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a  b  s  t  r  a  c  t

Soil  salinity  and  saline  groundwater  are  major  constraints  to  the cultivation  of landscape  plants  in  coastal
regions.  Soil  tillage,  drip-irrigation  and  a gravel–sand  layer  were  used  for reclamation  of high  saline  silt-
soils  in  a  coastal  region  of  China.  Chinese  roses  (Rosa  chinensis),  a salt-sensitive  species,  were  planted  in the
reclaimed  soil  under  field  conditions  to determine  the effects  of salinity  on  rose  growth  and  ion  uptake,
using  five  salinity  levels  of 0.8, 3.1,  4.7,  6.3 and  7.8  dS/m  of  drip  irrigation.  Tensiometers  were  buried  at  a
depth of 20  cm  to  control  the  soil  matric  potential  (SMP),  keeping  the SMP  over −5  kPa  the  first  year,  and
over  −10 kPa  the  second  year.  Chinese  rose relative  leaf  water  deficit,  dry matter  production,  number  of
flowers,  root  development  and  distribution  and other  plant  growth  parameters  were  assessed.  Sodium
(Na),  chloride  (Cl),  potassium  (K),  magnesium  (Mg)  and  calcium  (Ca)  concentrations  in  roots,  stems  and
leaves  were  determined.  The  increasing  salinity  of  irrigation  water  had  adverse  effects  on  rose  growth
and  ion balance,  and  salt  stress  had  the  greatest  impact  on relative  leaf  water  deficit  value.  When  irrigated
with  saline  water, most  roots  penetrated  beyond  16–19  cm  depth  into  the  high-salinity  subsoil,  which
was  disadvantageous  to  the absorption  of  water  and  nutrients.  The  SMP  should  be  controlled  at  −5  to
−10  kPa  in  the  second  year  for irrigation  with  saline  water  of >3  dS/m,  to  promote  a greater  concentration
of  roots  in  the lower-salt  top soil.  Rose  plants  stored  most  absorbed  Na  and  Cl ions  in  roots  and  stems,  and

Ca,  Mg  and  K  in  leaves;  however,  leaf  damage  still  occurred  due  to greater  reductions  in  Ca/Na,  Mg/Na  and
especially  K/Na  ratios.  Increasing  Na concentration  and  decreasing  K/Na  ratio  had  an  adverse  impact  on
dry matter  production.  Therefore,  soluble  potash  should  be  applied  for saline  water  irrigation  to increase
the  selective  absorption  ratio  of  K,  to  better  counteract  the  effect  of the  high  Na  concentrations  in this
soil.
. Introduction

Soil salinity is a major environmental factor limiting the produc-

ivity of crops and appearance of landscape plants in many coastal
egions of the world, where there are large areas of saline land. In
hina, saline land is common along the 6000 km of coastline bor-

Abbreviations: SMP, soil matric potential; ECiw, electrical conductivity of irri-
ation water; ECe, electrical conductivity of saturated paste extracts; SAR, sodium
dsorption ratio; GR, growth ratio; RLD, root length density; ˇ, root distribution
oefficient; SWSR, shoot water storage ratio; SD, stem diameter; PH, plant height;
,  soil volume; FW,  fresh weight; DW,  dry weight; TW,  turgid weight; RWC, relative

eaf water content; RWD, relative leaf water deficit value; RR, reference ratio.
∗ Corresponding author at: Key Laboratory of Water Cycle and Related Land Sur-

ace Processes, Institute of Geographic Sciences and Natural Resources Research,
hinese Academy of Sciences, 11 A Datun Road, Anwai, Beijing 100101, China.
ax: +86 10 64856516.

E-mail address: wansq@igsnrr.ac.cn (S. Wan).

ttp://dx.doi.org/10.1016/j.agwat.2015.09.020
378-3774/© 2015 Elsevier B.V. All rights reserved.
©  2015  Elsevier  B.V.  All  rights  reserved.

dering the Pacific Ocean from Jiangsu Province to Liaoning Province
(Yu and Chen, 1999). These coastal soils are usually quite saline
(Chen et al., 2015), with pH of 7.5–8.5 (Wang et al., 1993). The aver-
age sodium adsorption ratio (SAR) is >30 (mmol/L)0.5, especially
in silt-soil, which has marked detrimental effects on soil struc-
ture and consequently on root growth (Rengasamy et al., 2003).
Saline groundwater is another factor restricting growth of crops
and landscape plants in coastal regions. In coastal areas the ground-
water table is persistently high, at only 0.5–3 m depth, and has
an electrical conductivity (EC) within 2.5–20.5 dS/m (Chen et al.,
2015). However, saline water can be successfully used for irriga-
tion (Malash et al., 2008; Meiri et al., 1992), especially in areas
with shortages of fresh water. Many crops, such as cotton (Wang
et al., 2012), cowpea (Neves et al., 2009), Bermuda grass and Duncan

paspalum (Robinson et al., 2004), corn (Yazar et al., 2003), barley
(Khoshgoftarmanesh et al., 2003), and beet (Ammari et al., 2013)
have been irrigated with the saline water.

dx.doi.org/10.1016/j.agwat.2015.09.020
http://www.sciencedirect.com/science/journal/03783774
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With the rapid industrialization and urbanization in coastal
aline regions, there is an urgent need to improve the landscape to
eet the demand for living environments in cities and surround-

ng districts (Li et al., 2015). Roses are some of the most popular
owering plants in the world. However, they are generally sen-
itive to salinity of >3.0 dS/m. Although, some rose cultivars can
olerate an EC of 3.5 dS/m without reduction in yield and quality
Cabrera and Perdomo, 2003), the excessive concentration of some
ons in saline soil, due to the irrigation with saline water, is toxic to
ose vegetative growth, root development and flowering (Cai et al.,
014).

Many studies were reported in literature on rose growth under
aline conditions. These studies were based either on soilless
aline solution culture or soil culture using added sodium chlo-
ide (NaCl) in greenhouse conditions and, sometimes with NaCl
dded at various ratios to irrigation water to create various salin-
ty levels (Cabrera and Perdomo, 2003; Cai et al., 2014; Feigin
t al., 1989; Hughes and Hanan, 1978b; Ishida et al., 1979; Massa
t al., 2009; Muhammad Jafar et al., 1991; Niu et al., 2008, 2013).
here is little information about the effect of saline water irriga-
ion on roses in field condition. Under field conditions, salinity
s a dynamic property in the root zone resulting from evapora-
ion of the soil solution, water extraction, selective plant uptake
rom plant roots and replenishment by irrigation or rainfall (Tanji,
002). Meanwhile, environmental conditions such as temperature,

ight intensity, humidity and wind speed can considerably affect
lant response to salinity (Niu and Cabrera, 2010; Zollinger et al.,
007). Moreover, the negative relationships between soil salt or
alinity and plant growth, dry matter production and ion balance
ave been confirmed in crops and plants (Chauhan et al., 2008;

askani et al., 1991; Karlberg et al., 2007; Malash et al., 2008; Mantell
t al., 1985; Muhammad Jafar et al., 1991; Sonneveld et al., 1999;
aldez-Aguilar et al., 2011); however, it is not clear which indica-

or is the most sensitive to salt stress based on these parameters.
etermination of the most salt-sensitive indicator would help in
arly diagnosis of plant status to salt stress, and to make further
djustment to avoid yield loss.

In the present study, Chinese rose (Rosa chinensis), a sensi-
ive landscape flower plant to soil salinity, was planted in coastal
egions with very heavy saline silt-soil to: (1) investigate the effects
n plant dry matter production, number of flowers and root devel-
pment and distribution, of irrigating with waters of five different
alt loads; (2) study the effect of salinity on the uptake of major
ons and the effect of ion levels on dry matter production.

. Materials and methods
.1. Experimental site

During 2012–2013, a field experiment was conducted in the
nternational Eco-City of Caofeidian District (39◦20′N, 118◦54′E)

able 1
oil characteristics after soil reclamation and freshwater irrigation.

Soil depth (cm) Soil texture in % (USDA) Soil
texture

Bulk density
(g/cm3)

<0.002 mm 0.002–0.05 mm 0.05–2 mm  

0–10 0.7 80.2 19.1 Silt 1.39 

10–20  0.7 80.3 19.0 Silt 1.56 

20–30  0.8 79.6 19.6 Silt loam 1.64 

30–40  0.7 81.4 17.9 Silt 1.72 

40–60 0.6 81.2 18.2 Silt 1.63 

60–80  0.8 80.5 18.7 Silt 1.78 

80–100 0.6 82.1 17.3 Silt 1.65 

100–120 0.9 80.1 19.0 Silt 1.64 

ote: ECe is electrical conductivity of saturated paste extracts; pHs is pH of saturated pas
gement 163 (2016) 180–189 181

in the south of Tangshan city, east China, and north of Bohai
Gulf bordering the Pacific Ocean. The study area is characterized
by a temperate semi-humid monsoon climate with annual pre-
cipitation of approximately 550 mm,  with most rainfall during
June–September.

According to Wang et al. (1993), the saline soil of the exper-
imental site is a typical coastal saline soil developed from beach
mud, with the main ions being chloride (Cl) and sodium (Na).
Before water irrigation treatment, the soil texture and soil bulk
density were determined (Table 1). The soil in the experimen-
tal field was silt-soil, with clay (<0.002 mm)  content of 0.7%, silt
(0.002–0.05 mm)  of 80.7% and sand (0.05–2 mm)  of 18.6%, and had
a characteristic silty texture and poor ventilation and permeability.
The bulk density of saline soil was in the range of 1.4–1.65 g/cm3

in the 0–30 cm soil profile, and 1.6–1.8 g/cm3 in 30–120 cm.

2.2. Soil reclamation and freshwater irrigation

The roses used in this study were established in a gravel–sand
layer soil as described in Li et al. (2015). This experiment included
five treatments of saline irrigation with waters of different salt con-
tents. Each treatment was  replicated three times in a total of 15
plots and laid out permanently in a completely randomized block
design. There were 30 roses planted at a spacing of 0.5 m × 0.6 m in
each 3.0 m × 3.0 m experimental plot. Each treatment had a sepa-
rate gravity drip-irrigation system consisting of a tank (200 L) and
15 drip tubes (five tubes per plot). The tank was installed at 0.8 m
above the ground to contain irrigation water. Drip tubes with 0.3-m
emitter intervals were placed 5 cm apart from rose plants.

For each treatment, one vacuum gauge tensiometer was
installed 0.2 m directly underneath one emitter located in the cen-
ter of the middle plot. The tensiometers were observed twice daily
(at 8:00 and 18:00 h). The primary irrigation strategies were con-
trolling the SMP  throughout the growing season. According to the
previous research results of our group on different saline soils, a
SMP  threshold of −5 kPa in the first year could achieve the best
salt leaching, and the value should be slightly lower than −5 kPa
from the second year based on the decreased soil salinity and the
purpose of water saving (Kang et al., 2012; Liu et al., 2011; Sun
et al., 2012, 2013; Zhang et al., 2013). In this study, irrigation was
applied when the tensiometer reading dropped below −5 kPa dur-
ing the first year, and −10 kPa during the second year according to
the experimental results of Sun et al. (2012, 2013) on coastal saline
soil. The experiment was  divided into two parts. The first part was
soil reclamation and freshwater irrigation, by means of excavating
down to 120 cm,  refilling of the bottom 20 cm with a gravel–sand
layer, and then upwards with the original soil, and breaking up
large soil clods using a rotary tiller to increase soil infiltration, next

planting with rose seedlings, and finally irrigating with freshwa-
ter. Immediately after transplanting rose seedlings on 1 June 2012,
∼90 mm of freshwater was applied over a period of 5 days to reduce
the levels of soil salinity within the 0–10-cm soil layer. After the ini-

At the beginning of the
experiment (June 2012)

After soil reclamation and
freshwater irrigation (July 2012)

ECe (dS/m) pHs SAR (mmol/L)0.5 ECe (dS/m) pHs SAR (mmol/L)0.5

32.34 7.97 58.86 9.12 7.89 29.74
30.05 7.94 57.43 10.67 7.94 32.77
25.03 8.13 56.57 14.82 7.87 39.77
24.80 8.19 56.05 18.62 7.77 46.97
26.78 8.04 59.29 22.00 7.67 51.34
29.34 7.97 55.53 23.00 7.64 51.55
26.77 8.02 58.08 22.83 7.62 51.94
29.56 7.91 58.20 22.87 7.64 51.88

te; and SAR is sodium adsorption rate of saturated paste extracts.
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Table 2
Water characteristics in each salinity treatment.

Treatments ECiw (dS/m) Ionic concentration (mmol/L) pH SAR (mmol/L)0.5

Na+ K+ Ca2+ Mg2+ SO4
2− Cl−

S1 0.8 6.38 0.16 1.45 0.45 0.29 4.65 8.55 4.63
S2  3.1 24.40 0.51 2.94 2.32 1.58 22.75 8.52 10.64
S3  4.7 36.46 0.74 3.66 3.79 2.46 36.78. 8.40 13.35
S4  6.3 47.82 0.95 4.04 5.27 3.37 50.01 8.37 15.68
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S5  7.8 62.84 1.24 4.55 

ote: ECiw is irrigation water electrical conductivity; SAR is sodium adsorption ratio

ial 5 days, all treatments were uniformly irrigated to maintain the
MP  at −5 kPa if the SMP  fell below −5 kPa, until all plants were
uccessfully established in the experimental soil. About ∼36 mm of
reshwater was applied over a period of 25 days to provide favorable
oil moisture for seedling survival.

.3. Saline water irrigation

The second part of this experiment was saline irrigation with
ater of different salt contents. To determine the effective use of

rrigation with saline water on Chinese rose, during 2012–2013,
ve treatments with EC of irrigation water (ECiw) of 0.8, 3.1, 4.7,
.3 and 7.8 dS/m were designed (coded S1–S5). Ionic composition
f irrigation water is shown in Table 2.

Water treatments based on different ECiw were initiated on 1
uly 2012, and when the SMP  reached the threshold value, 6 mm of
rrigation was applied to all treatments. The 6 mm  irrigation depth

as determined according to the ability to retain moisture in the
oil (soil water reserves) and the maximum daily evapotranspira-
ion of plants in this local area. Each treatment was connected to an
ndividual gravity drip-irrigation system, which irrigated the plants
rom a 200-L tank. Other management issues of this experiment

ere as described in Li et al. (2015).

.4. Observations and measurements

Soil cores were obtained from each plot using an auger (2.0 cm
iameter, 15 cm high) on 1 June, 13 July and 28 October 2012; and
n 18 March and 11 November 2013. The samples were obtained at
, 10, 20 and 30 cm from the emitters and all sample depths were
he same: 0–10, 10–20, 20–30, 30–40, 40–60, 60–80, 80–100 and
00–120 cm.  The three replicate soil samples were mixed into one
ample per treatment.

All soil samples were air-dried and passed through a 1-mm
ieve. Soluble salt estimates were based on extracts of saturated
oil. EC was determined using a conductivity meter (DDS-11A, REX,
hanghai, China).

In this experiment, average ECe values within the whole soil
rofile (depth of 0–120 cm)  and the root zone (identified as about
0 cm horizontal to the center of two rows at a depth of 0–40 cm)
ere integrated to account for both spatial and temporal variations.

he average ECe values in the soil profile were calculated:

Ce(t) =
∑n,m

j,k ECe(t, j, k) × S(j, k)
∑n,m

j,k S(j, k)
(1)

here t represents the time when soil samples were obtained, j
he four (n) distances from the emitter where soil samples were
btained, k the seven (m)  depths of soil samples and S(j,  k) the
epth interval of the soil sample.
In addition, average ECe value for 2 years was calculated:

Ce(TY) = {[ECe(J)+ECe(O)]/2}  × 110+{[ECe(O)+ECe(M)]/2}  × 142+{[ECe(
492
7.15 4.34 66.41 8.05 18.37

where ECe(J), ECe(O), ECe(M)  and ECe(N) refer to the spatial
weighted mean value of the soil profile on 13 July and 28 October
2012, and 18 March and 11 November 2013, respectively. 110, 142
and 240 are the intervals between two sampling times, and they are
the days between 13 July and 28 October 2012, 28 October 2012 and
18 March 2013, 18 March and 11 November 2013, respectively. 492
is the sum of the days.

The number of surviving rose plants was counted to calculate
the survival rate, and the height and stem diameter were measured
and flower number was recorded in 2012–2013. The branches were
counted in 2013. At the end of 2013, plants (one plant per replicate)
were destructively harvested and divided into leaves, stems and
roots. Fresh weight was  measured, and after drying in a ventilated
oven at 70 ◦C for 48 h, dry weight of each organ was determined. A
representative sub-sample of each plant organ was grounded in a
mill (Retsch MM200, Retsch, Germany) to pass a 0.2-mm mesh. A
standard plant was chosen in each replicate, and root distribution
was observed by taking soil samples to a depth of 50 cm in 10-cm
increments in a square of 30 cm × 30 cm using the plant as center.
Roots were divided into coarse and fine (diameter <2 mm)  roots
when root length was  counted.

Effects of saline treatment on growth of rose shoots and dis-
tribution of roots were analyzed. Growth ratio (GR), root length
density (RLD, cm/cm3), root distribution coefficient (ˇ, dimension-
less) and shoot water storage ratio (SWSR, %) were obtained using
the following equations:

GR = SD × 10
PH

(3)

RLD = RL
V

(4)

Y = 1-ˇd (5)

SWSR = (FWs − DWs)
FWs

× 100 (6)

where SD is stem diameter (mm),  PH is plant height (cm) and RL
is root length (cm) for the excavated soil volume (V, cm3). Y is the
cumulative root fraction (%) from the soil surface to depth d (cm)
and was fitted to the data for each excavation. FWs and DWs are
the fresh and dry weights of shoots, respectively (g/plant).

Twelve fully opened leaves were collected in 2012 and 2013.
Relative leaf water content (RWC, %) and relative leaf water deficit
values (RWD, %) were determined by these equations:

RWC  = (FWl − DWl)
(TWl − DWl)

× 100 (7)

RWD  = [1 − (FWl − DWl)
(TWl − DWl)

× TWl

FWl
] × 100 (8)

FWl, DWl and TWl are the fresh, dry and turgid weights of
leaves, respectively (g/plant). Twelve leaf disks were collected into
M)+ECe(N)]/2} × 240
(2)
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Table  3
The change of ECe (electrical conductivity of saturated paste extracts) in the different soil sample time for each treatment in 0–40 cm and 0–120 cm soil profile in 2012 and
2013.

Treatments ECe in 0–40 cm soil profile (dS/m) ECe in 0–120 cm soil profile (dS/m)

2012.6 2012.7 2012.11 2013.3 2013.11 2012.6 2012.7 2012.11 2013.3 2013.11

S1 28.06 13.25 5.56 2.34 3.62 28.09 20.02 15.17 10.74 8.10
S2  28.06 13.13 6.27 2.78 2.40 28.09 19.53 15.62 7.61 4.31
S3  28.06 13.47 5.56 3.11 2.79 28.09 19.42 15.17 8.73 5.23
S4  28.06 13.04 5.32 3.45 3.00 28.09 19.19 14.60 7.63 3.74
S5  28.06 13.66 5.17 3.52 3.88 28.09 19.61 14.74 7.12 5.33

Table 4
Chinese rose growth characteristics for different irrigation water quality (ECiw) in 2012 and 2013.

Years Treatments Survival rate (%) Plant height (cm) Stem diameter (mm)  Growth ratio Total length of branches(cm) Length of branch(cm)

2012 S1 100.00a 77.41ab 8.43a 1.09a
S2  98.89a 80.22a 8.15ab 1.02a
S3  96.67a 72.60ab 7.88ab 1.09a
S4  98.89a 71.82ab 7.79ab 1.08a
S5  98.89a 68.19b 7.63b 1.13a

2013 S1 96.67a 106.60ab 12.57ab 1.19a 563.81ab 40.73b
S2  68.89b 117.03a 13.43a 1.17a 602.11a 50.47a
S3  40.00c 101.05ab 12.23ab 1.21a 468.09b 37.09bc
S4  10.00d 96.40ab 11.83b 1.23a 441.65b 34.35c
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values higher than these for the other treatments. Similar trends
were observed for total length of branches and length of branches
in 2013. GR increased with increasing salinity of irrigation water
S5  8.89d 92.90b 11.46b 

ote: Values followed by different letters within the same year in column differ sig

eighed sealed vials and weighed for FWl, then floated on double
eionized water for 12 h under light near the compensation point
o attain maximum turgidity. These disks were blotted dry then
eighed for TWl and oven-dried for DWl.

The oven-dried samples of leaves, stems and roots were digested
n concentrated nitric acid at 130 ◦C for elemental analysis using
nductively coupled plasma spectrometry (Optima 5300DV, USA)
nd a UV–vis spectrophotometer (HACH DR5000, USA).

.5. Statistical analyses

Analyses of variance (ANOVAs) were carried out using SPSS 16.0
tatistical software (SPSS Inc., Chicago, IL, USA). The significance of
he effect of all variables was examined by one-way ANOVA. Figures
ere created using Origin 8.0 (Origin Lab Inc., MA,  USA). The rela-

ionship equations that related the leaf, shoot and root parameters
o the salinity level of water and soil were calculated.

. Results

.1. Soil salinity (ECe)

Before transplanting of roses, ECe values in the 0–40 and 0–120-
m soil profiles were relatively uniform, with average values up to
8.06 and 28.09 dS/m, respectively (Table 1). After the soil reclama-
ion and freshwater irrigation stage, average ECe was 13–14 dS/m
or S1–S5 in the 0–40 cm soil profile, which was 51.3–53.5% lower
han soil ECe values before transplanting of roses. The correspond-
ng values were 19–20 dS/m in the 0–120 cm soil profile, reduced
y 28.7–31.7%.

In November 2013 (salt water irrigation stage), the heavy saline
oils became mildly saline soil (2–4 dS/m). The average ECe values
ere 2.4–3.9 dS/m in the 0–40 cm soil profile for S1–S5 (Table 3),
hich were reduced by 71.6–81.7% compared with ECe in the soil
eclamation and freshwater irrigation stage. The corresponding val-
es were 3.7–8.1 dS/m in 0–120 cm soil profile (Table 3), reduced
y 60.0–80.5%. Regardless of the salinity level of irrigation water,
oil salinity decreased significantly with time under drip-irrigation.
1.23a 436.00b 34.25c

tly at P < 0.05.

3.2. Rose growth

The data of plant growth characteristics of Chinese rose for dif-
ferent treatments during the experiment and the ANOVA results
are shown in Table 4. The average survival rate was  98.67% in 2012,
with no difference in the five treatments, but it was  significantly
reduced in 2013 with increasing salinity of irrigation water. In 2013,
S1 had the highest survival rate (96.67%) and S5 the lowest (8.89%)
(Table 4).

Plant height and stem diameter increased significantly from
2012 to 2013, and showed a trend of reduction with increasing
salinity of irrigation water. In the 2 years, the S1 and S2 treat-
ments formed one group, with plant height and stem diameter
Fig. 1. Flowers per plant (FL) for the two  years in relation to irrigation water salinity
(ECiw) (* P < 0.05; ** P < 0.01; *** P < 0.001; ns: not significant).
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Table 5
Chinese rose flower and leaf characteristics for different irrigation water quality (ECiw) in 2012 and 2013.

Treatments Flowers per plant Relative leaf water content (%) Relative leaf water deficit value (%)

October 2012 June 2013 November 2012 September 2013 November 2012 September 2013

S1 0.43a 2.54a 97.74a 97.11a 0.76b 1.00c
S2  0.41a 1.66ab 97.92a 96.17ab 0.69b 1.30bc
S3  0.33ab 0.98b 97.52a 93.89b 0.82b 2.11b
S4  0.29ab 0.68b 96.76ab 93.08bc 1.04ab 2.41ab
S5  0.27b 0.49b 94.79b 91.25c 1.67a 3.14a

Note: Values followed by different letters for the same month in column differ significantly at P < 0.05.

Table  6
Chinese rose root and shoot characteristics for different irrigation water quality (ECiw).

Periods Treatments Total root length
(cm)

Fine root length
(cm) (<2 mm)

Coarse root length
(cm) (>2 mm)

Shoot fresh
weight (g)

Shoot dry weight
(g)

Shoot water
storage ratio (%)

Root dry weight
(g)

Root shoot ratio

2013 S1 3102.67a 2568.67a 534.00a 542.19a 305.10a 43.73b 53.96a 0.1764a
S2  2689.50ab 2401.50ab 288.00b 401.74b 206.03b 48.72a 37.92b 0.1837a
S3  2396.16ab 2224.83ab 171.33b 244.72c 126.90c 48.14a 24.50bc 0.1931a
S4  2153.00b 1957.00b 196.00b 243.50c 117.65c 51.68a 24.02bc 0.2039a
S5  2220.19b 1888.69b 331.50ab 205.71c

Note: Values followed by different letters in column differ significantly at P < 0.05.
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ig. 2. Relative leaf water deficit value (RWD) for the two  years in relation to irri-
ation water salinity (ECiw) (* P < 0.05; ** P < 0.01; *** P < 0.001; ns: not significant).

Table 4), indicating that salt stress had a greater negative effect on
ose height than stem diameter.

.3. Leaf water status and flower numbers

Irrigation with saline water had a significantly negative effect
n numbers of flowers (Table 5). The flower numbers were 0.43
nd 2.54 at ECiw of 0.8 dS/m in October 2012 and June 2013,
espectively, and correspondingly 0.27 and 0.49 at 7.8 dS/m. The
elationship between flowers per plant and ECiw was  described
y a highly significant power function, with a better fit in 2013
R2 = 0.9926) than in 2012 (R2 = 0.9439) (Fig. 1).

High salinity reduced RWC, especially in 2013, which resulted
n poor leaf water status, and increased the RWD  value (Table 5).
here was a highly significant power relationship between RWD
nd ECiw, especially in 2013 (Fig. 2, R2 = 0.9720).
.4. Root and shoot

At the end of 2013, plants were collected and divided into
oots and shoots to determine the dry mass, and analysis
 100.10c 51.34a 21.12c 0.2110a

of root distribution (Table 6). Both total root and fine root
lengths significantly decreased with increasing salinity of irriga-
tion water—notably, fine root length significantly decreased in
a linear fashion (R2 = 0.9734). Total root lengths decreased from
3102.7 cm for 0.8 dS/m to 2220.2 cm for 7.8 dS/m. Fine root lengths
correspondingly decreased from 2568.7 cm to 1888.7 cm.  However,
after an initial decrease, coarse root length tended to increase with
increasing salinity of irrigation water (Table 6).

RLD and percentage of root dry mass in 10-cm increments of
soil layers were significantly affected by salinity (Fig. 3a and b).
Increasing salinity of irrigation water reduced RLD for each layer in
the 0–20-cm soil profile but increased RLD in the 30–50-cm pro-
file, except for the S5 treatment in which RLD decreased throughout
the soil profile (Fig. 3a). Interestingly, the fitted curve between per-
centage of root dry mass in each soil layer and soil depth for the S1
treatment nearly intersected at a point in a range of 16–19 cm of
soil depth with other fitted curves of the S2–S5 treatments (Fig. 3b),
indicating that more roots penetrated beyond 16–19 cm into the
subsoil when irrigated with saline water of >3 dS/m. Increased
salinity of irrigation water significantly reduced RLD for all 0–50-
cm soil profiles (R2 = 0.9473; Fig. 4). The relationship between RLD
for all soil profiles and ECiw was  represented by a highly signifi-
cant logarithmic function (R2 = 0.9473). In the 0–50-cm soil profile,

 ̌ showed a reducing trend after an initial increase with increasing
salinity of irrigation water (R2 = 0.7396; Fig. 4).

FWs, DWs and root dry weight decreased as the salinity in
irrigation water increased, but there were no significant differ-
ences among the S3–S5 treatments (Table 6). SWSR increased, but
there were no differences among the S2–S5 treatments (Table 6).
Root:shoot ratio increased as salinity of irrigation water increased,
but there were no significant differences.

3.5. Ion concentrations in plants

Calcium (Ca), magnesium (Mg) and Na concentrations (unit:
mmol/kg) in all plant organs increased significantly with increasing
salinity of irrigation water (Fig. 5a, c and d). Notably, when irri-
gated with water of 7.8 dS/m, the Na concentrations in leaves, stems
and roots were (231.1 ± 47.7)%, (111.7 ± 32.4)% and (51.4 ± 21.8)%

higher than those of 0.8 dS/m, respectively. Both Ca and Mg  con-
centrations were lower in roots than in leaves (Fig. 5a and c),
but Na concentration was higher in roots than in aerial organs
(Fig. 5d). Cl concentration also increased as salinity of irriga-
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Fig. 3. Root length density and percentage of root dry 

Fig. 4. Root length density (RLD) and root distribution coefficient (ˇ) for all soil pro-
files  in relation to irrigation water salinity (ECiw) (* P < 0.05; ** P < 0.01; *** P < 0.001;
ns:  not significant).
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spatial structure.
Flower per plant was significantly reduced by salinity. Sim-
ion water increased (Fig. 5e), but potassium (K) concentration
ecreased (Fig. 5b) and there were no differences for Cl and K con-
entrations among the treatments. K concentration was higher in
eaves than in other organs, but Cl concentration was  higher in roots
han in aerial organs.

Total plant Ca, Mg,  Na, K and Cl contents (unit: mg)  – as well as
hat of roots, stems and leaves (except for Na in leaves) – were
ignificantly depressed by increasing salinity of irrigation water
Table 7). Regardless of the salt level, most of total plant Na and
l contents were present in stems, followed by roots, while only
–21% was in leaves (Table 7). However, most of total plant Ca, K
nd Mg  contents were present in stems, followed by leaves, while
nly 6–11% was in roots (Table 7).

The Ca/Na, Mg/Na and K/Na ratios decreased in all plant organs
ith increasing salinity of irrigation water, especially in leaves

Fig. 6). The Ca/Na, Mg/Na and K/Na ratios of leaves were depressed

rom 7.85, 4.10 and 10.22, respectively, to 3.14, 1.51 and 3.11 by
ncreasing salinity of irrigation water from 0.8 to 7.8 dS/m.
mass for each soil layer in relation to soil depth.

4. Discussion

4.1. Rose growth and plant water status

The vegetative and reproductive growths of rose plants were
significantly reduced by increasing salinity of irrigation water. The
data suggested that rose was sensitive to soil salinity. However,
average ECe values during the 2 years were 4.5–5.2 dS/m (Table 3),
which were higher than the threshold value for roses reported
as 1–2.4 dS/m in soilless cultures and 1–3.5 dS/m in soil as cal-
culated using flower characteristics (Cabrera and Perdomo, 2003;
De Kreij and Berg, 1990; Feigin et al., 1989; Hughes and Hanan,
1978b; Ishida et al., 1979; Sonneveld et al., 1999; Yaron et al., 1969;
Zeroni and Gale, 1989). The reason can be attributed to the different
irrigation managements, growing medium properties and environ-
mental factors. It is likely that environmental conditions such as
temperature, light intensity, humidity, rainfall and wind speed con-
siderably affect plant response to salinity (Niu et al., 2007; Zollinger
et al., 2007). Thus salt tolerance threshold of plants differs in dif-
ferent cultural environments, and salt tolerance can be improved
by creating a suitable environment.

There were significant differences in survival rates between
both experimental years (Table 4). The average ECe values were
5–7 dS/m for S1–S5 in 0–40 cm soil profile in November 2012
(Table 3), and the corresponding values decreased to 2–4 dS/m
in March 2013 (Table 3). Although soil salinity decreased for all
treatments from the first year to the second, markedly decrease in
survival rates with increasing salinity of irrigation water occurred
in the spring of 2013. This suggested that rose was  more sensitive to
salt at emergence stages of growth. Similar results were obtained by
Rhoades and Mashali (1992), who  reported that plants were more
sensitive during emergence and early stages of seedling growth.

In the current study, GR calculated from plant height and stem
diameter increased with increasing salinity, indicating that salt
stress had a greater negative effect on plant height than on stem
diameter. This suggested that the saline water irrigation could also
affect the plant shape, which plays an important role in landscape
ilar results were also found in other studies (Cai et al., 2014;
Muhammad Jafar et al., 1991; Niu et al., 2013). The influence of
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Table 7
Ion contents in plant organs.

Treatments Ca (mg) K (mg) Mg (mg) Na (mg) Cl (mg)

Leaves Stems Roots Leaves Stems Roots Leaves Stems Roots Leaves Stems Roots Leaves Stems Roots

S1 586.80 1342.38 140.72 745.22 2640.35 303.46 183.90 546.78 84.57 43.00 274.51 173.49 29.49 155.11 69.33
S2  685.52 933.17 101.53 708.36 1323.93 246.23 196.64 356.57 62.87 40.66 184.29 157.17 35.79 180.29 55.06
S3  370.88 613.52 75.11 398.70 729.61 135.56 106.24 253.25 44.56 36.55 189.51 111.14 22.09 98.54 40.73
S4  674.03 511.04 74.35 706.43 514.16 130.28 204.90 194.73 48.32 80.89 175.10 117.04 42.54 105.42 35.02
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S5  356.68 544.77 74.55 344.98 482.53 108.28 1

alinity on flowers was higher than that on vegetative growth,
ndicating that reduced reproductive growth may  have important
mplications for the persistence of vegetative growth under con-
inued saline irrigation (Rogers et al., 1994). Therefore, control
f vegetative growth by pruning may  be an effective measure to
nsure relatively high production of rose flowers under saline irri-
ation.

Under our experimental conditions, irrigation with saline water
ad a negative effect on leaf water status: RWC  decreased with

ncreasingly saline water and RWD  increased (Table 5). Although
he average ECe values (2–4 dS/m) for S1–S5 in 0–40 cm soil profile
n 2013 were lower than those (>7 dS/m) in 2012 (Table 3), both
owers per plant and leaf water status (RWC and RWD) were more
losely related with ECiw in 2013 (Table 5 and Figs. 1 and 2) than in
012. The better relation between them was mainly related with
he less rainfall and a lower SMP  in 2013. Similar results were also
ound in wheat (Grewal, 2010). This suggested that water stress had

 depressing effect on growth when subjected to different subsoil
alinities.

.2. Root characters and dry matter production

Salinity had severe detrimental effects on root growth and

onsequently affected water uptake, and finally the grain yield
nd water use efficiency (Grewal, 2010; Musacchi et al., 2006;
ogers et al., 1994). In the current study, the total root and fine
oot lengths decreased as salinity of irrigation water increased

ig. 5. Ions concentration in roots, stems and leaves at the end of 2013 in relation to irrig
 219.14 42.48 65.37 177.77 103.03 19.14 59.31 33.45

(Table 6), while coarse root length increased after an initial decrease
(Table 6)—indicating that fine roots were more susceptible to salt
injury than coarse roots. Similar results were reported by Musacchi
et al. (2006) in pear and quince. In the present study, as the
salinity level increased, RLD was  reduced in the 0–20-cm soil
layer and increased in the 30–50-cm except for the S5 treatment
(Fig. 3a), while RLD for the whole soil profile was  reduced when irri-
gated with saline water (Fig. 4). Chinese rose presented a different
response against salinity than clover according to the compari-
son between our results and Roger’s (1994), in which white clover
showed no difference in the pattern of root distribution between
salinity levels or between cultivars at soil depths >15 cm.

Interestingly, most roots penetrated beyond 16–19 cm depth
into the subsoil when irrigated with saline water of >3 dS/m
(Fig. 3b), where the tensiometers were buried at a depth of 20 cm to
control the SMP. This implied that it was  effective to change the root
dry matter distribution in soil layer by regulating the SMP  through
tensiometers when irrigating with saline water. Thus, in order to
promote a concentration of roots in the top 0–20 cm of soil, a higher
SMP  should be applied, i.e., controlling the SMP  at −5 to −10 kPa in
the second year may  be more profitable for irrigation with saline
water of >3 dS/m in our experiment.

In this study although roots penetrated beyond the surface soil

into the highly saline subsoil, there were no reductions in root
growth—i.e., RLD in the 30–50-cm soil layer and percentage of root
dry mass in the 20–50-cm (Fig. 3a and b)—instead, root growth in
subsoil was  promoted for S2–S4 treatments. Thus, the reductions

ation water salinity (ECiw) (*P < 0.05; ** P < 0.01; *** P < 0.001; ns: not significant).
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ig. 6. Ca/Na, Mg/Na and K/Na ratios in roots, stems and leaves at the end of 2013
ignificant).

n plant growth may  be due to the absorption of excess ions from
he high saline subsoil in the 30–50-cm soil layer where more
oot growth was observed when irrigated with saline water of
6.3 dS/m. For the S5 treatment, the decreased rose growth may  be
ttributed to the reduction in root growth in the entire soil profile
nd the excessive absorption of ions.

With increased salinity levels,  ̌ increased, further suggest-
ng that rose plants were intolerant species and proportionately

ore deeply rooted when subjected to salinity (Gale and Grigal,
987). However,  ̌ was reduced when irrigated with saline water of
6.75 dS/m (Fig. 4). This could be attributed to a significant reduc-

ion in root growth under higher salinity conditions, and was  also
onsistent with the observed decrease in RLD in all soil layers when
rrigated with saline water of 7.8 dS/m. Irrigation with increasing
alinity caused plants to devote less dry matter to shoots and more
o roots, resulting in an increasing root:shoot ratio with increas-
ng salinity levels; however, there were no significant differences
mong the five treatments (Table 6).

.3. Salt-sensitive indicators

Although there was a tendency for all organs to be affected by
alinity, the various indicators responded differently when sub-
ected to salinity. In the present study, reference ratio (RR: the
eference value of plant indicators when irrigated with fresh water
r low salinity water to the actual value of plant indicators at the
iven salinity level) was used to evaluate the effect of salinity on
ose indicators. RWD  was the most sensitive indicator, followed by
owers per plant, shoot dry weight and shoot fresh weight (data
ot shown). There was a highly significant exponential relation-
hip between ECiw and RWD  or flowers per plant (data not shown).
sing our previous finding that irrigation water salinity should not
xceed 4.01 dS/m (Li et al., 2015), the RRs of RWD  and flowers per

lant should not exceed 1.68 and 0.48, respectively.

The advantages of using RWD  and flowers per plant as indicators
re non-destructive and non-invasive measurements easily to be
etermined using a light portable piece of equipment.
ation to irrigation water salinity (ECiw) (* P < 0.05; ** P < 0.01; *** P < 0.001; ns: not

4.4. Ion concentrations, contents and selective ratios

Concentrations of Ca, Mg,  Na and Cl were elevated in all organs
of rose, while their contents in roots, stems and leaves (except for
Na content of leaves) and total contents in the whole plant were sig-
nificantly depressed by increasing salinity of irrigation water (data
not shown). This implied that the detrimental effects on rose plant
growth were mainly due to ion concentrations rather than contents.
Munns et al. (1995) also reported that the plant growth reductions
were mainly due to salt concentrations rising to toxic levels.

Most of the total Na and Cl amounts were present in roots and
especially in stems, while only 8–21% was in leaves (Table 7). There
were also higher Na and Cl concentrations in stems and especially
in roots. The data suggested that the major strategy used to cope
with salinity was  to store most absorbed Na and Cl in the roots,
followed by stems, thus avoiding excessive Na and Cl reaching the
leaves—the organs most sensitive to salinity.

Leaf Cl and especially Na concentrations increased as salinity
levels increased. Necrotic leaf tips and margins were observed at
high salinity levels under our experimental conditions, probably
due to accumulation of Cl and especially Na ions reaching toxic
levels in leaf tissue (Grewal, 2010), although the concentrations in
leaves were lower than those in stems and roots. This information
is inconsistent with the finding by Cai et al. (2014) that leaf Cl and
Na concentrations increased in six garden roses as salinity levels
increased, but the concentration of Cl was much higher in leaves
than that of Na. Our results also differed from those of other studies
that found the scorching and salt burn damage in older foliage of
roses receiving the highest salinity applications were due to Cl and
not Na accumulation (Bernstei et al., 1972; Cabrera and Perdomo,
2003; Hughes and Hanan, 1978a; Yaron et al., 1969). In the present
study, saline soil and saline water under field conditions were rich
in other ions and these ions may  regulate the uptake of Cl, further
resulting in lower Cl concentrations in all plant organs; however,

in other studies, roses were grown in solutions receiving NaCl as
the sole salt and had lower levels of other nutrients. Thus adding
nutrient elements could regulate the ion absorption of plant and
reduce some ions below toxic levels.
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ig. 7. Leaf dry mass (LDM), stem dry mass (SDM), root dry mass (RDM) and comb
nd  K/Na ratio in corresponding organs. (* P < 0.05; ** P < 0.01; *** P < 0.001; ns: not 

K concentrations in roots decreased with increasing salinity lev-
ls, and especially in stems, but there were no adverse effects in
eaf tissue, possibly because sampling occurred at the end of the
rowth season. The leaves with reduced K concentrations following
alt stress had likely fallen off, and so there was no difference in K
oncentrations in those leaves remaining on plants. High K concen-
rations in tissues are associated with salt tolerance in many plant
pecies (Grewal, 2010; Khatun and Flowers, 1995; Storey et al.,
993).

Increasing salinity of irrigation water was significantly related
o linear declines in K/Na ratio, followed by Mg/Na and Ca/Na, espe-
ially in leaves. The low Ca/Na ratio plays a significant role in growth
nhibition, in addition to causing significant changes in morphol-
gy and anatomy of plants (Ashraf, 2004). High K+/Na+ selectivity in
lants under saline conditions has been suggested as an important
election criterion for salt tolerance (Ashraf, 2004), and has also
een proposed as a physiological marker for the ion component of
alt stress response (Muhling and Lauchli, 2002). Our experimen-
ation with roses indicated that salt sensitivity was associated with

 decline in the K+/Na+ discrimination trait.

.5. Correlation between dry matter production and ions

A significant accumulation of Na and reduction of K/Na ratio
ccurred in target organs such as leaves as salinity levels increased,
hich was considered a major sign of detrimental effects of salin-

ty on roses. Rogers et al. (1994) reported that concentrations of Na
nd Cl in the shoots of white clover linearly increased with increas-
ng soil ECe levels above 1 dS/m, and values were negatively related
o shoot dry matter production. In the present study, K/Na ratio in
tems had a slightly greater positive correlation with stem dry mass
han the corresponding correlation in roots (Fig. 7a), and Na con-
entration in roots had a slightly greater negative correlation with

oot dry mass than the corresponding correlation in stems (Fig. 7c),
hile there was a low (although significant) correlation between

eaf dry mass and Na concentration and/or K/Na ratio (Fig. 7a and
). This may  be partially related to the loss of leaves observed in the
tem and root dry mass (SRDM) at the end of 2013 in relation to Na concentration
cant).

experimental period due to injury from salt stress. Analyses on the
combined root and stem datasets gave the best fit for linear rela-
tionships for root and stem dry mass with K/Na ratio in these organs
(R2 = 0.9821; Fig. 7b), while a power relationship gave the best fit
for Na concentration (R2 = 0.9722; Fig. 7d). These results suggested
that effects determined by high Na concentration and low K/Na
ratio were the major cause of declines in dry matter production.
Unfortunately, the K/Na ratio in irrigation water or soil decreased
with increasing salinity of irrigation water (data not shown), imply-
ing soluble potash is necessary for plants to improve the selective
absorption ratio of K, to further enhance plants salt tolerance when
irrigated with saline water.

5. Conclusions

An increase of irrigation water salinity resulted in adverse
effects on rose growth, dry matter production, root distribution,
plant water status, flower numbers and ion balance. Most roots
penetrated beyond 16–19 cm depth and  ̌ increased with salin-
ity levels, suggesting that as a saline-intolerant species Chinese
rose plants were proportionally more deeply rooted when subject
to salinity. Controlling the SMP  could be effective in promoting a
concentration of roots in the top 0–20 cm depth (i.e., a low-salt
environment) to adapt to salt stress. RWD  was the most salt-
sensitive indicator because it showed large differences among the
different salinity treatments of irrigation water.

Chinese rose plants stored most absorbed Na and Cl in the roots,
followed by stems, thus avoiding excessive amounts of Na and Cl
reaching the leaves, which suggested a mechanism that prevented
xylem loading and transporting to leaves. Ca, Mg  and K concentra-
tions were higher in leaves, followed by stems, and also suggested
a mechanism to regulate ion balance in leaves and reduce dam-
age from excess Na ions. However, leaf damage still occurred with

higher salinity treatments due to large reductions in Ca/Na, Mg/Na
and especially K/Na ratios in leaves. Na ions accumulated more in
plant organs than Cl ions, indicating that other ions rich in saline
soil and saline water under field conditions may  regulate Cl uptake.
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made reclamation of an impermeable saline–sodic soil possible while cropping
with Lycium barbarum L. Agric. Water Manage. 119, 54–64.
X. Li et al. / Agricultural Water

he increasing Na concentration and declining K/Na ratio had an
dverse impact on dry matter production, implying soluble potash
s necessary to enhance plants’ salt tolerance when irrigated with
aline water.

The results of this study have important implications for plant-
ng Chinese rose in coastal regions soils of high ECe and SAR.
rowth, flower numbers and dry matter production will be reduced
n these soils with increased salinity in soil and irrigation water,
nless more salt-tolerant cultivars with improved ion-regulation
bility are developed. Alternative suitable micro root-zone envi-
onments should also be explored through agronomic measures
nd fertigation in these problematic soils, as plant growth can be
mproved by nutrient application when subject to salinity.
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