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TECHNICAL REPORTS
SURFACE WATER QUALITY

Water and Nutrient Transport on a Heavy Clay Soil

in a Fluvial Plain in The Netherlands

Caroline van der Salm,* Antonie van den Toorn, Wim J. Chardon, and Gerwin F. Koopmans

In flat areas, transport of dissolved nutrients by water through
the soil matrix to groundwater and drains is assumed to be the
dominant pathway for nutrient losses to ground- and surface
waters. However, long-term data on the losses of nutrients to
surface water and the contribution of various pathways is limited.
We studied nutrient losses and pathways on a heavy clay soil in
a fluvial plain in The Netherlands during a 5-yr period. Average
annual nitrogen (N) and phosphorus (P) losses to surface water
were 15.1 and 3.0 kg ha™! yr!, respectively. Losses were dominated
by particulate N (50%) and P (70%) forms. Rapid discharge
through trenches was the dominant pathway (60-90%) for
water and nutrient transport. The contribution of pipe drains
to the total discharge of water and nutrients was strongly related
to the length of the dry period in the preceding summer. This
relationship can be explained by the very low conductivity of the
soil matrix and the formation of shrinkage cracks during summer.
Losses of dissolved reactive P through pipe drains appear to be
dominated by preferential flow based on the low dissolved reactive
P concentration in the soil matrix at this depth. Rainfall occurring
after manure application played an important role with respect
to the annual losses of N and P in spring when heavy rainfall
occurred within 2 wk after manure application.
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RANSPORT OF NITROGEN (N) and phosphorus (P) from

agricultural land to surface waters contributes to enrich-

ment of surface waters and eutrophication (Correll,
1998). A large part (68%) of the land area in The Netherlands
is used for agriculture. For decades, N and P surpluses per hect-
are on agricultural land in The Netherlands were among the
highest in Europe (Csathé and Radimszky, 2009), especially
in areas with high livestock densities (Reijneveld et al., 2010).
Agriculture is responsible for more than 50% of all nutrient
loads to surface waters in The Netherlands (Emissieregistratie,
2010). Dairy farming is the largest producer of animal manure
in The Netherlands, producing approximately 70% of the total
annual manure production (CBS, 2010). However, informa-
tion on nutrient budgets and losses of nutrients from dairy
farms to surface waters in The Netherlands is limited, especially
for clay soils. To overcome this lack of knowledge, a study was
set up at a dairy farm on a fluvial clay soil drained by trenches
and pipe drains.

In areas with a flat topography such as in The Netherlands,
nutrient losses from agricultural land to surface waters are
often assumed to be dominated by (subsurface) leaching,
whereas surface runoff is considered to be negligible (Culley
et al.,, 1983; Heathwaite and Dils, 2000; Algoazany et al.,
2007). In The Netherlands, most of the research on nutrient
losses has been performed in areas with noncalcareous sandy
soils where nutrient surpluses are high due to the presence of
intensive livestock farming systems (Breeuwsma et al., 1995).
In these areas, relatively large N and P losses to groundwa-
ter and surface water occur due to the low denitrification rates
and limited binding capacity of the soil for P (Schoumans and
Groenendijk, 2000). Because for sandy soils leaching through
the soil matrix is the dominant process, the research focus has
been on losses of dissolved N and P forms, whereas losses of
particulate forms have received much less attention. However,
studies on clay soils in other countries have demonstrated that
particulate losses of P can play a dominant role in the trans-
port of P from agricultural land to surface waters, not only in
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surface runoff but in pipe drainage as well (Culley et al., 1983;
Turtola and Jaakkola, 1995; Beauchemin et al., 1998; Ulén and
Persson, 1999; Turtola and Kemppainen, 1998; Djodjic et al.,
2000). In contrast to B, particulate N losses from agricultural
land have received little attention in international literature.
Furthermore, preferential transport of water and nutrients
through cracks and macropores is known to play an impor-
tant role in heavy clay soils (Bouma and Wésten, 1979; Turtola
and Paajanen, 1995; Addiscott et al., 2000; Geohring et al.,
2001). This pathway may lead to losses of N and in particular
P from soils with only limited contents of N and P in the soil
matrix that would otherwise contribute little to nutrient losses.
Although the above-mentioned pathways and processes have
been identified before, few studies have considered the losses
of N and P and their speciation in combination with a com-
prehensive description and quantification of their transport
routes in areas with a flat topography over a prolonged period.
Knowledge about the contribution of different pathways to
nutrient losses and about the forms in which N and P are lost
is essential to the development strategies to minimize nutri-
ent losses to surface water. Nitrate-N and particulate N and
P forms can best be trapped using wetlands, but dissolved P
forms could be trapped using reactive materials that are placed,
for example, around or at the ends of pipe drains or at the ends
of trenches (Chardon et al., 2012).

The aim of this study was to quantify the N and P losses by
the different pathways (overland flow, matrix flow, and macro-
pore flow) to surface water from a heavy clay soil under grass-
land of a dairy farm in an area with a flat topography. This
analysis is done by studying the timing and speciation of the
discharge of N and P from trenches and pipe drains.

Materials and Methods
Experimental Field

The study was performed on a grassland field on a dairy farm
near Waardenburg, which is located in a fluvial plain in the cen-
tral part of The Netherlands (51°51”N, 5°14”'E). The soil was a
heavy clay and classified as a Eutric Fluvisol (FAO, 1988). The
field was about 175 m long and 90 m wide and was drained by
two trenches and 12 pipe drains (Fig. 1). The short side of the
field adjoined a ditch that received all water discharged from the
field. The ditch was also fed by other similar fields that were not
monitored, and the total size of the catchment was about 40,000
m?. The trenches and pipe drains were installed perpendicular
to the ditch. The trenches had a width and depth of 0.5 m and
had an intermediate distance of about 45 m. The land between
the trenches was slightly (~~0.4 m) elevated compared with the
trenches to facilitate rapid water drainage. The pipe drains had
an intermediate distance of about 7 m and were installed at
about 0.8 m below the soil surface. The groundwater level varied
between 0 and 0.5 m below the soil surface in the winter period
and dropped in summer to more than 1 m depth.

Agricultural Management and Nutrient Balances

The grassland field was dominated by English ryegrass (Lolium
perenne) and was cut for silage and grazed between cuts in
each year, which is common practice on dairy farms in The
Netherlands. The number of grass harvests varied from six

Dam
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~ _ Total catchment
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trenches

-------- pipe drains

—— ditch

boundary of the grassland field

Fig. 1. Map of the catchment, experimental grassland field, and layout
of drainage system with trenches, pipe drains, and ditches.

to nine per year. The agronomical N and P balances of the
field for the years 2002-2004 and the years 2006 and 2007
were calculated by taking the difference between the input
and output terms of the nutrient balances. These agronomical
balances, referred to as “soil surface balances,” do not include
environmental nutrient losses like denitrification, leaching, or
storage in the soil solid phase. Agronomical N and P balances
are commonly used as environmental indicators (Csathé and
Radimszky, 2009). Input terms of N and P were the applica-
tion of inorganic fertilizer and cattle slurry, cattle feces depos-
ited by grazing cows, and atmospheric deposition. Cattle slurry
was applied two to three times a year in spring and summer
using a trailing foot. Inorganic N fertilizer (calcium ammo-
nium nitrate) was applied monthly in the period from March
to June, and P fertilizer (triple super phosphate) was applied
once a year in early spring. Output terms were grass cut for
silage and grass consumed by grazing. The field was visually
checked for N fixing legumes, which were generally absent, so
biological N fixation was ignored in the N balance. The sizes
of the input and output terms of the agronomical N and P bal-
ances (Table 1) were taken from van der Salm et al. (2007) and
Koopmans et al. (2009). Within the experimental period, the N
balance decreased from 200 kg N ha™ in 2002 to 55 kg N ha™!
in 2007. Inorganic fertilizer and cattle slurry were the major N
inputs, and silage was the major output. The P balance tended
to decrease from 40 kg ha™ in 2002 to —11 kg ha™ in 2007.
Similarly to N, cattle slurry and inorganic fertilizer were the
major P inputs and silage was the major output. The N balance
in 2002 was close to the average N balances on Dutch dairy
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farms (Langeveld et al., 2007). The average P balance over the
period 2002 to 2007 was close to the average P balance for
Dutch dairy farms on clay soils (14 kg ha™) in The Netherlands
(De Klijne et al., 2007).

Soil Characteristics

Soil samples were taken from the field in the autumn of 2003
from four different horizons (A, C, C, and C) to a depth
of 1.5 m at five positions chosen randomiy along four transects
perpendicular to the ditch (Koopmans et al., 2005). Sampling
of cattle manure and urine patches was avoided. Soil samples
taken from the same horizon and transect were bulked; with
four horizons and four transects, this resulted in 16 samples.
Soil samples were dried at 40°C. Aggregates were broken up to
pass a 2-mm sieve and were used to determine pH, soil organic
matter (SOM), and different soil P pools. For the analysis of
the shrinking potential of the soil, CaCO,, soil texture, and
total soil N content, a composite sample of the four soil samples
from each horizon was used. The soil shrinkage potential can
be expressed as the coefficient of linear extensibility (COLE)
and was measured by drying soil clods (Bronswijk and Evers-
Vermeer, 1990). For The Netherlands, a soil moisture range
varying from saturation to oven dry (105°C) is normally used
because this range gives good information about the swelling
and shrinkage potential to be expected under Dutch conditions
(Tikeak et al., 2012b). The pH, SOM, CaCO,, and soil texture
were determined using standard analytical procedures (Houba
et al., 1997). The pH was measured in a settling 1:5 (w/v) sus-
pension of soil in water. Soil organic matter was determined
by loss-on-ignition in a muflle furnace at 550°C, and a correc-
tion was made for the amount of water bound to clay minerals.
Calcium carbonate was determined by measuring the volume
of CO, produced after the addition of HCI. Soil texture was
determined via pipette and sieve after removal of CaCO, and
organic matter. Soil solution was simulated by the extraction of
soil with 0.01 mol L™ CaCl, at a soil to solution ratio of 1:10
(w/v) (Houba et al., 2000). The CaCl, extracts were shaken on a
reciprocating shaker at 165 strikes per minute. After centrifuga-
tion (1800 x g), ortho-P was measured colorimetrically as dis-
solved reactive P (DRP) using the molybdenum-blue method of
Murphy and Riley (1962). Inorganic soil P was determined after
extraction of soil with 0.5 mol L™ H,SO, and total P after com-
bustion of organic matter in a muffle furnace (550°C), followed
by extraction with 0.5 mol L' H,SO, (Kuo, 1996). In these
extracts, P was measured as DRP. Organic P was calculated as the

difference between total P and inorganic P. Total N was deter-
mined after soil digestion with a mixture of H,O, and H,SO,
under the influence of Se as a catalyst; salicylic acid (C,H,O,)
was added to prevent loss of nitrate (Novozamsky et al., 1983).

Measurement Program of Water Discharge
and Nutrient Losses

In the periods 2002 to 2005 and 2006 to 2008, water dis-
charge and nutrient losses from the pipe drains and trenches
to the ditch were monitored continuously. The 12 pipe drains
in the field were grouped into two sets of six adjacent drains.
Water discharge from the two trenches and from the two sets
of pipe drains was led to small collectors, each with a V-notch
opening. Water discharge was recorded continuously by mea-
suring the water level in the collectors. Water samples were
taken by an autosampler (ISCO 3220 flow meter and a refrig-
erated ISCO 3700 sampler; Teledyne Isco Inc., Lincoln, NE)
at discharge intervals of 0.12 mm. Upstream of the field, the
ditch was blocked by a dam (Fig. 1). A weir with a V-notch
opening and an autosampler was placed in the ditch down-
stream of the field. The water level near the weir was recorded
continuously to measure the water discharge. Water samples
were taken at discharge intervals of 0.25 mm. Water samples
were stored in the dark and refrigerated at 5°C. Water samples
were collected weekly and passed through a 0.45-pm filter
(Aqua 30; Whatman, Piscataway, NJ) on arrival in the labora-
tory. The filtered and unfiltered samples were stored in the dark
at 5°C and analyzed within 1 wk after collection. We divided
the experimental period of our study into hydrological years,
with each year lasting from 1 October to 30 September. Within
the periods 2002 to 2005 and 2006 to 2008, there were five
hydrological years (i.e., 2002/2003, 2003/2004, 2004/2005,
2006/2007, and 2007/2008). Winter was defined as the period
from 1 October to 31 March in the subsequent year; summer
was defined as the period from 1 April to 30 September.

Chemical Analyses of Water Samples

In the filtered water samples taken in the period 2002 to 2005,
concentrations of NH, and (NO,+NO,)-N were measured, which
were added and are referred to in this study as dissolved inorganic
nitrogen (DIN). Ammonium was measured colorimetrically using
continuous flow injection, and (NO,+NO,)-N was measured by
ion chromatography (IC) using a Dionex DX-120 IC (Dionex,
Sunnyvale, CA) system in combination with an UV detector for

Table 1. Agronomical nitrogen and phosphorus balances of the grassland field.

N P
2002 2003 2004 2006 2007 2002 2003 2004 2006 2007
kg ha™

Fertilizer 132 139 189 178 201 25 23 23 5 8
Cattle slurry 390 321 206 252 195 69 55 31 40 35
Cattle droppings 14 44 21 3 0 0 1 1 0 0
Deposition 34 34 34 53 53 1 1 1
Total input 570 538 450 486 449 95 80 56 46 44
Silage 324 285 388 350 344 50 40 57 44 48
Grazing 46 96 32 6 50 5 10 5 2 6
Total output 370 381 420 356 394 55 50 62 46 55
Balance 200 157 30 130 55 40 30 -6 0 -11
van der Salm et al.: Water and Nutrient Transport on a Heavy Clay Soil 231



NO, and a conductivity detector for NO,. Ortho-P was deter-
mined in these samples by IC using a conductivity detector.
Because ortho-P in the filtered water samples taken in the period
2006 to 2008 was measured as DRP using the molybdenum-blue
method (Murphy and Riley, 1962), the ortho-P measured by IC
was referred to as DRP for simplicity. In a study by Ros et al.
(2010), ortho-P concentrations measured by IC and as DRP in
1:10 (w/v) soil water extracts obtained from clay, sand, and peat
soils were in good agreement. In the unfiltered water samples,
Kjeldahl-N was determined (Jones and Case, 1990). After acid
digestion of the samples with K ;S O,, which converts organic
N to NH,, Kjeldahl-N was measured colorimetrically as NH,.
Because N present in the water samples as NO, and NO, is not
recovered by the Kjeldahl procedure, (NO,+NO,)-N was added
to Kjeldahl-N to calculate total N (TN). Total P (TP) in the unfil-
tered water samples was measured colorimetrically as DRP after
acid digestion of the sample with K,S O, (Ebina et al., 1983). In
the filtered water samples taken in the period 2006 to 2008, DIN
and TDN were measured using a segmented flow analyzer (SFA)
(Skalar SK"). Dissolved organic N (DON) was calculated as the
difference between TDN and DIN. Total dissolved phosphorus
(TDP) was determined with an inductively coupled plasma—
atomic emission spectrometer (Vista Pro; Varian). Dissolved unre-
active P (DUP) was calculated as the difference between TDP and
DRP. In the unfiltered water samples, TN and TP were measured
by SFA after acid digestion of the sample (Ebina et al., 1983).
Particulate N (PN) and particulate P (PP) were calculated as the
difference between TN and TDN and TP and TDD, respectively.
To calculate the nutrient losses from the field to the ditch through
pipe drains and trenches, water discharge measured over each time
interval was multiplied with the concentrations of the different N
and P forms measured in the same period.

Meteorology

Precipitation was based on data from nearby meteorological
stations in Geldermalsen and Herwijnen, which are located
7 km northeast and 9 km west of the field, respectively. Until

November 2007, precipitation at the field was taken as the
average of the values at each meteorological station. Thereafter,
precipitation was recorded at the field with a tipping bucket
rain gauge. Evapotranspiration was obtained from the meteo-
rological station at Herwijnen and was based on the Makkink
equation (Makkink, 1957), which calculates the reference
evapotranspiration for grassland based on global radiation and
temperature. Precipitation surplus at the field was calculated
as the difference between precipitation and evapotranspira-
tion. The 30-yr average precipitation and evapotranspiration
amounted to 785 and 543 mm yr ', respectively, which leads to
an average precipitation surplus of 242 mm yr™' (Royal Dutch
Meteorological Institute, 2010). The 30-yr average tempera-
ture was 9.8°C, with a minimum monthly average of 2.8°C in
January and a maximum of 17.4°C in July.

Results and Discussion
Soil Properties

The chemical and physical characteristics of the soil samples
taken from the grassland field are presented in Tables 2 and
3, respectively. The soil is a heavy clay soil, with a clay con-
tent varying between 46.7 and 58.5% and a silt content vary-
ing between 39.5 and 48.5%. Clay soils represent 42% of the
agricultural land in The Netherlands, of which 13% are heavy
clay soils (van der Salm et al., 2006). The soil has a COLE
between 0.16 and 0.33, indicating a very high potential for
shrinkage (Soil Survey Staff, 1975). The pH and CaCO, con-
tent increased with depth, whereas the opposite was true for
SOM. Total soil P was 747 mg P kg™ in the A " horizon and
was larger than in the lower soil horizons. Organic soil P in the
Ap horizon amounted to 451 mg P kg™ and showed a clear
decrease with depth. In the upper horizon, 60% of total soil
P was organic, but this decreased to 16 to 17% in the Cgr and
C. horizons. The elevated organic soil P level in the upper soil
horizon is probably due to the contribution of organic P from
grass residues. In the APg horizon, CaCl,—extractable DRP was

Table 2. Selected chemical characteristics of the samples taken from the different soil horizons of the grassland field.

h;‘i’z"on Soil layer pH (H,0) SoMt Caco, Total N P-CaCl, Organic P# Total P
m g kg™ mg kg™’

Apg 0-0.4 6.7+0.2 54+9 4 34 0.21+0.12 451 +98 747 £143
C, 0.4-1.0 76+0.2 23+7 7 1.6 0.06 +0.02 160 +73 494 +80
Cy 1.0-1.3 7.7+0.2 20+5 19 ND§ 0.10+0.03 88 +62 580 + 47
C 1.3-1.5 7.7%+0.2 25+7 72 ND 0.09 £ 0.04 83+24 523 +48
1 SOM, soil organic matter.
# Calculated as difference between total P and inorganic P.
§ ND, not determined.
Table 3. Selected physical characteristics of the samples taken from the different soil horizons of the grassland field.

h;?zILn Soil layer (<§I:¥n) (2-5S(|)|Lm) (>§gr:jm) COLEY

m % -

AL 0-0.4 56.8 40.6 2.6 0.21
C, 0.4-1.0 58.5 395 1.9 0.16
Cgr 1.0-1.3 53.1 425 43 0.17
C 1.3-1.5 46.7 48.5 4.8 0.33

r

1 COLE, coefficient of linear extensibility.
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0.21 mg P kg™’; CaClZ—extraCtable DRP decreased in the lower
horizons. The solubility of P in this soil was very low, with
CaCl —extractable P contributing less than 0.1% to total soil P.

Water Balance

Discharge of water from the grassland field to the ditch was
mainly confined to the winter period, when precipitation
exceeds the evapotranspiration of grass. Water discharge in
summer was rare and limited to short periods with excessive
rainfall. The average precipitation surplus of the five winter
periods (October—-March) amounted to 311 mm. The average
water discharge from the ditch, which received all discharge
from the field, was almost equal to this precipitation surplus
(Fig. 2). Hence, upward seepage or leaching of water to a
deeper aquifer was negligible. Indeed, an impermeable heavy
clay layer with a thickness of 8 m is present in the subsoil of the
field, which prevents vertical passage of water. The small differ-
ence between the discharge of the ditch and the precipitation
surplus also indicates that the effect of changes in soil moisture
content on the water balance were almost negligible. The aver-
age water discharge of the pipe drains and trenches to the ditch
was 10% lower than the average discharge of the ditch (Fig.
2). This difference may be due to overland flow that did not
reach the trenches or to seepage through the bank of the ditch.
These water transport routes were not measured and were not
included in the water balance. Moreover, the field covers only
40% of the total size of the catchment. The remaining part of
the catchment draining to the ditch is comparable to the exper-
imental field, but small differences in water discharge from this
unmeasured part of the catchment may contribute to the 10%
difference between discharge through the ditch and discharge
through the pipe drains and trenches.

Water Transport Routes

The annual water discharge of the trenches varied between 145
and 256 mm (Fig. 3). Trenches were the main route for the
transport of water, and they discharged on average 69% of the
precipitation surplus. The water discharge through the pipe
drains varied between 25 and 95 mm and accounted on average
for 21% of the precipitation surplus. The relative importance
of water discharge through the pipe drains was low compared
with literature data for artificially drained sites in flat areas in
other countries. Several studies in the United Kingdom, New
Zealand, Canada, and the United States showed contributions
of pipe drains to total water discharge between 70 and 92%
(Algoazany et al., 2007; Culley et al., 1983; Logan et al., 1994;
McDowell et al., 2005; McGechan, 2002). Most of the soils in
these studies had a lighter texture (silty clay—clay loam) than
the soil from the field studied here, which allows for more
water transport toward the pipe drains. However, field experi-
ments in Finland on soils with a texture comparable to the soil
of the field showed a contribution of pipe drainage amounting
to about 30 to 56% of the total water discharge (Koivusalo et
al., 1999; Turtola and Paajanen, 1995; Turtola and Jaakkola,
1995), which is higher than the values recorded at our field.
In our study, the lower contribution of pipe drainage to total
water discharge is probably due to the presence of trenches.
The land between the trenches had a slight curvature toward
the trenches, which facilitated rapid transport of water to the
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Fig. 2. Average precipitation surplus, discharge of the ditch, and dis-
charge from the grassland field to the ditch through pipe drains and
trenches of the different hydrological years in the periods 2002-2005
and 2006-2008.
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Fig. 3. Discharge of water through trenches and pipe drains to
the ditch in each hydrological year of the periods 2002-2005 and
2006-2008. In the year 2005/2006, no measurements were done.

trenches. Accordingly, ponding was avoided, and infiltration of
water into the soil and subsequent transport via the pipe drains
to the ditch was limited. Similar artificial drainage networks,
such as grassed waterways, surface or field drains, and furrows
(e.g., Addiscott et al., 2000; Barlow et al., 2003; Fiener and
Auerswald, 2009), are common on somewhat heavier textured
soils worldwide.

Temporal Dynamics in Water Transport Routes

The annual contribution of pipe drainage to the total water dis-
charge varied between 8 and 38% (Fig. 3). The variation in pipe

van der Salm et al.: Water and Nutrient Transport on a Heavy Clay Soil
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drainage seems to be related to differences in the precipitation
surplus in summer, which lasts from April until October, preced-
ing the winter, during which most of the water discharge occurs.
‘The summer of 2002 was relatively dry, with a mild but continu-
ous monthly precipitation deficit ranging from —10 to =28 mm.
After this dry summer, water discharge in autumn was equally
divided between the pipe drains and trenches and gradually
decreased during the winter (Fig. 4A). In contrast, the summer
of 2007 was wet, with a precipitation surplus of 101 mm. The
monthly precipitation surplus in this summer ranged from 46
to 90 mm, except for April and August, which had precipitation
deficits of =86 and —28 mm, respectively. After the wet summer
of 2007, the contribution of pipe drainage to the total water
discharge was low in autumn and almost ceased in December
(Fig. 4B). The precipitation surplus may have influenced the
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B 300 .
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]
,’ = = = = trenches
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!
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Oct-07 Nov-07 Jan-08 Mar-08

Fig. 4. Discharge of water through trenches (broken line) and pipe
drains (solid line) in the winter after a dry summer in 2002 (A) and
after a wet summer in 2007 (B).

swelling and shrinking of the heavy clay soil. During prolonged
dry periods, shrinkage cracks are formed in clay soils (Bouma
and Wosten, 1979; Bronswijk et al., 1995; Arnold et al., 2005),
which allows for vertical water transport from the soil surface
toward the pipe drains by macropore flow. The soil at this site has
avery high COLE (Table 3) and is thus susceptible to the forma-
tion of shrinkage cracks. Large shrinkage cracks were regularly
observed at the soil surface and in undisturbed soil samples up
to a depth of 1 m during dryer periods. Continuous macropores
were observed up to a depth of 1 m in a soil formed in similar clay
deposits, with a somewhat lighter texture (28-37% clay) and a
COLE of 0.10, located 40 km east of the grassland field (Tiktak
etal.,, 2012a). Also in the dry summer of 2002, large clay cracks
were present at the grassland field, which may explain the higher
contribution of pipe drainage to the total water discharge in the
winter of 2002/2003. In the course of the winter, the clay rewets
and swells and shrinkage cracks disappear (Bouma and Wosten,
1979; Bronswijk et al., 1995; Arnold et al., 2005), which reduces
the water discharge through pipe drains because the soil matrix
of the field has a very low saturated hydraulic conductivity of
about 1.3 mm d™! (van der Salm et al., 2006). The summer of
2007 was wet, and shrinkage cracks were not visible at the soil
surface, which may explain the lower water discharge through
the pipe drains in 2007/2008 compared with 2002/2003.

'The relative contribution of pipe drainage to the total water
discharge in a hydrological year tends to decrease linearly (& =
0.45) with the size of the precipitation surplus in the preced-
ing summer (Fig. 5A). However, a large scatter exists between
the various hydrological years. For example, the relative con-
tribution of pipe drains to the total water discharge was much
higher in 2002/2003 than in 2006/2007, whereas the summers
preceding the winters in these hydrological years had a simi-
lar precipitation surplus. The summer of 2002 had a moder-
ate but continuous precipitation deficit. On the other hand,
July 2006 was fairly dry and was followed by an extremely wet
August, which led to rewetting of the soil and disappearance
of part of the clay shrinkage cracks. Moreover, the wet condi-
tions in late summer led to poaching of the topsoil by grazing
cattle and closing of the entries to cracks near the soil surface
as well as soil compaction. In addition to the precipitation
deficit, the length and the timing of the dry period may affect
the formation of cracks and thus the relative contribution of
pipe drainage to the total water discharge. Indeed, the rela-
tive contribution of pipe drainage was strongly correlated (R*
= 0.97) to the number of consecutive months with a monthly
precipitation deficit during summer (Fig. 5B). A multiple
linear regression equation including the number of dry months
and the monthly precipitation surplus did not lead to further
improvement (data not shown).

Flux-Weighted Nutrient Concentrations
and Total Nutrient Losses

The flux-weighted TP and TN concentrations in pipe drain
and trench waters clearly exceeded the Dutch thresholds for
TP (0.15 mg L") and TN (2.2 mg L") in surface waters (Table
4). Moreover, TP and TN concentrations in the ditch water
were above these thresholds. Total P losses from the field to the
ditch varied between 1.0 and 7.2 kg ha™ yr!, with an average
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of 3.0 kg ha! yr!' (Fig. 6). This average is somewhat larger
than the average TP loss from an artificially drained grassland
plot on a heavy clay soil with a low soil P fertility status in
Finland, as reported by Turtola and Jaakkola (1995). In their
study, the average TP loss through pipe drains and surface
runoff amounted to 1.6 kg ha™! yr™! at annual P inputs (42 and
84 kg ha™! yr!), which were within the range of P inputs at our
grassland field (Table 1). For N, total losses were between 8.6
and 19.0 kg ha™! yr!, with an average of 15.1 kg ha™! yr! (Fig.
6). This average is at the low end of the range in average TN
losses from a fine sand under grass in Finland, which varied
between 10 and 54 kg ha™! yr! (Turtola and Kemppainen,
1998) and is lower than the TN losses on dairy farms on
sand (73 kg N ha™! yr™!) and peat soils (38 ha™' yr!) in The
Netherlands (van Beek et al., 2009).

Incidental Losses

Differences in total nutrient losses between the five hydrologi-
cal years were large, especially for P (Fig. 6). Annual TP loss
varied by a factor of 7.1, whereas annual TN loss varied by
a factor of 2.2. The variation in annual TP loss could not be
explained by variation in the annual P balance (Fig. 6). The P
balance tended to decrease with time during the period 2002
to 2008 (Table 1). In 2004 and 2006 to 2007, the P balance
was zero or had negative values, meaning that more P was
removed from the soil than was applied. Despite the negative
P balance in some years, significant changes in the pool of total
P were not expected during the experimental period (van der
Salm et al., 2009) because the size of the total soil P pool is rela-
tively large compared with the maximum value of the negative
P balance. For example, total soil P in the upper 0.2 m of the
grassland field amounted to 1742 kg ha™!, whereas the maxi-
mum value of the negative P balance was only —11 kg ha™'. In
contrast, the negative P balance may have affected the pool of
soluble P because the amount of CaCl —extractable DRP in
the upper 0.2 m was only 0.49 kg ha™'. However, DRP hardly
contributed to the TP losses from the field.

Incidental losses (ILs) seemed to play an important role
in controlling at least a part of the TP losses from the grass-
land field. According to Withers et al. (2003), fresh applica-
tions of P may cause ILs of dissolved and particulate forms of
P to surface waters by surface runoff or subsurface leaching
when precipitation interacts directly with animal manure or
inorganic P fertilizer spread onto the soil surface. When ILs
occur, they may contribute 50 to 98% of the TP loss within
a hydrological year (Withers et al., 2003). In March 2005,
P was applied in the form of inorganic fertilizer (25 March)
and cattle slurry (1 March) to the field at rates of 18 and 20
kg ha™!, respectively. Precipitation in the last week of March
led to 8 mm of water discharge via pipe drains and trenches
to the ditch. Consequently, the average weekly DRP and TP
concentrations increased to 3.3 and 7.1 mg L™, respectively,
in pipe drain water and 30 and 35 mg L, respectively, in
trench water (Fig. 7). During this IL, 56% of the TP loss
in 2004/2005 took place, which explains, in part, the large
TP loss in this hydrological year. Also in March 2004, P was
applied in the form of cattle slurry at a rate of 12 kg ha™,
which was followed 2 wk later by precipitation and 19 mm
of water discharge through the trenches and 2 mm of water
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Fig. 5. Relative contribution of pipe drains to the total discharge from
the grassland field as a function of the precipitation surplus in the
preceding summer (A) and as a function of the number of consecutive
dry months in the preceding summer (B).

discharge through the drain pipes. This IL accounted for 43%
of the TP loss in 2003/2004. The ILs in March 2004 and
in March 2005 also explain the high contribution of DRP
to the TP losses through the trenches. In 2003/2004 and in
2004/2005, DRP contributed 67 and 65% to the TP losses
through trenches, respectively, which is much higher than in
the other hydrological years (Fig. 8). The above-mentioned
ILs also influenced the contribution of DRP to the TP losses
through pipe drains, which was 39% in 2003/2004 and 22%
in 2004/2005 (Fig. 8), whereas in other hydrological years
the contribution of DRP was on average 15%. Postponing
the application of manure and fertilizers in spring to episodes
with favorable weather forecasts could be used as a strategy
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Table 4. Average flux-weighted concentrations of dissolved inorganic and total nitrogen and dissolved reactive and total phosphorus in pipe drain,
trench, and ditch waters in the periods 2002-2005 and 2006-2008.

Flux-weighted average nutrient concentrationst

DIN N DRP TP
mg L’
Pipe drains 1.02 437 0.16 0.73
Trenches 1.47 6.46 0.64 1.32
Ditch 0.78 4.05 0.44 1.00
1 DIN, dissolved inorganic nitrogen; DRP, dissolved reactive phosphorus; TN, total nitrogen; TP, total phosphorus.
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Fig. 6. Total P (A) and total N losses (B) losses from the grassland field
in each hydrological year of the periods 2002-2005 and 2006-2008
(bars) and the P and N surpluses of the field (circles). In the year

2005/2006, no measurements were done.

Fig. 7. Dissolved reactive P (DRP) (A) and total P (TP) (B) concentra-

tions in pipe drain and trench waters during the monitoring periods
2002-2005 and 2006-2008. In March 2005, concentrations of DRP
and TP in the trench water increased to 30 and 35 mg L™, respectively.
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to mitigate major ILs such as in March 2003/2004 and in
March 2004/2005.

Nutrient Transport Routes

Total P losses from the field to the ditch through the pipe drains
varied between 0.10 and 1.2 kgha™ yr!, with an average of 0.48
kg ha™ yr! (Fig. 8A). For the trenches, TP losses were between
0.91 and 6.0 kg ha™ yr™!, with an average of 2.5 kg ha™ yr!
(Fig. 8C). Transport of P through pipe drains accounted for, on
average, 16% of the annual TP loss, while the remaining 84%
was transported through trenches. These results are in good

agreement with those of Turtola and Jaakkola (1995). In their
study, P transport through pipe drains contributed, on aver-
age, 22% to the annual TP loss from a heavy clay soil under
grass, even though the slope of their field (1-4%) was consider-
ably greater than the slope of our field (<1%). Total N losses
through pipe drains varied between 0.71 and 4.4 kg ha™ yr™,
with an average of 2.9 kg ha™ yr™* (Fig. 8B). For the trenches,
TN losses were between 7.9 and 17.3 kg ha™! yr™!, with an aver-
age of 12.2 kg ha™' yr! (Fig. 8D). Similar to B, trenches were
the main route for the transport of N, with, on average, 81%
of the annual TN loss, while the pipe drains contributed, on
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average, 19%. Hence, most of the water (Fig. 3) and nutrients
were transported from the field to the ditch through trenches
despite the flat topography of the field. The average contribu-
tion of the pipe drains to the total water discharge was some-
what higher (21%) than their contribution to the total losses
of P (16%) and N (19%).

Differences in annual total nutrient losses from the grass-
land field through pipe drains were large, especially for B, vary-
ing by a factor of 12.0, whereas annual TN loss varied by a
factor of 6.1 (Fig. 8A and 8B). These differences could largely
be explained by annual differences in the transport routes for
water. Similar to the transport of water (Fig. 5B), the contribu-
tion of pipe drainage to the losses of P and N in a hydrological
year was related to the number of consecutive months with
a monthly precipitation deficit during the preceding summer
(Fig. 9A, 9B). However, the relationships established for DRP
(Fig. 9A), DIN, and TN (Fig. 9B) showed more scatter, and
their correlation coefficients were lower (K> = 0.61, 0.55, and
0.77 for DRP, DIN, and TN, respectively) than for the trans-
port of water (R* = 0.96) (Fig. 5B) and TP (& = 0.96) (Fig. 9A)
through pipe drains. One of the explanations for the observed
scatter may be the occurrence of ILs in some years, leading to
a stronger increase in nutrient loads in trenches compared with
the ditches and thus a reduction of the relative contribution of
pipe drains.

'The strong relationships between the transport of water and
nutrients and the length of the period with a precipitation defi-
cit indicate that transport of water and nutrients through mac-
ropores (shrinkage cracks) may have a strong influence on the
nutrient losses through pipe drains. Ortho-P is strongly bound
by the soil matrix, and DRP concentrations in pipe drain water
would be low if macropores were absent. An estimate of the
DRP concentration in the soil solution can be obtained by
performing an extraction of the soil with 0.01 mol L™ CaCl,
(Houba et al., 2000; McDowell and Sharpley, 2001). The aver-
age CaCl —extractable DRP amounts to 0.06 mg kg™ at the
depth of the pipe drains, corresponding to a DRP concentra-
tion of 0.006 mg L. If the DRP losses through pipe drains
were fully attributed to matrix flow using a DRP concentration
of 0.006 mg L, the total DRP loss over the whole experi-
mental period would be 0.02 kg ha™', accounting for only 5%
of the measured DRP loss. However, the DRP concentration
measured in a 1:10 (w/v) 0.01 mol L™' CaCl, extract probably
underestimates the concentration in the soil solution due to
the wide (1:10) soil to solution ratio (Koopmans et al., 2004).
A comparison of the DRP concentrations in soil solutions, as
measured with rhizon soil solution samplers with the results of
the CaC12 extraction method using 10 different soils, showed
that the average DRP concentration in the soil solution was 1.5
times higher than that in the CaCl, extracts (van Rotterdam-
Los, 2010). Accordingly, the result of the CaCl2 extraction
method may be interpreted as a lower limit for the DRP con-
centration in the soil matrix. The average DRP concentration
in pipe drain water in late winter before the first fertilization in
spring (0.06 mg L™!) may be used as an alternative upper limit
for the DRP concentration measured in the CaCl, extract. In
late winter, the DRP concentrations in pipe drain water may be
close to the concentrations in the soil solution within the soil
matrix because very few macropores are expected to be present
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due to the swelling of the clay soil. Moreover, sources for N
and P are absent due to the lack of fertilization. The observed
average DRP concentration in pipe drain water in late winter
was also close to the average regional groundwater concen-
tration in this area (0.04 mg L™!) (Rozemeijer et al., 2005).
The transport of DRP through the pipe drains resulting from
matrix flow would be 0.21 kg ha™ over the whole experimental
period when based on the DRP concentration in late winter,
which accounts for 35% of the measured DRP loss through the
pipe drains. These two calculations indicate that 65 to 95% of
the DRP losses through pipe drains may be the result of DRP
transport through macropores toward the pipe drains, depend-
ing on the method chosen to estimate the DRP concentrations
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in the soil matrix. Based on the concentrations in late winter,
the contribution of the macropores for the more mobile sol-
utes, such as DUP+PP, DON+PN, and DIN, was calculated to
be 17, 39, and 55%, respectively.

Nutrient Forms in Pipe Drain and Trench Waters

In the period 2006 to 2008, loss of P through pipe drains was
dominated by PP, which varied from 69 to 71% of TP (Fig. 8A).
The contributions of DUP and DRP to the total losses were
much lower, amounting to 18 to 19% and 10 to 13%, respec-
tively (Fig. 8A). The P losses via the trenches was dominated
by PP as well and ranged from 71 to 78%, whereas contribu-
tions of DUP and DRP amounted to 6 to 13% and 9 to 23%,
respectively (Fig. 8C). In the same period, PN contributed 48

to 57% to the N losses from the pipe drains and 30 to 51% to

the TN losses from the trenches (Fig. 8B, 8D). Contributions
of DON and DIN to the TN losses from the pipe drains were

27 t0 35% and 15 to 16%, respectively, whereas these N forms

varied around 15 to 16% and 15 to 17% of the TN losses

from the trenches (Fig. 8B, 8D). Hence, transport of particu-
late nutrient forms from the grassland field through pipe drains
and trenches to the ditch was especially important for P and
to a lesser extent for N. Because TDP and TDN concentra-
tions in pipe drain and trench waters were not measured in
the period 2002 to 2005, it was not possible to distinguish
between DUP and PP forms and between DON and PN forms
in this period. Contributions of DUP+PP to TP losses from
the pipe drains and trenches in the period 2002 to 2005 varied
between 61 and 85% and 33 and 83%, respectively (Fig. 8A,
8C). For DON+PN, the contributions were between 70 and
78% and 56 and 86% of the TN losses from the pipe drains
and trenches, respectively (Fig. 8B, 8D). Because PP and PN
were the quantitatively most important forms of P and N in
the pipe drain and trench waters in the period 2006 to 2008,
the particulate forms of these nutrients may have contributed
largely to the annual TP and TN losses in the first period as
well. The importance of PP forms in the transport of P from
agricultural land to surface waters has been recognized in vari-
ous studies, not only for surface runoff (Sharpley and Syers,
1983; Turtola and Jaakkola, 1995; Turtola and Kemppainen,
1998) but also for pipe drainage. For example, >50% of TP
losses through pipe drains from clay and silt loam soils has been
demonstrated to occur in the particulate form (Turtola and
Jaakkola, 1995; Beauchemin et al., 1998; Ulén and Persson,
1999; Turtola and Kemppainen, 1998; Djodjic et al., 2000;
McDowell and Koopmans, 2006). The role of PN in the trans-
port of N from agricultural soils to surface waters has, however,
received much less attention than the role of PP. In surface
runoff, the contribution of PN to annual TN losses from a clay
loam soil under conventional tillage and conservation tillage
amounted to 12 and 26%, respectively (Tiessen et al., 2010),
which is lower than the contribution of PN to the TN losses
from the trenches in our study.

Detailed knowledge of the specific forms constituting PP
and PN in pipe drain water remains limited (Toor et al., 2004).
Concentrations of PP and PN in pipe drain and trench waters
in 2006/2007 and in 2007/2008 clearly peaked when cattle
slurry was applied in spring (Fig. 10). Cattle slurry may have
been the primary source of these particulate nutrient forms.

Beside ortho-P, orthophosphate monoester compounds, such
as inositol hexakisphosphate, are important constituents of P
in dairy manure (Toor et al., 2005a). Leaching of P from grass-
land soils treated with farm dairy effluent was found to occur
mainly in the form of particulate unreactive P forms, which
may, in part, consist of clay—inositol hexakisphosphate com-
plexes (Toor et al., 2003, 2005b). In the autumn and winter of
2006/2007 and 2007/2008, PP and PN concentrations in the
pipe drain and trench waters were clearly lower than in spring
(Fig. 10). In these periods, other processes than the applica-
tion of cattle slurry may have been responsible for the PP and
PN losses. Total soil P content in the soil solid phase was high
throughout the soil profile of the field (Table 2). Clay-sized
soil fractions are generally enriched in B, due to the high spe-
cific surface area in comparison with the silt- and sand-sized
fractions, and exhibit an increased risk for erosion (Pierzynski
et al., 1990). For example, Uusitalo et al. (2001) found clear
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indications for the transport of P-enriched suspended clay par-
ticles by surface runoff and pipe drainage from a clay soil in
Finland. Hence, erosion of P-enriched clay particles may have
contributed to TP losses from the field.

Most of the N within the soil solid phase is of organic
nature (Stevenson, 1982). King et al. (2009) found a strong
correlation between total C and total N in sediments in runoff
from a furrow-irrigated field. Thus, losses of PN are likely to
occur in the form of transportable organic matter (Royer et al.,
2007) or of complexes of clay with organic matter (Schulten

etal., 1996).

Practical Implications and Conclusions

In this study, water and nutrient losses from a grassland field
were studied during a 5-yr period. Our results showed that
trenches are the dominant pathway for water and nutrients
despite the level terrain. Annual nutrient losses were dominated
by particulate forms. Rainfall occurring after manure applica-
tion caused incidental N and P losses through the trenches and
the pipe drains. The annual contribution of the pipe drains to
the total water and nutrient discharge of the field was related
to the number of months with a precipitation deficit in the
preceding summer. This relationship can be explained by the
very low conductivity of the soil matrix and the formation
of shrinkage cracks during summer. The results of this study
showed that the magnitude of nutrient losses and the trans-
port routes varied strongly from year to year. Accordingly, data
including at least a normal, a wet, and a dry year are neces-
sary to gain insight into nutrient losses and transport routes
and to develop successful strategies to minimize losses from
agricultural land to surface waters. In this case, postponing the
application of manure and fertilizers in spring to episodes with
favorable weather forecasts could be used to decrease nutrient
losses to surface water.
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