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• Hydrogel amendment reduces N and P
leaching as well as water percolation.

• Peat amendment does not impact the
percentage of leached N.

• The largest amount of N and P leached is
detected in the plot no amendment.

• A larger irrigation rate (N10mm) favors
leaching of N and P, and water
percolation.
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Golf courses represent an agricultural activitywherein grass is intensively cultivated using large quantities of fer-
tilizers. In the present study, nitrogen and phosphorus leaching was analyzed over two years in an experimental
green under actual field conditions. The green contained four plots with distinct amendments (P1: hydrogel
+ peat, P2: peat, P3: hydrogel, and P4: no amendment). The applied doses of nitrogen ranged from 5 to
103 kg/ha and of phosphorus from 9 to 31 kg/ha. The irrigation level varied as a function of the rainfall regime
and the water requirements of grass; overall water intake varied from 1550 to 2080 mm/year. Daily, leached
water volumewas calculated, and sampleswere taken for chemical analysis. Nitrogen and phosphorus mass bal-
ances were calculated for different periods based on the collected data.
The plot amendedwith peat and hydrogel (P1) had reducedwater flow; the percentage of drainage water varied
from 8.4 to 29%. As a result, the dissolution and leaching of nitrogen (N) and phosphorus (P) were the lowest in
comparison to the other plots. According to the calculated mass balances, the lowest leaching values were also
recorded in this plot (P1), ranging from0.5 to 6.3% for N and from0.8 to 20.9% for P. The plotwithout amendment
(P4) drained themost water (25.9–44.8%) and leached the highest quantities of N and P, ranging from9.1–45.7%,
and 6–35.9%, respectively. The use of double amendments (hydrogel and peat) therefore represented optimal op-
erating conditions for the green.Moreover, a relationship was found between increasing rates of fertilization and
increasing percentages of N and P leaching as well as between higher irrigation levels and greater leaching.
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1. Introduction
The installation and maintenance of golf courses constitute a de-
manding agricultural activity involving the intensive cultivation of
large areas of cespitose plants that require quantities of water similar
to those required by citric crops, sunflower, and rice (Morell, 2006;
Shuman, 2006). As demand for water in golf courses is extremely
high, drainage also represents a key variable to consider because sub-
strates are porous. In addition, large quantities of agrochemicals (fertil-
izers and pesticides) are used. The high solubility and excessive
application of these products, as well as inefficient management prac-
tices, lead to the transport of their contained compounds to deep soil
layers. These compounds may then reach aquifers or discharge to sur-
face water bodies through run-off (Siyal et al., 2012; Krčmář et al.,
2014; Filipović et al., 2015). The maximum permissible limits of such
compounds established to protect the quality of water resources, in-
cluding both drinking water and aquatic life, are commonly exceeded
(Wong et al., 1998; Shuman, 2001, 2003; King et al., 2012).

The rate and system of irrigation, the quantity and type of applied
fertilizers, and the frequency of fertilization, additionally affect the
leaching of contaminants (McLeod et al., 2001; Shuman, 2001, 2003,
2005, 2006; Krčmář et al., 2014). Studies of agrochemical leaching in
golf courses have been based on the use of lysimeters or have been car-
ried out in greenhouses (Wong et al., 1998; Shuman, 2001, 2003;
Aamlid et al., 2009), yet few studies have been carried out under actual
field conditions.

Wong et al. (1998), for example, simulated irrigation and fertiliza-
tion conditions characteristic of a golf course using a lysimeter to evalu-
ate the behavior of fertilizers. According to the results, the rate of
application of fertilizers in greens leads to adverse environmental im-
pacts on surface water and groundwater because of phosphate and ni-
trate release. Shuman (2001, 2003) evaluated nitrate and phosphate
leaching in golf courses using columns constructed according to the
specifications of the United States Golf Association (USGA). The applica-
tion of fertilizers was controlled considering soluble compounds and
controlled-release compounds. The results showed that phosphate
leaching is a potential problem only following an excessive increase in
the application rate of soluble compounds. However, nitrate is a contin-
ual problem because it is easily leached.

In this respect, King et al. (2012) studied different types of fertilizer
and application methods in a golf course in Duluth, USA. These authors
found that the application of controlled concentrations of organic fertil-
izers during certain periods decreased the quantity of reactive dissolved
phosphorus and total phosphorus in contrast to traditional techniques
using synthetic fertilizers. In another study carried out in a golf course
in Idaho, USA, under normal operating conditions (Johnston and
Golob, 2002), the state of the grass was found to determine whether
groundwater was contaminated as a result of nitrate leaching. Specifi-
cally, leaching was reduced when grass was maintained in good
conditions.

Overall, several research studies in golf courses have concluded that it
is necessary to improve irrigation techniques and fertilizer application
(Barton and Colmer, 2006; Filipović et al., 2015) to guarantee the maxi-
mum use of fertilizers by plants and to avoid contamination problems.
One improvement technique is the use of compounds such as peat,
hydrogels, or surfactants to increase the efficiency of water and agro-
chemical use (Aamlid et al., 2009; Ullah et al., 2015). Hydrogels are super-
absorbent hydrophilic polymers that are added to the soil to improve
porosity, aeration (oxygenation), infiltration, transport and liberation of
nutrients, and water absorption; these factors subsequently improve
plant growth (Akhter et al., 2004; Abedi-Koupai et al., 2008; Anna et al.,
2011; Bai et al., 2013; Savi et al., 2014; Ramos-Campos et al., 2015). In ad-
dition, a couple of studies have reported that hydrogels can control fertil-
izer leaching (McAvoy, 1994; Ullah et al., 2015).

Based on the abovementioned context, the objective of the present
study was to evaluate and analyze nitrogen and phosphorus leaching
in an experimental green simulating a golf course under actual condi-
tions. Distinct irrigation levels and amendments (peat and hydrogel)
were considered. Nitrogen and phosphorus mass balance were calcu-
lated to establish the optimal operating conditions that would avoid
contaminating ground water or receiving water bodies.

2. Study area

An experimental green with an approximate area of 278 m2 is lo-
cated at the Club de Campo del Mediterráneo along the Mediterranean
coast of Spain (Fig. 1). It contains four experimental plots of approxi-
mately 40 m2.

The substrate is composed of a 26–40 cm sandy baseoverlaying a 10-
cm gravel layer containing drainage pipes that collect leached com-
pounds and drain them toward the exit. At the exit, recipients collect
leachates for control purposes. Each plot is coated on the bottom and
sides with a geomembrane that independently collects and channels
all infiltrated water toward the drainage exit (Fig. 1).

Each plot has a construction design and is composed of distinct sub-
strates, which are described in Table 1. One plot (P2) was constructed
according to USGA requirements (USGA, 2004) specifying that greens
contain sand and organic matter in an 80:20 ratio. The other construc-
tion designs were proposed to evaluate their influence on drainage
and contaminant transport. Several of the plots contain peat (organic
matter) and TerraCottem® (hydrogel). TerraCottem® is an additive
formed from a mixture of different acrylamide and acrylic acid copoly-
mers, fertilizers, and volcanic rock and absorbs water up to 45 its
weight, so it is capable of formingwater reserves in the soil. These com-
pounds are used to improve the efficiency ofwater and nutrient use and
to therefore improve grass quality and decrease the risk of contaminat-
ing receiving surface water bodies and groundwater.

The experimental green was equipped with a Rain Bird Smart
Weathermeteorological station that recordeddata on rainfall, solar radi-
ation,maximumandminimumtemperature, wind velocity, and relative
moisture. From these data, reference evapotranspiration (ETo) was cal-
culated using the FAO-Pennman-Monteith equation (Smith et al., 1992;
Allen et al., 1998).

Organicmatter content, bulk density, porosity, field capacity, and in-
filtration rate are shown for each plot in Table 1. Amendments affect
field capacity and infiltration and, therefore, possibly influence contam-
inant leaching. The most remarkable difference between the plots is
that the P4 (100% sand) has the highest infiltration rate, whereas the
plots containing organic matter (P1 and P2) have the lowest infiltration
rate. The USGA (2004) recommends a minimum infiltration rate of
0.25 cm/min in new greens. However, Gaussoin (2012) highlighted
that, in the first three years, the infiltration rate of greens is between ap-
proximately 0.46 and 1.33 cm/min.

Agronomic activities performed in the plots are described next:

a) Planting: Agrostis stolonifera L-93 was selected for planting. This
grass variety is green throughout the year and is used by Club de
Campo del Mediterráneo. It requires a high level of maintenance be-
cause of its rapid growth during summer and its highwater require-
ment. It is sensitive to stress from lack of water and shade and
endures cuttings of up to 3 mm.

b) Irrigation: irrigationwater originates fromawell located in the vicin-
ity. Eight pop-up spray sprinklers (model 6406-ADV, Nelson Turf®)
were installed at a height of 15 cmwith 7370Multi-Arc nozzles at an
optimal working pressure of 2 bar. The sprinklers were located
around the perimeter and each separated by 4m. The irrigation sys-
tems are independent in each plot and controlled by an electric
pump and meter, allowing distinct irrigation doses to be quantified
and tested.

c) Fertilization: diverse types of fertilizers were applied uniformly to all
plots, as described in Table 2. The periods and types of fertilization
were congruent with the agricultural practices of the golf course.



Fig. 1. Location of plots in the experimental green and construction scheme.
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Additional activities carried out in the green included frequent
mowing and aeration, or punching, which consists of punching holes
to avoid compaction, improve root aeration, enhancewater penetration,
and facilitate posterior reseeding in addition to verticut, which is a pro-
cess of vertical mowing to maintain grass density, eliminate weeds and
dead stems, and remove thatch.

3. Materials and methods

The green was established and planted in August 2008. Activities
were continued on the green until December 2011.

3.1. Water balance

In systems uninfluenced by water flow from neighboring systems,
themain inputs are rainfall and irrigation, and the outputs are drainage
and water loss due to evaporation and/or transpiration of plant cover.
The difference between input and output constitutes the variation in
water storage (moisture).

Irrigation input volumewas quantified based on data obtained from
meters connected to the irrigation system. Water quantity in each plot
was determined based on the assumption that irrigation is uniform.

Rainfall and ETo (reference evapotranspiration) were quantified
using data from the installed meteorological station. Leachate volume
was measured daily in recipients installed for this purpose. EVT
Table 1
Construction characteristics and physical characteristics of each plot (P2 complies with USGA s

Plot Area (m2) Volume (m3) Composition Organic matter (% weight) B

P1 37.5 10.5 80% silica sand
20% white peat
145 g/m2 hydrogel

4.045 1

P2 37.6 11.2 80% silica sand
20% white peat

7.397 1

P3 36.5 10.6 100% silica sand
145 g/m2 hydrogel

0.178 1

P4 35.4 9.3 100% silica sand 0.139 1
(evapotranspiration) was calculated from the water balance based on
input and output water volumes in each plot.

3.2. Mass balance

Water sampleswere collected daily in the leachate collectors of each
plot. Sample collection, preservation, storage and transport to labora-
tory were in conformity with the guidelines specified by APHA-
AWWA-WFPC (2005). Each sample was collected in a 200 mL plastic
container, which was appropriately washed in the laboratory. All sam-
ples were stored under refrigeration (4 °C) until analysis. Water sam-
ples were analyzed in the laboratory of the Institute of Pesticides and
Water of the Jaume I University, Spain. Nitrate (NO3

−) and ammonium
(NH4

+) were determined by UV–Visible spectrophotometry (Shimadzu
UV-1603). Phosphate (PO4

−3) was analyzed by ionic chromatography
(Dionex DX-120). Several field parameters were measured in situ, in-
cluding pH, water temperature, and electrical conductivity, using an
Orion 5-Star Plus multiparameter.

The study periods forwhich nitrogen and phosphorusmass balances
were estimated, were defined considering the following criteria:
i) The agricultural practices carried out by the maintenance staff of
the golf course, which is based onmaintaining the grass with the
appropriate characteristics (visual quality of grass).
tandards) (Bandenay, 2013).

ulk density (g/cm3) Porosity (%) Field capacity (%) Infiltration rate (cm/min)

.467 40.14 34.56 0.69

.394 51.65 45.83 1.26

.784 34.41 28.47 2.85

.684 34.88 26.75 3.38
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ii) Fertilization dates. The date on which the fertilizer is applied
(Table 2)was taken as the start date of the study periods. This ap-
plication date was defined by the maintenance staff.

iii) The evolution of the concentration of the ions in the leachate. The
end date of the study periodwas identified consideringwhen the
concentration of the ions in the leachate was stabilized. This
value could be considered as a baseline value (minimumconcen-
tration), which would represent the end of the process of leach-
ate that had started at the date the fertilizer was applied.

Additionally, the available data were reviewed to verify his continu-
ity in the database (values of drainage water volumes and ion concen-
trations daily) throughout the study periods.

Based on these criteria, six study periods were defined (Table 2).

a) Nitrogen

The nitrogen mass balances of each plot were calculated to evaluate
nitrogen losses (Shuman, 2001, 2003, 2006; Barton and Colmer, 2006)
and to assess the possible influence of the different construction
designs.

Nitrogen inputs originate from fertilization, irrigation, and, to a
lesser extent, rainfall. The quantity of nitrogen contributed by fertilizers
depends on the quantity used and the type of fertilizer (Table 2).

Nitrate mass in irrigation water was calculated by summing the
quantity of water inputted to the green daily for each defined period,
which was then multiplied by the average NO3

− concentration in irriga-
tion water (20.14 mg/L) and divided by 1000 g/mg to obtain the mass
(g). To obtain total nitrogenmass contributed by irrigation, the obtained
NO3

− concentration was multiplied by the atomic weight (in g) of nitro-
gen (14.01 g/mol) and divided by the molecular weight of NO3

−

(62.01 g/mol).
The quantity of nitrogen contributed by rainfall to the system was

determined by rainfall level and NO3
− concentration. To obtain the

value of nitrogen contributed by rainfall to the experimental green,
the same procedure for calculating the nitrogen contribution of irriga-
tion water was used. The average NO3

− content of rainfall is 4.7 mg/L.
The quantity of nitrogen contributed by fertilizer was determined by

summing the concentrations of species of ammoniacal nitrogen (NH4
+),

urea nitrogen (CON2H4), and isobutylidenediurea (C6H14N4O2).
To estimate nitrogen outputs, leachates were collected daily in each

plot and analyzed, and NH4
+ and NO3

− (mg/L) concentrations were de-
termined. The NO2

− concentration was minimal (below the quantifica-
tion limit) and was therefore not considered in the balance. The daily
concentrations for each defined period were summed. Similar to the
method for calculating the nitrogen contribution of irrigation water,
the obtained NH4

+ and NO3
− values were transformed to nitrogen.
Table 2
Fertilization periods and doses (Na; No application). Periods used to calculate nitrogen and ph

Fertilization date Fertilizer

December 2008 Fertilizer 15-15-15
January 2009 Proquimed 21-0-60 (solution of 12.5 kg in 60
February 2009 Physiostart 8-28-0
March 2009 Physiostart 8-28-0
April 2009 Easygreen 21-5-10
May 2009 (Period 1) Floranid Eagle Start 18-24-0
July 2009 (Period 2) Floranid Eagle 24-5-10
October 2009 (Period 3) Ammonium sulphate 21-0-0 24S
November 2009 (Period 4) Fertilizer 15-15-15
March 2010 (Period 5) Floranid Eagle 24-5-10
May 2010 (Period 6) Ammonium sulphate 21-0-0 24S
July 2010 Floranid Eagle 24-5-10
November 2010 Floranid Eagle 12-6-24
April 2011 Floranid Master 19-5-10
Final nitrogen balance was calculated from the following relation-
ship: Input nitrogenminus output nitrogen. The result was the variation
in storage, which is the sum of nitrogen absorbed by roots and nitrogen
stored in the substrate. Nitrogen inputs from atmospheric fixation are
assumed to be compensated by nitrogen losses due to volatilization.

b) Phosphorus

Phosphorus mass balance was calculated similar to the process de-
scribed for calculating nitrogen mass balance. However, several factors
that influence phosphorus balance estimates were considered.

Fertilization is the only contributor of phosphorus to the plots. Phos-
phorus quantity was determined based on fertilizer type and quantity
used (Table 2). Phosphorus inputs from fertilization occur in the form
of P2O5, from which total phosphorus was obtained.

Phosphorus outputs in the leachates collected in each plot were an-
alyzed in the laboratory and reported in form of PO4

3−. The PO4
−3 values

were multiplied by the atomic weight (g) of phosphorus (30.97 g/mol)
and divided by the molecular weight of PO4

−3 (94.97 g/mol).
The final balance was obtained considering the differences between

input and output phosphorus, which result in the variation in storage.
During the entire study period (August 2008–December 2011),

input and output water data were recorded. Water samples were col-
lected daily from September 2008 to October 2010 (25 months).

To establish significant differences in average values of leached ni-
trogen and phosphorus between plots given different fertilizer doses
and types, a comparison of the averages was performed using two-
way analyses of variance (ANOVA) and Fisher pairwise comparison
tests at a significance level of P b 0.05 (Kanji, 1999). The statistical anal-
yses were carried out in MINITAB software V.17.

4. Results and discussion

4.1. Water balance

From August 26, 2008 to December 31, 2011, the experimental
green received 251 rainfall events and between 602 and 625 irrigations.
During 2009, the irrigation guidelines were designed to complement
rainfall and to satisfy the water requirements of the system. From
March to December 2009, the ETo was 936.9 mm. During 2010, the ob-
jective of the irrigation regime was to maintain the visual quality of
grass, therefore a high level ofmoisturewasmaintained; the ETo for Jan-
uary to December 2010 was 1009.2 mm.

According to the water balance analysis (Table 3), drainage in plots
amended with organic matter (P1 and P2) increased as the level of irri-
gation increased. In the sandy plot (P4), the drainage percentage was
generally similar regardless of irrigation level. In comparing the plots,
P1 drained 42% less water than P2, and P3 drained 32% less water
osphorus mass balances are shown in bold.

Nitrogen (kg/ha) Phosphorus (kg/ha)

52.63 22.95
0 L of water) 0.07–0.11 Na

14.01 21.38
23.70 36.18
62.01 6.44
53.34 31.01
103.72 9.42
18.91 Na
72.58 31.65
127.83 11.61
5.25 Na
52.24 4.75
43.56 9.50
68.42 7.86



Table 3
Water balance (mm) at the plots (HY: hydrogel, OM: organic matter).

Year Components of water
balance

Plots

P1 (HY +
OM)

P2
(OM)

P3
(HY)

P4
(sand)

2009 Irrigation (mm) 993.3 988.1 1012.2 1057.1
Rainfall (mm) 584.4 584.4 584.4 584.4
Inflow (mm) 1577.7 1572.5 1596.6 1641.5

Drainage (mm) 374.1 521.4 386.6 581.1
% (Inflow-Outflow) 23.7 33.2 24.2 35.4

2010 Irrigation (mm) 1235.1 1577.0 1664.2 1496.2
Rainfall (mm) 417.3 417.3 417.3 417.3
Inflow (mm) 1652.4 1994.3 2081.5 1913.5

Drainage (mm) 380.2 795.4 479.1 634.9
% (Inflow-Outflow) 23.0 39.9 23.0 33.2
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than P4. Water retention was greater in P2, which was amended with
organic matter, with respect to the 100% sand plot (P4). However,
water retention was even greater in the plots containing hydrogel (P1
and P3), which is consistent with the properties of this material
(Akhter et al., 2004; Abedi-Koupai et al., 2008).
4.2. Nitrogen mass balance

To calculate nitrogen (N) mass balance, the planting and establish-
ment periods of grass, which occurred between August 2008 and May
2009, are important to consider. During this time, the NO3

− concentra-
tion in leachates was greater than that recorded during later months
(although this information was not considered in the present study).
Greater leaching during the planting period has been confirmed by
other researchers (Johnston and Golob, 2002; Barton and Colmer,
2006) and has been attributed to the higher rate of soil mineralization
and the incapacity of grass to use mineralized N.

Hydrogel and organic matter (P1) jointly act to retain water and to
hinder NO3

− leaching, as shown in Table 4 and Fig. 2a. Despite reaching
a maximum value of 82.5 mg/L, the NO3

− concentration of drainage
water was the lowest in P1 compared to the other plots. Also, the aver-
age leached NO3

− concentration was 19.8 mg/L, nearly half of the aver-
age concentrations recorded in the other plots.

In the plot without hydrogel (P2) that was amended with peat ac-
cording to USGA specifications (Fig. 2b), the water flow was not
retained as much as in P1. Therefore, a greater percentage of water
was drained (Table 4). The NO3

− concentration in drainage water was
also higher, with a maximum value of 141.3 mg/L and an average
value of 27.5 mg/L (Table 4). A relationship between water input vol-
ume, fertilization days, and maximum NO3

− leaching was observed in
P2. After fertilization and water inputs above 20 mm, an increase in
leachates was recorded. The response time was short, which may be
due to the existence of preferential flows (Fig. 2b). Another notable
finding is the continuous contribution of NO3

−. Even after fertilizations,
NO3

− concentrations above the average value (27 mg/L) were recorded,
which may be due to the slow liberation of N from fertilizer.

In P3, water flow was modified and retained at the surface because
of the action of the hydrogel. This was also reflected in the percentage
of drainage water, which was similar to P1 (Table 4). However, in con-
trast with P3, a maximumNO3

− concentration of 200mg/L was reached
Table 4
Concentration of NO3

− in the leachate of plots (September 2008–December 2010) (HY: hydrog

Plot Drainage (mm) Minimum NO3
− concentration (mg/L)

P1 (HY + OM) 345.1 2.4
P2 (OM) 657.3 3.3
P3 (HY) 466.2 3.2
P4 (sand) 653.9 2.9
on three times (May and December 2009 and March 2010) (Fig. 2c);
these values were higher than those reported in P1 and P2 (Table 4).

ThemaximumNO3
− concentrations in P4 exceeded 250mg/L at sev-

eral times (November and May 2009 and March 2010). In addition, a
baseline NO3

− value was observed, with an average concentration of
20 mg/L (Fig. 2d).

Notably, in the plots with amendments (P1, P2, and P3), NO3
− con-

centrations were lower than those in the plot composed of only sand
(P4), demonstrating the effect of amendments on the leaching process.
However, water inputs and flow within the system should be consid-
ered because these can produce an increase in drainage water volume,
which may promote N leaching.

The temporal evolution of the quantity of leached N and the N mass
balance were studied in detail according to the study periods defined
(Tables 2 and 5).

a) Temporal evolution of leached nitrate per fertilization period

For each of the study periods, an analysis of the temporal evolution
of the concentration of NO3

−wasmade in each of the plots. This analysis
allowed to verify that there is a certain similarity between periods and
plots. For example, for periods 1 and 2, the maximum NO3

− concentra-
tionwas detected in P4 and occurred between 3 and 5 days after the ap-
plication of fertilizers. Once thismaximumconcentrationwas reached, a
gradual decrease was observed; reaching values lower than 15 mg/L
(Table 5). P1, P2 and P3 presented relatively a uniform behavior with
small peaks in NO3

− concentration.
The third and sixth periodswere the shortest (Table 5) and the same

fertilizer was applied (Table 2). The plots have a uniform behavior with
slight variations in NO3

− concentrations, which did not exceed 30 mg/L
(Fig. 2). In contrast to the two prior study periods, in P4 (100% sand),
slight fertilizer leaching was observed. NO3

− leaching was delayed in
the plots amended with hydrogel (P1 and P3), as leaching occurred
20 days after fertilization.

The fourth and fifth periods are the longest (Table 5). Leaching was
observed in all plots immediately after fertilization. In P4, the NO3

− con-
centrations reached a maximum of 385 and 266 mg/L. Afterwards, the
concentrations declined until reaching a minimum value of 7 mg/L
(Table 5). P4 presented behavior that is likely related with the presence
of preferential flow. Therefore, in P4, the highest NO3

− concentrations
were found at the beginning of the period. P2 and P3 presented a similar
behavior, but the maximum NO3

− concentration was lower. P1 demon-
strated a relatively uniform behavior, with average NO3

− concentrations
of 16–19 mg/L, probably because of the absorption effects of the hydro-
gel and peat amendments (Fig. 2).

b) Nitrogen mass balance per fertilization period

The estimated N mass balances per plot and fertilization period are
presented in Table 6. As observed, the greatest N contributions were
due to the application of fertilizers, which represented approximately
75% of total N inputs to the plots. Nitrogen inputs from irrigation reflect
the irrigation level. In 2009, following the construction of the experi-
mental green, irrigationwas performed to complement rainfall because,
at several points, rainfall was practically null.
el, OM: organic matter).

Maximum NO3
− concentration (mg/L) Average NO3

− concentration (mg/L)

82.5 19.8
141.3 27.5
200.4 35.0
385.9 39.9



Fig. 2. Water inputs and leached NO3
− concentrations in a) P1, b) P2, c) P3, and d) P4 (arrows indicate fertilization).
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The duration of the defined periods was sufficient to document the
leaching of excess fertilizer. Overall, the fertilizations were highly effi-
cient, as the percentages of leached N were low. During some periods,
leaching barely exceeds 5% (Table 6). In periods 4 and 7, the percentage
of leached N ranged from 10 to 25% (with some exceptions); in these
latter two periods, leaching can be attributed to excess fertilization
with respect to N demand or to intense irrigation episodes or rainfalls
that stimulated water flow, leading to leaching.
Table 5
Fertilization periods and maximum, minimum, and average concentrations of leached NO3

− pe

Start date End date Days Plot Minimum concentrat

Period 1 05/28/2009 07/21/2009 55 P1 7.0
P2 11.8
P3 17.6
P4 15.7

Period 2 07/22/2009 10/14/2009 85 P1 11.7
P2 18.3
P3 3.2
P4 3.3

Period 3 10/15/2009 11/09/2009 26 P1 5.2
P2 5.2
P3 3.2
P4 2.9

Period 4 11/10/2009 03/03/2010 114 P1 12.0
P2 13.3
P3 8.9
P4 6.9

Period 5 03/04/2010 05/20/2010 78 P1 11.3
P2 14.2
P3 8.9
P4 8.9

Period 6 05/21/2010 07/07/2010 48 P1 14.6
P2 12.2
P3 12.2
P4 8.8
Period 1. Small quantities of leached N were reported in P1 and P3
(Table 6, Fig. 3), demonstrating the influence of the hydrogel amend-
ment. Under these conditions, it may be assumed that any fertilizer dis-
solved in water is largely available for root absorption. P4 (100% sand)
received the lowest quantity of N from fertilization (188.84 g)
(Table 6). However, the highest amount of total leached N (22.24 g)
was also reported in this plot (P4), corresponding with 9% (Fig. 3),
which is likely due to the composition of the plot (100% sand) and to
r plot.

ion (mg/L) Maximum concentration (mg/L) Average concentration (mg/L)

18.0 11.5
26.1 18.1
23.7 10.2
40.9 19.1
21.8 18.5
23.9 16.7
39.6 15.7
104.3 25.8
12.4 7.5
12.3 7.8
10.0 4.4
8.4 4.7
61.6 19.8
141.3 46.4
199.0 35.9
385.9 67.9
21.9 16.3
97.4 33.5
200.3 41.7
266.2 62.3
23.6 19.8
27.9 19.9
20.6 13.9
20.3 14.0



Table 6
Nitrogen (N) mass balance per fertilization period and plot.

Period Inputs Outputs % of
drainage
water

Plot Water
input
(mm)

N
fertilization
(g)

N
irrigation
(g)

N
rainfall
(g)

Total N
inputs
(g)

N-NH4

(g)
%
leaching
N-NH4

N-NO3

(g)
%
leaching
N-NO3

Total N
output
(g)

%
leaching
N

Water
output
(mm)

1 P1 342.6 199.78 56.06 0.53 256.37 0.50 0.20 4.74 1.85 5.25 2.05 46.2 13.5
P2 318.0 200.41 54.34 0.53 255.28 0.74 0.29 11.09 4.34 11.83 4.63 73.6 23.1
P3 300.2 194.70 47.60 0.52 242.80 0.29 0.12 4.64 1.91 4.93 2.03 26.9 9.0
P4 361.1 188.84 55.97 0.50 245.31 1.27 0.52 20.96 8.55 22.24 9.06 133.0 36.8

2 P1 616.0 388.48 43.30 14.28 446.06 1.45 0.33 25.42 5.70 26.87 6.02 172.0 27.9
P2 620.9 389.71 44.26 14.32 448.30 1.45 0.32 26.88 6.00 28.33 6.32 196.9 31.7
P3 603.5 378.61 40.12 13.92 432.64 1.17 0.27 22.05 5.10 23.22 5.37 185.1 30.7
P4 619.2 367.21 41.43 13.50 422.14 2.16 0.51 34.51 8.18 36.67 8.69 227.3 36.7

3 P1 59.8 70.82 9.11 0.25 80.18 0.05 0.06 0.48 0.60 0.52 0.65 7.4 12.4
P2 56.3 71.04 8.53 0.25 79.82 0.08 0.10 0.97 1.22 1.05 1.32 15.6 27.7
P3 62.0 69.02 9.24 0.24 78.50 0.06 0.08 0.62 0.80 0.69 0.88 12.4 20.0
P4 58.0 66.94 8.32 0.24 75.50 0.08 0.11 0.66 0.88 0.74 0.99 17.9 30.9

4 P1 308.0 271.86 22.22 7.01 301.08 0.54 0.18 18.41 6.11 18.95 6.29 89.3 29.0
P2 326.0 272.72 25.35 7.03 305.10 8.57 2.82 59.08 19.36 67.65 22.17 155.2 47.6
P3 383.2 264.95 34.14 6.83 305.92 9.41 3.08 49.59 16.21 59.00 19.29 125.0 32.6
P4 317.0 256.97 22.45 6.62 286.04 45.81 16.02 84.78 29.64 130.60 45.66 142.0 44.8

5 P1 276.2 478.82 29.81 3.99 512.62 0.33 0.06 8.32 1.62 8.65 1.69 37.2 13.5
P2 306.0 480.34 35.00 4.01 519.34 1.91 0.37 29.65 5.71 31.56 6.08 97.3 31.8
P3 308.2 466.65 34.37 3.89 504.91 1.99 0.39 40.78 8.08 42.77 8.47 67.1 21.8
P4 302.6 452.60 32.42 3.77 488.80 2.72 0.56 54.48 11.15 57.20 11.70 90.9 30.0

6 P1 283.5 19.66 40.50 1.81 61.97 0.19 0.31 4.26 6.88 4.45 7.18 23.9 8.4
P2 360.2 19.73 53.72 1.81 75.26 0.58 0.77 19.05 25.31 19.63 26.08 116.5 32.3
P3 372.1 19.16 54.18 1.76 75.11 0.29 0.39 6.64 8.85 6.93 9.23 51.8 13.9
P4 325.3 18.59 45.02 1.71 65.31 0.28 0.43 9.99 15.30 10.27 15.72 84.1 25.9
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the uniformity of water flow. In contrast to the amended plots, water is
not retained at the surface.

Period 2. The quantity of N inputted to the plots of the experimental
green almost doubled during this period in comparison to period 1. The
N contribution from rainfall increased notably, indicating greater fre-
quency of rain (approximately 14 g of N per plot) (Table 6). P1, P2,
and P3 showed uniform behavior in regard to the quantity of leached
N, which may be related to the utilized amendments (hydrogel and or-
ganic matter) that improve water retention in the first 10–15 cm of the
plot. A higher percentage of leached N was found in P4 (8.69%) (Fig. 3).

Period 3. The quantity of N inputted to the plots of the experimental
green was low in comparison to previous periods. Fertilization contin-
ued to contribute the most N (89%) (Table 6). The quantity of leached
N was low (Fig. 3), which may be attributed to the short duration of
this period or the utilization of N by plant roots. Despite the low quan-
tities of leached N and the short duration of this period, P2 and P4
were associated with the highest leaching percentages (Table 6).

Period 4. Compared with previous periods, greater percentages of
leached N were recorded (Table 6). This can be attributed to the large
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Fig. 3. Percentage of nitrogen (N) leached during the defined study periods. Different
letters indicate significant differences between fertilization periods (P b 0.05).
quantity of inputted N, the duration of the period, and, finally, the low
rate of N absorption by roots that is characteristic of winter. In P1, the
percentage of leached N is 6.29%. Meanwhile, the percentage of leached
N nearly reached 50% in P4, even though this plot had the lowest total N
concentration (Table 6, Fig. 3), indicating the leaching of accumulatedN.

Period 5. The largest quantity of N from fertilization was inputted
during this period (92.4% on average with respect to total inputs). A
minimum andmaximumquantity of 452.60 g and 480.34 gwas applied
in P4 and P2, respectively (Table 6).

The lowest amount of leaching was observed in P1 (1.69%) because
of the water retention capacity of the first section as a result of the
amendment. Themost leachingwas observed in P4, despite this plot re-
ceiving the lowest amount of N (Table 6, Fig. 3). This finding coincides
with those of the previous study periods and demonstrates the effect
of the amendments.

Period 6. The smallest quantity of N from fertilization was inputted
during this period. a and the greatest contribution came from irrigation
(Table 6). Large volumes of water were used for irrigation to maintain
adequatemoisture and to improve the visual quality of grass, as this pe-
riod correspondedwith summer. In particular, 67% of Nwas contributed
by irrigation, while 29.4% was contributed by fertilizer and 3.6% by
rainfall.

P1 and P3 exhibited the smallest amount of N leaching (Fig. 3,
Table 6), evidencing the effect of the hydrogel amendment, which
retained water circulation and N dissolved in water. Meanwhile, P2
and P4 exhibited the highest percentages of N leaching; these percent-
ages are possibly due to low root absorption and water circulation as
well as the existence of channels favoring preferential flow.

Based on these data, ANOVA analyses were carried out to establish
the degree of similarity of the responses of the planted systems
(plots) with respect to N leaching per fertilization period and plot. Pe-
riods 2 and 5 showed similar behavior at a 95% significance level (α =
0.05) and were also similar to periods 1, 3, and 6 to a lesser extent.
The same type of fertilizer was used during periods 2 and 5; the largest
quantity of N from fertilization was also applied during these periods
(Table 2), corresponding with 103.7 kg/ha for period 2 and
127.8 kg/ha for period 5.Meanwhile, periods 1, 3, and 4 significantly dif-
fered with respect to the rest of the periods (Fig. 3). The ANOVA
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analyses indicated that differences in the quantity of leached N are a
function of the fertilizer dose and type utilized each period, except for
periods 2 and 5.

With respect to the plots, no differences in mean values were found
at a 95% significance level (α=0.05), indicating that variance (variabil-
ity) in the quantity of leached N was similar in all plots, although total
mass of leached N differed per plot.

To understand the relationship between drainagewater volume and
N leaching, the relationship of these two variables was graphed in
Fig. 4a. Notably, when drainage volume is greater, the percentage of
leached N also tends to be greater. The points corresponding with pe-
riod 2 do not show amarked tendency. This may be due to the high vol-
ume of input water (603–620 mm) as well as drainage water
(227–172 mm), which may be causing a dilution effect of N, as the
greatest volume of drainage water was also found during period 2.

The relationship between N contribution and leaching was evalu-
ated. In Fig. 4b, the relationship between these two variables is ob-
served. Some points indicate the presence of an external factor that is
likely causing a greater quantity of N to be leached; for example, during
period 4, the quantity of leached N varied between 59 and 130 g in P2,
P3, and P4. The external factor may be the type of applied fertilizer
(15-15-15), which was not used in the other periods (Table 2).

These leaching percentages are like those reported by other authors
such as Shuman (2001, 2003), wherein percentages ranging from 1 to
45% were estimated for fertilization rates of 12–49 kg/ha for substrates
equivalent to P2. In the present study, the rate of leaching in P2 ranged
from 1 to 26%. Fetter et al. (2012) estimated leaching percentages from
1 to 11% for fertilization rates of 48–292 kg/ha in a silty soil with grass
(Lolium perenne L.) where suction cups were installed.

The effects of the fertilization rate and water input on the volume of
leached Nwere previously confirmed by Barton and Colmer (2006) in a
clay soil with grass (Cynodon dacttylon L.). In this study, fertilization
rates of 100, 200, and 300 kg of N/ha were tested. At a high irrigation
dose, the percentage of leached N ranged from 11 to 28%. At a low irri-
gation dose, the percentage of leached Nwas lower than 12%. Also, as it
was expected, an increase in the fertilization rate led to an increase in
the quantity of leached N. The combined effect of these two factors
(higher irrigation and fertilization) resulted in the highest level of N
leaching.
Table 7
Concentration of PO4

−3 in the leachate of plots (September 2008–December 2010) (HY: hydrog

Plot Drainage (mm) Minimum PO4
−3 concentration (mg/L)

P1 (HY + OM) 345.1 0.4
P2 (OM) 657.3 0.7
P3 (HY) 466.2 0.7
P4 (sand) 653.9 0.5
With respect to the effect of peat amendments, the results obtained
in the present study are similar to those of Aamlid et al. (2009). These
authors carried out a studywith lysimeters in an area of 2m2 simulating
a green (sand+ Agrostis stolonifera L.) at a fertilization rate of 262 kg of
N/ha. Nitrogen leaching was lower at lysimeters near areas amended
with peat (150.1 g NO3-N/ha) than those in areas containing only
sand (1390.9 g NO3-N/ha).
4.3. Phosphorus mass balance

The leaching potential of P is often considered lowbecause P can easily
form insoluble complexes with aluminum oxides and iron or calcium in
the soil (Fetter et al., 2012). However, P leaching can also occur in sandy
soils (Elliot et al., 2002; Siddique and Robinson, 2004) and peaty soils
whose absorption capacity is very low (Nair and Graetz, 2002).

Overall, throughout the study period (Table 7), a similar behavior of
P was observed in the plots. In contrast to NO3

− concentrations, average
PO4

−3 concentrations in leachates did not exceed 8 mg/L. In this case,
leaching is regulated by the low solubility of P compounds.

As observed in Fig. 5a, in P1, an increase in PO4
−3 concentration was

mainly favored by two aspects: fertilization and level of water input.
However, increased PO4

−3 concentrations were also related with the
type offlow in the plot. Flowwas preferential at the beginning of the pe-
riod and uniform at the end of the period. Despite these considerations,
the maximum PO4

−3 concentration did not exceed 20 mg/L (Table 7).
Phosphate concentrations N15 mg/L were recorded in P2, especially

at the beginning of the period during planting activities and grass estab-
lishment (Fig. 5b). The response of the system to the level ofwater input
can also be observed: Greater water intake was associated with higher
PO4

−3 concentrations, which may also reflect greater leaching. At the
end of the period, PO4

−3 concentrations N25 mg/L were recorded.
Phosphate concentrations in the leachates of P3 did not present a

uniform behavior; however, similar to P1 and P2, a clear response to
water input is observed. After the first year of planting activities, PO4

−3

concentrations reduced notably, with average concentrations varying
around 5.7 mg/L. This reduction may indicate that the plant cover
used a portion of the P, which may have also occurred in the rest of
plots.
el, OM: organic matter).

Maximum PO4
−3 concentration (mg/L) Average PO4

−3 concentration (mg/L)

16.3 5.2
27.7 7.8
23.1 5.7
36.7 6.9



Fig. 5.Water inputs and leached PO4
−3 concentrations in a) P1, b) P2, c) P3, and d) P4 (arrows indicate fertilizations).
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An average PO4
−3 concentration of 6.9 and a maximum concentra-

tion of 36.7 mg/L were found in P4 (Fig. 5d, Table 7), indicating greater
leaching in this plot in comparison to the others.

In conclusion, PO4
−3 concentrations were low in P1 and P3 because of

the effect of the amendments, whereas PO4
−3 concentrations were higher

inP2andespecially inP4,whichdidnothaveanyamendment (100% sand).
Similar to NO3

−, the level of water input influenced PO4
−3 leaching,

especially at water inputs N10 mm (Fig. 5). Likewise, the presence of
amendments affected water circulation.
Table 8
Fertilization periods and maximum, minimum, and average concentrations of leached PO4

−3 pe

Start date End date Days Plot Minimum concentrat

Period 1 05/28/2009 07/21/2009 55 P1 0.6
P2 0.7
P3 0.9
P4 1.1

Period 2 07/22/2009 10/14/2009 85 P1 1.1
P2 1.1
P3 1.6
P4 1.8

Period 3 10/15/2009 11/09/2009 26 P1 3.5
P2 6.9
P3 3.5
P4 3.7

Period 4 11/10/2009 03/03/2010 114 P1 0.5
P2 5.4
P3 3.2
P4 4.6

Period 5 03/04/2010 05/20/2010 78 P1 1.7
P2 1.6
P3 0.7
P4 0.7

Period 6 05/21/2010 07/07/2010 48 P1 0.7
P2 0.7
P3 0.7
P4 0.5
a) Temporal evolution of leached phosphate per fertilization period

In period 1 and 2, uniform behavior of PO4
−3 concentration was ob-

served in P1 and P2, with average values below 5 mg/L, whereas in P3
the concentrations decreased to values below 3 mg/L (Fig. 5, Table 8).
The highest PO4

−3 concentrations were recorded in P4, ranging from 9
to 13 mg/L (Table 8). At the beginning of these periods, the maximum
concentrations can be related with the recent fertilization and the
r plot.

ion (mg/L) Maximum concentration (mg/L) Average concentration (mg/L)

5.1 1.6
7.1 2.4
6.5 1.9
13.3 5.6
6.3 2.9
8.9 4.7
5.8 2.5
9.0 4.4
4.4 3.9
8.1 6.9
4.9 2.9
5.8 4.7
13.1 4.9
15.0 9.9
23.9 6.1
36.7 6.6
7.8 2.9
27.7 5.0
6.7 1.4
9.5 1.9
4.1 1.5
6.1 3.9
4.3 2.2
3.4 1.9
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quantity ofwater inputted to the system, therefore these concentrations
are a response indicative of the close relationship between PO4

−3 con-
centration and water flow.

In the third and sixth periods no P input from fertilization was re-
corded. Overall, maximum PO4

−3 concentrations were around 8 mg/L
in P2 (Fig. 5, Table 8). For all plots leached PO4

−3 concentrations were
maintained between 0.5 and 8 mg/L (Table 8). An irregular temporal
evolution is observed in Fig. 5 for all plots and may be related with the
level of water input aswell as the existingflowpatternwithin each plot.

The behavior of the PO4
−3 concentrations during periods 4 and 5was

relatively uniform. This indicates null interaction between PO4
−3 and the

environment and the existence of continuous leaching (Fig. 5).
In period 4, the behavior PO4

−3 concentration in P2 show a clear re-
sponse to the level of water input (20 mm); following excessive water
input, PO4

−3 concentrations values exceeded 15mg/L (Fig. 5). Phosphate
concentrationswere highest in P4 (N35mg/L) but decreased to 10mg/L
at the end of the period 4 (Table 8).

In period 5, PO4
−3 concentrations above 10 mg/L were not recorded

in the plots during the first days. As time passed, the concentrations de-
creased below 5 mg/L (Fig. 5) yet increased once again near the end of
the period, but without reaching the maximum values observed at the
beginning.

b) Phosphorus mass balance per fertilization period

Notably, P was not detected in rainwater or irrigation water, so P in-
puts entirely depended on fertilization (Table 9).

Period 1. The use of a hydrogel amendment in P1 and P3 decreased
the leached quantity of P (Table 9). In contrast, the largest quantity of P
was leached in P2 and P4. The use of peat also appeared to influence P
retention because P1, P2, and P3 had similar values for leached P,
whereas the percentage of leached P was greater in P4.

Furthermore, as P4 received the lowest quantity of fertilizer, it also
received the smallest P input. In this plot, 10 times more P was leached
than in P1 (plot with the lowest percentage of leachate), probably as a
consequence of water flow (uniform flow) and the absence of amend-
ments (Fig. 6). Meanwhile, in the plots with amendment, water was
likely retained at the surface.

Period 2. The quantity of inputted P is one-third of that inputted
during the previous period. However, the leached quantity is notable
Table 9
Phosphorus (P) mass balance per fertilization period (NC: no contribution; NI; no input; ND; n

Period Inputs O

Plot Water inputs (mm) P fertilization (g) Total P inputs (g) T

1 P1 342.6 116.14 116.14 0
P2 318.0 116.51 116.51 1
P3 300.2 113.18 113.18 1
P4 361.1 109.78 109.78 9

2 P1 616.0 35.29 35.29 7
P2 620.9 35.40 35.40 1
P3 603.5 34.39 34.39 5
P4 619.2 33.35 33.35 1

3 P1 59.8 NC NI 0
P2 56.3 NC NI 1
P3 62.0 NC NI 0
P4 58.0 NC NI 1

4 P1 308.0 118.53 118.53 5
P2 326.0 118.91 118.91 1
P3 383.2 115.52 115.52 1
P4 317.0 112.04 112.04 1

5 P1 276.2 43.49 43.49 2
P2 306.0 43.63 43.63 5
P3 308.2 42.39 42.39 1
P4 302.6 41.11 41.11 2

6 P1 283.5 NC NI 0
P2 360.2 NC NI 4
P3 372.1 NC NI 1
P4 325.3 NC NI 1
(Table 9, Fig. 6). Greater relative leachingmay be due to the availability
of P from the previous fertilization, which was three times greater;
therefore, the grass was likely unable to use new inputs. Also, the high
water input (and higher drainage) during this period could promote
greater leaching of P retained in the soil (Table 9).

Period 3. Phosphorus concentrations did not exceed 1.5 g
(Table 9). A defined source of P did not exist, so the values reported
during this period are assumedly due to P dissolved in water that
was retained in the soil by the amendments. The smallest quantity
of leached P was observed (0.38 g) in P1, followed by P3 and P4,
with values of 0.64 and 1.09 g, respectively. In P2, which was
amended with peat, the highest P concentration (1.43 g) was re-
ported. One inference is that roots are not using P and that peat pos-
sibly influences P concentration.

Period 4. P1, P2, and P3 received similar quantities of P. However,
the percentages of leachates in these plots differed (Table 9), possibly
because of the amendments. The largest quantity of P was received by
P2 (sand and peat) wherein the largest percentage of leached P was
also reported (15.8%). In addition, 11.59 g, or 10% of P, was leached in
P3, similar to the amount leached in P4 (Fig. 6).

The influence of peat in the concentrations of leached P is evident
upon comparing P2 (containing peat) and P4. Differences in P input
are existent yet not significant; therefore, the higher P concentration
in P2 was likely contributed from organic matter.

Period 5. The leachate percentages were low in all plots (below 6%),
except in P2 wherein the greatest leaching (13.5%) was observed
(Table 9, Fig. 6). This may be related with the leaching of P accumulated
and/or retained in the soil and high water inputs.

The effects of the amendments are also easily observed. The quantity
of leachate in P1was influenced by thedouble amendment; as a result, P
leaching was reduced, similar to the previous periods. In P2, 13.5% of
total P inputs were leached. These data confirm the possible contribu-
tion of P from the peat amendment. In contrast to the other plots,
greater quantities of leached P are reported in P2, except for P4, which
leached the greatest quantity of P (6%) with respect to P1 and P3
(Fig. 6). This response in P4 is due to the transit of P leachate through
sandy material. Also, in P3, the amendments lead to fluid retention in
the first 10 cm of the substrate.

Period 6. Similar to period 3, no contributions of P were recorded,
and PO4

−3 concentrations did not exceed 10mg/L. However, as observed
ot detected).

utputs % of drainage water

otal P outputs (g) % P leaching Water outputs (mm)

.92 0.79 46.2 13.5

.96 1.69 73.6 23.1

.32 1.17 26.9 9.0

.67 8.81 133.0 36.8

.36 20.87 172.0 27.9
2.20 34.46 196.9 31.7
.26 15.29 185.1 30.7
2.00 35.97 227.3 36.7
.38 ND 7.4 12.4
.43 ND 15.6 27.7
.64 ND 12.4 20.0
.09 ND 17.9 30.9
.51 4.65 89.3 29.0
8.79 15.80 155.2 47.6
1.59 10.03 125.0 32.6
3.49 12.04 142 44.8
.43 5.59 37.2 13.5
.91 13.55 97.3 31.8
.83 4.31 67.14 21.8
.48 6.03 90.9 30.0
.81 ND 23.9 8.4
.81 ND 116.5 32.3
.42 ND 51.8 13.9
.63 ND 84.1 25.9
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Fig. 6. Percentage of phosphorus (P) leached during the defined study periods. Different
letters indicate significant differences between fertilization periods (P b 0.05).
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in Fig. 6 and Table 9, Pwas leached, possibly due to P retained in the sur-
face from previous fertilizations or the P contribution of the amend-
ments. Similar to the previous periods, the highest P leaching was
reported in P2.

According to these results, the P concentrations in leachates de-
tected during periods wherein P was not contributed from fertilization
could result from the accumulation and retention of fertilizer from pre-
vious periods or the contribution of the amendments, mainly peat.

The degree of similarity between the fertilization periods and plots
according to the quantity of leachates was evaluated by ANOVAs. With
respect to N, some similarity between periods and plots was found,
whereas the average amount of leached P significantly differed per fer-
tilization period at a significance level of 95% (α = 0.05). Specifically,
period 2 differedwith respect to the other periods. During this latter pe-
riod, the smallest P dosewas applied (Table 2), yet the greatest percent-
age of drainage also occurred, which likely led to the leaching of P
retained in the soil (Table 9).With respect to the plot, the average quan-
tities of leached P were significantly similar between plots at a signifi-
cance level of 95% (α = 0.05), similar to N.

In general, the percentage of P leaching did not exceed 12%; greater
leaching only occurred during period 2 wherein 15% and 35% of P was
leached. In this latter period, high water inputs caused extensive
leaching of P retained in the soil. As drainage increased, the percentage
of leached P also increased, as shown in Fig. 7a. The extreme values of P
leaching in P2 corresponding with water outputs around 190 mm can
be highlighted (Table 9).

The positive relationship between P contribution and leached P is
represented in Fig. 7b. However, this relationship is also likely influ-
enced byprocesses affecting P during its transport through the substrate
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Fig. 7. a) Relationship between water outputs (mm) and leached phosphorus (P) levels (%) p
profiles as well as plant absorption (Esteller et al., 2009; Islas-Espinoza
et al., 2014).

In two studies of Shuman (2001, 2003), a percentage of leached P of
b10% was found for fertilization rates of 5–11 kg P/ha, whereas a
leaching percentage between 40% and 50% was found for fertilization
rates of 11–21 kg P/ha. These values are within the same range as
those found in period 5, which had a fertilization rate of 11 kg P/ha
and leaching percentages of 4–14%. Meanwhile, Fetter et al. (2012)
found PO4-P concentrations of 0.1–0.9 mg/L at fertilization rates of
3.5–283 kg P/ha in a silty soil, indicating minimal leaching as a result
of the absorption capacity of the soil.

5. Conclusions

a) Nitrogen mass balance

The plots amended with hydrogel (P1 and P3) slowed the water
flow and thus maintained higher water content in the first several cen-
timeters of the substrate. This was also reflected in the quantity of
leached Nmass contributed from fertilization, irrigation, and rainwater.
In these plots, smaller N losses occurred throughout the evaluated pe-
riods, and smaller water volumes were drained. The NO3

− concentra-
tions in the leachates of these plots ranged from 19 mg/L in P1 to
35 mg/L in P3.

The plot P2 amended with peat and constructed according to the
specifications of the USGA presented percentages of NO3

− leaching sim-
ilar to those in P4 (100% sand). Apparently, the peat amendment did not
lead to a significant variation in the quantity of leached N. In this plot,
the average NO3

− concentration was 27 mg/L.
The plot containing sand (P4) presented the highest percentage of N

loss and drained the highestwater volume, reflecting theflowdynamics
and hydraulic characteristics of this plot. The average NO3

− concentra-
tion was 40 mg/L.

Another influential aspectwas the irrigation level. High levels of irri-
gation favor the dissolution and drainage of N. In particular, irrigation
levels N10 mm and high rainfall levels were associated with greater N
leaching.

b) Phosphorus mass balance

The behavior of P over the course of the selected periods varied
widely in terms of leachate concentration. Similar to N, P leaching was
directly influenced by the P mass entering the system.

The effects of hydrogel were evident in P1 and P3. The drainage
water volume was lower in these latter plots; accordingly, the PO4

−3

concentrations were also lower and tended to be lower than 10 mg/L.
Meanwhile, P2 had a PO4

−3 concentration above 15 mg/L; this increase
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can be attributed to the utilized amendment (peat). Finally, in P4, the
highest PO4

−3 concentrations were present, ranging from 15 to
35 mg/L, as a possible consequence of the scarce interaction of P with
the sandy environment.

High water inputs (N20 mm) resulted in greater fertilizer leaching:
this response was observed in all plots. With high water input, P con-
centrations increased up to 35 mg/L. Water inputs as low as 10 mm, in
some cases, were observed to also increase P leaching.

c) Optimal operating conditions of the experimental green

The actual operating and maintenance conditions of a golf course
were evaluated in the experimental green to understand the conse-
quences of distinct irrigation and fertilization practices. Under this sce-
nario, optimal operating conditions can be established. The use of a
double amendment (P1)was optimal because it resulted in lower quan-
tities of water and leached N in comparison to the other plots. Accord-
ingly, the use of a double amendment may lead to a smaller pollutant
load and decrease potential groundwater contamination by leachates.

The organic matter (peat) amendment used in P2 also retained
water, although this was not notable. Rather, preferential flow seems
to have been favored. Therefore, a uniform mixture of peat across the
entire plot is recommended.

Another conclusion of the operating conditions, it is that the irriga-
tion levels should be b10 mm, even if they are more frequent.

In future studies, it is necessary to evaluate the optimal dose of hy-
drogel that would maximize the moisture content useable by grass
and that would reduce N and P leaching as well as the volume of perco-
latedwater. In addition, it is necessary to establish the efficacy of hydro-
gel in soil over time.
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