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Abstract: The soil C, N, P and K content of agricultural soil were measured over the last 4 decades in NE Catalonia (NE Spain). Plant-
available P and K increased by ca 109 and 105% respectively and total N decreased by 30%. The increases in plant-available P content
are in accordance with the increasingly used pig slurry being very rich in P, and with P tendency to be retained in soils, since it is less mobile
than N. The total soil N (N, ,) decrease occurred in the first decade (by 41%). The uptake and withdrawal of mineral N by crops and the
leaching of mineral N into groundwater and rivers after torrential rainfalls were the two likely major pathways of N-loss from the soil. After
the first decade, there has been no further decrease of N, , as a result of the increasing fertilization of these fields, including the increasing
applications of pig slurry. These results show an increasing P eutrophication in Mediterranean agricultural soils and will have several
consequences for the next decades with (i) an increasing unbalance between N and P (and K) in soils that might affect crop productivity,
(ii) an increasing leaching of N as nitrate fo continental waters, both ground and surface waters, and (i) a consequent need for the

establishment of another fertilization strategy based on lowering the use of pig slurry and on increasing the use of fertilizers of slow

mineralization that increase soil organic matter, and stabilise the soil N-and P contents.
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Introduction

Eutrophication, understood as the increase of nutrients,
e.g. compounds containing N or P, in aquatic and terrestrial
ecosystems, is one of the main drivers of global change (Vitousek et
al., 1997). Increased foliar concentrations of N, P, K'and other
nutrients have been reported in terrestrial plants of the Mediterranean
Basin collected in herbaria throughout the last 20" century (Penuelas
andFilella, 2001). Eutrophication may also occur in some crop soils
in the Mediterranean basin, where significant effects of mineral and
pig slurry fertilization on sil chemical properties have been reported
(Arcara et al., 1999; Dauden and Quilez, 2004; Abad et al., 2005;
Angas et al., 2006; Torrent et al., 2007). However, as far as we
know, there are no studies on the long term effects of the progressive
increase of mineral and pig slurry fertilization in the last decades in
this Mediterranean basin area.

During the last decades, the agricultural soils of most
Mediterranean regions have been increasingly over-fertilized, not
only by mineral fertilization but also by N deposition and pig slurry
fertilization. Total atmospheric deposition is calculated to reach up to
15-22 kg ha' year" in several areas of this region (Roda et al.,
2002) and there is an excessive use of pig slurry as fertilizer (Babot
etal., 2004). In Catalonia there has been a continuous increase in
the number of pigs on farms over the last decades (from 4642000 in
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the 1980s to the current 6348000 pigs). This has generated
increased amounts of pig slurry (ca. 15x108 m3 y'in 2006) with the
consequent increasing need for their disposal. The 97% of this pig
slurry is applied to agricultural fields (CADS, 2008; Babot et al.,
2004; Dauden and Quilez, 2004). Pig slurry has a high N
concentration (5.8-7.6%, dry wt.) which enhances nitrification and
thus leads to groundwater nitrate enrichment. Application of doses
of 16-32 m® ha! of pig slurry in croplands can be considered
normal in pig slurry management (Brechin and McDonald, 1994).
This means a dose of 96-182 kg N ha in a single application,
which is often repeated several times through the year. In the Girona
province (north east Catalonia), the annual pig slurry production is
equivalent to 150-400 kg N ha™" of crop soil (CADS, 2008). Thus,
the use of the 97% of this pig slurry N is greater than the
recommended values 45-240 kg N ha'for N fertilization of the
common crop types of this area Vivancos (1984). This excess of
pig slurry is applied in several regions, generating an excess of
macronutrients that can result on increased concentration of the less
mobile P, orincreased lixiviation to continental waters of the more
mobile N. In this sense the increase of nitrate concentration has
increasingly reached values over 50 mg I'' in underground waters
in the last decades in several Catalonian areas, including the one
studied here (Ninerola et al., 2006). This effect has been observed
to be mostly due to the use of pig slurry in field experiments
(Boixadera, 1998). Moreover, the use of inorganic N-fertilizers that
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Fig. 1: Geographic situation of the studied area: Girona province, NE
Catalonia (Spain)

are also added to crop soils in this area may have additionally
contributed to nitrate leaching to continental waters as observed in
several experiments in other sites (Saraswathy and Singaram,
2005; Saraswathy et al., 2007). But pig slurry also has high contents
of other nutrients such as P (2.0-2.9%, dry wt.) and K (2.1-3.1%,
dry wt.), which represents 3348 kg P ha* and 35-51 kg K ha™" with
the usual application doses (Brechin and McDonald, 1994). One of
the effects of this field management is the increasing concentration of
nitrate in the ground waters, which in most cases have reached the
threshold values for human health established by the EU legislation
(50 mg I'). Phosphate is less water soluble than nitrate and
ammonium salts, and, consequently, P tends to be retained in soil
more than N. The great amounts of pig slurry dispersed on the
fields may increase the P eutrophication of soils unless it is totally
withdrawn by crop biomass (DeSmet et al., 1996). Several studies
of agricultural soil throughout the time have reported increases of

Penuelas et al.

plant-available P during the first decades due to the great retention
of the P added by fertilization (Li ef al., 2005; Bunemann et al.,
2006). This increasing fertilization of soils may have also contributed
to the increasing presence of P in the rivers and groundwater
(water eutrophication) observed in this Mediterranean region in the
1990s (DeSmet et al., 1996; Chardon et al., 1997; Hodgkinson et
al., 2002).

We hypothesized an increase specially of P and likely of
N and K in soil as a result of the frequent use of mineral and pig
slurry fertilization in the Catalan agricultural soils. We expected a
less clear result for N, given its greater uptake and withdrawal by
crops and its higher mobility towards ground and surface waters.
To test these hypotheses, we analyzed the evolution of C, N, P
and K throughout the last four decades in NE Catalonian
agricultural soils.

Materials and Methods

We used the results obtained in 274 soil analyses conducted
over the last four decades (1970s, 1980s, 1990, 2000s) by the
Girona Association of Agronomists in the top 20-25 cm depth soil
layer of 136 sites corresponding to fruit tree, olive-vine, cereal and
forage crop fields randomly spread through the Girona Province,
NE Catalonia, Spain (Fig. 1). The studied zone has an area of
approximately 469250 ha, the agriculture fields representing 31%
of the total area. The total number of pigs in this zone was 630000
in 2007 according to Catalan Government data.

Although their properties differ depending on the source
area of the parent material, almost all the agricultural soils analysed
in this study are developed on sedimentary rocks. Three broad
zones can be distinguished: a south one dominated by soils formed
from sandy granitic-derived materials (mostly Fluventic Haploxerepts
or Typic Xerofluvents; Soil Survey Staff, 1998) a central one
constituted by calcareous sediments, fine textured (mostly Aquic
and Typic Xerofluvents, Typic Calcixerepts, Calcic Haploxerepts,
Petrocalcic Palexeralfs and Calcic Haploxeralfs); and a north one,
more heterogeneous constituted by a complex glacis and alluvial
fans coming from the southern basin of the Pyrenees mountains
(mostly Haploxerepts and Xerorthents).

The Walkley-Black method (1934) was used for the
determination of oxidable soil organic C (SOC). N, was determined
by the Kjeldhal method, using a distillation method to collect
ammonium from the Kjeldhal digest process that transforms soil N
into ammonium, and then the ammonium was determined by a
colorimetric procedure (Bradstreet, 1965). To measure the plant-
available P, in soil, an extraction with 0.5 M NaHCQO, (Olsen-P)
was conducted (Watanabe and Olsen, 1965). Plant-available K
was determined in filtered (f<0.2 mm) soil extracts (1:10, soil: 1M
Ammonium Acetate, W/W) by optic emission spectrophotometry.

We analyzed the data by one-way ANOVA using the values
of soil properties observed in each decade as dependent variables
and the different decades as independent variables. We also used
ANCOVA tests with crop type as independent categorical variable,
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the decade of the analysis as continuous variable and the soil traits
as dependent variables. All analyses were performed with the
Statview software package (Abacus Concepts Inc., Cary, North
Carolina) and the Statistical software package (StatSoft Inc. Tulsa,
Oklahoma).

Results and Discussion

Inthe last four decades the available P (Olsen-P)and K
increased by 109% and 105% respectively whereas N,
decreased by 30% (Fig. 2). The increase in P content has been
persistent since the 1980s and the increase in K content since the
1970s (Fig. 2). The decrease in N content occurred in the 1980s
(by 41% relative to the 1970s) and thereafter the N soil
concentrations showed no significant change (Fig. 2). No
significant changes of SOC were either observed in this period

(Fig 2).

The results show a progressive increase in the plant-
available P. P is much less mobile than N, and tends to be retained
throughout time in crop soils (Li et al., 2005) and during soil formation
(Carreira and Lajtha, 1997; Lilienfein et al., 2004). The increased
plant-available P is in accordance with the general trend observed
in other soil chronosequences, mainly in crop soils where P has
been added by fertilization (Lemenih et al., 2005; Li et al., 2005).
Ulen and Snall (2007) have observed in southwest Sweden that
the continuous application of pig slurry increases the soil P content
in different soil types. The increased soil available K observed in
these Catalan soils has also been observed in other studies of crop
soils throughout time (Lemenih et al., 2005) and is probably a result
of the high K fertilization. In accordance with the observations in
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these Catalonian soils, there are several studies of crop soils
throughout time that have found no significant changes in SOC
(Desjardins et al., 2006). However, others have reported increases
(Manlay et al., 2002) and others have reported decreases (Han et
al., 2006).

Conversely, these results indicate that in spite of the
considerable fertilization inputs, there is now less total N in these
soils than four decades ago. The apparent contradiction between
the increasing inputs of N in fertilization and the loss of N in sailsis a
likely result of the increased use of pig slurry as fertilizer. A73% of
the total N content of pig slurry is NH,* (CADS, 2008), very soluble
and easily leached by water. On the other hand, in the soils of this
region, mostly of neutral or basic pH, organic forms of N mineralize
rapidly. Mineral N is a very mobile nutrient that has already been
reported to decrease in other crop soils throughout the time (Lemenih
et al., 2005). The overall soil N losses were related with the increase
in nitrate contents detected in the continental waters, both in the
surface and ground waters in Catalonia in the last decades (Teixido
et al., 2001). The use of pig slurry produces greater N losses by
denitrification than those produced using other fertilizer types such
as the mineral ones (Rochette et al., 2000). The high P content in
pig slurry can contribute to increase N losses by increasing
denitrification specially when applied together with mineral fertilizers
(Arcara et al., 1999). Denitrification usually increases after increased
nitrification, e.g. in an experiment under Mediterranean climate
conditions the nitrous oxide (N,O) emissions in plots fertilized with
pig manures increased with respect to non fertilized plots (Lopez-
Fernandez et al., 2007). Thus, the increases on nitrification after
pig slurry application (Aita et al., 2007) allow N losses by both,

Table - 1: Significance level (P) of the categorical factor (crop type), the continuous covariable (decade) and their interaction for the soil chemical traits
(ANCOVA), and the means + S.E. of each variable in the different crop types and decades (different letters stand for significant differences in the post-hoc

ANOVA test)
Soil chemical variable
Statistical factor Total N Available-P, Total N / SOC CIN Available K Available
(%, dry wt.) (mg P kg) Available-P, (%, dry wt.) (mg P kg (KIP)
Crop type 0.327 0.080* 0.151 0.590 0.293 0.100* 0.031
Decade 0.012 0.024 0.038 0.203 0.228 0.127 0.610
Crop type x decade 0.327 0.077* 0.153 0.591 0.591 0.099* 0.743
Crop type
Vegetables 0.134 +0.017 42 +62 56+15 1.03+0.12 7.7+04° 238 +29° 6.9+1.2°
Olive and vine 0.158 +0.047 32+4%* 256 +209 0.85+0.12 74+0.5° 158 +14° 7.1+0.9°
Cereals 0.127 +0.04 25.5+32% 62+6 125+0.12 9.6+0.6° 186 + 16° 9.2 +1.0%®
Fruittrees 0.171+0.013 19.4 + 2.4 308+270 1.23+0.09 74+0.3° 165+ 19° M.7+1.78
Decade
1968-1979 0.192+0.0132 16.1+3.3 275+40° 0.82+0.09 6.5+0.1° 107 +30® 10.1+26
1980-1989 0.100 +0.019° 15.9+8.7° 141 +37° 2.05+1.14 8.1+0.42 138 +51° 12.5+2.1
1990-1999 0.125 +0.004° 23.0+12.0° 80 +8° 1.08+0.07 8.8+0.3° 184 +15% 9.7+0.8
2000-2006 0.131+0.013° 33.5+242 52.8+6.1° 1.08+0.07 85+0.3° 197 +122 82+0.7

Bold type means significant differences at p < 0.05, * = Marginally significant differences atp < 0.1
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leaching and denitrification (Arcara et al., 1999; Abbasi and
Adams, 2000). The early increases in the number of pigs and in the
use of pig slurry and the early increases of mineral fertilization
increased the N losses in the first decades, but the continuous
increase of pig slurry fertilization has probably allowed to reach an
equilibrium between losses and inputs, remaining the total N
concentration in soils more or less stable since the 1980s.

The crop soils in the study area have low to moderate
amounts of SOC (0.5-1.8% in most cases). The SOC has not
changed significantly after 4 decades of sil tillage and fertilization
management, what calls for a reconsideration of the management
practices, since crop yield can be increased by increasing SOC
pool in the root zone (Lal, 2006; Soon et al., 2007). The lower
organic C content of pig slurry than other traditional manures such as
crop residues (Al-kaisi et al., 2005; Wright et al., 2007), and its faster
mineralization account for the absence of increase in SOC in spite of
the great amounts of pig slurry used as fertilizer during this period.

Penuelas et al.

The reduction of N in soil was especially evident in olive
and vine crops, whereas the increase in plant-available Pi was
mainly evident in fruit tree crops (Table 1, Fig. 3). The increases of
available K were also slightly affected by the crop type in a similar
way to plant-available P, (Table 1). Olive crops and vineyards
frequently occur on slopes, have low percentage of plant cover,
and usually grow on soil with a sandy or stony texture. This makes
these crops more vulnerable to nutrient losses by leaching and
erosion than other crops such as cereals or fruit trees growing on
soils without slopes and less likely to suffer leaching. Moreover,
olive-vine crops are much less fertilized than the other crop types,
specially regarding to N and P. The usual doses in the area for
olive-vine crops are 45-80 and 13-22 (kg ha'year?) for N and P,
respectively, whereas the corresponding values for cereal,
vegetables and fruit crops are 120 and 35, 240 and 48 and 160
and 33, respectively. In contrast, Olsen-P, increased mainly in forage
and fruit tree crops which occupy low slope positions and are
frequently more intensely fertilized.

As aresult of these changes, in the last four decades the
N/Available-P ratio decreased by 71% and the N/K ratio by
95%. The C/N ratio increased by 25% in the 1980s and
remained without change later (Fig. 4). The fact that N/P ratios
are lower in pig dejection (4.0-6.2) (Van Delden et al., 2003)
compared with those reported in soils (2-20) (Aerts et al., 2003:
Hobara et al., 2005), in litter (8-60) (Gusewell and Verhoeven,
2006) and in plant tissues (6-30) (Bakker et al., 2005; Niklas
and Cobb, 2006) and the fact that the biomass collected by
farmers (fruits, leaves or the full plant) has a greater N/P ratio
than the pig slurry additionally contributes to the decreasing N/
P ratio in these agricultural soils.

These results constitute another indication of the
overfertilization and eutrophication of terrestrial soils. The increases
in P and K are not necessarily negative by themselves, since these
two elements are linked to water use efficiency, which needs to be
maximized in this area prone to drought problems. However, the
current evolution of the soil chemistry may lead to nutrientimbalances
between N, P, and K now and in the immediate future.

The recommended K/P ratios in fertilizers in this region
are approximately 2.1 for cereal crops, 1.9 for vegetable crops,
3.8 for fruit tree crops and 3.8-6.0 for olive and vine crops
(Vivancos, 1984). The ratio of available-(K/P) ratio in the soils of
all crops types (6.9-11.9) (Table 1) is greater than the
recommended values in fertilizer (1.9-6.0). The observed trend
to decrease of this ratio from 12 in the 1980-1989 decade t0 8.2 in
the period 2000-2006 (Table 2) indicates a greater soil
accumulation of P than of K, coinciding with the lower solubility of
P than of Kand in this case may represent a positive change for
crops. However, the increasing probability of N, P and K losses to
continental waters constitute an environmental problem. Ceretta
et al. (2005) observed a great increase of N and P in leaches in
successive months after pig slurry application in different soil types.
Moreover, in Mediterranean soils there is a significant increase of
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nitrates after pig slurry application (Berenguer et al., 2008). These
results thus show that a new fertilization management strategy is
needed, mainly because of the problem of water nitrate enrichment
and eutrophication in a geographic area where the problems of
water availability are increasing because of climate change and
rising population. The use of other manures such as crop residues
would suppose a nutrient and carbon source with slow
mineralization rates that would liberate nutrients slowly, allowing a
greater plant uptake and decreasing the soil N losses. On the
other hand, the slower mineralization would allow a greater
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accumulation of SOC in these soils. If pig slurry has to be used, it
should be accompanied by nitrification inhibitors and other pig
slurry treatments such as its digestion orit's composting (Vallejo et
al., 2006).

We can conclude that the increasing use of pig slurry as
fertilizer in North East Catalonia associated to the continuous
increase in the number of pigs on Catalan farms over the last
decades has increased the availability of P in crop soils as a
consequence of the great concentration of P in pig slurry and the
great soil capacity to retain P. In these last 40 years the SOC has
not changed significantly in spite of continuous tilling and fertilization,
and in spite of the low SOC contents of these soils. The increasing
presence of nitrates and eutrophication in the rivers and
groundwater of this area in the last decades has coincided with the
increasing use of mineral and pig slurry fertilizers. These data
show that the current fertilization system based on pig slurry plus
inorganic fertilizers should be reconsidered.
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