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Abstract – The efficiency of a rye cover crop as a preventive measure for nitrate contamination in water resources was assessed in field tests.
The study region (Galicia, NW Spain), which is severely affected by this environmental impact, has an annual average precipitation markedly
exceeding the evapotranspiration level. Two additional corrective measures (viz. buried wheat and lupin green manure) were also studied in
parallel. A randomized complete block experimental model spanning a period of three years was used to systematically determine the organic
matter, total N, NO3

–-N and NH4
+-N  contents, and the C/N ratio, in the 0–20 and 20–40 cm soil layers. Based on the significance of the different

effects examined in the variance explanation model (viz. the repeated measurements general linear model) as evaluated using multivariate
comparisons, the rye treatment proved more efficient than the other two corrective practices at controlling NO3

–  leaching from soil. By contrast,
the application of the two plant residues to the soil exposed a priming effect induced by the simultaneous incorporation of mineral N. The
suppression of the individual effects of some variability sources revealed a clear fertilizing effect in the green manure and net immobilization
resulting from the incorporation of straw into the soil.

contamination / nitrate / cover crops / green manure / straw / rye / lupin

1. INTRODUCTION

The preventive and corrective measures recommended by
the FAO (1997) to avoid the agricultural contamination of
water resources include the use of long-lasting plant covers and
that of green manure during the post-harvest period. In this
vein, the European Community has established a body of rules
on agricultural practices to be followed with a view to reducing
water contamination with agricultural nitrates. Council Direc-
tive 91/676/EEC (1991) launched an action program aimed at
preventing and correcting their environmental impact that was
to be implemented as a code of good farming practices by each
Member State. Among other things, the Directive recommends
the use of buried cereal straw, the sensible usage of nitrogen
fertilizers, taking into account the amount of N produced by the
mineralization of organic matter, the correct usage of plant cov-
ers and similar cultivation practices.

There is a wealth of information about the management of
cover crops used after harvesting of main crops and their effects
on aquatic systems (Addiscott et al., 1991; Paramasivan and
Alva, 1997). The most desirable properties in a winter cover
crop with a view to preventing the nitrate contamination of
water resources are the ability to reduce NO3

–-N leaching from
soil and to supply N to the next crop (Brinsfield and Staver,
1992). The former results from competition for soluble nitrate,
which can be simultaneously leached and swept from soil. A

number of grasses, crucifers and legumes have proved espe-
cially capable of recovering soluble and residual N from soil
during autumn (Widdowson et al., 1987). Also, cover crops of
non-legume plants have been found to control soluble N in soil
roughly three times more efficiently than legumes. This
increased efficiency is reflected both in a reduction in the total
amount of N that is leached from soil – up to 70% on average
with non-legume species – and in a decreased NO3

–  concen-
tration in the drainage water – which can be reduced by 50%
on average with non-legumes (Holderbaum et al., 1990). The
main reason behind the difference is the increased growth and
dry matter production rates of non-legumes, which allow them
to temporarily compete for N leached from soil. One non-leg-
ume species, rye, is among the most widely-used cover crops
on account of its ability to immobilize and sequester nitrate ions
thanks to its rapid root growth and dry matter production (Francis
et al., 1994; Staver and Brinsfield, 1991).

One other measure aimed at lessening the impact of nitrate
contamination on water resources involves facilitating the tem-
poral immobilization of NO3

–-N forms by incorporating cereal
straw into soil. Overall, the use of buried plant residues has pro-
vided widely variable results as regards C and N changes
depending on the particular conditions of the tests and the spe-
cific nature of the residue (Haynes, 1986). Ever since Jansson
(1958) established the theory of the continuous mineralization–
immobilization of soil N, nitrogen turnover has repeatedly been
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found to be strongly altered by the incorporation of plant resi-
dues into soil. However, it was Doryland (1916) who hypoth-
esized that the dynamics of the mineralization and immobili-
zation processes depend on the energy/N ratio for the substrate
applied. This allowed the subsequent establishment of the foun-
dation for the decomposition of straw incorporated into soil
(Konobeka and Sabbe, 1997). In fact, the process depends
mainly on the content of N (Ocio et al., 1991), which is known
to be available in adequate amounts for soil biomass (Andrén
and Paustin, 1987). Some early tests (Lohnis, 1926) revealed
that the addition of organic substrates could somehow boost N
mineralization in soil.

Soil management tests conducted with a view to examining
the underlying mechanisms of N turnover in soil should con-
sider its water status. The mineralization rate of soil organic N
is known to increase with increasing moisture between the per-
manent wilting point (–1.5 MPa) and the field capacity (–5 to
–19 KPa) (Van Gestel et al., 1993; Andrén et al., 1992). Sim-
ilarly, repeated soil wetting–drying cycles favor mineralization
as the successive episodes result in marked growth of edaphic
biomass (Leon et al., 1995), which a number of authors have
ascribed to a “priming effect” – a term introduced by Bingemann
(1953) – of mineralization (Powlson et al., 1988).

The priming effect essentially involves the alteration of the
mineralization rate of organic matter in soil upon the incorpo-
ration of an organic substrate. The final outcome can be an
enhancing or suppressing effect, or can be reflected in marked
changes in the organic matter cycle over very short periods
under the effect of moderate soil treatments (Kuzyakov et al.,
2000). A number of mechanisms have been put forward to
account for the increased mineralization of organic C, N and
P under the influence of a priming effect (Chapman, 1997).
Studies on C turnover have led some authors to believe that the
priming effect essentially involves additional decomposition of
organic C upon addition of easily decomposed organic sub-
stances to soil. However, the difficulty of monitoring this
effect, even with C and N isotopes (Dalemberg and Jager, 1989;
Kuderayoz et al., 1987), has led to its redefinition as an apparent
priming effect (Haynes, 1986).

The primary aim of this work was to examine the efficiency
of the above-described farming practices in an area of NW
Spain with an average annual precipitation above 1400 mm and
an average potential evapotranspiration of 612 mm. The inter-
est in studying this humid area was enhanced by the fact that
the region experiences episodes of scarce drinking water owing
to severe nitrate contamination of its water resources over long
periods (Vidal et al., 2000a, b). The study area is a sedimentary
basin with heavy cattle breeding activity and substantial sur-
pluses of bovine slurry that are normally applied to soil in fre-

quent irrigation practices. It possesses a flat relief and a drain-
age network lying very near the ground surface. These factors,
together with the impermeability provided by the underlying
Miocene clay basement, facilitate flushing, flooding and sur-
face runoff over large expanses of land bearing annual crops.

2. MATERIALS AND METHODS

2.1. The study site

The study was conducted in Galicia, a region in NW Spain
with abundant rains in winter. Thus, about 70% of the mean
annual precipitation, 1000 mm, is collected in autumn and win-
ter. Precipitation peaks in December and is minimal in July.
These climatic conditions favor soil leaching and result in
major nitrogen losses that pose serious surface water contam-
ination problems on a regional scale. Temperatures are cool in
winter and moderate throughout the rest of the year. The soils
in the test plots were Oxyaquic Dystrudepts (USDA, 1999) and
Gleyic–Arenic Umbrisols as per the FAO's WRB nomenclature
(FAO, 1998). Each plot was 120 m2 in size and subjected to an
annual sequence including a spring–winter crop followed by an
autumn–winter treatment intended to alleviate nitrate leaching.

2.2. Crops

Three spring–winter crops typical of the study area were
used, namely: wheat, maize and potato; the former was sown
in February and the latter two were sown in May and cropped
in late September. Each crop was supplied with appropriate fer-
tilizer rates in accordance with the usual practices in the region
(see Tab. I). The study included control plots that were neither
cropped nor fertilized in the spring–winter period (bare soil),
but only received the autumn–winter treatments. Each crop and
its associated fertilizer represented a specific situation regard-
ing soluble nutrient levels at harvest time and variable levels
of potentially leachable nitrate in winter.

2.3. Treatments

The treatments for controlling the amount of nitrate in the
drainage water were applied in early October each year. Such
treatments included the use of rye (Secale cereale) as a cover
crop, seeding green lupin (Lupinus albus L., cv Multolupa)
manure and burial under chopped wheat straw. Rye was sown
at a high density in order to facilitate the rapid growth of a plant
cover and reaped and removed from the plots for simulated use
as green fodder. The lupin crop was buried at the same time of

Table I. Annual fertilization programme used with each crop.

crop basal dressing top dresssing total (kg ha–1)

fertilizer kg ha–1 fertilizer kg ha–1 N P2O5 K2O

Maize 15-15-15 1167 Calcium ammonium nitrate, 26% 96 200 175 175

Potato 15-15-15 800 Calcium ammonium nitrate, 26% 96 145 120 120

Wheat 8-24-16 375 1-Calcium ammonium nitrate, 26%
2-Calcium ammonium nitrate, 26%

135
135

100 90 60
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year, which coincided with the pod development phenological
stage; this crop supplied in the region of 5600 kg ha–1 dry matter
to the soil. The amounts of buried straw used the first, second
and third year were 4000, 2000 and 5000 kg ha–1; the straw was
previously chopped into 5–10 cm pieces.

2.4. Experiment establishment 

The experimental design involved the use of each of the three
treatments on each crop and the control with three combined
replications each; this required the use of a total of 36 plots. The
characteristics of the test field led us to adopt a randomized
complete block design.

The experiment lasted three years: from October 1999, when
the initial treatments were applied to the original soil, to June
2002, after the treatments applied for the third and last time had
been carried out. Each test plot was subjected to the same crop–
treatment sequence throughout the experiment. These control
plots received none of the three crops (bare soil); in fact, they
were only subjected to the different organic treatments.

2.5. Experiment control

The experiment was monitored by analyzing the soil in each
plot in samples collected with the aid of a drill. Each sample
consisted of five sub-samples that were randomly obtained
from each plot. Samples were collected from the whole Umbric
horizon (Ah), which was split into two depths for this purpose:
0–20 and 20–40 cm. The sampling operations were conducted
immediately before crop establishment and soil treatment (i.e.
in May and October). The system studied was assumed to be
in a transitional stage during the first year, so no samples were
collected until the second treatment was applied (May 2001).
Samples were also collected in October 2001 and May 2002.

2.6. Laboratory methods

Table II shows the dry matter composition of the straw and
lupin added to the soil. Organic carbon was determined by
using the dry combustion method (Tiessen et al., 1981); total
N by the Kjeldahl method; and the P, Ca, Mg, Na and K contents
by atomic spectrophotometry following calcination at 450 ºC
and dissolution of the resulting ash in HCl.

Table III shows the properties of the initial soil (López,
2001). The pH in water and 1 N KCl (both in a 1:2.5 soil/water
suspension) were determined. Organic carbon was determined
by wet digestion (Nelson and Sommers, 1982) and total N using
the Kjeldahl method. The amount of moisture retained at a pres-
sure of 1/3 and 15 atm was measured in a Richards pressure
chamber (Klute, 1986). The NO3

–  and NH4
+  concentrations

were estimated from the second derivative of the UV absorp-
tion spectrum (Sempere et al., 1993) and by the use of an ion-
selective electrode (Keeney and Nelson, 1982), respectively.
NO3

–-N and NH4
+-N  were extracted with 0.01 M CaCl2 and

0.01 M KCl, respectively. Exchangeable Ca, Mg, Na and K
were extracted with 1 N NH4OAc at pH 7 according to Peech
and Alexander (1947). The effective cation exchange capacity
(CECe) was determined from the combination of exchangeable
bases and exchangeable acidity in 1 M KCl. The percent base
saturation, V, was obtained from the combination of the Ca,
Mg, Na and K contents, and the effective cation-exchange
capacity.

2.7. Statistical methods

The results were statistically processed in terms of two inde-
pendent variables or between-subject factors, namely: Treat-
ment, at three levels (rye, straw and lupin), and Crop, at four
levels (the three types of crop plus the control). In addition, the
randomized complete block design included a new, within-sub-
ject factor: Block or Repetition. The fact that data were obtained
at two different depths on three successive dates introduced two
new sources of variability, namely: the within-subject factors
Depth (at two levels) and Date (at three). Analyses of variance
relied on a factor design including the principal effects of all
within- and between-subject factors, and their potential inter-
actions of order up to the fourth. Analyses were performed by
using the Repeated Measurements General Linear Model
(McCullagh and Nelder, 1983), which combines multivariate

Table II. Mineral composition of the plant residues. Contents are
given in g kg–1 dry matter. OC: organic carbon.

d.m.
 (%)

OC N C/N P Ca Mg K Na

Straw 97.1 399 5.1 78.2 1.0 2.7 0.8 10.9 1.8

Lupin 21.3 401 38.2 10.5 4.8 7.0 2.6 29.3 4.3

Table III. General characterization of the soil. db bulk density, dp particle density; wc percent gravimetric water content; CECe effective cation
exchange capacity; V base saturation in 1 M NH4OAc at pH. 

horiz. depth
cm

sand
%

silt
%

clay
%

pH
water

pH
KCl

color
(moist)

db
g/cm3

dp
g/cm3

% wc 
(1/3 atm)

% wc 
(15 atm)

Ah 0–40 50.2 31.2 18.6 5.2 4.2 7,5YR 1/1 1.17 2.52 24.6 14.7

Bw 40–85 50.6 26.7 22.7 5.3 4.2 10YR 5/6 1.76 2.75 18.7 10.4

horiz. depth
cm

OC
g kg–1

Total-N
g kg–1

C/N E.C. (1:5)
dS m–1

CECe
cmol(+) kg–1

V
%

NO3
–-N

mg kg–1
NH4

+-N
mg kg–1

Ah 0–40 51.4 2.8 18.4 0.04 6.5 16.3 tr 8

Bw 40–85 4.3 0.4 10.8 0.03 2.8 37.6 tr 10
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analysis of variance and regression. The factor model, includ-
ing the principal effects for all factors and all possible mutual
interactions of order up to the fourth, was described by the fol-
lowing equation: 

yijkl = µ+ αi + βj + γ k + δl + ηm + [αβ]ij + ... 

 + [αβγ ]ijk + ... + [αβγ δ]ijkl + ε ijkl

where yijkl is the observed value;  is the overall mean; αi, βj,
γ k, δl and ηm are the principal effects of the within- and between-
subject factors; [αβ]ij, [αβγ ]ijk and [αβγ δ]ijkl denote the sec-
ond-, third- and fourth-order interactions between the factors;
and ε ijkl is the experimental or perturbation error as estimated
from the residuals (viz. the differences between the observed
and predicted values).

The different dependent variables simultaneously processed
in the repeated measurement analysis of variance were obtained
by repeating a measurement at different times (dates) or in dif-
ferent situations (depths) that constituted the within-subject
factors. Both multivariate comparisons, between-subject effect
tests and post hoc least significant difference (LSD) tests
between observed means were performed. The P value repre-
senting the significance of the effects was obtained from the
F value provided by Wilks' multivariate statistic. All compu-
tations were done by using the SPSS v. 11 statistical software
package.

3. RESULTS AND DISCUSSION

From the data in Table III it follows that the studied soil was
moderately acidic. The organic carbon content of the umbric
horizon was high, but within the typical range for this humid
Spanish area. Based on the C/N ratio for the surface horizon,
organic matter was poorly humified and evolved. The useful
water content of the soil, expressed as the difference between
its moisture contents at 1/3 and 15 atm, was typical of an

edaphic substrate with a low water-retention capacity. Also, the
inorganic N content at the time of sampling was marginal.
These results can be ascribed to the heavy precipitation of
December 1999 (the time a prospecting pit was opened to char-
acterize and initially sample the soil).

The analysis of the mineral composition of the buried plant
residues (Tab. II) revealed increased contents of all elements
constituting the dry matter of lupin. This was particularly so for
N in this plant residue, the content of which was several times
higher than that in the straw. As a result, the lupin exhibited a
much lower C/N ratio, which had a strong influence on changes
in organic matter following burial of this plant residue.

The statistical treatment used exposed the significance of the
different effects included in the variance explanation model as
determined via multivariate comparisons. At a later stage, the
least significant differences (LSD) of the post hoc tests for the
factor Treatment were established (Tab. V). Table IV lists the

Table IV. Significance of the multivariate comparisons (P) of the var-
iables Crop (C), Treatment (T), Depth (DEP) and Date (D) and their
double interactions for some chemical properties in the 3×4 groups
established by combining the different levels of the factors Treatment
(T) and Crop (C). O.M.: organic matter.

O.M. total-N C/N NO3
–-N NH4

+ -N

C 0.550 0.329 0.411 0.000 0.150
T 0.010 0.001 0.087 0.013 0.339
C × T 0.949 0.666 0.326 0.027 0.389
D 0.000 0.001 0.000 0.000 0.009
DEP 0.001 0.000 0.062 0.006 0.326
D × DEP 0.044 0.005 0.059 0.032 0.685
D × C 0.222 0.606 0.000 0.000 0.617
D × T 0.150 0.734 0.226 0.028 0.444
DEP × C 0.482 0.491 0.672 0.180 0.598

DEP × T 0.191 0.382 0.817 0.696 0.524

Table V. Results of the post hoc tests for the factor Treatment (T). LSD between means of the observed values. Identical letters in each column
denote non-significant differences at P = 0.05.

depth: 0–20 depth: 20–40

05/2001 10/2001 05/2002 05/2001 10/2001 05/2002

O.M.
mg kg–1

Rye 73.3 a 84.3 a 76.7 a 67.9 a 82.6 a 72.9 a
Straw 77.4 a 86.5 a 87.8 b 70.6 a 83.7 a 74.0 a
Lupin 84.7 b 89.9 a 87.0 b 71.1 a 88.5 a 91.9 b

N
mg kg–1

Rye 2.4 a 2.5 a 2.4 a 2.2 a 2.5 a 2.3 a
Straw 2.7 b 2.7 ab 2.6 ab 2.4 a 2.5 a 2.3 a
Lupin 3.0 c 2.9 b 2.7 b 2.4 a 2.8 b 2.7 b

C/N Rye 17.5 a 19.3 a 18.7 a 18.3 a 19.2 a 18.5 a
Straw 16.9 a 18.8 a 19.0 a 17.7 a 19.4 a 18.7 a
Lupin 16.7 a 18.2 a 18.4 a 17.7 a 18.1 b 18.9 a

NO3
–

mg kg–1
Rye 39.3 a 78.1 a 23.2 a 30.1 a 54.7 a 27.8 ab

Straw 43.4 a 89.3 a 28.4 a 29.8 a 54.4 a 26.0 a
Lupin 42.9 a 112.5 a 54.9 b 34.1 a 86.2 b 39.2 b

NH4
+

mg kg–1
Rye 17.9 a 4.3 a 4.4 a 9.1 ab 4.7 a 4.1 a

Straw 9.2 a 3.9 a 4.4 a 10.0 a 3.5 a 4.1 a
Lupin 8.7 a 4.1 a 4.7 a 7.5 b 3.8 a 4.8 a
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significance values for the multivariate comparisons of the var-
iables Crop, Treatment, Depth and Date, as well as their double
interactions in the 3 × 4 groups established from the combina-
tions of the treatment and crop values. Note the influence or dis-
tinguishing power (P = 0.05) of the principal effect of the factor
Treatment in relation to the organic matter content, total N and
NO3

–-N. The factor Date or seasonal variation was significant
at the P = 0.05 level for the five parameters considered. By con-
trast, the factor Crop was significant at the P = 0.05 level for
NO3

–  only. This lack of significance of the factor Crop in rela-
tion to total N, organic matter and the C/N ratio can be ascribed
to the alternative meaning of this factor, which ultimately
involves the application of variable amounts of N fertilizer –
the latter as NO3

–-N or NH4
+ -N (Tab. I). Consequently, it

seems reasonable to assume that the factor Crop failed to dis-
criminate the scores for the response variables except in those
cases where it affected the inorganic N content. The within-sub-
ject factors Depth and sampling Date for the parameters organic
matter, total N and NO3

–-N were also significant at P = 0.05,
and so was their interaction (Date × Depth). The significance
of the factor Date at P = 0.05 in relation to all the parameters
studied reveals a strong seasonal influence of both the environ-
mental conditions that govern N dynamics and the evolution of
organic matter, and of the sowing of crops or application of
treatments at a specific time of year. The significance of the fac-
tor Depth for the four parameters concerned exposed differ-
ences in the behavior of the two Ah sub-horizons studied (0–
20 and 20–40 cm). The basic difference is more marked
changes in the upper sub-horizon, which is subject to heavier
tillage, and an increased biological activity in the topmost
20 cm of soil. Also, the 0–20 cm Ah sub-horizon was that
mostly receiving the fertilizers and buried materials used.
Finally, there was soil leaching, which occurred largely in the
vertical direction.

The significantly different factor levels for the factor Treat-
ment were identified from binary comparisons. Table V shows
the results of the least significant difference tests. Consistent
with the fact that the organic materials applied to the soil dif-
fered in nature and composition, the largest numbers of signif-
icant differences between the six Date × Depth independent
variables were those between the mean values of organic mat-
ter, total N and NO3

–-N. On the other hand, the factor Treatment
had little discriminating power and influence on the C/N ratio
and NH4

+-N. The seasonal influence – dealt with above – is
illustrated by the data of Table V. Thus, the peak NO3

–-N levels
in the whole Ah horizon were obtained in autumn, where the
NH4

+-N  levels were minimal. Also in autumn, lupin supplied
the largest amounts of NO3

–-N and some of the lowest NH4
+-N

levels to the whole Ah horizon. On the other hand, the rye crop
had an impoverishing effect on the topmost 20 cm of soil, which
exhibited the lowest NO3

–-N levels and highest NH4
+-N  levels.

The above-described effects reflected in the mean values
obtained; however, the number of significant differences
between treatments was small.

The lower Ah sub-horizon (20–40 cm) also reflected the fer-
tilizing effect of the lupin crop; however, the straw exhibited
a marked impoverishing effect. These results testify to the
ready mineralization of organic N in the buried lupin green
manure, which gave rise to the highest NO3

–  contents. The

impoverishing effect of rye is also apparent – from its opposite
sign, however. 

Table VI shows the mean overall values for the two within-
subject factors (Treatment and Crop). The mean values for the
four parameters correspond to the individual effects of the fac-
tors Treatment and Crop – with the two depths, two sampling
dates, three crops and the control in combination in the former
case. The second data block in Table VI compares the results
obtained at the four levels of the factor Crop for the three
organic treatments, and the factors Depth and Date in combi-
nation. These results provide valuable global information about
each level of Treatment and Crop. Worth special note in this
respect are those parameters potentially reflecting the cumula-
tive effect throughout the experiment more faithfully than do
the seasonal changes proper; such is the case with N, organic
matter and the C/N ratio. These three parameters exhibit well-
defined trends and expose significant effects of the treatment
in spite of the limited sensitivity of the analytical methods used
to quantify changes over a short period – particularly from ini-
tially high levels such as those found in this study. In contrast
with the minimal supply of organic residues from the rye stub-
ble, the incorporation into the soil of a plant material results in
the accumulation of organic matter – particularly with lupin,
on account of the increased amounts of dry matter it supplies
and its increased humus yield. The variation pattern for total N
was similar; however, it is the increased protein contents of the
lupin green manure that resulted in the greatest differences with
respect to straw, the low nitrogen content of which precludes
distinction from the purely impoverishing effect of the rye. As
a result of the previous two effects, the C/N ratio in the lupin-
treated plots was considerably lower than in the rye-treated
plots, with the buried straw in-between. The increased amount
of organic N and also increased mineralizing biological activity
resulting from the use of easily degraded buried plant material
influenced the inorganic N levels; thus, the lupin treatment
resulted in the highest nitrate levels and lowest ammonium ion
levels, whereas the rye treatment exhibited the opposite effects.

3.1. Effect on soil nitrate content 

The statistical analysis performed provided not only the
mean values described in the previous section, but also the esti-
mated marginal means obtained with the general linear model

Table VI. Mean parameter values obtained for the soil with each
treatment and crop. Identical letters denote non-significant differ-
ences (P = 0.05).

O.M.
mg kg–1

N
mg kg–1

C/N NO3
–

mg kg–1
NH4

+

mg kg–1

Treatment Rye 76.3 a 2.4 a 18.58 a 42.20 a 7.42 a

Straw 80.0 a 2.5 a 18.42 ab 45.22 a 5.85 a

Lupin 85.5 b 2.8 b 18.00 b 61.63 b 5.60 a

Crop Control 78.6 a 2.5 a 18.38 a 26.40 a 8.53 a

Maize 81.0 a 2.6 a 18.08 a 78.83 b 5.98 ab

Wheat 80.1 a 2.5 a 18.57 a 44.13 c 5.28 b

Potato 82.8 a 2.6 a 18.35 a 49.45 c 5.38 ab



460 M. Vidal, A. López

at each factor level. This additional information facilitates the
discussion and clearly exposes the interactions between the
studied factors in profile plots. The plots that follow correspond
to the estimated marginal means (i.e. the result of combining
the analysis of variance and regression provided by the general
lineal model) and clearly expose any interactions between
factors.

Figure 1 illustrates the spatial and temporal variation of the
soil nitrate concentration for the treatments as a whole and
hence individually for the buried straw, rye cover crop and lupin
green manure. The temporal variation included a minimum in
spring – prior to crop establishment – followed by a maximum
in autumn – after harvest. Such disparate results are the conse-
quence of the cumulative effect of both the applied fertilizer and
the mineralization of organic matter, which was stronger during
the warm season. The maximum was followed by the typical
decrease in NO3

–-N levels, clearly associated with climate (viz.
nitrate leaching from the soil in autumn and winter), and then
by the spring minimum.

Nitrate in soil is widely known to be lost via various path-
ways at the beginning of the rainy season. Under the special
conditions of our experiment, however, the N balance in the
studied soil can be simplified by using some approximations.
Thus, the virtually flat relief typical of the alluvial surfaces on
which the test plots lay precluded heavy runoff. Also, because
the soil was sandy loam in its Umbric horizon and clay loam
in the Cambic horizon, and both were acid and oligotrophic as
inferred from their low effective cation-exchange capacity and
percent base saturation (V%) (Tab. III), one can assume bio-
logical activity to be low and hence denitrification to be virtu-
ally absent. On the other hand, a mean annual precipitation of
1400 mm and an average potential evapotranspiration of
612 mm must result in heavy leaching and sweeping in winter
and spring. The extent of leaching will be proportional to the
amount of drainage water and the nitrate concentration in it. The
fact that leaching is quantitatively much more substantial than

the other potential mechanisms leading to nitrate losses – and
also the only mechanism to be considered in practice – is con-
sistent with the high nitrate contamination levels found in the
water resources of the studied region (Vidal et al., 2000a,b).

Disregarding the priming effect may result in the additional
mineralization boosting NO3

–  leaching (Graham et al., 1986).
Figure 1 shows the estimated marginal means for the variable
NO3

–  as fitted to the Date × Depth interaction, which was sig-
nificant at the P = 0.05 level (Tab. IV). Figure 2, together with
the results for this parameter ( NO3

–-N) corresponding to the
mean values in soil with each treatment and as a whole at the
four levels of the factor Crop (first data block in Tab. VI), con-
firms the trapping, sequestering or impoverishing effect of the
rye cover crop, even though the differences between the rye and
straw treatments were not significant at the P = 0.05 level
(Tab. VI). This protective effect against nitrate contamination
is reflected in the fact that, even though the nitrate concentration
within the topmost 20 cm of soil rose to a seasonal maximum
in May (Tab. V), the concentration in the subsurface horizon
was much lower and underwent much less marked seasonal
changes. As can be seen in Table VI, the use of rye as a winter
cover crop resulted in both the lowest NO3

– concentrations and
highest NH4

+  levels.
The effect reflected in the estimated marginal means pro-

vided by the general linear model for the Date × Treatment
interaction (multivariate significance < 0.05) is the so-called
“priming effect”. As can be seen from Figure 2, such an effect
resulted in substantial enrichment with NO3

–-N, particularly
with lupin (a legume) by virtue of its increased easily available
organic N content (Tab. II). These results can be interpreted in
the light of the mechanisms that govern the mineralization of
native organic matter in soil and the edaphic factors that control
biomass growth and development (and hence mineralization).
In this particular case, the limiting factor for the decomposition
of buried straw (C/N ≈  80, Tab. II) was its own N content. By
contrast, the limiting factor for native organic matter in the soil
(C/N for horizon Ah = 18.4) was its own C content. Mixing

Figure 1. Profile plot of estimated marginal means for NO3
– at

different dates for the two considered depths. Winter leaching results
in minimum of soil nitrate content in spring; whereas high autumn
levels are due to organic matter mineralization and crop fertilization.
The evolution is more marked in the top layer of soil, with the highest
biological activity, and receiving fertilizers and buried materials.

Figure 2. Profile plot of estimated marginal means for soil N-NO3
–

with the different treatments. Buried lupin as green manure provided
the highest nitrate levels because of its richness in readily available
organic N, as opposed to the blocking effect of straw treatment and
the impoverishing due to the rye cover crop.



Cover crops and organic amendments to prevent nitrate contamination under a wet climate 461

these two substrates suppressed both limiting effects on micro-
bial mass development, thereby accelerating the mineralization
of both substrates in relation to the two in isolation. The final
outcome of the plant residue burial practice was substantial
enrichment with nitrate (especially with the legume, which
contains more available N).

Similarly, the Date × Crop interaction depicted in Figure 3
(multivariate significance P < 0.05 for the variables C/N and
NO3

– ) reflects the influence of the different rates of nitrogen
fertilizer applied to the crops and the boosting effect on min-
eralization of the application of N simultaneously with the bur-
ial of plant residues. These results appear to confirm the above-
described priming effect, which was enhanced by the simulta-
neous addition of mineral N and ultimately resulted in
increased mineralization of organic matter (Azam et al., 1994).
As the substrate decomposed with time, the effect was reversed
and both the contents of humified organic matter and the immo-
bilization of inorganic N increased beyond a given point. As
can also be seen from this profile plot, the marked increase in
average nitrate levels predicted by the general linear model (e.g.
for the maize crop) cannot be ascribed to the rates of nitrogen
fertilizer (whether as NO3

–-N, NH4
+-N  or both) used. The val-

ues recorded in October 2000 can only be due to an increased
mineralization rate of organic matter in the soil resulting from
application of the nitrogen fertilizer. In addition, the large dif-
ference between the residual NO3

–-N contents of maize and
wheat must be the main result of the former being supplied with
twice as much fertilizer N as the latter. Finally, the low NO3

–-N
levels in the control plots during the post-harvest period were
a result of their receiving no crop or fertilizer.

3.2. Evolution of soil total N

As noted in the Introduction, for cover crops to be effective,
they must provide N for use by the next crop. Although the pres-
ence of large amounts of organic N in soil conceals potential
changes in total N over short periods, the general linear model

used can expose another process involved in N dynamics. Such
a process reflects the N fixation capacity of the soil (Umarov,
1983), provided the individual effects of the other sources of
variability are effectively suppressed. The principal limiting
factor for the amount of N that is fixed by soil is the presence
of an appropriate source of energy and N. As a rule, the amount
of N fixed (as measured using the Kjeldahl wet method) is only
appreciable when the amount applied to the soil is similar to
those used in the present tests. Figure 4, which illustrates the
Date × Treatment interaction (multivariate significance P <
0.05 for the variable NO3

– ),  clearly reveals that the buried straw
and lupin manure crops provided higher N final levels than the
rye cover crop. The latter provided no gain from potential non-
edaphic energy sources. Also worth noting in relation to this
figure is the marked increase in the marginal means estimated
by the general linear model between May and October (ca.
700 kg ha–1 total N). This can be ascribed to the large amounts
of dry matter in the buried green manure (5600 kg ha–1) and
its richness in readily available N (3.82%). The dry matter con-
tent of lupin accounts for more than 30% of the 700 kg ha–1

increase in total N between the two sampling dates. Also, one
should bear in mind the intrinsic low precision of the Kjeldahl
method for determining total N.

Finally, we used the Henin and Dupuis (1945) method to
estimate the overall variation of N in the soil with provision for
the simultaneous mineralizing and immobilizing effects of bur-
ied plant residues. The results are shown in Table VII. The dry
matter content supplied to the soil and the corresponding N con-
tent (Tab. II) were used to calculated the amount of N incorpo-
rated in this way (dm-N column in Tab. VII). We also calculated
the amount of humus produced from the organic matter sup-
plied and a standard isohumic coefficient k = 0.15 (Humus col-
umn in Tab. VII). The N content in the humus was in turn cal-
culated from the organic C content under the assumption of a
mutual equilibrium at C/N = 18.4, which was the value corre-
sponding to the Ah horizon (Humus-N column in Tab. VII). The
positive differences between the two N contents expose an

Figure 3. Profile plot of estimated marginal means for NO3
– with the

different crops. Balance between N requirements and fertilization
incomes for the crops used result in different nitrate contents in soil,
especially after harvest. Maize crop generates the highest nitrate
levels in autumn, so it is responsible for the highest nitrate losses by
winter leaching.

Figure 4. Temporal variation of total N with each treatment. Large
amounts of dried matter buried with lupin treatment and its high N
content results in an increase in total N of soil. Minimum values
correspond to rye cover crop treatment, in which N accumulated by
the crop in winter was mostly removed from the plot with the forage.
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immobilizing or blocking action associated with the typical
depressing effect of a buried plant residue such as cereal straw.
On the other hand, the negative values of the difference expose
the fertilizing effect of lupin.

4. CONCLUSION

Based on the significant effect (P < 0.05) of the factor Treat-
ment, this three-year field study of a humid region severely
affected by nitrate contamination in its drinking water
resources reveals that the application of a rye cover crop and
using buried straw during the post-harvest period reduces the
nitrate concentration in the topmost 20 cm of soil. If one con-
siders soil depth and the seasonal variation in combination, then
the influence of the factor Treatment exceeds the discriminat-
ing power of the factor Crop for organic matter, N and the C/N
ratio; the response is reversed with NO3

–-N and NH4
+-N. The

significance values (P < 0.05) for the multivariate comparisons
of the factor Depth on organic matter, total N and NO3

–-N, and
those for the factor Date, which was significant (P < 0.05) on
all the parameters, clearly exposes the strong influence of both
the seasonal character and the preventive and corrective farm-
ing practices. Also, the repeated measurements general linear
model applied to the results reveals that the sequestering or
impoverishing effect of NO3

–-N in the rye cover crop exceeds
the immobilizing effect of a plant residue with a high C/N ratio
(e.g. wheat straw) applied to soil. Also, buried lupin green
manure exhibits an N fertilizing outcome as opposed to the
immobilizing outcome of a buried straw crop – whatever its
application rate. The Date × Treatment and Date × Crop inter-
actions, both with a multivariate significance P < 0.05 for NO3

– ,
reveal a priming effect that is enhanced by the simultaneous
application of mineral N and the incorporation of plant residues
into the soil.
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