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Abstract
& Key message Combined drip irrigation and fertigation significantly increased stem volume and biomass production in a
poplar plantation, and showed a cumulative effect over years. The promoting effects were mainly attributable to in-
creased nitrogen and water availability in the surface soil through the combined management.
& Context Fast-growing and high-yielding poplar plantations have been identified as major commercial forests in China.
Intensive management of irrigation and fertilization can greatly increase productivity of plantations. Quantitative investigations
on the cumulative effect of drip irrigation and fertigation over years are quite infrequent.
& Aims We aimed to quantitatively evaluate the effects of drip irrigation and fertigation plans on tree growth and productivity in a
poplar plantation, and to analyze their possible cumulative promoting effect over multiple years.
& Methods Treatments including nine drip irrigation and fertigation combinations, and single furrow irrigation in spring as
control, were conducted in a poplar plantation for three successive years. The combined treatments consist of three irrigation
levels (WP−75, WP−50, and WP−25, in ascending order) and three levels of nitrogen addition (N60, N120, and N180, in ascending
order). Soil nitrogen and water content were measured throughout the 3 years. Based on tree surveys, tree growth, volume, and
biomass production were evaluated each year.
& Results Nitrogen and water availability in the surface soil increased in the drip irrigation- and fertigation-treated plots. Drip
irrigation and fertigation treatments resulted in significant higher growth, stem volume, and biomass productions compared to
control. Biomass increments in drip irrigation- and fertigation-treated plots were 4.8–50.0, 5.3–26.5, and 4.3–52.2% higher than
control in the three experimental years, respectively, with WP−25N180 and WP−50N180 recording the highest increments.
Fertigation showed cumulative effects over multiple years and the positive effects increased with the dosage. However, irrigation
showed little cumulative effect and the greatest effect was obtained under medium level.
& Conclusion Combined drip irrigation and fertigation greatly promoted the plantation productivity. The combined management
effect varied with application plans and plantation ages, and showed a cumulative effect over years.

Keywords Drip irrigation . Fertigation . Nitrogen addition . Biomass equations . Productivity in forest plantations . Populus ×
euramericana “Guariento”

1 Introduction

Globally, water and nutrients have been accepted as fundamental
factors for plant growth that act complementarily to and interac-
tively with each other and are thus widely applied in intensive
agriculture, horticulture, agroforestry, and even plantation forest-
ry (Morgan 1984; Stanturf et al. 2001; Rajput and Patel 2006; Li
and Liu 2010). Increases in production in intensively managed
forests have been obtained by improving resource availability by
amending the available water and nutrients (Coyle and Coleman
2005). However, it is difficult to isolate the effects of water and
nitrogen availabilities. Water deficit limits nitrogen uptake
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whereas over-supplement of water may cause nutrient losses
through leaching. On the other hand, addition of nitrogen is
assumed to be able tomitigate the negative effects ofwater deficit
by improving foliar nitrogen concentration and photosynthesis,
root growth and absorption, water use efficiency, etc. (Alsafar
and Al-hassan 2009; Shirazi et al. 2014). Over-application of
water and fertilizers would not only result in an increased cost
but also cause reduction of water and fertilizer use efficiency and
increased risk of nitrate pollution (Kowalenko andBittman 2000;
Sylvester-Bradley et al. 2012). Evaluation of application regimes
of water and fertilizer is thus important for improving productiv-
ity and resource use efficiency, and reducing the risk of environ-
mental pollution and the waste of water resources.

At present, the combined management of irrigation and
fertilization has been widely applied to the cultivation of crops
and fruit orchards around the world. Many studies have sug-
gested that such an approach can ensure that the supplies of
water and fertilizer are synchronized (Morgan 1984; Li and
Liu 2010), thus significantly increasing the yield of crops and
fruiters, and improving the water and nutrients use efficiency
while achieving sustainable use of water and nitrogen
(Yohannes and Tadesse 1998; Shirazi et al. 2014). The inter-
active effects of water and nitrogen availabilities on crop and
fruiter productivity have been well documented (Rajput and
Patel 2006; Yang et al. 2015). In contrast, few studies have
examined the interactive effects of water and nitrogen avail-
abilities on tree growth and productivity in plantations (but see
Ibrahim et al. 1998; Coleman et al. 2004; Dong et al. 2011).
Thus far, studies on tree species in response to combinedwater
and nitrogen management have been reported more for spec-
imens grown in pots rather than in the field. Further, these
studies are mostly coupled with conventional irrigation and
fertilization techniques. Field experiments and high-efficiency
irrigation and fertilization techniques are needed to expand
our limited understanding of the effects of water and nitrogen
on tree growth and biomass production in forest plantations.

Poplar is one of the most promising short-rotation species
used in forest plantations (Perry et al. 2001; Dickmann 2006).
Vigorously developing fast-growing and high-yielding poplar
plantations have been identified as the main solution to the
shortage in the domestic supply of wood fiber in China (Wang
et al. 2015; Yan et al. 2015b). In China, there exists 10.1 mil-
lion ha of poplars, the largest area in the world (Yan et al.
2016). However, the productivity under the existing silvicul-
tural practices is far less than its potential productivity and is
lower than the international medium level productivity, which
can be mainly attributed to use of inefficient silvicultural prac-
tices such as irrigation and fertilization management (Xi et al.
2013; Yan et al. 2016). Therefore, additional research is need-
ed to enhance productivity of poplar plantations through im-
proving the irrigation and fertilization management.

As poplar has higher nutrient requirements than most plan-
tation tree species (Rennenberg et al. 2010; Wang et al. 2015),

addition of nitrogen has been used as a critical silvicultural
practice in poplar plantations (Stanturf et al. 2001; Coleman
et al. 2004). Given that fertilizer application in crops has been
substantially increasing in common cropping systems in the
region (> 500 kg N ha−1 year−1) (Zhu et al. 2005; Dai et al.
2006), an economical, highly efficient management system
with relatively lower nitrogen addition is expected for the
plantation forests. Fertilizer-savings and high-efficiency tech-
niques such as fertigation have been increasingly applied to
the cultivation of plantations around the world (Stanturf et al.
2001; O’Neill et al. 2014). Especially, drip fertigation has the
advantages of supplying nitrogen fertilizer directly to the root
zone, increasing nitrogen use efficiency, and reducing the
amount of fertilizers at the soil surface relative to conventional
fertilization techniques (Tarkalson et al. 2009). In addition, in
the North China Plain, where the climate is always very dry in
spring and early summer, irrigation has been the most basic
management practice for the poplar plantations (Xi et al.
2014). Moreover, the sandy soil in this region shows a sub-
stantial demand for irrigation. However, water-savings and
high-efficiency irrigation techniques, such as drip irrigation,
which is increasingly applied around the world (Hansen 1988;
Dickmann et al. 1996; Ceulemans and Deraedt 1999; O’Neill
et al. 2014), are not well tested in the plantations in this region.
Although previous studies have shown that proper manage-
ment using either drip irrigation or fertigation may significant-
ly affect the growth and physiology of polar plantations (Xi
et al. 2014; Wang et al. 2015), the cumulative effect of drip
irrigation and fertigation on tree growth and biomass produc-
tion remains to be studied. Quantitative studies are urgently
needed on the proper management of drip irrigation and
fertigation to maximize resources use efficiency and produc-
tivity for the poplar plantations in China.

Hence, we conducted a 3-year field experiment on the ef-
fects of drip irrigation and fertilization on a hybrid poplar
plantation, cultivated on sandy soils in the North China
Plain. This study was undertaken to achieve two objectives:
(1) to quantitatively evaluate the effects of different manage-
ment plans that used various levels of irrigation and fertiliza-
tion on tree growth, stem volume, and biomass production and
(2) to analyze the effect of drip irrigation and fertigation to
make recommendations in relation to their cumulative pro-
moting effect over multiple years.

2 Materials and methods

2.1 Site description

The experiment was conducted at a research field in Shunyi
District, the northern suburb of Beijing, China (40° 05′ 48.7″
N and 116° 49′ 35.6″W; 28 m above sea level). The study site
is characterized by a warm temperate continental climate with
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annual mean temperature of 11.5 °C and average frost-free
period of about 195 days. The precipitation was 644, 573,
and 457 mm in the growing season of 2012, 2013, and
2014, respectively, of which 7–15% occurred between
March and May (40–94 mm), 57–78% occurred between
July and August (260–448 mm), and 15–31% occurred be-
tween September and October (88–141 mm). The soil is a
sandy loam and the deep soil is mainly composed of silt loam
having manymeters with an underground water level of about
−12 m. Soil physical properties are given in Table 1.

2.2 Plant material

A 4-ha poplar clonal (Populus × euramericana “Guariento”)
plantation was established in the spring of 2011 with 3-year-
old seedlings. The Populus × euramericana “Guariento” a
hybrid between the American black poplar (P. deltoides cl.
“8/67”) and the European black poplar (Populus nigra) was
used. The species has many advantages including a straight
trunk, gradually tapering, narrow canopy, excellent texture,
fast-growing, and high-yielding. The growing season is from
March to October with leaf shedding in November in the north
of China. The seedlings were planted using an alternate wide
(12 m) and narrow (6 m) row spacing scheme, the intra-row
spacing was 4 m and planting density was 400 trees ha−1. The
drip irrigation pipe was laid along each tree row at the begin-
ning of 2012, and it roughly supplied water flow at a rate of
2 L h−1 during operation.

2.3 Experimental design

The plantation was divided into 30 equivalent blocks (0.13 ha
each). The field experiment included ten management plans
that were arranged in a randomized block design with three
replicates per management plan. The description of the plans,
each receiving a different water and nutrient supply regime, is
given in Table 2. Nine treatments were combinations of three
surface drip irrigation treatments and three fertigation treat-
ments applied in the growing seasons. Urea (60, 120, and
180 kg N ha−1 year−1, denoted as N60, N120, and N180, respec-
tively) was dissolved in water, and the fertilizer application
was split across six times each year. The surface drip irrigation
treatments were conducted when soil water potentials (SWP)

at 20-cm soil depth under the drip emitter reached −75, −50,
and −25 kPa (denoted as WP−75, WP−50, and WP−25, respec-
tively). This setting was determined by referring to previous
studies of our research team on the irrigation threshold for
scheduling drip irrigation in poplar plantations (Xi et al.
2014). For each treatment, nine tensiometers were installed
to monitor SWP, with ceramic cups at 20 cm depth under
the drip emitter. The tensiometer data were read every day at
about 7 a.m. from April to October over the 3 years. The tenth
plan was the control, representing the conventional manage-
ment followed in this region, i.e., trees were neither drip-
irrigated nor fertilized. On April 1 each year, the beginning
of the growing season, furrow irrigation was applied to both
the control and treatments to promote leaf expansion.

The amount of irrigation to be applied was determined by
referring to the estimated irrigation hours (h), which was cal-
culated using the following formula (Allen et al. 1999):

h ¼ V � SWCafter–SWCbefore
� �� �

=Vwater flow ð1Þ
V ¼ 1=3� 3:14� R2 � H ð2Þ
where SWCafter is the soil moisture content after irrigation
(designed as 75% field capacity), SWCbefore is the soil water
content before irrigation, Vwater flow is water flow (2 L h−1 in
this study), V is the volume of wetting, R is the radius of
wetting (50 cm in this study), and H is the depth of wetting
(50 cm in this study). The actual irrigation amount was deter-
mined by reading the flow meter each time.

2.4 Measurements

2.4.1 Tree diameter and height growth

A survey covering every tree in the experimental field
was conducted at the beginning of the experiment
(March 2012) and at the end of each growing season.
All the trees were marked on the stem at breast height
(1.3 m) with a paint marker before the experiment.
Diameter at breast height (DBH, cm) and height (H,
m) of each tree were measured. These data were then
used to determine the annual increment in the stand
basal area (BA, m2 ha−1), stem volume (SV, m3 ha−1),
and biomass production (kg ha−1).

Table 1 Physical properties of
soil at the study sites Depth

cm

Particle size distribution Bulk density

g cm−3
Field capacity

mm

Soil texture (USDA
classification)

Sand % Silt % Clay %

0–20 79.9 29.5 0.52 1.68 25.4 Sandy

20–40 67.2 32.3 0.53 1.64 29.1 Sandy loam

40–60 63.5 35.9 0.56 1.62 31.8 Sandy loam

60–120 46.6 52.8 0.62 1.60 100.2 Slit loam
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2.4.2 Stem volume

Stem volume of each tree was calculated based on the annual
survey using the average experimental form factor method
(Lynch and Schumacher 1941) as follows:

SV ¼ g1:3 � H þ 3ð Þ � f ð3Þ
where SV is stem volume of an individual tree, g1.3 is cross
area at breast height,H is tree height, and f is the experimental
form factor.

The experimental form factor estimate for this study was
determined by comparing several approaches of stem volume
calculation based on destructive sampling of average tree
stems in 2012 and 2013, and a form factor of 0.041 was
obtained from the Newton Approximation method as the rel-
atively accurate one for this plantation (Yan. 2016).

2.4.3 Tree biomass

Based on tree inventories at the beginning of the experiment and
after each growing season in the subsequent years, an average
tree from each management plan was harvested for destructive
biomass sampling. A total of 40 trees were harvested throughout
the experiment. The sampled trees were separated into leaves,
branches, trunk, and roots. Freshmass of all tissueswasweighed
in the field, and representative subsamples were taken to the
laboratory to determine their water content. The tissues were
oven-dried to constant weight at 65 °C for dry mass determina-
tion. Generalized allometric equations of tree components (stem,
branches, leaves, roots) were established for the experimental
poplar plantation as functions of DBH and height (Table 3).
These equations were used for estimating the biomass of tree
components after each survey.

2.4.4 Soil nitrogen and soil water content

Field surveys for soil nutrients were conducted at the begin-
ning of the experiment (March 2012) and at the end of each
growing season. Six trees with average size were selected
from tree belts of every treatment in the middle of the planta-
tion for location determination of soil sampling. Soil sample
cores were taken 1 m apart from each selected tree and directly
below the drip emitter. The cores were sampled in 0–60 cm of
the soil at 20-cm intervals (i.e., 0–20, 20–40, and 40–60 cm) at
each location. N concentration was analyzed using the
Kjeldahl method.

Time domain reflectometry (TDR) was used for determi-
nation of soil water content (SWC, m3 m−3). Three TDR tube
probes were installed in each treatment and control plot under
the drip emitters. Measurements of soil water content were
taken at 20-cm intervals from the soil surface to a depth of
100 cm. The measurements were made within time intervals
of less than 15 days from April to October over the 3-year
treatments.

Table 2 Experimental design and
implementation overview in
study sites

Treatment Irrigation when the
SWP at 20-cm depth
(kPa)

Fertilize amount
(kg ha−1 year−1 N)

Irrigation amount
(m3 ha−1 year−1)

Irrigation times
(times year−1)

2012 2013 2014 2012 2013 2014

WP−75N60 −75 60 3981 4297 3865 7 10 10

WP−75N120 −75 120 4102 4374 3949 7 10 10

WP−75N180 −75 180 4188 4492 4036 7 10 10

WP−50N60 −50 60 4512 4864 4393 12 15 17

WP−50N120 −50 120 4597 4923 4437 12 15 17

WP−50N180 −50 180 4633 5077 4511 12 15 17

WP−25N60 −25 60 5025 5489 4899 19 24 23

WP−25N120 −25 120 5088 5592 4975 19 24 23

WP−25N180 −25 180 5104 5683 5082 19 24 23

Control Non-irrigation 0 3544 3898 3636 1 1 1

SWP is soil water potential. The six N application times were May 5, June 1, June 21, July 8, August 2, and
August 29 in 2012; April 28, May 20, June 13, June 30, July 26, and August 17 in 2013; and April 21, May 12,
June 7, July 7, August 2, and August 28 in 2014

Table 3 Allometric equations for estimation of tree components
biomass from DBH and H measurements for the experimental poplar
trees

Tree component Allometric equation R2 P

Leaf B = 0.1117 (D2H)0.5342 0.91 < 0.0001

Branch B = 0.0047 (D2H)0.9895 0.96 < 0.0001

Trunk B = 0.0622 (D2H)0.8143 0.95 < 0.0001

Root B = 0.0180 (D2H)0.8242 0.97 < 0.0001

B biomass, D diameter at breast height, H height
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2.5 Data analysis

The stem volume in the plantation (m3 ha−1) was obtained by
dividing the sum of the total volume in the block with the
block area. Individual tree biomass (kg tree−1) was calculated
as the sum of dry weights of the four components namely, leaf,
branch, trunk, and roots, and the biomass production in each
treatment block (kg ha−1) was obtained by dividing the sum of
biomass for all trees in the block with the block area.

ANOVA was used to examine the treatment effects on the
increment in BA, H, SV, and biomass in each year of the ex-
periment. The significant differences among treatments were
checked using the Tukey test. Significance was set at the p =
0.05 level. SPSS software package was used for statistical anal-
ysis. The relationships between cumulative stem volume and
biomass increase excess of control and cumulative nitrogen

addition and cumulative irrigation amount were analyzed by a
regression method for mean values using SigmaPlot 12.5.

3 Results

3.1 Variations of soil nitrogen and water contents
throughout the experimental period

At the beginning of the experiment (March 2012), the average
total nitrogen (N) ranged 0.54–0.93 g kg−1 in the 0–60-cm soil
layers. There was no significant difference in total N concen-
tration among the plots of drip irrigation and fertigation man-
agement and control (Fig. 1a). After 3 years of the experiment,
total N concentrations in the 0–20- and 20–40-cm soil layers
were significantly higher in the drip irrigation- and fertigation-

Fig. 1 Multiple comparisons for total N in the 0–60-cm soil layers among
management before the experiment (a) and after 3 years of experiment
(b). Values are expressed as means and standard deviations. Different

alphabets within the same soil layer indicate significant difference at
p < 0.05 according to the Tukey test. For abbreviations, see Table 2
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treated plots than control plot, especially for the high level of
N dose. They were about 10.0–31.3 and 6.1–24.3% higher for
the drip irrigation- and fertigation-treated soils than for control
(p < 0.05), but the difference was not significant for the 40–
60-cm soil layer (Fig. 1b).

Overall, during the experiments from 2012 through
2014, the soil water content (SWC) within 20-cm soil depth
was highly influenced by drip irrigation and fertigation
management (Fig. 2). During the periods of April–June
and September–November, the soil water content dynamics
varied among the treatments. With increasing level of

irrigation, soil water content varied with a higher frequency
but with smaller amplitude. Due to ample rainfall from July
to September every year, the average soil water content was
much higher than that in other periods under all treatments.
In the three growing seasons, the average soil water content
under all irrigation treatments were much higher than that in
control, with the average soil water content under the three
levels of drip irrigation being 61–69, 50–56, and 27–55%
higher than control, respectively. This indicates that a
higher level of drip irrigation resulted in greater surface soil
water availability.

Fig. 2 a–c Soil water content at 20-cm depth in different irrigation plans during the growing seasons of the 3 years
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3.2 Tree growth and stem volume increment
in response to drip irrigation and fertigation
management

The growth rate as expressed by the increments in basal area
(BA), height (H), and stem volume (SV) indices showed var-
iations throughout the 3 years (Fig. 3). Maximum growth was
recorded in the second experimental year (age 5), while the
ranking for the other 2 years varied with indices. Increase in H
was relatively quicker in the first experimental year (age 4),
whereas diameter and volume increments were greater in the
third experimental year (age 6). Furthermore, in either of the
3 years, the increments of BA, H, and SV showed differences
among the management plans, though it was not always sta-
tistically significant between any two treatments. Overall, all
the drip irrigation and fertigation treatments showed higher
increments than control, and the three indices showed similar
trends in the difference among treatments.

In the first year, the treatment WP−25N180 yielded the
highest increments in BA, H, and SV. The increment in stem
volume was 11.5 m3 ha−1 year−1 and 8.01 m3 ha−1 year−1 for

the WP−25N180-treated trees and control, respectively. The
BA, H, and SV increments in the WP−25N180-treated trees
was about 28, 58, and 44% higher than control, respectively
(p < 0.05) (Fig. 3). In the latter 2 years,WP−50N180 showed the
highest increments in the indices, withWP−25N180 ranking the
second and not significantly different from WP−50N180. The
increment in stem volume in the second year was
27.6 m3 ha−1 year−1 and 20.5 m3 ha−1 year−1 for the WP

−50N180-treated trees and control, respectively. For the WP

−50N180-treated trees, the increments in BA, H, and SV was
about 18, 27, and 36% higher than those of control in the
second year, respectively (p < 0.05) (Fig. 3). In the third year,
the increments in stem volume was 26.0 m3 ha−1 year−1 and
16.6 m3 ha−1 year−1 for the WP−50N180-treated trees and con-
trol, respectively. For the WP−50N180-treated trees, the incre-
ments in BA, H, and SV was about 28, 44, and 57% higher
than those of control, respectively (p < 0.05) (Fig. 3).

The significance levels were analyzed for the effects of drip
irrigation, fertigation, and their interactions in the 3 years
(Table 4). The incremental effect on diameter was statistically
significant in almost all tests in the 3 years (p < 0.001 or
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Fig. 3 Multiple comparisons for
increments in BA (IBA, a), height
increment (IH, b), and stem
volume increment (ISV, c) of the
plantation among management
regimes by age. Values are
expressed as means and standard
deviations. Different alphabets
within the same age indicate
significant difference at p < 0.05
according to the Tukey test. For
abbreviations, see Table 2
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p < 0.01). The effects on height and stem volume showed
some variations across the 3 years. Irrigation tended to affect
rapidly and significantly in the first year, but was less signif-
icant in later years. On the other hand, fertigation showed
obvious cumulative effects and the significance levels in-
creased in the second and third years.

Table 5 presents the ratio of DBH/H throughout the exper-
imental period. There was no obvious positive or negative
effect of irrigation and fertigation amounts on DBH/H.
However, compared with control, drip irrigation and
fertigation treatments showed lower DBH/H, suggesting
greater incremental effect on height than diameter.

3.3 Biomass production in response to drip irrigation
and fertigation management

The annual biomass production in each of the management
blocks in the 3 years was calculated for all components of
every tree based on biomass equations (Fig. 4). Similar to
the results for stem volume increments, all the drip irrigation

and fertigation treatments yielded higher biomass production
than control. In the first year of the experimental, compared
with a biomass increment of 7045.7 kg ha−1 year−1 for control,
increments of 7385.4–10,571.7 kg ha−1 year−1 were obtained
for the drip irrigation and fertigation treatments, which were
4.8–50.0% higher than for control. Likewise, in the second
and third years, the biomass increments under treatments were
5.6–26.5 and 4.3–52.2% higher than control, respectively.
Among the nine treatments, WP−25N180 and WP−50N180 were
ranked the highest for their positive effects on tree growth.

3.4 Cumulative effects of drip irrigation
and fertigation over years

To further evaluate the management regimes incorporating the
productivity overmultiple years, the cumulative increase in stem
volume and biomass production in drip irrigation and fertigation
treatments relative to that of control as a function of the cumu-
lative amount of N addition and irrigation were analyzed
(Fig. 5). In the three irrigation levels, the magnitude of the

Table 4 The P values and
significance level of the main
effects of irrigation and fertilizer
and their interactions on BA
increment (IBA), height increment
(IH), and stem volume increment
(ISV) for the poplar plantation at
age 4, 5, and 6 years

Year/age Source of variation P value and significance level

IBA (m2 ha−1 year−1) IH (m year−1) ISV (m3 ha−1 year−1)

First year/age 4 Irrigation < 0.001*** < 0.001*** 0.007**

Fertilizer < 0.001*** 0.202 NS 0.055*

Irrigation × Fertilizer < 0.001*** 0.088 NS 0.002**

Second year/age 5 Irrigation < 0.001*** 0.029* 0.069 NS

Fertilizer 0.921 NS 0.018** < 0.001***

Irrigation × Fertilizer 0.002** < 0.001*** 0.201 NS

Third year/age 6 Irrigation < 0.001*** 0.054 NS 0.013*

Fertilizer < 0.001*** < 0.001*** < 0.001***

Irrigation × Fertilizer 0.003** < 0.001*** < 0.001***

Significance of analysis of variance factor: NS, not significant; *P < 0.05; **P < 0.01; ***P < 0.001

Table 5 Multiple comparisons
for DBH/H of the plantation
among management regimes by
age

Treatment Diameter height ratio DBH/H (×10−2)

Before experiment/age 3 First year/age 4 Second year/age 5 Third year/age 6

WP−75 N60 0.70 b 1.01 bc 1.11 bcd 1.16 bcd

WP−75 N120 0.71 ab 1.00 bc 1.13 bc 1.18 bc

WP−75 N180 0.70 b 1.01 bc 1.09 cd 1.15 bcd

WP−50 N60 0.76 ab 1.01 bc 1.14 b 1.19 b

WP−50 N120 0.71 ab 1.00 bc 1.11 bc 1.16 bcd

WP−50 N180 0.79 a 1.04 ab 1.11 bcd 1.13 d

WP−25 N60 0.73 ab 0.94 d 1.07 d 1.12 d

WP−25 N120 0.74 ab 0.99 c 1.10 cd 1.13 d

WP−25 N180 0.73 ab 0.98 cd 1.12 bc 1.14 cd

Control 0.72 ab 1.01 a 1.19 a 1.24 a

Values (means) with different alphabets within the column in the same age indicate significant difference at p <
0.05, according to the Tukey test. For abbreviations, see Table 2
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response (differing in slopes) of cumulative stem volume incre-
ment in excess of control to addition of N follows a descending
sequence ofWP−50 >WP−25 >WP−75 (Fig. 5a). The response of
cumulative biomass increase in excess of control follows the
same sequence (Fig. 5c). These results suggest that the positive
effect of the amount of water supplied was conditional and the
irrigation levelWP−50 rather thanWP−25 allowed the fertilizer to
fully exert its role and sustainably promoted the plantation
growth over the entire experimental period. On the other hand,

in the three fertilization levels, the magnitude of the response of
both cumulative stem volume increase and cumulative biomass
increase in excess of control to the level of irrigation followed a
descending sequence of N180 > N120 > N60 (Fig. 5b, d). This
suggests that the positive effect of the amount of fertilizer used
on the growth had not reached saturation threshold in this study.
The effect of drip irrigationwasmore significant under sufficient
nutrient conditions, whereas in lower fertigation levels (N60 and
N120) the effects were quite limited in multiple years.
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4 Discussions

4.1 Combined drip irrigation and fertigation could
greatly promote the plantation productivity

The present experiment demonstrated the coupling effect of
drip irrigation and fertigation on tree growth, suggesting the
higher efficiency of using these simultaneously and in combi-
nation for better management (Li and Liu 2010; Kong et al.
2011; Guan et al. 2013). The productivity under control,
which was characterized by low levels of irrigation and fertil-
ization, was much lower than that of other management re-
gimes with higher levels of irrigation and fertilization. The
observed results that have also been reported for other tree
species may partially be attributed to a homogenization and
transportation of nutrients by water for efficient absorption. In
a study with young Norway spruce, the absolute biomass dou-
bled after irrigation and liquid fertilization (Iivonen et al.
2006). Coleman et al. (2004) found that aboveground biomass
accumulation responded positively to irrigation and
fertilization in sycamore and suggested that improved
resource availability in soil caused the large increases in
growth. Dong et al. (2011) revealed that a combined manage-
ment of water, N, and P could achieve maximum biomass of
Populus tomentosa seedlings because soil water improved N
availability and absorption by roots. In our study, the 3-year
experiment resulted in higher concentrations of soil total N
only in the 0–20- and 20–40-cm soil layers of drip
irrigation- and fertigation-treated plots than control, whereas
the difference was not significant for the 40–60-cm soil layer,
suggesting the leakage of N to deep layers should be limited.
Drip irrigation combined with fertigation resulted in greater
surface soil water and nutrient availability (Figs. 1 and 2).
Combined management significantly increased stem volume
and biomass production, and showed a cumulative effect over
years. The promoting effects should mainly be attributable to
increased nitrogen and water availability in the surface soil
through the drip irrigation and fertigation management. It
can be deduced that under conventional management in our
study site the trees may suffer from insufficient supplies of N
and water in the growing season, which might reduce tree
growth and lead to more biomass allocation to roots
(Ibrahim et al. 1998). Furthermore, it is difficult to isolate
the effects of water and N availability because water provides
the medium for N uptake by roots (Yan et al. 2016). Drip
irrigation could provide a consistent moisture regime in the
soil, which might accelerate root growth and result in the
optimum availability of nutrients, and hence enhance tree
growth (Ramniwas et al. 2013). In this study, drip irrigation
and fertigation might have led to the appropriate distribution
and adequate availability of nutrients and moisture in the root
zone of the trees, which could have enhanced the uptake of
nutrients.

The significant promoting effects of both drip irrigation
and fertigation in our study might be partially due to the prop-
er timing of irrigation and fertigation. Instead of the conven-
tional fertilization of once or twice each growing season, year-
ly N addition in this study was supplied six times through drip
irrigation. It has been suggested that under a drip irrigation
system, fertigation events can be scheduled as often as daily to
synchronize the nutrient supply with the plant nutrient require-
ment and thus promote plant growth (Stanturf et al. 2001). An
experiment with P. tomentosa plantation by our research
group also revealed that higher application frequency (four
times per year) increased N uptake of trees and had positive
effect on the growth (Wang et al. 2015). Therefore, the high N
application frequency in this study coupled with drip irrigation
resulted in significantly promoting growth, and was especially
observed for fertilization treatments. Moreover, this combina-
tion regime was able to synchronize the supplies of nutrient
and water, making their interactive effect positive. The man-
agement plan yielding the highest plantation productivity in-
cluded surface drip irrigation that was launched at a soil water
potential of −50 kPa with fertigation of 180 kg N ha−1 year−1

that were applied six times during the growing season.

4.2 Effects of drip irrigation and fertigation vary
with plantation ages

Although both drip irrigation and fertigation management
showed promoting effect on the plantation growth, our results
revealed some differences between in the magnitude of their
impact across experimental years. Drip irrigation exerted its
effect rapidly and the significance tended to reduce over the
years, whereas the effects of fertilization tended to increase
with time (Table 4). This was consistent with previous reports
for poplar plantations that showed that the root systemwas not
well developed in early ages and thus was more sensitive to
surface drip irrigation. In older trees, the root system went
deeper and showed greater absorption ability. Thus, its sensi-
tivity to irrigation gradually decreased but that to fertilization
using drips increased (Kong et al. 2011;Wang et al. 2015; Yan
et al. 2015a). In addition, a general delay in the growth effect
of nitrogen from the time of fertilization could be another
reason for the increasing effect of N addition in older trees
(Granlund et al. 2005; Wudneh et al. 2014). Based on these
findings, intensive management of water and nutrient is rec-
ommended in the cultivation of rapid-growing poplar planta-
tions with the emphasis on irrigation in the first year and on
fertilization from the second year onwards.

4.3 Effect of fertigation positively increases and is
cumulative while the effect of irrigation is restricted

The three levels of N that were applied in this study were
lower than common applications following conventional
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fertilization methods for North American poplar. In a non-
irrigated P. tomentosa plantation, Liu recommended a N addi-
tion rate of 350 kg ha−1 year−1, and for a flood-irrigated
P. tomentosa plantation, and Ren recommended N addition
rates between 380 and 500 kg ha−1 year−1 (Rennenberg et al.
2010; Wang et al. 2015). Proper N addition rate under drip
irrigation may be lower than that for conventional fertilization
and can exert greater effect without loss of N due to leaching
(Lee and Jose 2003). In this study, fertigation positively pro-
moted growth and the highest level of 180 kg N ha−1 year−1

should be within the range of proper dose. In addition,
fertigation showed a cumulative and consistently positive ef-
fect over the entire study period with the application rates used
in this study (Fig. 5a, c). In the lower fertigation levels, effects
of irrigation were restricted and a weak positive response in
growth was seen with increase in irrigation (Fig. 5b, d). These
also demonstrate the advantage of drip irrigation and
fertigation management in the absorption and utilization of
both water and nutrients, and the fertigation amount of
180 kg N ha−1 year−1 can obtain high productivity for the
plantation across these ages.

On the other hand, the medium level of irrigation (WP−50)
in this experiment resulted in the greatest promoting effect on
the plantation growth, and further increase in water supply did
not further increase this effect. Under this irrigation plan,
fertigation promoted the increment in stem volume and bio-
mass production to the maximum (Fig. 5a, c). This suggests
that the leaching loss of N was limited and the fertilizer had
fully exerted its role and sustainably promoted the plantation
growth over the entire experimental period. Moreover, it also
implies that the irrigation amount commonly applied to such
plantations can be markedly reduced.

5 Conclusions

Management using a combined drip irrigation and fertigation
could markedly improve availability and absorption of water
and nutrients in soil, resulting in substantial increases in diam-
eter and height growth, stem volume, and biomass production
of poplar plantations grown in fields with sandy soil in the
North China Plain. The enhanced stem volume and biomass
were mainly attributable to increased nitrogen and water avail-
ability in the surface soil through the combined management.
And, the management showed a cumulative effect over years.
It can be deduced that, in fields with soil similar to our exper-
imental site, this management plan can be generalized as an
effective management regime of water and nutrient in fast-
growing forest plantations.

Acknowledgements This research was jointly supported by the National
Natural Science Foundation of China (31670625) and the China
Postdoctoral Science Foundation (184521).

Compliance with ethical standards

Data availability The manuscript has no associated data or data archiv-
ing is not mandated.

Conflict of interest The authors declare that they have no conflict of
interest.

References

Allen SJ, Hall RL, Rosier PTW (1999) Transpiration by two poplar va-
rieties grown as coppice for biomass production. Tree Physiol 19:
493–501. https://doi.org/10.1093/treephys/19.8.493

Alsafar MS, Al-hassan YM (2009) Effect of nitrogen and phosphorus
fertilizers on growth and oil yield of indigenous mint (Mentha
longifolia L.) Biotechnol 8:380–384. https://doi.org/10.3923/
biotech.2009.380.384

Ceulemans R, Deraedt W (1999) Production physiology and growth po-
tential of poplars under short-rotation forestry culture. For Ecolo
Manag 121:9–23. https://doi.org/10.1016/S0378-1127(98)00564-7

Coleman MD, Friend AL, Kern CC (2004) Carbon allocation and nitro-
gen acquisition in a developing Populus deltoides plantation. Tree
Physiol 24:1347–1357. https://doi.org/10.1093/treephys/24.12.
1347

Coyle DR, ColemanMD (2005) Forest production responses to irrigation
and fertilization are not explained by shifts in allocation. For Ecolo
Manag 208:137–152. https://doi.org/10.1016/j.foreco.2004.11.022

Dai XQ, Sui P, Xie GH, Steinberger Y (2006) Water use and nitrate
nitrogen changes in intensive farmlands following introduction of
poplar (Populus × euramericana) in a semi-arid region. Arid Land
Re s Manag 20 : 2 81–294 . h t t p s : / / d o i . o r g / 1 0 . 1080 /
15324980600904734

Dickmann DI (2006) Silviculture and biology of short-rotation woody
crops in temperate regions: then and now. Biomass Bioenergy 30:
696–705. https://doi.org/10.1016/j.biombioe.2005.02.008

Dickmann DI, Nguyen PV, Pregitzer KS (1996) Effects of irrigation and
coppicing on above-ground growth, physiology, and fine-root dy-
namics of two field-grown hybrid poplar clones. For Ecolo Manag
80:163–174. https://doi.org/10.1016/0378-1127(95)03611-3

Dong WY, Qin J, Li JY, Zhao Y, Nie LS, Zhang ZY (2011) Interactions
between soil water content and fertilizer on growth characteristics
and biomass yield of Chinese white poplar (Populus tomentosa
Carr.) seedlings. Soil Sci Plant Nutr 57:303–312. https://doi.org/
10.1080/00380768.2010.549445

Granlund K, Räike A, Ekholm P, Rankinen K, Rekolainen S (2005)
Assessment of water protection targets for agricultural nutrient load-
ing in Finland. J Hydrol 304:251–260. https://doi.org/10.1016/j.
jhydrol.2004.07.033

Guan H, Li J, Li Y (2013) Effects of drip system uniformity and irrigation
amount on cotton yield and quality under arid conditions. AgrWater
Manage 124:37–51. https://doi.org/10.1016/j.agwat.2013.03.020

Hansen EA (1988) Irrigating short rotation intensive culture hybrid pop-
lars. Biomass 16:237–250. https://doi.org/10.1016/0144-4565(88)
90029-7

Ibrahim L, Proe MF, Cameron AD (1998) Interactive effects of nitrogen
and water availabilities on gas exchange and whole-plant carbon
allocation in poplar. Tree Physiol 18:481–487. https://doi.org/10.
1093/treephys/18.7.481

Iivonen S, Kaakinen S, Jolkkonen A, Vapaavuori E, Linder S (2006)
Influence of long-term nutrient optimization on biomass, carbon,
and nitrogen acquisition and allocation in Norway spruce. Can J
For Res 36(6):1563–1571. https://doi.org/10.1139/x06-035

Annals of Forest Science (2018) 75: 5 Page 11 of 12 5

https://doi.org/10.1093/treephys/19.8.493
https://doi.org/10.3923/biotech.2009.380.384
https://doi.org/10.3923/biotech.2009.380.384
https://doi.org/10.1016/S0378-1127(98)00564-7
https://doi.org/10.1093/treephys/24.12.1347
https://doi.org/10.1093/treephys/24.12.1347
https://doi.org/10.1016/j.foreco.2004.11.022
https://doi.org/10.1080/15324980600904734
https://doi.org/10.1080/15324980600904734
https://doi.org/10.1016/j.biombioe.2005.02.008
https://doi.org/10.1016/0378-1127(95)03611-3
https://doi.org/10.1080/00380768.2010.549445
https://doi.org/10.1080/00380768.2010.549445
https://doi.org/10.1016/j.jhydrol.2004.07.033
https://doi.org/10.1016/j.jhydrol.2004.07.033
https://doi.org/10.1016/j.agwat.2013.03.020
https://doi.org/10.1016/0144-4565(88)90029-7
https://doi.org/10.1016/0144-4565(88)90029-7
https://doi.org/10.1093/treephys/18.7.481
https://doi.org/10.1093/treephys/18.7.481
https://doi.org/10.1139/x06-035


KongQ, Li G,WangY, HuoH (2011) Bell pepper response to surface and
subsurface drip irrigation under different fertigation levels. Irrigation
Sci 30:233–245. https://doi.org/10.1007/s00271-011-0278-0

Kowalenko CG, Bittman S (2000)Within-season grass yield and nitrogen
uptake, and soil nitrogen as affected by nitrogen applied at various
rates and distributions in a high rainfall envrironment. Can J Plant
Sci 80:287–301. https://doi.org/10.4141/P98-139

Lee KH, Jose S (2003) Soil respiration, fine root production, and micro-
bial biomass in cottonwood and loblolly pine plantations along a
nitrogen fertilization gradient. For Ecolo Manag 185:263–273.
https://doi.org/10.1016/s0378-1227(03)00164-6

Li J, Liu Y (2010) Water and nitrate distributions as affected by layered-
textural soil and buried dripline depth under subsurface drip
fertigation. Irrigation Sci 29:469–478. https://doi.org/10.1007/
s00271-010-0255-z

Lynch DW, Schumacher FX (1941) Concerning the dispersion of natural
regeneration. J Forest 39:49–51(43)

Morgan JA (1984) Interaction of water supply and N in wheat. Plant
Physiol 76:112–117. https://doi.org/10.1104/pp.76.1.112

O’Neill MK, Allen SC, Heyduck RF, Lombard KA, Dan S, Arnold RN
(2014) Hybrid poplar (Populus spp.) adaptation to a semi-arid re-
gion: results from Northwest New Mexico (2002–2011). Agrofor
Syst 88:387–396. https://doi.org/10.1007/s10457-014-9694-5

Perry CH, Miller RC, Brooks KN (2001) Impacts of short-rotation hybrid
poplar plantations on regional water yield. For Ecolo Manag 143:
143–151. https://doi.org/10.1016/S0378-1127(00)00513-2

Rajput TBS, Patel N (2006) Water and nitrate movement in drip-irrigated
onion under fertigation and irrigation treatments. AgrWater Manage
79:293–311. https://doi.org/10.1016/j.agwat.2005.03.009

Ramniwas KRA, Pareek S, Sarolia DK, Singh V (2013) Effect of drip
fertigation scheduling on fertilizer use efficiency, leaf nutrient status,
yield and quality of ‘shweta’ guava (Psidium guajava L.) under
meadow orcharding. Natl Acad Sci Lett 36:483–488. https://doi.
org/10.1007/s40009-013-0162-y

Rennenberg H, Wildhagen H, Ehlting B (2010) Nitrogen nutrition of
poplar trees. Plant Biol 12:275–291. https://doi.org/10.1111/j.
1438-8677.2009.00309.x

Shirazi SM, Yusop Z, Zardari NH, Ismail Z (2014) Effect of irrigation
regimes and nitrogen levels on the growth and yield of wheat. Adv
Agr 2014:250874. https://doi.org/10.1155/2014/250874

Stanturf JA, Oosten CV, Netzer DA, Coleman MD, Portwood CJ (2001)
Ecology and silviculture of poplar plantations. In: Dickmann DI,
Isebrands JG, Eckenwalder JE, Richardson J (eds) Poplar culture
in North America. NRC Research Press, pp 153–206

Sylvester-Bradley R, Kindred DR, Wynn SC, Thorman RE, Smith KE
(2012) Efficiencies of nitrogen fertilizers for winter cereal produc-
tion, with implications for greenhouse gas intensities of grain. J Agr
Sci 152:3–22. https://doi.org/10.1017/s0021859612000810

Tarkalson DD, Donk SJV, Petersen JL (2009) Effect of nitrogen applica-
tion timing on corn production using subsurface drip irrigation. Soil
Sci 174:174–179. https://doi.org/10.1097/SSL.0b013e3181998514

Wang Y, Xi BY, Bloomberg M, Moltchanova E, Li GD, Jia LM (2015)
Response of diameter growth, biomass allocation and N uptake to N
fertigation in a triploidPopulus tomentosa plantation in the North China
Plain: ontogenetic shift does not exclude plasticity. Eur J Forest Res 134:
889–898. https://doi.org/10.1007/s10342-015-0897-8

WudnehA, Erkossa T, Devi P (2014) Sediment and nutrient lost by runoff
from twowatersheds, Digga district in BlueNile basin, Ethiopia. Afr
J Environ Sci Technol 8:498–510. https://doi.org/10.5897/
ajest2014.1747

Xi BY, Li GD, Bloomberg M, Jia LM (2014) The effects of subsurface
irrigation at different soil water potential thresholds on the growth
and transpiration of Populus tomentosain the North China Plain.
Aust Forestry 77:159–167. https://doi.org/10.1080/00049158.
2014.920552

Xi BY, Wang Y, Jia LM, Bloomberg M, Li GD, Di N (2013)
Characteristics of fine root system and water uptake in a triploid
Populus tomentosa plantation in the North China Plain: implications
for irrigation water management. Agr Water Manage 117:83–92.
https://doi.org/10.1016/j.agwat.2012.11.006

YanXL (2016) Research on coupling effects of water and nitrogen in fast-
growing and high-yield poplar plantations. Dissertation, Beijing
Forestry University (in Chinese with English abstract)

Yan XL, Dai TF, Jia LM, Dai LL, Xin FM (2015a) Responses of the fine
root morphology and vertical distribution of Populus ×
euramericana‘Guariento’ to the coupled effect of water and nitro-
gen. Chin. J Plant Ecol 39:825–837. https://doi.org/10.17521/cjpe.
2015.0079 (in Chinese with English abstract)

Yan XL, Dai TF, Zhao DH, Jia LM (2016) Combined surface drip irriga-
tion and fertigation significantly increase biomass and carbon stor-
age in a Populus × euramericana cv. Guariento plantation. J Forest
Res-JPN 21:280–290. https://doi.org/10.1007/s10310-016-0540-7

Yan XL, Xi BY, Jia LM, Li GD (2015b) Response of sap flow to flooding
in plantations of irrigated and non-irrigated triploid poplar. J Forest
Res-JPN 20:375–385. https://doi.org/10.1007/s10310-015-0485-2

Yang S, Peng S, Xu J, He Y, Wang Y (2015) Effects of water saving
irrigation and controlled release nitrogen fertilizer managements on
nitrogen losses from paddy fields. Paddy Water Environ 13:71–80.
https://doi.org/10.1007/s10333-013-0408-9

Yohannes F, Tadesse T (1998) Effect of drip and furrow irrigation and
plant spacing on yield of tomato at Dire Dawa, Ethiopia. Agr Water
Manage 35:201–207. https://doi.org/10.1016/S0378-3774(97)
00039-5

Zhu A, Zhang J, Zhao B, Cheng Z, Li L (2005) Water balance and nitrate
leaching losses under intensive crop production with Ochric Aquic
Cambosols in North China Plain. Environ Int 31:904–912. https://
doi.org/10.1016/j.envint.2005.05.038

5 Page 12 of 12 Annals of Forest Science (2018) 75: 5

https://doi.org/10.1007/s00271-011-0278-0
https://doi.org/10.4141/P98-139
https://doi.org/10.1016/s0378-1227(03)00164-6
https://doi.org/10.1007/s00271-010-0255-z
https://doi.org/10.1007/s00271-010-0255-z
https://doi.org/10.1104/pp.76.1.112
https://doi.org/10.1007/s10457-014-9694-5
https://doi.org/10.1016/S0378-1127(00)00513-2
https://doi.org/10.1016/j.agwat.2005.03.009
https://doi.org/10.1007/s40009-013-0162-y
https://doi.org/10.1007/s40009-013-0162-y
https://doi.org/10.1111/j.1438-8677.2009.00309.x
https://doi.org/10.1111/j.1438-8677.2009.00309.x
https://doi.org/10.1155/2014/250874
https://doi.org/10.1017/s0021859612000810
https://doi.org/10.1097/SSL.0b013e3181998514
https://doi.org/10.1007/s10342-015-0897-8
https://doi.org/10.5897/ajest2014.1747
https://doi.org/10.5897/ajest2014.1747
https://doi.org/10.1080/00049158.2014.920552
https://doi.org/10.1080/00049158.2014.920552
https://doi.org/10.1016/j.agwat.2012.11.006
https://doi.org/10.17521/cjpe.2015.0079
https://doi.org/10.17521/cjpe.2015.0079
https://doi.org/10.1007/s10310-016-0540-7
https://doi.org/10.1007/s10310-015-0485-2
https://doi.org/10.1007/s10333-013-0408-9
https://doi.org/10.1016/S0378-3774(97)00039-5
https://doi.org/10.1016/S0378-3774(97)00039-5
https://doi.org/10.1016/j.envint.2005.05.038
https://doi.org/10.1016/j.envint.2005.05.038

	Evaluation of the cumulative effect of drip irrigation and fertigation on productivity in a poplar plantation
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Site description
	Plant material
	Experimental design
	Measurements
	Tree diameter and height growth
	Stem volume
	Tree biomass
	Soil nitrogen and soil water content

	Data analysis

	Results
	Variations of soil nitrogen and water contents throughout the experimental period
	Tree growth and stem volume increment in response to drip irrigation and fertigation management
	Biomass production in response to drip irrigation and fertigation management
	Cumulative effects of drip irrigation and fertigation over years

	Discussions
	Combined drip irrigation and fertigation could greatly promote the plantation productivity
	Effects of drip irrigation and fertigation vary with plantation ages
	Effect of fertigation positively increases and is cumulative while the effect of irrigation is restricted

	Conclusions
	References


