu, S.Q., Liu, F.L., Zhu, X.C., 2018b. Physiological response of maize 
and soybean to partial root-zone drying irrigation under N fertilization levels. Emir. 
J. Food Agr. 30 (5), 364–371. https://doi.org/10.9755/ejfa.2018.v30.i5.1678. 

Meuriot, F., Avice, J.C., Simon, J.C., Laine, P., Decau, M.L., Ourry, A., 2004. Influence of 
initial organic N reserves and residual leaf area on growth, N uptake, N partitioning 
and N storage in alfalfa (Medicago sativa) during post-cutting regrowth. Ann. Bot. 94 
(2), 311–321. https://doi.org/10.1093/aob/mch144. 

Mingo, D.M., Theobald, J.C., Bacon, M.A., Davies, W.J., Dodd, I.C., 2004. Biomass 
allocation in tomato (Lycopersicon esculentum) plants grown under partial rootzone 
drying: enhancement of root growth. Funct. Plant Biol. 31 (10), 971–978. https:// 
doi.org/10.1071/FP04020. 

Mossad, A., Scalisi, A., Lo Bianco, R., 2017. Growth and water relations of field-grown 
‘Valencia’ orange trees under long-term partial rootzone drying. Irrigation Sci. 36 
(1), 1–16. https://doi.org/10.1007/s00271-017-0562-8. 

Noland, R.L., Sheaffer, C.C., Coulter, J.A., Becker, R., Wells, M.S., 2017. Yield, nutritive 
value, and profitability of direct-seeded annual forages following spring-terminated 
alfalfa. Agron. J. 109 (6), 2738–2748. https://doi.org/10.2134/ 
agronj2017.03.0182. 

Oberhuber, W., Gruber, A., Lethaus, G., Winkler, A., Wieser, G., 2017. Stem girdling 
indicates prioritized carbon allocation to the root system at the expense of radial 
stem growth in Norway spruce under drought conditions. Environ. Exp. Bot. 138, 
109–118. https://doi.org/10.1016/j.envexpbot.2017.03.004. 

Qi, D., Hu, T., Niu, X., 2017. Responses of root growth and distribution of maize to 
nitrogen application patterns under partial root-zone irrigation. Int. J. Plant Prod. 11 
(2), 209–224. https://doi.org/10.22069/IJPP.2017.3419. 

Qu, F., Heerink, N., Wang, W., 1995. Land administration reform in China: its impact on 
land allocation and economic development. Land Use Policy 12 (3), 193–203. 
https://doi.org/10.1016/0264-8377(95)00003-V. 

Raza, M.A.S., Ahmad, S., Saleem, M.F., Khan, I.H., Iqbal, R., Zaheer, M.S., Haider, I., 
Ali, M., 2017. Physiological and biochemical assisted screening of wheat varieties 
under partial rhizosphere drying. Plant Physiol. Biochem. 116, 150–166. https://doi. 
org/10.1016/j.plaphy.2017.05.007. 

Rosecrance, R.C., Weinbaum, S.A., Brown, P.H., 1996. Assessment of nitrogen, 
phosphorus, and potassium uptake capacity and root growth in mature alternate- 
bearing pistachio (Pistacia vera) trees. Tree Physiol. 16, 949–956. https://doi.org/ 
10.1093/treephys/16.11-12.949. 

Sarker, K.K., Hossain, A., Timsina, J., Biswas, S.K., Kundu, B.C., Barman, A., Ibn 
Murad, K.F., Akter, F., 2019. Yield and quality of potato tuber and its water 
productivity are influenced by alternate furrow irrigation in a raised bed system. 
Agric. Water Manage. 224, 105750 https://doi.org/10.1016/j.agwat.2019.105750. 

Saud, S., Fahad, S., Yajun, C., Ihsan, M.Z., Hammad, H.M., Nasim, W., Amanullah, Jr, 
Arif, M., Alharby, H., 2017. Effects of nitrogen supply on water stress and recovery 
mechanisms in Kentucky bluegrass plants. Front. Plant Sci. 8, 983. https://doi.org/ 
10.3389/fpls.2017.00983. 

Schmitt, A., Pausch, J., Kuzyakov, Y., 2012. C and N allocation in soil under ryegrass and 
alfalfa estimated by 13C and 15N labelling. Plant Soil 368 (1-2), 581–590. https://doi. 
org/10.1007/s11104-012-1536-5. 

Schmitt, A., Pausch, J., Kuzyakov, Y., 2013. Effect of clipping and shading on C 
allocation and fluxes in soil under ryegrass and alfalfa estimated by 14C labelling. 
Appl. Soil Ecol. 64, 228–236. https://doi.org/10.1016/j.apsoil.2012.12.015. 

Sepaskhah, A.R., Tafteh, A., 2012. Yield and nitrogen leaching in rapeseed field under 
different nitrogen rates and water saving irrigation. Agric. Water Manage. 112, 
55–62. https://doi.org/10.1016/j.agwat.2012.06.005. 

Shahnazari, A., Ahmadi, S.H., Laerke, P.E., Liu, F.L., Plauborg, F., Jacobsen, S.E., 
Jensen, C.R., Andersen, M.N., 2008. Nitrogen dynamics in the soil-plant system 
under deficit and partial root-zone drying irrigation strategies in potatoes. Eur. J. 
Agron. 28 (2), 65–73. https://doi.org/10.1016/j.eja.2007.05.003. 

Sheaffer, C.C., Martin, N.P., Lamb, J.A.F.S., Cuomo, G.R., Jewett, J.G., Quering, S.R., 
2000. Leaf and stem properties of alfalfa entries. Agron. J. 92 (4), 733–739. https:// 
doi.org/10.2134/agronj2000.924733x. 

Somaweera, K.A.T.N., Suriyagoda, L.D.B., Sirisena, D.N., De Costa, W.A.J.M., 2015. 
Accumulation and partitioning of biomass, nitrogen, phosphorus and potassium 
among different tissues during the life cycle of rice grown under different water 
management regimes. Plant Soil 401 (1-2), 169–183. https://doi.org/10.1007/ 
s11104-015-2541-2. 

Sun, Y.Q., Yan, F., Liu, F.L., 2013. Drying/rewetting cycles of the soil under alternate 
partial root-zone drying irrigation reduce carbon and nitrogen retention in the soil- 
plant systems of potato. Agric. Water Manage. 128, 85–91. https://doi.org/10.1016/ 
j.agwat.2013.06.015. 

Sun, Y.Q., Cui, X.Y., Liu, F.L., 2015. Effect of irrigation regimes and phosphorus rates on 
water and phosphorus use efficiencies in potato. Sci. Hortic. 190, 64–69. https://doi. 
org/10.1016/j.scienta.2015.04.017. 

Tang, Z.Y., Xu, W.T., Zhou, G.Y., Bai, Y.F., Li, J.X., Tang, X.L., Chen, D.M., Liu, Q., 
Ma, W.H., Xiong, G.M., He, H.L., He, N.P., Guo, Y.P., Guo, Q., Zhu, J.L., Han, W.X., 
Hu, H.F., Fang, J.Y., Xie, Z.Q., 2018. Patterns of plant carbon, nitrogen, and 
phosphorus concentration in relation to productivity in China’s terrestrial 

J. Zhang et al.                                                                                                                                                                                                                                   

https://doi.org/10.1093/treephys/tpw119
https://doi.org/10.1080/01904167.2010.503826
http://www.fao.org/docrep/X0490E/x0490e00.htm
http://www.fao.org/docrep/X0490E/x0490e00.htm
http://refhub.elsevier.com/S0378-3774(19)32283-8/sbref0020
http://refhub.elsevier.com/S0378-3774(19)32283-8/sbref0020
https://doi.org/10.1007/s10705-017-9853-y
https://doi.org/10.1007/s13199-012-0199-6
https://doi.org/10.1007/s13199-012-0199-6
https://doi.org/10.1016/j.agwat.2019.05.049
https://doi.org/10.1016/j.agwat.2017.06.018
https://doi.org/10.1016/j.eja.2016.11.001
https://doi.org/10.1016/j.eja.2016.11.001
https://doi.org/10.1111/ajgw.12220
https://doi.org/10.1016/j.eja.2016.12.002
https://doi.org/10.1016/j.scitotenv.2020.137808
https://doi.org/10.1016/j.scitotenv.2020.137808
https://doi.org/10.1016/j.fcr.2016.08.014
http://refhub.elsevier.com/S0378-3774(19)32283-8/sbref0070
https://doi.org/10.1071/EA03119
https://doi.org/10.1007/s11738-017-2493-7
https://doi.org/10.3389/fpls.2017.00666
https://doi.org/10.3389/fpls.2017.00666
https://doi.org/10.1016/j.eja.2018.03.008
https://doi.org/10.1016/j.eja.2010.04.003
https://doi.org/10.1016/j.eja.2010.04.003
http://refhub.elsevier.com/S0378-3774(19)32283-8/sbref0100
http://refhub.elsevier.com/S0378-3774(19)32283-8/sbref0100
http://refhub.elsevier.com/S0378-3774(19)32283-8/sbref0100
https://doi.org/10.1016/S1002-0160(15)60092-3
https://doi.org/10.2135/cropsci2006.10.0665
https://doi.org/10.1016/j.eja.2016.10.017
http://refhub.elsevier.com/S0378-3774(19)32283-8/sbref0120
http://refhub.elsevier.com/S0378-3774(19)32283-8/sbref0120
http://refhub.elsevier.com/S0378-3774(19)32283-8/sbref0120
http://refhub.elsevier.com/S0378-3774(19)32283-8/sbref0120
https://doi.org/10.1111/jac.12185
https://doi.org/10.25165/j.ijabe.20171006.2541
https://doi.org/10.25165/j.ijabe.20171006.2541
https://doi.org/10.1017/S0021859618000023
https://doi.org/10.9755/ejfa.2018.v30.i5.1678
https://doi.org/10.1093/aob/mch144
https://doi.org/10.1071/FP04020
https://doi.org/10.1071/FP04020
https://doi.org/10.1007/s00271-017-0562-8
https://doi.org/10.2134/agronj2017.03.0182
https://doi.org/10.2134/agronj2017.03.0182
https://doi.org/10.1016/j.envexpbot.2017.03.004
https://doi.org/10.22069/IJPP.2017.3419
https://doi.org/10.1016/0264-8377(95)00003-V
https://doi.org/10.1016/j.plaphy.2017.05.007
https://doi.org/10.1016/j.plaphy.2017.05.007
https://doi.org/10.1093/treephys/16.11-12.949
https://doi.org/10.1093/treephys/16.11-12.949
https://doi.org/10.1016/j.agwat.2019.105750
https://doi.org/10.3389/fpls.2017.00983
https://doi.org/10.3389/fpls.2017.00983
https://doi.org/10.1007/s11104-012-1536-5
https://doi.org/10.1007/s11104-012-1536-5
https://doi.org/10.1016/j.apsoil.2012.12.015
https://doi.org/10.1016/j.agwat.2012.06.005
https://doi.org/10.1016/j.eja.2007.05.003
https://doi.org/10.2134/agronj2000.924733x
https://doi.org/10.2134/agronj2000.924733x
https://doi.org/10.1007/s11104-015-2541-2
https://doi.org/10.1007/s11104-015-2541-2
https://doi.org/10.1016/j.agwat.2013.06.015
https://doi.org/10.1016/j.agwat.2013.06.015
https://doi.org/10.1016/j.scienta.2015.04.017
https://doi.org/10.1016/j.scienta.2015.04.017


Agricultural Water Management 243 (2021) 106525

11

ecosystems. Proc. Natl. Acad. Sci. U.S.A. 115 (16), 4033–4038. https://doi.org/ 
10.1073/pnas.1700295114. 

Topcu, S., Kirda, C., Dasgan, Y., Kaman, H., Cetin, M., Yazici, A., Bacon, M.A., 2007. 
Yield response and N-fertiliser recovery of tomato grown under deficit irrigation. 
Eur. J. Agron. 26 (1), 64–70. https://doi.org/10.1016/j.eja.2006.08.004. 

Wakchaure, G.C., Minhas, P.S., Meena, K.K., Kumar, S., Rane, J., 2020. Effect of plant 
growth regulators and deficit irrigation on canopy traits, yield, water productivity 
and fruit quality of eggplant (Solanum melongena L.) grown in the water scarce 
environment. J. Environ. Manage. 262, 110320. https://doi.org/10.1016/j. 
jenvman.2020.110320. 

Wang, H.Q., Liu, F.L., Andersen, M.N., Jensen, C.R., 2009. Comparative effects of partial 
root-zone drying and deficit irrigation on nitrogen uptake in potatoes (Solanum 
tuberosum L.). Irrigation Sci. 27 (6), 443–448. https://doi.org/10.1007/s00271-009- 
0159-y. 

Wang, Y.S., Liu, F.L., Andersen, M.N., Jensen, C.R., 2010a. Improved plant nitrogen 
nutrition contributes to higher water use efficiency in tomatoes under alternate 
partial root-zone irrigation. Funct. Plant Biol. 37 (2), 175–182. https://doi.org/ 
10.1071/FP09181. 

Wang, Y.S., Liu, F.L., Neergaard, A.D., Jensen, L.S., Luxhøi, J., Jensen, C.R., 2010b. 
Alternate partial root-zone irrigation induced dry/wet cycles of soils stimulate N 
mineralization and improve N nutrition in tomatoes. Plant Soil 337 (1-2), 167–177. 
https://doi.org/10.1007/s11104-010-0513-0. 

Wang, Y.S., Liu, F.L., Jensen, C.R., 2015. Comparative effects of partial root-zone 
irrigation and deficit irrigation on phosphorus uptake in tomato plants. J. Hortic. Sci. 
Biotech. 87 (6), 600–604. https://doi.org/10.1080/14620316.2012.11512918. 

Wang, Y.S., Janz, B., Engedal, T., de Neergaard, A., 2017. Effect of irrigation regimes and 
nitrogen rates on water use efficiency and nitrogen uptake in maize. Agric. Water 
Manage. 179, 271–276. https://doi.org/10.1016/j.agwat.2016.06.007. 

Xiao, Y., Zhang, J., Jia, T.T., Pang, X.P., Guo, Z.G., 2015. Effects of alternate furrow 
irrigation on the biomass and quality of alfalfa (Medicago sativa). Agric. Water 
Manage. 161, 147–154. https://doi.org/10.1016/j.agwat.2015.07.018. 

Xu, Z.Z., Zhou, G.S., Wang, Y.H., 2007. Combined effects of elevated CO2 and soil 
drought on carbon and nitrogen allocation of the desert shrub Caragana intermedia. 
Plant Soil 301 (1-2), 87–97. https://doi.org/10.1007/s11104-007-9424-0. 

Xu, Z.Z., Zhou, G.S., 2005. Effects of water stress and nocturnal temperature on carbon 
allocation in the perennial grass, Leymus chinensis. Physiol. Plantarum 123 (3), 
272–280. https://doi.org/10.1111/j.1399-3054.2005.00455.x. 

Ye, Y., Liang, X.Q., Chen, Y.X., Li, L., Ji, Y.J., Zhu, C.Y., 2014. Carbon, nitrogen and 
phosphorus accumulation and partitioning, and C:N:P stoichiometry in late-season 
rice under different water and nitrogen managements. PLoS One 9, e101776. 
https://doi.org/10.1371/journal.pone.0101776. 

Zare Abyaneh, H., Jovzi, M., Albaji, M., 2017. Effect of regulated deficit irrigation, 
partial root drying and N-fertilizer levels on sugar beet crop (Beta vulgaris L.). Agric. 
Water Manage. 194, 13–23. https://doi.org/10.1016/j.agwat.2017.08.016. 

Zhang, J., Wang, Q., Xiao, Y., Pang, X.P., Jia, T.T., Song, R., Liu, H.X., 2016. Effects of 
alternate furrow irrigation on the biomass allocation and water use efficiency of 
alfalfa. Acta Prataculturae Sinica 25 (3), 164–171. https://doi.org/10.11686/ 
cyxb2015232 in Chinese with English abstract).  

Zhang, J.H., He, N.P., Liu, C.C., Xu, L., Yu, Q., Yu, G.R., 2018a. Allocation strategies for 
nitrogen and phosphorus in forest plants. Oikos 127 (10), 1506–1514. https://doi. 
org/10.1111/oik.05517. 

Zhang, Q., Xiong, G.M., Li, J.X., Lu, Z.J., Li, Y.L., Xu, W.T., Wang, Y., Zhao, C.M., Tang, Z. 
Y., Xie, Z.Q., 2018b. Nitrogen and phosphorus concentrations and allocation 
strategies among shrub organs: the effects of plant growth forms and nitrogen- 
fixation types. Plant Soil 427 (1-2), 305–319. https://doi.org/10.1007/s11104-018- 
3655-0. 

Zhang, J., Liu, H.X., Pang, X.P., Yu, C., Wang, Q., Zhou, Y.P., Lin, L.G., Guo, Z.G., 2019. 
Effect of partial root-zone drying irrigation (PRD) on the gas exchange and 
antioxidant enzymatic activities in alfalfa. J. Soil Sci. Plant Nut. 19, 127–136 
https://doi.org/10.1007/s42729-019-0018-8.  

Zheng, J.L., Chen, T.T., Xia, G.M., Chen, W., Liu, G.Y., Chi, D.C., 2018. Effects of zeolite 
application on grain yield, water use and nitrogen uptake of rice under alternate 
wetting and drying irrigation. Int. J. Agric. Biol. Eng. 11 (1), 157–164 https://doi. 
org/10.25165/j.ijabe.20181101.3064.  

J. Zhang et al.                                                                                                                                                                                                                                   

https://doi.org/10.1073/pnas.1700295114
https://doi.org/10.1073/pnas.1700295114
https://doi.org/10.1016/j.eja.2006.08.004
https://doi.org/10.1016/j.jenvman.2020.110320
https://doi.org/10.1016/j.jenvman.2020.110320
https://doi.org/10.1007/s00271-009-0159-y
https://doi.org/10.1007/s00271-009-0159-y
https://doi.org/10.1071/FP09181
https://doi.org/10.1071/FP09181
https://doi.org/10.1007/s11104-010-0513-0
https://doi.org/10.1080/14620316.2012.11512918
https://doi.org/10.1016/j.agwat.2016.06.007
https://doi.org/10.1016/j.agwat.2015.07.018
https://doi.org/10.1007/s11104-007-9424-0
https://doi.org/10.1111/j.1399-3054.2005.00455.x
https://doi.org/10.1371/journal.pone.0101776
https://doi.org/10.1016/j.agwat.2017.08.016
https://doi.org/10.11686/cyxb2015232
https://doi.org/10.11686/cyxb2015232
https://doi.org/10.1111/oik.05517
https://doi.org/10.1111/oik.05517
https://doi.org/10.1007/s11104-018-3655-0
https://doi.org/10.1007/s11104-018-3655-0
http://refhub.elsevier.com/S0378-3774(19)32283-8/sbref0320
http://refhub.elsevier.com/S0378-3774(19)32283-8/sbref0320
http://refhub.elsevier.com/S0378-3774(19)32283-8/sbref0320
http://refhub.elsevier.com/S0378-3774(19)32283-8/sbref0320
http://refhub.elsevier.com/S0378-3774(19)32283-8/sbref0325
http://refhub.elsevier.com/S0378-3774(19)32283-8/sbref0325
http://refhub.elsevier.com/S0378-3774(19)32283-8/sbref0325
http://refhub.elsevier.com/S0378-3774(19)32283-8/sbref0325

	Effect of partial root-zone drying irrigation (PRDI) on the biomass, water productivity and carbon, nitrogen and phosphorus ...
	1 Introduction
	2 Materials and methods
	2.1 Experimental site
	2.2 Experimental design and crop management
	2.3 Irrigation treatments
	2.4 Plant sampling and measurements
	2.4.1 Water productivity
	2.4.2 C, N, and P accumulation and allocation

	2.5 Soil water content
	2.6 Statistical analysis

	3 Results
	3.1 Soil water content
	3.2 Effect of PRDI on alfalfa biomass and water productivity
	3.3 Effect of PRDI on the C, N and P concentrations in the roots, stems and leaves of alfalfa
	3.4 Effect of PRDI on the C, N and P accumulations in the roots, stems, and leaves of the whole alfalfa plant
	3.5 Effect of PRDI on C, N and P allocations in alfalfa

	4 Discussion
	5 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References


