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Abstract: The effects of regional water management practices (WMPs) on the soil salinity
of a representative rice field under Mediterranean conditions (Thessaloniki plain, Greece)
were investigated. The temporal variation of soil salinity parameters in the soil solution
and in the exchangeable phase was monitored at and below the root zone (15-20 and
35-40 cm) during the growing season. The comparative analysis (ANOVA for p = 0.05) of
the measurements before and after the growing season showed that: (a) for the soil solution
of the 15-20 cm layer, Ca*', Mg?*, K*, HCOs™ and EC were significantly reduced, Na*
remained constant and Cl  increased, while in the 35-40 cm layer no significant
differences were detected to all parameters except for CI” which was increased; (b) for the
exchangeable cations Ca*", Mg?* and K' no significant differences were found, while
exchangeable Na" and ESP were significantly increased in both soil layers during the short
period of soil drying before harvest. The final values of Na" and ESP were quite low to
indicate soil degradation hazard. Overall the results showed adequate performance of
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WMPs to preserve a good soil salinity status but with the cost of high water consumption,
exceeding 2000 mm.

Keywords: soil salinity; suction cups; saturation extract; exchangeable cations;
water management

1. Introduction

More than 10% of irrigated lands worldwide are affected by salinity problems [1,2]. Soil
degradation by salinity has become one of the major threats and it is expected to be intensified by the
imminent climate change and the increase in irrigation demand [1,3—5]. One of the most interesting cases
to investigate soil salinity components is the case of rice-fields. Rice cropping is often held responsible
for soil sodification [6], while on the other hand irrigated rice cropping is practiced to reclaim
saline-sodic soils in many parts of the world [7,8].

Continuous flooding conditions is the common practice for rice irrigation, especially in lowland
plains [9], leading to increased water inflows for the attainment of an adequate ponding depth. The
quality and amount of irrigation water, the evapotranspiration, the soil hydraulic properties and the
drainage conditions of lowland fields are the main regulators of soil salinity.

Long-term submerged soils undergo physical changes which lead to the formation of a highly
compacted layer below the root-zone [10], called “plow sole layer” and is considered as the major
factor controlling infiltration rate and drainage in paddy rice fields [11-14]. Furthermore, infiltration
can potentially be blocked by air entrapment due to surge flooding and shallow water table [15].
Boivin et al. [15] noted that if the downward water transfer is blocked under flooded conditions, then
solutes supplied by the irrigation water may accumulate in the top soil. Wopereis et al. [16]
demonstrated that the salinity level of the topsoil of rice-fields was decreased, because salts from the
topsoil were gradually transferred downward by infiltration while infiltration blocked the upward
transport of salts from the water table. Héfele ef al. [17] indicated that the practice of wet soil-tillage
(puddling), which is commonly used in Asian countries, leads to an increase of the puddled soil layer
depth and new salts from the subsoil may be brought into the soil solution. Therefore, drainage control
of rice fields is of primary significance in order to avoid soil salinization and sodification. In lowland
plains with low permeable soils and high water table, drainage of rice soils is restricted and in
many cases it is supported by controlled overland discharge [4]. In this case, any salt
deposition-accumulation on soil surface is partially subjected to dissolution and flows out of the
system by runoff.

There is a great number of studies dealing with the chemistry and physics of paddy rice in
waterlogged soils [15,18-24], but there is still a lack of knowledge concerning solute dynamics under
these conditions. The development and application of models which describe salinity components
(anions-cations dynamics) in rice fields, remain a great challenge even though many have been
developed to describe the water, nutrients (nitrogen, phosphorus) and pesticides transport under these
conditions [12,25-37]. Methods based on water budget approaches in combination with the monitoring
of salinity are common tools to analyze soil salinity components in rice fields [38—41].
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The aim of this study is to investigate the changes of soil salinity during the growing season in a
representative rice field of Thessaloniki plain in Greece, under the effects of regional water
management practices (WMPs). To this aim, the temporal variation of salinity parameters at and below
the root zone (15-20 and 35—40 cm) was monitored in the soil solution and in the exchangeable phase
of the soil during one growing period. The comparative analysis of the measurements before and after
the growing season was used to provide a discussion on the sustainability of water consumption in rice
fields under Mediterranean conditions.

2. Materials and Methods
2.1. Study Site

Rice (Oryza sativa L.) was cultivated using the regional conventional practices under flooding
conditions in an experimental field of 13 x 20 m during the growing season of 2011. The field is
located at the southeastern region of Axios River plain (40°35’' N, 22°41" E, 1 m above sea level) near
Thessaloniki city in Northern Greece. This area is representative of the broader area of Axios River
characterized by an extensive irrigation—drainage network, where rice is the dominant crop. Rice is
being cultivated in the region for more than 50 years. A rotation program with three consecutive years
of rice crop interrupted by one or two years of maize, fodder, or cotton, is the common practice in the
area [5,10]. The soils in the region are mostly silty clay, poorly drained, classified as Typic
Xerofluvents [42] under Mediterranean climate conditions, according to Soil Survey Staff [43]. A large
part of the land is near and below the sea level with permanent high water table (1-1.5 m from the soil
surface) controlled by the adjacent drainage ditches. Pumps are used to lead the drainage water to the
sea. During the non-flooding period, the water level in the drainage ditches is approximately 1.2—-1.5 m
below the soil surface, while during flooding season, it is approximately 1.0-1.2 m below the soil
surface [5,44].

2.2. Agricultural Practices

Soil treatment consisted of moldboard plowing at the end of November 2010 followed by land
leveling at the end of April 2011 and harrowing for seedbed preparation simultaneously with basal
fertilization. Sowing was performed on 16 May with seeding density at 200 kg-ha™!. The total
fertilization rate was at 176 kg N-ha !. The amount of 96 kg N-ha™!, in the form of urea, was incorporated
in the soil before sowing on 12 May. Another two surface applications of 40 kg N-ha™' were
performed on 17 June and 12 July (60.8 kg N-ha™! in the form of ammonium nitrogen and
19.2 kg N-ha™! in the form of nitrate nitrogen). The fertilizer consisted of 19% ammonium nitrogen in
the form of ammonium sulfate and 6% nitrate nitrogen. Herbicide (active ingredients benzofenap and
clomazone) was applied on 7 June. Irrigation water originates form River Axios and is transferred by
gravity in the fields using open channels’ network. Irrigation in the experimental field started on the
14 May. The maximum ponding depth during the growing season of rice was approximately 10 cm
with a few intermissions in irrigation water supply. Irrigation stopped on 8 September and flooding
conditions ceased on 13 September. Rice was harvested on 13 October.
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2.3. Water Balance Components

Water balance components were computed and analyzed in a previous study by Aschonitis
et al. [37] using the GLEAMS-PADDY model [28], which was modified to include algae growth in
rice fields. The model was applied for the same experimental field at the same growing season, in
order to assess the uptake of major nutrients by algae in the floodwater, the inflow by irrigation and the
losses by runoff of N, P, Ca, Mg, K, Na.

The rice crop evapotranspiration was determined using regional modified crop coefficients, which
are functions of leaf area index LAI [45,46], multiplied by the reference crop evapotranspiration,
estimated by the ASCE standardized Penman-Monteith method [47]. LAI measurements were
performed using the destructive planimetric technique and meteorological data were obtained by the
station at the experimental farm of the Aristotle University of Thessaloniki (40°32" N, 23°00 E, 16 m
above sea level). Measurements of irrigation water inflow, surface runoff and ponding depth were used
for the calibration of the model. The water balance components of irrigation inflow, precipitation,
surface runoff (above the bunds of 10 cm height), drainage below the root zone, and actual
crop evapotranspiration, were estimated by the model at 2260, 158, 520, 432 and 1350 mm,
respectively [37]. The daily variation of ponding depth, irrigation water amount and precipitation are
given in Figure la, while the daily variation of surface runoff, drainage and actual crop

evapotranspiration are given in Figure 1b.
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Figure 1. (a) Daily variation of ponding depth—WD, irrigation water amount—IR, and
precipitation—P; (b) daily variation of surface runoff—Q, drainage—D, and actual crop
evapotranspiration—ET. as computed by the modified GLEAMS-PADDY model [37].
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2.4. Measurements of Soil and Water Quality Parameters

For the collection of the soil solution at and below the root zone, three pairs of ceramic porous cups
(SPS 200, SDEC France, 63 mm) were installed in the rice-field at two soil layers (15-20 cm and
35-40 cm), before the flooding season, on 10 May. Distance between the pairs of porous cups was
5 m. For the installation of the suction cups, a hole was opened to the intended sampling depth. The
soil was collected from representative layers in the hole and it was preserved in order to measure the
initial soil physicochemical characteristics of the experimental field. The soil physicochemical

properties are given in Table 1.

Table 1. Soil physicochemical characteristics at 15-20 and 3540 cm soil layers and mean
water quality parameters of the experimental rice field during the irrigation season.

Soil Layer (cm)

Soil Parameters

15-20 cm 3540 cm
Soil Texture Silty Clay Silty Clay Loam
CaCOs (%) 6.16 7.19
Organic Matter (%) 2.09 1.73
"CEC (cmol.'kg™) 40.58 33.01
s (cm3-cm™) 0.655 0.538
0, (cm3-cm™) 0.000 0.000
a(cm™) 0.0085 0.00196
n 1.200 1.129
m(m=1-1/n) 0.167 0.114
oy (g-ecm™) 1.123 1.223
Irrigation water parameters Mean + S.D.
pH 8.1+0.3
EC (uS-ecm™) 429 + 83
Ca®" *(mmol.-L™") 2.31+0.54
Mg** (mmol.-L™") 1.04+0.12
Na* (mmol.-L™") 0.65+0.08
K" (mmol.- L") 0.03 +0.01
CI” (mmol.-L™") 0.65+0.48
HCOs™ (mmol.-L™") 3.17+0.61
2SAR (mmol.-L ™" 0.50 +0.05

I Cation Exchange Capacity (CEC) is calculated as the sum of exchangeable cations; 2 SAR is calculated by
the equation Na*/((Ca?" + Mg?")/2)*3; 3millimoles of charge per liter.

The remaining soil was used to form slurry, which was poured back into the hole to refill a section
of 1020 cm from the bottom. The suction cups were then gently pushed into the slurry to establish
tight hydraulic contact between the saturated porous cups and the surrounding soil [48]. Prior to
installation, the devices were placed in a container with 5% HCI and the solution was pumped three
times through the porous cups. They were then rinsed with deionized water until electrical conductivity
was equal to that of the deionized water [49]. The first soil solutions from the suction cups were
obtained on 31 May and then they were obtained weekly until 26 September (a total of
15 samplings) in order to measure Electrical Conductivity (EC), pH, K*, Mg?*, Ca*’, Na*, HCOs3~
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and CI". At the same dates, three pairs of soil samples from the flooded soil, near the porous cups,
were collected from the field at soil layers 15-20 and 35-40 cm. Soil samples were air dried and sieved
through a 2 mm sieve. Measurements of EC, K*, Mg?*, Ca**, Na*, HCOs™ and CI~ were also performed
in the saturation extracts of the soil paste. Exchangeable K*, Mg?*, Ca** and Na* were measured in the
soil samples. Additional soil sampling was performed approximately 20 days after the end of the
flooding season, on 6 October, when soil reached unsaturated conditions. This sampling was
performed for comparison purposes between the final and the initial status of soil salinity parameters.

Triplicate floodwater and irrigation water samples were obtained weekly during the growing season
to measure EC, pH, K*, Mg?", Ca*", Na’, HCO3™ and CI". Mean irrigation water quality parameters
throughout the irrigation season are given in Table 1. Even though the quality of the applied irrigation
water from Axios River is considered satisfactory for preventing any problems regarding salt built up
in soil and element deficiencies in rice plants [50], the combination of EC and SAR (Sodium
Adsorption Ratio) poses slight to moderate soil degradation risk, regarding infiltration problems,
according to the international standards for the irrigation water [51].

Particle size analysis was performed by the hydrometer method [52]. Organic matter was
determined by the wet oxidation method [53] and calcium carbonate (CaCO3) by the volumetric calcimeter
method [54]. The concentrations of Ca®", Mg?", K" and Na" in the soil solution, the saturation extract,
floodwater and irrigation water were determined using ICP [55]. EC was measured by a
conductivimeter [55,56] and pH by a pH-meter (pH of the soil samples was measured in the saturated
soil paste). Chloride was measured via colorimetric titration with silver nitrate using a chromate
indicator [57]. Concentration of bicarbonate (HCO3™) was determined by titration to a pH of 4.3 using
diluted 0.05 N H2SO4 [55]. Extracted exchangeable cations Ca**, Mg?", Na" and K*, by the ammonium
acetate method, at pH 8.2 [58], were determined using ICP.

For the determination of the hydraulic properties, undisturbed soil samples were obtained from
twelve positions in the field. Cores of 5 cm high and 5 cm diameter were collected in thin-walled metal
rings from two depths of the soil profile (15-20 cm and 3540 cm) before the flooding period. The soil
cores were wetted from below to saturation and then equilibrated on ceramic tension plates at eleven
successive suctions between 0—15,000 hPa, for the determination of the soil water retention curve [59]
with the van Genuchten model [60]. The parameters of the van Genuchten model were calculated
using the RETC code software [61]. Bulk densities, p», were measured at the same cores after drying at
105 °C (Table 1).

2.5. Analysis and Statistics

Changes in soil salinity were analyzed and discussed based upon the measurements in the soil
solutions obtained from the suction cups. To compare the initial and final status of the soluble phase
under unsaturated conditions before (5 May 2011) and after the growing season (6 October 2011), the
saturation extracts were used. Comparative analysis was also performed for the case of exchangeable
cations at the same dates. The measurements were statistically analyzed using the software package
Statgraphics Centurion XV software. ANOVA with LSD test for level of significance p < 0.05 was used
to identify significant differences between measurements.
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3. Results and Discussion

3.1. Variations in Ca’*, Mg**, K*, Na*, CI-, HCOs3~, EC and pH in Soil Solution, Irrigation
and Floodwater

The variation of Ca?", Mg, K, Na*, CI", HCO3~, EC and pH in the soil solution obtained from
suction cups in the 15-20 and 3540 cm layers, the irrigation water and floodwater during the flooding
season, is presented in Figure 2.

The concentration of Ca®* in the soil solution tended to increase in both soil layers (Figure 2a). That
increase was followed by two interruptions during the growing season, which are mainly attributed
to plant uptake. Possible source of Ca** may be the dissolution of carbonate minerals due to saturated
conditions in the presence of H' ions. The involvement of these H' in chemical reactions occurring in
the rhizosphere is of prime significance due to their implications in the acquisition of many mineral
nutrients [62]. Ammonium sulfate fertilizer was applied on the surface on 17 June and 12 July, dates that
coincide with the onset of high concentrations of Ca*" in soil solution. Furthermore, ammonium sulfate
dissolves some calcium carbonate in calcareous soils [63] and dissolution of insoluble carbonate and
bicarbonate under reduced conditions contribute Ca** and Mg?* in the soil solution [23]. These results
are in accordance with results reported in the literature [20,21,23,64]. Larson et al. [65] found that
water-logging of two calcareous Entisols increased the availability of cations such as Ca®>" and Mg*" in
the soluble phase. Also, pCOz increases in the soil-rooting zone and pH decreases due to the decomposition
of organic matter leading to calcite dissolution and increase of Ca*" concentrations in the soil solution [66].
Ca’" concentration in the floodwater and the irrigation water followed the same fluctuation during the
irrigation period and remained relatively low with no significant differences (Figure 2a).

The concentration of Mg** in the soil solution slightly increased at the beginning of the growing
season and remained almost constant afterwards in the 15-20 cm soil layer, while the opposite trend
was observed in the underlying layer of the 35-40 cm (Figure 2b). There was no increase recorded in
Mg?* concentration resulting by dissolution as in the case of Ca®". A possible explanation is that the
calcareous parent material of the soil is mainly limestone, containing higher levels of Ca*" in relation
to Mg?". The concentration of Mg*" in the floodwater and the irrigation water remained relatively low
and constant throughout the irrigation period (Figure 2b).

The concentration of K' in the soil solution of the 15-20 c¢m decreased almost two-fold from a
maximum value of 0.146 mmolc-L ™! to a minimum value of 0.065 mmolc-L ™! while in the layer of 35-40
cm remained relatively constant during the growing season (Figure 2c). The decrease of K' in the
upper layer can be attributed to crop uptake. It must be mentioned that the only source of K" is the
irrigation water where K* concentration remained constant during the irrigation period (Figure 2¢). The
application of the modified GLEAMS-PADDY model by Aschonits et al. [37] showed that during the

U of K" while algae uptake from the

experimental period, the irrigation water provided 31.16 kg-ha™
flooding water was estimated at 39.58 kg-ha™!. These results indicate that algae consumed more K*
than the estimated inflow. This is justified by the fact that the concentration of K* in the flooding water
was regulated mainly by its concentration in the irrigation water and in the upper muddy soil layer. The
effects of algae uptake on the concentration of K in the flooding water are evident in Figure 2¢ where

K" decreased at the beginning until the middle of the flooding season. This period corresponds to the
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highest algae biomass production and growth rates estimated by the GLEAMS-PADDY model [37].
Later in the season, K increased again due to:

e the decrease of algae growth and uptake because LAI exceeded the value of 2 and algal
photosynthesis was restricted [37];

e the continuous irrigation water inflow with no further intermissions by the middle of July
(Figure 1a) which contributed to the increase of K in the flooding water; and

e cvapotranspiration reaching maximum values after the middle of July (Figure 1b), which
enhanced evapoconcentration.

It is clear that flooding conditions together with the rice crop and algae biomass control the
availability of K* in the soil solution of the root zone and in the floodwater, respectively. Phillips and
Greenway [20], Lu et al. [23] and Larson et al. [65] found that flooding increased the availability of
soluble K" in the soil solution and floodwater. However, their experiments were held in laboratory
conditions and involved soil water logging without considering the effects of plants or algae, which
could exploit this availability on their behalf. On the other hand, Boivin et al. [24] observed that K*
concentration decreased with time during flooding, in field experiments.

The concentration of Na* in the soil solution, at both soil layers, remained relatively constant during
the irrigation period (Figure 2d). Lu et al. [23] also reported no significant changes of water-soluble
Na® during a 12-week waterlogging period. Levels of Na® in the floodwater and irrigation water
remained low and constant throughout the irrigation period (Figure 2d).

Cl" concentration in the soil solution of both soil layers (Figure 2e) remained relatively constant
during the irrigation period but decreased significantly to a minimum value of approximately
0.4 mmolc-L™!, after irrigation ceased. These findings are in agreement with Boivin et al. [15] who
explained this behavior by an unstable CI-GR formation in the soil around the porous cups during
solution collection, which leads to a decrease in pCOz. The researchers noted that CI” should not be
used as a reference element for calculating concentration ratios of water when sampled under vacuum
atmosphere in partly reduced soils. Control of CI™ in soils with low pCO2 might occur without vacuum
applied. Indeed, measured concentrations of Cl™ in saturation extracts from soil samples, at the same
depths (results not shown), revealed a different tendency, with Cl™ concentration values increasing
almost three-fold after the irrigation period (from approximately 1.1 to 2.9 mmolc-L™"). The
concentration of Cl™ in irrigation water and floodwater remained almost constant throughout the
irrigation season (Figure 2e).

Bicarbonate in the soil solution (Figure 2f) behaved like calcium, increasing over time from 16
to approximately 23 mmolc-L™! in the 15-20 c¢m soil layer. The same fluctuation was observed in the
3540 cm soil layer, while its concentration decreased back to the initial levels after the flooding
season, in both soil layers. Bicarbonate increased in the soil solution particularly after the second
surface fertilizer application. This behavior can be attributed to the production of HCOs™ in the
presence of high levels of calcium carbonate. Boivin et al. [15] also reported continuous increase in
bicarbonate and further assumed that calcite precipitation did not occur during the irrigation period.
van Asten et al. [8] mentioned that precipitation and dissolution of calcite control bicarbonate of the
soil solution, as in this study. The decrease in bicarbonate at both soil layers at the end of the cropping
period can be explained by desorption of exchangeable Ca?" which leads to calcite precipitation and a
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subsequent decrease of bicarbonate in the soil solution [8]. When the soil profile dries up and
reoxidizes, pCOz2 drops and minerals like sepiolite, calcite and magnesite are probably crystallized and
accumulated in the soil profile during the fallow period [15]. Bicarbonate in the floodwater and
irrigation water remained low and constant throughout the irrigation period (Figure 2f).
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Figure 2. Variation of salinity components in the soil solution obtained from suction cups
of soil layers 15-20 and 3540 cm, in the irrigation water and in the floodwater (SC: soil
solution, IW: irrigation water, FW: floodwater) (a) Ca*" concentration; (b) Mg>" concentration;
(¢) K" concentration; (d) Na" concentration; (e) CI” concentration; (f) HCO3;~
concentration; (g) Electrical conductivity (EC) and (h) pH.
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During the first six weeks after the initiation of flooding, EC in the soil solution gradually increased
reaching peak values in both soil layers, while afterwards it remained almost constant until the end of the
cropping season (Figure 2g). That increase was mainly regulated by the increase of Ca®". The
concentration of Ca*" was highly correlated with the EC of the soil solution (R = 0.818, p < 0.05 at
15-20 cm and R = 0.786, p < 0.05 at 35-40 cm), while weaker correlations with Mg?* (R = 0.602,
p<0.05 at 15-20 cm and R = —0.081, p > 0.05 at 35-40 ¢cm), Na" (R = 0.582, p < 0.05 at 15-20 cm and
R=0.592, p <0.05 at 35-40 cm) and HCO3™ (R =0.418, p <0.05 at 15-20 cm and R = 0.218, p > 0.05
at 35-40 cm) were found. An additional factor that may have contributed to the EC increase is the
soluble SO4>" originating from the two surface fertilizer applications of ammonium sulfate. The EC
values of the flooding and irrigation water remained below 700 puS-cm™' during the monitoring period
(Figure 2g).

The pH of the soil solution (Figure 2h) remained relatively constant at the beginning of the flooding
season while after 15 July a simultaneous reduction was observed in both soil layers probably because
of the following reasons:

e the continuous water inflow by irrigation enhanced oxygenation; and

e when the plant reaches the tillering and internode elongation stages, the roots are at full
development while stem aerenchyma starts to be fully active providing a low-resistance
pathway for diffusion of O2 within the roots, enhancing soil oxygenation [67]. In flooded soils,
where lowland rice is expected to rely solely on ammonium because of the ambient reducing
conditions, it has been well established that the root-induced release of Oz in the rhizosphere,
and the subsequent oxidation of the soil, can make a substantial, and sometimes major
contribution to the observed rhizosphere acidification [68—70].

In addition, the root-induced precipitation of the so-called Fe plaque (Fe oxyhydroxides) in the
rhizosphere of rice, promotes a significant part of the observed rhizosphere acidification [71]. Peak
values of floodwater pH coincide with the ammonium sulfate surface applications. Ammonium sulfate
may raise pH, especially in calcareous soils, because it dissolves some calcium carbonate [63].
Floodwater pH decreased again during August, because shading of the floodwater by the rice canopy
lowered the photosynthetic activity of the aquatic biomass and thus reduced the degree of CO:2
depletion [72]. Irrigation water pH remained relatively constant with time with an average value of 8.1
during the irrigation season (Figure 2h).

For the analysis of the effects of the WMPs on the soil salinity status, soil samples were obtained on
6 October (unsaturated conditions after flooding were established in the soil by early October) and
saturation extracts were analyzed in order to be compared with the saturation extracts obtained on
10 May, prior to flooding. According to the results (Table 2), Ca**, Mg?', K*, HCO3™ and EC of the
15-20 cm soil layer were significantly reduced, Na" remained constant and Cl” increased. In the
3540 cm layer no significant differences were detected to all parameters except for Cl°, which was
increased. The above indicate a general reduction of soil salinity of the first layer while the conditions
of the second layer remained relatively constant.
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Table 2. Comparison of soluble ions Ca?", Mg?*, K*, Na*, CI", HCO3™ and EC obtained
from saturation extracts before (5 May) and after (6 October) the growing season.

Parameter Soil Layer 5 May 6 October
Ca®" (mmol.- L) 1520 cm 5.58+0.18a" 4.45 +0.25b
Ca®" (mmol.-L™") 35-40 cm 3.69+0.23a 3.61 £0.33a
Mg** (mmol.-L™) 1520 cm 2.35+0.02a 2.1+0.07b
Mg*" (mmol.-L™) 35-40 cm 1.76 £ 0.17a 1.83+0.15a

K" (mmol.-L™") 15-20 cm 0.13+0.01a 0.08 £0.01b
K" (mmol.-L™) 35-40 cm 0.05+0.01a 0.04 £0.01a
Na™ (mmol.-L™") 15-20 cm 1.66 +£0.13a 1.96 £0.13a
Na" (mmol.-L™") 35-40 cm 1.85+0.22a 2.09+0.23a
CI” (mmol.-L™) 15-20 cm 1.07 £0.13b 2.40 £0.50a
CI” (mmol.-L™) 35-40 cm 1.13+0.07b 3.33+0.13a
HCO;™ (mmol-L™) 15-20 cm 5.67+0.53a 3.34+£0.07b
HCO;™ (mmol.-L™") 35-40 cm 3.56+0.23a 3.20+0.01a
EC (uS-cm™) 15-20 cm 1010 + 32a 832 +28b
EC (uS-cm™) 35-40 cm 736 £42a 751+ 72a

! Mean + Standard error and results of Anova. Different letters indicate statistically significant differences

before and after the flooding season at 0.05 confidence level.
3.2. Variations in Exchangeable Cations Ca’*, Mg’*, K*, Na* and ESP

The concentration of the exchangeable cations Ca*", Mg?", K* and Na* in the solid phase and ESP
of soil layers 1520 and 35-40 cm are presented in Figure 3. Exchangeable Ca?’, Mg®" and K*
followed an increasing trend until the middle of the flooding season and were decreased afterwards in
both soil layers, reaching approximately to the initial values, when flooding ceased (Figure 3a—c).
These fluctuations were more evident for Ca>" and to a lesser extend for K* and Mg?*. The increase in
exchangeable Ca®*" can be attributed (a) to the dissolution of insoluble calcium carbonate in the
presence of H" ions and (b) to the probable decomposition of organic matter which results in calcite
dissolution and larger Ca®" concentrations in the soil solution. The above suggestions also justify the Mg>"
fluctuations while K" changes are considered negligible. De Datta [73] also mentioned that many soils
under wet conditions may fix some NH4" in a form that is slowly replaced by cations such as Ca*",
Mg and Na* but not by K. Incorporation of urea in the soil as a basal fertilizer may have enhanced
NH4" fixing in the soil, which was later replaced mainly by Ca?" at the beginning of flooding.
Defixation occurs more rapidly under flooding in comparison to unsaturated soils [73]. Na®
concentration in the solid phase remained almost constant during the flooding season while after the
removal of excess soil water, rapidly increased (Figure 3d). This is a possible indication that Na*
reoccupied exchange sites, leading to an increase of the ESP after the flooding season. The increase of
Na" concentration in the solid phase partly justifies the observed CI™ increase in the saturation extract
after irrigation ceased. As exchangeable Na' increases, soluble Na* is removed from the soil solution
forcing to the right the equilibrium of NaCl <> Na* + CI, resulting to the maintenance of Na" and the
increase of CI".
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The statistical differences of exchangeable Ca®’, Mg?*, K and Na* concentrations, before and after
the cropping period, are given in Table 3. It is evident from Table 3 that statistical differences are
observed only for exchangeable Na" and ESP. Despite the increase of these two parameters after the

growing season, their final values are quite low to indicate soil degradation.
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Table 3. Comparison of exchangeable cations concentrations and ESP before (5 May) and

after (6 October) the growing season.

Parameter Soil Layer 5 May 6 October
Ca”** (cmolc-kg ™) 1520cm  32.04 + 1.46a > 30.69 + 0.95a
Ca*" (cmolc-kg™) 35-40 cm 26.35+1.59a 26.13+1.63a
Mg*" (cmolc-kg™) 15-20 cm 6.95 + 0.45a 8.03+0.21la
Mg?* (cmol.-kg™) 35-40 cm 5.34+0.77a 5.87+0.79a

K" (cmolc-kg™) 15-20 cm 0.38 £ 0.04a 0.42 + 0.04a
K" (cmol.-kg™) 35-40 cm 0.16 + 0.03a 0.17 £ 0.02a
Na® (cmolc-kg™) 15-20 cm 1.21 £0.07b 1.67 £0.05a
Na* (cmol. kg ™) 35-40 cm 1.16 £ 0.15b 1.47+0.16a
"ESP (%) 15-20 cm 2.98 £0.07b 4.09+0.11a
"ESP (%) 35-40 cm 3.51+0.32b 4.36+0.13a

47

! Exchangeable sodium percentage = 100 x Na*/CEC; CEC is calculated as the sum of exchangeable cations;
2 Mean =+ Standard error and results of Anova. Different letters indicate statistically significant differences

before and after the flooding season at 0.05 confidence level.
3.3. WMPs Effects on the Salinity of Rice Fields

One of the major reasons that motivated this study was the debate on water consumption between
the farmers and the administrative units that manage the water supply in the irrigation channels of the
study area. According to the administrative agencies, the local rice farmers exploit the fact that the
water cost is based on field-area/crop attributes and not to water consumption and for this reason they
use excessive water that leads to quite high surface drainage losses and low water use efficiency which
approximates in general 50% [5,44]. Considering that the irrigation of the experimental field was
applied accordingly to the common practices followed by the farmers, the results indicate that the
observed surface runoff and the respective irrigation water consumption were adequate to prevent salt
built up in the soil. According to FAO classification [74], the soil of the experimental rice field is
considered neither saline nor sodic, in both layers, which indicates that the long-term rice cultivation
under the specific WMPs has not degraded its quality in terms of soil salinity. This also indicates that
the increase of exchangeable Na“ and ESP, which was observed in the experimental field during the
short period of soil drying after flooding, may occur temporarily, but needs further investigation.
Moreover, the farmers are well aware about the benefits of gypsum to prevent soil quality problems
and for this reason they occasionally use it in this area when is needed.

According to the observations made by this analysis but also from other studies in the rice fields of
the region, the prevention of salinity increase is not only ascribed to the adequate drainage but also to
the excessive water use for surface runoff due to the following reasons:

e the continuous irrigation water inflow prevents oxygen depletion from the floodwater
enhancing algae production which seems to play a crucial role on ions uptake. In the parallel
experiments which were performed in the same experimental field, Aschonitis et al. [37]
estimated the total final produced dry algal biomass at 1047 kg-ha™! whereas algae uptake of
Ca?", Mg?', Na® and K* was estimated to 62.61, 3.24, 3.35 and 39.58 kg-ha!, respectively.
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Apart from their implication in salinity components regulation, algae remove a significant part
of nutrients (nitrogen and phosphorus) from the floodwater [35,37]. On the other hand, the
surface runoff removed 296.3, 133.1, 87.7 and 13.2 kg-ha™! of Ca®’, Mg*", Na" and K",
respectively [37]. Furthermore, due to the continuous flooding and runoff, the quality
characteristics of the runoff water are such, that it could be reused for irrigation of rice fields in
this area at least once [5]. The significant contribution of controlled surface runoff in semi-arid
environments has also been verified by Chen et al. [75]; and

e the continuous inflow of irrigation water and the attainment of a constant ponding depth in the
rice-fields prevents further increase of the water temperature and evaporation [36], which lead
to evapoconcentration and salt accumulation.

The generally good state of the soils in the region indicates that the regional agricultural practices
are adequate to sustain the soil quality of rice-fields but with the cost of high water consumption.
Amounts of water between 2000-2500 mm, depending on the drainage and the climatic conditions, are
prerequisite to prevent soil degradation and to preserve rice yields. Until recently there were no
significant limitations on the water supply from Axios River to support the current needs (apart from
some isolated drought events), setting Thessaloniki plain one of the top regions of rice productivity
ranging from 8.40-9.82 Mg-ha™! grain yields [76]. Future challenges which may need to be considered
in order to design better WMPs and to preserve soil quality of rice-fields are (a) the imminent climate
change which may reduce the water supply of Axios River and (b) the potential expansion of
rice-fields in the study area.

4. Conclusions

The comparative analysis of the measurements before and after the growing season indicated that
the regional WMPs (inflows of 2260 mm irrigation plus 158 mm rainfall, continuous flooding with
maximum of 10 cm ponding depth, surface runoff 520 mm, drainage below the root zone 432 mm and
real crop evapotranspiration 1350 mm) significantly contributed to the removal of salts from the root zone
preventing salt built up in the soil. The detailed analysis on the exchangeable cations showed that Na*
rapidly increased after the removal of excess soil water, possibly reoccupying exchange sites, leading to an
increase in ESP. This finding is of extreme importance due to the long-term risk of increasing soil
sodicity and to that aim the regional conventional management practices should additionally be followed
by remediation actions (e.g., use of gypsum) in order to prevent future soil sodification.

The irrigation practice that is followed in the region is appropriate to sustain the soil quality of
rice-fields but with the cost of high water consumption. The Mediterranean region is the major rice
producer which covers the main rice-based food demands in Europe but the water needs to sustain this
production (ranging between 2000-2500 mm) are considered extremely high. Actions to redesign and
improve water management are mandatory in order to preserve rice yields. Future studies should focus
on (a) the effects of the winter season to soil salinity between sequential rice growing seasons; (b) trial
experiments to assess the minimum water consumption based on ratios of drainage versus runoff water
to preserve or reduce soil salinity.
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