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Abstract Vegetated buffer strips (BS) can help

prevent nitrogen (N) losses from fields by subsurface

lateral flow, thus protecting water resources. The

purpose of this study was to determine if narrow BS

would effectively remove dissolved inorganic N from

subsurface lateral flow. Nitrate–N (NO3–N) and

ammonia–N (NH3–N) concentrations in subsurface

lateral flow were measured at 1 m depth in a BS

system consisting of five treatments: G: strip of grass

(Fescue arundinacea); GS: strip of grass and line of

native shrubs (Fuchsia magellanica); GST1: strip of

grass, line of shrubs and line of native trees 1 (Luma

chequen); GST2: strip of grass, line of shrubs and line

of native trees 2 (Drimys winteri); and C: bare soil as

control. Water samples for the NO3–N and NH3–N

measurements were collected between June 2012 and

August 2014 in observation wells located at the inlet

(input) and outlet (output) of each treatment. The

analyses showed that vegetated BS had NO3–N

removal efficiency ranging from 33 to 67 % (mean

52 %), with the G treatment showing the best

performance in reducing NO3–N concentrations in

subsurface lateral flow. The BS treatments were not

effective in reducing NH3–N concentrations. The

results suggested that N uptake by grass is the main

process associated with the NO3–N retention capacity

of vegetated BS.

Keywords Fescue � Filter strip � N mineralisation �
N uptake: nonpoint source pollution � Water quality

Introduction

Extensive research has shown that the scale of the

nitrogen (N) environmental issue has shifted from a

local pollution problem to a continent-scale problem

involving widespread pollution of oceans, often on a

global scale (Doney 2010). In fact, humans have

already doubled the rate of N entering the land-based

N cycle and that rate is continuing to climb (Vitousek

et al. 1997). Modern agriculture in particular has been

recognised by both farmers and environmentalists as a

significant source of Nwater pollution (Galloway et al.

2008; Robertson and Vitousek 2009).

A particular concern are agricultural areas sur-

rounding water bodies, where N transport from soils to

surface water has resulted in serious eutrophication

problems in many parts of the world (Anderson et al.

2002; Salazar et al. 2013a). This ongoing eutrophica-

tion has led to widespread hypoxia and large
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permanently reducing bottom areas in marine costal

ecosystems (Vahtera et al. 2007). Moreover, several

adverse health effects can occur when humans or

animals consume high nitrate–N (NO3–N) drinking

water, such as methaemoglobinaemia in infants,

cancer and respiratory illness (Ward et al. 2005).

In Chile, some recent studies evaluated the impact

of agricultural activities on the level of NO3–N in

water bodies (Fuentes et al. 2014, 2015; Salazar et al.

2014). They showed that measured NO3–N values in

water bodies adjacent to agricultural areas in central

Chile, where maize is the most common crop, usually

exceed the Chilean water quality standard for drinking

water (10 mg NO3–N L-1). This is because in addi-

tion to applying high levels of N, most farmers use a

furrow irrigation system with low application effi-

ciency (\45 %) (Nájera et al. 2015). The risk of NO3–

N leaching from these irrigation systems is clearly

high (Quemada et al. 2013). Similarly, in other

Mediterranean agroecosystems in the world, irrigated

maize fields with high N doses have been highlighted

as posing a high risk of creating diffuse N pollution

areas (Berenguer et al. 2009; Gabriel et al. 2012;

Salmerón et al. 2011).

To counteract the undesirable consequences of

excessive nutrient loads to aquatic systems, mitigation

measures to reduce N losses from agricultural areas

have to be implemented. It is important to note that the

movement of N, particularly NO3–N, is directly

related to hydrological processes. Movement of dis-

solved inorganic N in water away from fields occurs

through surface runoff and subsurface lateral flow

towards surface water bodies and leaching to the

groundwater. For such water movements, it is also

important to consider the concentration of ammonia–

N (NH3–N), which is highly soluble in water and it is

oxidised in the environment by nitrification to NO3–N.

However, it is also noted that in the soil NH3–N and

NH4–N are in equilibrium, where certain clay minerals

are capable of fixing NH4–N providing some degree of

protection against rapid nitrification and subsequent

NO3–N leaching. Thus strategies to reduce N losses

should consider how to intercept and retain both these

dissolved inorganic N forms (NO3–N and NH3–N) in

water. A broad range of best management practices

(BMPs) have been used for maintaining surface and

groundwater water quality, for instance applying an

appropriate N rate, timely fertiliser application,

incorporation of fertiliser, cover crops to scavenge

dissolved inorganic N forms and appropriate cropping/

residue management (Prokopy et al. 2008). However,

these BMPs are ineffective for retaining any N

compounds that have reached the boundary of the

fields by surface runoff and subsurface lateral flow,

and thus cannot prevent their potential entry into

nearby surface waters.

One possible alternative is the use of vegetated

buffer strips (BS). These are strips of land with

permanent vegetation, usually trees, shrubs and grass,

which are located adjacent to water bodies such as

nearby lakes, streams, ponds and wetlands (Mayer

et al. 2006; Borin et al. 2010). Vegetated BS are

characterised by high species density and diversity and

are located in a transition zone or ‘ecotone’, specif-

ically at the interface of terrestrial and aquatic

ecosystems (Burt and Haycock 1993). This is consid-

ered a dynamic rather than a static zone, the attributes

and interconnections of which depend on its transi-

tional position between adjacent ecological systems.

In vegetated BS, the soil undergoes continuous or

periodic saturation, with mostly anaerobic conditions

nearly free of dissolved oxygen due to saturation by

the groundwater or its capillary fringe.

Vegetated BS are designed to intercept surface

runoff and thus reduce the amount of sediment and

dissolved N carried by surface runoff to surface water.

The removal of N from surface inflows is induced by

deposition of sediment-bound N and exchange of

dissolved N with the soil/litter surface. In addition, in

vegetated BS soil microbes and vegetation can facil-

itate the transformation and uptake of N moving in

subsurface flow, thus protecting surface water

resources. The removal of N in subsurface flows by

vegetated BS can be partly explained by vegetation

uptake, but the main mechanism for removal is usually

denitrification (Cors and Tychon 2007; van Beek et al.

2007).

Although extensive research has been conducted on

BS in recent years (Webber et al. 2010; Dunn et al.

2011; Larson and Safferman 2012; Wang et al. 2012),

there is still a need to clarify some controversial

points. First, it is well known that BS width may be

positively correlated to N removal effectiveness.

However, there is the need to investigate the role of

BS in intensive farming systems, where a realistic and

shareable proposal may be to convert a small propor-

tion of a productive field to narrow vegetated BS

(Balestrini et al. 2011). Thus some studies have
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evaluated the N buffering capacity of narrow vege-

tated BS of width ranging from 5 to 8 m (Borin et al.

2005; Balestrini et al. 2011), and report promising

results for reducing N losses. However, in a 4-year

experiment in the Netherlands, Noij et al. (2012) found

that a 5-m wide BS was ineffective in mitigating N

loads from agricultural areas to surface waters.

Second, Mediterranean agroecosystems are char-

acterised by strongly seasonal rainfall distribution,

with 75 % falling in the autumn–winter months,

including intensive rainfall events. In these areas, the

true capacity of narrow BS to retain N forms moving

from agricultural soils to nearby surface waters

through pulses in subsurface lateral flow is still

unknown. The main aim of the present study was thus

to evaluate the effectiveness of 5-mwide vegetated BS

in removing dissolved inorganic N forms from

subsurface lateral flow. This was done in a 29-month

field experiment located in a Mediterranean agroe-

cosystem in central Chile.

Materials and methods

Site description

The study site was located at the Caleuche experi-

mental field (CLC), Pichidegua commune, O’Higgins

Region (34�250S, 71�210W, altitude 136 m a.s.l.) in

central Chile (Fig. 1). The vegetated BS experiment,

which was set up in April 2012, included two native

tree species that tolerate prolonged periods of water

logging, namely Luma chequen (Mol.) A. Gray and

Drimys winteri J. R. et G. Forster. The shrub

component included was Fuchsia magellanica Lam.,

which can also resist waterlogging. The BS were sown

with Festuca arundinacea Schreb. as the grass com-

ponent. The tree and shrub components were at least

2 years old at planting, at which time they were

0.5–1 m tall. Five treatments were evaluated

(Table 1), with three replicates per treatment, in a

randomised block design. The plot size was 12 m

(long) 9 5 m (wide), with an area of 60 m2 plot-1.

The vegetated BS ran along the edge of a 4.2 ha

maize field, perpendicular to the dominant slope. The

field is bordered on one of its edges by an open

drainage channel, here designated CLC (Fig. 1),

which flows downstream to a major watercourse.

During the study period, the water level in this channel

fluctuated from zero (no water in the channel) to

0.40 m, corresponding to about 1.8 m below the soil

surface.

In the maize field, the soil is usually prepared using

a disc plough in September and maize is sown in early

October and harvested in early April (cropping

season). Mean grain yield is 12.5 Mg ha-1 and maize

stalks are removed from the experimental area after

harvest. During the cropping season, the farmer

applies 600 kg of compound fertiliser (N–P2O5–

K2O: 25–10–10) per ha at planting using subsurface

Fig. 1 (Left) Location of

the Caleuche experimental

site (CLC) in central Chile

and (right) site map showing

buffer strip blocks and UTM

coordinates (X and Y axes)
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band placement and 650 kg urea per ha after planting

at V7 stage using side-dressing. These fertilizers

supplies 450 kg N ha-1 (150 kg N ha-1 from the

compound fertiliser and 300 kg N ha-1 from the

urea). According to nitrogen balance calculations, an

estimated surplus of 250 kg N ha-1 was available for

N losses if we would consider the N over-fertilisation

and N mineralisation.

In addition, the maize is irrigated using a furrow

system. In each of the two crop seasons of the

experiment, approximately 15,000 m3 water ha-1

were applied, divided between eight irrigation events

during the cropping season. The soil was fallow

between April and September.

The climate in the study area is classified as

temperate with dry, warm summers, corresponding to

Csb according to the Köppen–Geiger system (Peel

et al. 2007). Mean annual temperature at the site is

14.1 �C and mean annual precipitation around

490 mm, mostly falling between May and October

(INIA 1989). The rainfall distribution is strongly

seasonal, with 75 % falling in the autumn–winter

period (April–September). Climate data (i.e. precipi-

tation, temperature, etc.) were obtained from a

weather station located 2 km north–west of the

experimental site, which also provided the weather

data needed to calculate reference evapotranspiration

(ETo) according to the FAO Penman–Monteith com-

bination equation (Allen et al. 1998). Potential evap-

otranspiration (Ep) was calculated as:

Ep ¼ Kc� ET0 ð1Þ

where Kc is the reference evapotranspiration factor

(crop coefficient) for grass calculated according to

Allen et al. (1998). For bare soil (evaporation), grass

and maize Kc values proposed by Allen et al. (1998)

were used, whereas for shrub and trees were used

values proposed in the literature for similar species

(Salazar et al. 2013b).

Soil characterisation

The soils is characterised by flat topography (slope

ranging from 1.6 to 2.0 %), thin clay soil deposits with

imperfect drainage and a duripan (Cqm horizon)

ranging from 0.50 to 1.0 m depth, which is classified

according to Soil Taxonomy as part of the fine loamy,

mixed, thermic family Typic Duraqualf (Casanova

et al. 2013). The Cqm horizon effectively restricts

downward seepage and nutrient transport in the area

from the field to the outer edges of the BS systems and

favours subsurface lateral flow from the maize field to

the open drainage channel. The latter was monitored

by a surface and subsurface (duripan level) topo-

graphical survey, as shown in Fig. 2a.

Soil samples were collected from the soil horizons

for chemical and physical characterisation, including

properties such as: pH in water (1:2.5), electrical

conductivity (EC) in saturated extract, soil organic

matter (SOM), total nitrogen (NT) according to

Sadzawka et al. (2006) and cation exchange capacity

(CEC) by NaOAc 1 N at pH 8.2. Soil physical

properties such as bulk density (Db), available water

content (AWC) and soil texture were determined

according to Sandoval et al. (2012). The results of

these analyses are summarised in Table 2.

Soil water dynamic was studied to evaluate its

impact on dissolved inorganic N losses. Decagon soil

water sensors (ECH2O EC-5) were set in each plot at

1 m depth and connected to a datalogger to record the

variation in water content during the study period. In

addition, cumulative infiltration and soil infiltration

Table 1 Description of the five treatments compared in the narrow buffer strip experiment

Treatment Species Description

Control (C) – Strip of bare soil 5 m wide

Grass (G) F. arundinacea Strip of grass 5 m wide

Grass ? shrub (GS) F. arundinacea ? F. magellanica Strip of grass 4 m wide, and row of shrubs (6 per row) 1 m wide

Grass ? shrub ?

tree 1 (GST1)

F. arundinacea ?

F. magellanica ? L. chequen

Strip of grass 3 m wide, row of shrubs (6 per row) 1 m wide and row

of trees (6 per row) 1 m wide

Grass ? shrub ?

tree 2 (GST2)

F. arundinacea ?

F. magellanica ? D. winteri

Strip of grass 3 m wide, row of shrubs (6 per row) 1 m wide and row

of trees (6 per row) 1 m wide
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rate were measured using a single-ring infiltrometer

cylinder with 0.50 m diameter (Bouwer 1986). The

estimated saturated hydraulic conductivity was

3.1 lm s-1.

Measurements

In each BS, an observation well was installed at the

inlet (input) and at the outlet (output) (Fig. 2b). Each

1.25 m

5 m

Inlet 
observation 

well
Mineralization 

tube

Outlet 
observation 

well

Duripan

(b)

H
ei

gh
t (

m
)

Cumulative distance (m)

Buffer stripMaize field

Drainage 
channel

(a)Fig. 2 Treatment layout

a in the field, where solid

line shows the surface level

and dashed lines the duripan

level and b in vegetated

buffer strip plots

Table 2 Soil properties at the Caleuche site used for the narrow buffer strip experiment

Horizon Depth (m) Soil properties

Db

(mg m-3)

Textural

class

AWC

(%)

SOM

(%)

NT

(%)

pH

(H2O)

EC

(dS m-1)

CEC

(cmol(?) kg
-1)

Ap 0–0.09 1.36 CL 20.47 3.03 0.07 7.21 2.00 14.80

A2 0.09–0.22 1.17 CL 19.87 3.42 0.07 6.85 2.40 10.93

AB 0.22–0.35 1.13 CL 17.63 6.52 0.14 6.42 1.74 17.06

Bt1 0.35–0.51 1.01 CL 16.70 6.27 0.15 6.38 1.73 17.90

Bt2 0.51–0.75 1.20 CL 25.61 4.87 0.09 6.82 1.76 17.61

C 0.75–0.96 1.05 SL 24.66 4.95 0.09 5.94 1.59 14.89

2Cqm 0.96–1.15? – – – – – – – –

Db bulk density, AWC available water capacity, SOM soil organic matter, NT total nitrogen, EC electrical conductivity, CEC cation

exchange capacity, CL clay loam, SL silty loam
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well comprised a PVC tube (0.035 m diameter), 1 m

long, placed vertically with nine holes (0.01 m

diameter) at equal spacings between 1 and 1.25 m

soil depth. An extraction tube connected to a syringe

was used to collect water samples from each obser-

vation well between June 2012 and August 2014. In

total, there were 33 samplings per plot, giving a total

of 99 input samples and 99 output samples per

treatment.

The water samples were chilled on ice in coolers

and delivered to the Laboratory of Soil and Water

Chemistry at the Faculty of Agricultural Sciences,

University of Chile, where they were stored and

analysed within 24 h. The samples were filtered using

syringe nitrate-free filters (0.45 lm), which gave a

clear filtrate in which NO3–N was measured by the

NO3 chromotropic acid method using a Hach kit

(NitraVer� X Reagent Set Cat. No. 26053-45, USA)

and NH3–N was measured by the ammonia-salicylate

method using a Hach kit (AmVerTM Nitrogen

Ammonia Reagent, USA). Both forms of nitrogen

were measured using a UV–Vis spectrophotometer

(Hach DR5000, USA).

The N removal effectiveness (%) was calculated as

the percentage difference in NO3–N concentration

between the input observation well and the output

observation well in the BS, according to Balestrini

et al. (2011).

To determine N grass uptake, plant tissue samples

were collected twice a year: before the maize cropping

period (autumn–winter) and before maize harvest

(autumn–winter), using a point quadrat (0.25 m2) with

three replicates. In total, four samplings were carried

out during the study period. These plant samples were

used to determine total dry mass at 70 �C and total N

content (Sadzawka et al. 2004). In addition, plant

tissue samples (leaves, trunk and roots) were taken

from trees and shrubs for determination of total N

content (Sadzawka et al. 2004) at the end of the

experiment. To determine N uptake by trees and

shrubs, total N content was multiplied by dry mass,

estimated using allometric equations developed in a

pot experiment (10 kg soil) for each tree and shrub

component (n = 12 per plant species).

The covered-cylinder method constructed from

PVC was used to assess in situ N mineralisation in

undisturbed soil cores every year: (a) in autumn–winter

an initial soil sample was collected at 0–0.25 m and

two PVC covered-cylinders were installed; (b) and in

spring–summer an initial soil sample was collected at

0–0.25 m and another two PVC covered-cylinders

were installed. Each PVC covered-cylinder was

0.05 m in diameter and 0.285 m high and was set in

the centre of each plot (Fig. 2b). Perforations were

added to the sidewall of the tubes to promote soil

moisture as well as temperature to equilibrate with the

surrounding soil environment, where four holes

(0.01 m diameter) were made at 0.1 and 0.2 m from

the top. The PVC covered-cylinders were placed

upright and pressed lightly to ensure good contact

between soil and the underlying soil. Soil was back-

filled around the PVC covered-cylinder, so that the

level of the soil within PVC covered-cylinders and

outside the PVC covered-cylinders was approximately

the same (Hanselman et al. 2004). The top of the

cylinder was covered by a cap to prevent rainfall or

irrigation inputs from promoting N leaching during the

in situ incubation period (Dou et al. 1997). The soil

cores in the PVC cylinderswere removed from the field

every 3 months, and all soil samples were analysed for

mineral N (N–NO3 ? NH4) by the KCl extraction and

steam distillation method according to Sadzawka et al.

(2006). Cumulative net N mineralisation was then

determined as the difference between initial and final

in situ incubation values (Kolberg et al. 1997). A

positive result meant that the process of mineralisation

had dominated, while a negative result denoted that

immobilisation had exceeded mineralisation.

Water balance

A water balance was calculated to estimate the amount

of water leaving the BS (BSo) using a water balance

equation for the BS area over 0–1 m depth, which can

be represented as:

BSo ¼ BSi þ PP� DW
Dt

� Ep� U � DP ð2Þ

where BSi is the water coming from the maize field, PP

is the precipitation,W is the amount of water added or

removed over 0–1 m depth based on the water content

measurements in soil core at 0 month and 29 months,

t is the time (29 months), Ep is the crop evapotran-

spiration rate, U is upflux of shallow groundwater into

the rootzone (capillarity), and DP is the deep perco-

lation. The last two variables in Eq. (1) (U and and

DP) can be neglected because the presence of the Cqm

horizon.
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The DW was determined on the soil samples

collected at 0 month and 29 months after drying at

105 �C for 48 h. Multiplying volumetric water content

by the depth interval was used to calculate the water

content to a depth basis. The BSi was estimated from

field studies carry out in maize fields in the area

(Salazar et al. 2014; Nájera et al. 2015).

Statistical analysis

Statistical comparisons were made between treat-

ments. All data were tested for normality prior to

statistical testing. Because of non-normal distribution

of dissolved inorganic N concentrations, comparisons

were made using the non-parametric Kruskal–Wallis

test. When significant differences were found

(p B 0.05), pair-wise comparison of treatments was

performed using the non-parametric Tukey test.

Analysis of variance (ANOVA) at p\ 0.05 using a

randomised complete block design was used to test the

significance of differences between treatments in N

uptake and mineralisation/immobilisation. All statis-

tical analyses were performed using Minitab Version

17.0 Software.

Results and discussion

Climate conditions and soil water content

During the study period (29 months), precipitation

amounted to 909 mm, which was 34 % lower than

mean precipitation according to INIA (1989) in the

zone (Fig. 3). In the hydrological years April 2012–

March 2013 and April 2013–March 2014, precipita-

tion was 379 and 196 mm, respectively, with 74–94 %

of the total amount falling during autumn–winter.

A simple water balance using Eq. (1) was calculate

as is shown in Table 3. In this balance there were two

inputs to the BS: the precipitation and the water

coming from the maize field (surface runoff plus

subsurface lateral flow). During spring–summer sea-

son, the poorly efficient surface irrigation system in

the maize crop generated surface runoff and subsur-

face lateral flow that supplied the BS system with

around 1000 mm per cropping season (Salazar et al.

2014), which was the major water input to the BS

system during the study period. In addition, there were

two outputs: the evapotranspiration (Ep) and the water

leaving the BS (surface runoff plus subsurface lateral

flow). The calculated Ep in the grass BS was 170 mm

during autumn–winter and 320 mm during spring–

summer. Unlike bare soil, in vegetated BS the Ep can

reduce the subsurface flow rate, thus helping to

prevent removal of NO3–N from the groundwater.

The water content sensors in the treatments indicated

that the soil profile was saturated for most of the time,

with the water content at 1 m during the study period

ranging from 0.47 to 0.52 m3 m-3 (data not shown).

These results confirmed that there was a continue

subsurface lateral flow from the maize field to the BS

during the study period.

Dissolved inorganic N forms in subsurface lateral

flow

In general, the NO3–N concentrations in lateral

subsurface from maize fields were reduced after

passage through all vegetated BS treatments

(Table 4). The NO3–N concentrations in the G treat-

ment showed a significant concentration reduction

(p\ 0.05) in comparison with the control (C). Vege-

tated BS (G, GS, GST1 and GST2) had a NO3–N

removal efficiency ranging from 33 to 67 %, with a

mean value of 52 %. Unlike vegetated BS treatments,

in the bare soil (C) the NO3–N concentrations

increased by 24 %, showing the lowest removal

efficiency and significant differences (p\ 0.05) with

the BS treatments. No significant differences

(p[ 0.05) in NH3–N concentration were detected

between treatments and NH3–N removal efficiency of

treatments with trees (GST1 and GST2) showed a

higher NH3–N retention capacity (p\ 0.05) than the

other treatments.

During the crop growing season, mean NO3–N

input concentration to the treatments ranged from 3.6

to 18 mg NO3–N L-1, with a maximum value of

66.6 mg NO3–N L-1. This was due to the large N

surplus from high N fertilisation rates and irrigation

events, whenmost water ([45 %) is lost due to surface

runoff and deep percolation. During the fallow season,

mean NO3–N input concentrations in the treatments

were lower than during the growing season, with

values ranging from 2.2 to 6.5 mg NO3–N L-1

(maximum 33.0 mg NO3–N L-1). These results sug-

gest that most of the surplus N could have been

leached by excessive irrigation during the crop

growing season (spring–summer), while a lower
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amount of residual N may still be present in the soil in

autumn–winter (Salazar et al. 2014).

The output NO3–N concentrations in subsurface

lateral flow in the treatments during the study period are

shown in Fig. 4.During the crop growing seasons,mean

NO3–N output concentrations in vegetated BS systems

ranged from 1.5 to 4.1 mg NO3–N L-1, with a maxi-

mumvalue of 30.1 mgNO3–N L-1. TheNO3–Noutput

concentrations in the bare soil control (C) showed a

similar trend. During the fallow season, mean NO3–N

output concentrations in vegetated BS systems ranged

between 2.0 and 5.9 mg NO3–N L-1 (maximum

29.8.0 mg NO3–N L-1). In contrast, during the fallow

season bare soil (C) showed highermeanNO3–Noutput

concentrations (8.6 mg NO3–N L-1) and maximum

values (58.6 mg NO3–N L-1). Compared to the vege-

tated BS, the higher NO3–N concentrations in the bare

soil during the fallow season were related to the higher

amount of water leaving the T0 (Table 3). Clearly the

BS reduce available water volume and in consequence

the subsurface water flow because vegetation consumes

water through transpiration (Brauman et al. 2007). It

was found that the vegetated BS treatments were able to

retain N forms moving from agricultural soil to nearby

surface waters during intensive precipitation events in

the fallow season.

The NO3–N concentrations were above standard

drinking water limits (10 mg NO3–N L-1) in 17 and

9 % of the total input and output samples, respec-

tively. Although these represent a small proportion of

the total samples, some high NO3–N concentrations

([50 mg NO3–N L-1) which could pose a particular

risk in human consumption were recorded.

During the crop growing season, mean NH3–N

input concentrations to the BS systems ranged from

1.8 to 4.5 mg NH3–N L-1, with a maximum value of

15.5 NH3–N L-1. Similarly, during the fallow season

mean NO3–N input concentrations in BS systems

ranged between 1.2 and 2.5 mg NH3–N L-1, with a

maximum value of 15.0 mg NH3–N L-1. The output

NH3–N concentrations in subsurface lateral flow in the

treatments during the study period are shown in Fig. 5.

During the crop growing and fallow seasons, mean

NH3–N output concentrations in the BS systems

showed high variability, ranging between 0.6 and

8.3 mg NH3–N L-1 (maximum 22.4 NH3–N L-1).
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site during the study period

(April 2012–August 2014),
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in the zone (INIA 1989)

Table 3 Mean annual water balance in the different treat-

ments during the study period

Season/treatmenta Water balanceb (mm year-1)

BSi PP Ep BSo

Autumn–winter

C 115 295 93 231

G 115 295 170 154

GS 115 295 175 149

GST1 115 295 196 129

GST2 115 295 191 134

Spring–summer

C 1.045 12 129 990

G 1.045 12 321 797

GS 1.045 12 334 785

GST1 1.045 12 386 733

GST2 1.045 12 373 746

a For treatment details see Table 1
b Calculated according Eq. (2)
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Effectiveness of narrow buffer strips in removing

inorganic N forms

The results of this study corroborate previous

findings that narrow vegetated BS can retain NO3–

N associated with subsurface lateral flow within

3–5 years (Yamada et al. 2007; van Beek et al.

2007). However, the BS treatments did not have an

impact in reducing NH3–N concentrations, which

may be related to the continuing equilibrium

between NH3–N and NH4–N in groundwater and

conversion of the latter to NO3–N.

Table 4 Mean input and output values of nitrate–nitrogen (NO3–N) and ammonia–nitrogen (NH3–N) concentrations in the different

treatments

Treatmenta NO3–N
b NH3–N

b

Input

(mg NO3–N L-1)

Output

(mg NO3–N L-1)

Removal

(%)

Input

(mg NO3–N L-1)

Output

(mg NO3–N L-1)

Removal

(%)

C 5.33a 6.63a -24d 1.98a 3.86a -95c

G 5.56a 1.85b 67a 2.72a 2.90a -7b

GS 5.77a 2.93ab 49b 2.02a 2.58a -28b

GST1 8.05a 5.41ab 33c 3.36a 0.65a 81a

GST2 6.45a 2.61ab 60ab 1.62a 0.56a 65a

a For treatment details see Table 1
b Means (n = 99) within columns with different letters are significantly different (Kruskal–Wallis test, p\ 0.05)
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There are three main N process related to NO3–N

retention capacity in vegetated BS treatments: uptake,

immobilisation and denitrification. Below, we discuss

these different NO3–N processes in relation to the

functioning of the vegetated BS.

According to N uptake measurements, the shrubs

and trees used were too small to have a detectable

impact on N uptake (\1 kg N ha-1). Therefore, N

uptake was mainly attributable to the grass compo-

nent. Similar results were found by Borin and Bigon

(2002) in a study on narrow buffer strips (5 m width)

with one line of trees. The mean N uptake by the grass

component in our BS treatments in shown in Table 5.

It is important to note that around 70 % of the N was

taken up during spring–summer because the grass had

better growing conditions, such as high temperature,

solar radiation, etc. The G treatment, in which the BS

were completely covered by grass, clearly had higher

N plant uptake capacity than treatments GS, GST1 and

GST2, which had 80, 60 and 60 % grass cover,

respectively. This may explain the significant differ-

ences between G and C in the output NO3–N

concentrations in lateral subsurface flow, as 1.1 kg

NO3–N plot-1 year-1 was assimilated by the grass

component. It is important to note that the G treatment

showed a mean decrease of 3.7 mg NO3–N L-1

between input and output concentrations (Table 4),

which corresponds to about 0.1 kg NO3–N plot-1

year-1 [soil depth = 1 m; u = 0.52 m3 m-3 (effec-

tive porosity)]. Therefore, grass N uptake may explain

the N retention capacity of the BS treatments.

The results on in situ net N mineralisation in the BS

treatments showed that N immobilisation was domi-

nant during autumn–winter, while N mineralisation

was dominant during spring–summer (Table 6). Over-

all, N mineralisation was the dominant process during

the year, particularly in the study soil with its high

SOM content (3–6 %). It is important to note that if

there is not a cover crop present that assimilates the

available N generated by N mineralisation on the soil,

there would be permanent N diffuse pollution to the

drainage channel at the site. This may partly explain

the increase in NO3–N output concentrations in the

bare soil (C) treatment. Thus the cover crop N stock,

unless it is removed by harvesting, can be released

back to BS via decomposition of plant litter. There-

fore, periodic harvesting of cover crop could ensure

plant uptake remains a continued net nutrient removal

mechanism (Hefting et al. 2005).

It is also possible that denitrification was associated

with the NO3–N retention capacity of the vegetated BS

treatments, as reported in other studies (Cors and

Tychon 2007; van Beek et al. 2007). For instance,

Borin and Bigon (2002) noted that the N retention

observed in BS during winter, when plant uptake is

negligible, could be the result of denitrification. In

addition, Balestrini et al. (2011) noted that in BS it is

important to consider the indirect effect of vegetation

on denitrification through the release of organic matter

to the soil. In our study, the water sensors indicated that

most of the time the soil at 1 m depth was saturated,

resulting in anaerobic conditions. Moreover, the sub-

soil had a high MOS content (MOS = 5 %), both soil

conditions suitable for denitrifying bacteria. However,

measurements of denitrification values would be

necessary to confirm this N loss.

Conclusions

Narrow buffer strips (BS) covered by permanent grass

(G treatment) reduced the concentration of NO3–N in

Table 5 Mean nitrogen (N) uptake by grass component per

year in buffer strip (BS) treatments

Treatment N uptakea

kg N ha-1 kg N m of BS-1

C – –

G 123a 1.2a

GS 60b 0.6b

GST1 57b 0.6b

GST2 68b 0.7b

a Values within columns with different letters are significantly

different (ANOVA test, p\ 0.05)

Table 6 Mean nitrogen (N) mineralisation during autumn–

winter and spring–summer in the buffer strip treatments

Treatment N mineralisationa (kg N ha-1)

Autumn–winter Spring–summer

C -16 115

G 2 119

GS -74 124

GST1 2 143

GST2 -40 138

a Differences between treatments were not statistically

significant (ANOVA test, p[ 0.05)
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subsurface lateral flow in the Mediterranean agroe-

cosystem studied here during the 29-month study

period. However, the BS did not have an impact in

reducing NH3–N concentrations. The permanent grass

BS system acted as a large NO3–N sink in a short time

scale, even during intensive precipitation events in

autumn–winter, when the BS through transpiration

reduces the subsurface water flow and in consequence

the N losses. Nitrogen uptake by grass was an

important process in the N retention capacity of the

BS, whereas young trees and shrubs showed limited N

uptake in the same period, i.e. they functioned as

minor sinks and only played a limited role in

mitigating NO3–N pollution. Measurements of

in situ net N mineralisation in the BS treatments

showed that N immobilisation was dominant during

autumn–winter, while N mineralisation was dominant

during spring–summer.
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