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Abstract — Phosphorus is an important pollutant leading to lake eutrophication. Diffuse pollution accounts for a sub-
stancial share of the total phosphorus load. To improve our knowledge of this pollution, we conducted a watershed
study in a small, rural, 302-ha watershed (Lake Léman area). To study the spatial distribution and temporal dynamics of
phosphorus in the watershed and the corresponding variation in phosphorus speciation, 40 stormflow events over a 4-
year period were analysed. We began by defining the ‘state’ of the watershed using a) periodic field surveys of signs of
erosion, b) the length of the flowing ditches and streams (active hydrological network) and the waterpathways on the
fields, c) the overall water budget, and d) grab samples of stream water from a network of subwatersheds. Four states
that reflected contrasting watershed conditions were identified. Analysis of the data on phosphorus flux at the outlet of
the watershed, in conjunction with the observations on the state of the watershed, allowed us to develop a conceptual
model of phosphorus export from the watershed and several hypotheses about phosphorus transfer. (© Inra/Elsevier,
Paris.)

phosphorus / diffuse pollution / state of the watershed / high-flow typology / seasonal cycles

Résumé — Analyse des exportations de phosphore d’origine diffuse d’un bassin versant rural. On cherche, a tra-
vers I’étude d’un bassin versant rural, a identifier les mécanismes de la pollution diffuse phosphorée, ses modalités
d’émission et de transport et ses impacts potentiels sur les milieux récepteurs. Les exportations de phosphore ont été
étudiées pendant 4 ans sur le Mercube, bassin versant rural de 302 ha sans pollution ponctuelle, situé sur la rive frangai-
se du Léman. Le principe de I’étude consiste a comparer des « états de bassin » avec des flux et des spéciations mesurés
a son exutoire. La définition de I’état de bassin repose sur des campagnes d’observation et de mesures des écoulements
présents sur le bassin versant. Quatre états reflétant des situations hydriques contrastées ont été définis. Ils se distin-
guent par la diversité spatiale des différents stocks de phosphore mis en jeu. Leur succession saisonniere décrit un cycle
étroitement lié aux cycles culturaux et météorologiques. Afin de comprendre I’influence de ces états sur les quantités de
phosphore émises vers le lac et sur sa spéciation, une quarantaine de crues ont été échantillonnées a I’exutoire du bassin.
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Cette analyse des transferts diffus de phosphore nous ameéne & proposer un modele typologique des exportations de
phosphore. Elle aboutit aussi a renouveler les conceptions concernant les processus de transfert des formes solubles et

particulaires de phosphore. (© Inra/Elsevier, Paris.)
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1. INTRODUCTION

Lake eutrophication is prevented by controlling
phosphorus transfer from the watershed [39].
Despite the many factors influencing phosphorus
effects in lakes, estimation of impacts is often lim-
ited to determining phosphorus speciation and esti-
mating its potential bioavailability [85].

In the past, research was mainly directed
towards point sources of pollution. As techniques
now exist to control this type of pollution, efforts
have turned towards diffuse sources, which
account for a substantial share of phosphorus pol-
lution [14, 49] and often appear to prevent lake
restoration [69, 79, 83]. Diffuse sources of phos-
phorus contibute only during rainy periods or at
snowmelt, from urban, agricultural or natural soils
[30, 56].

Phosphorus emission studied during simulated
rainfall [70] or natural rainfall, appeared to be
strongly linked to the occurrence of surface runoff
and erosion [1, 29, 39] and mainly takes place in
particulate form [44].

Runoff and erosion are partly dependent on both
fixed (geo-morphology, soil quality) and seasonal
(meteorology, soil use) factors [50]. In western
Europe, the amount of rain cumulated between the
last tillage and the rain event under consideration is
mainly responsible for the extent of structural
degradation of the soil surface and its ability to
facilitate surface runoff {7]. In the same field, dif-
ferent forms of runoff can occur depending on the
meteorological conditions and the structural state
of the soil surface {17, 50] and leading to hortonian
or saturated surface runoff. In addition, lateral sub-
superficial transfer can bring water to the lower
parts of the watershed [52]. Finally, we can expect

the phosphorus emission to be as variable as the
different forms of runoff.

Studies on diffuse pollution not only include
emission but also transport, storage and transfor-
mation processes. Various studies show that phos-
phorus transport is a non-continuous phenomenon
(described as a spiraling process by Newbold et al.
[55]) where phosphorus is taken up and then
released in a cycle as it moves downstream [11,
41] resulting in a delay in export and speciation
changes [21, 22, 66, 76].

At the scale of the watershed, the phosphorus
transfer is due to the combination of the emission
and transport processes. The result is that the phos-
phorus export varies widely over individual storm
events or over typical annual cycles [23]. Because
of this complexity, modeling of phosphorus trans-
fer is often inadequate because it does not take all
the components of transfer into consideration.

The most commonly used modeling approach
employed to predict phosphorus export from a
watershed is an empirical one. It uses the weighted
sum of the phosphorus areal load (in
kg.ha!.year!) of every land use in the watershed
[63]. This approach is unsatisfactory as it does not
take into account the hydrological processes linked
to transport and masks the temporal variability of
the emissions and effects linked to spatial organi-
zation [84]. Mechanistic models such as CREAMS
or WEPP [29, 45] have a clear theoretical
approach, but are not adapted to working on the
watershed scale and usually require data that are
not available, which limits their applicability [42].
Moreover, the splash erosion component of the
universal equation of soil loss [86] used in the
algorithms to calculate erosion, is not representa-
tive of the phenomena observed in western Europe

[7].
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This paper shows how knowledge of phosphorus
distribution and dynamics at the watershed-scale
can help us to understand the phosphorus export
regimes and lead to better prediction and control of
phosphorus loading to surface waters. Our research
has been centered on a comprehensive study at the
watershed-scale and considered the watershed as
an interconnected system of hydrologically active
groups of fields, linked to an outlet through a
hydrologic network where phosphorus can be
retained and transformed. Under certain condi-
tions, short-term events such as precipitation or
frozen soils, might lead to a) an extension of the
active zones, b) a modification in the mode of
runoff generation and c¢) an increase in the length
of the hydrologic network. Some medium-term
perturbations consists of plant growth and agricul-
tural activity. In the long-term, the watershed is
affected by land management policy [12].

The study site, a 302-ha rural watershed, is part
of a research program to study Lake Léman (a
mesotrophic lake measuring 90 km?) and its water-
shed [4, 6, 10, 60].

The approach is based on the comparison
between a) chemical and flow dynamics of the
stream and b) ‘the state of the watershed’, in order
to develop a typology relating phosphorus export

to the watershed and its surface drainage. This
typology provides an empirical explanation for pat-
terns of phosphorus export to surface waters, and
fosters the development of testable hypotheses on
watershed function with particular emphasis on
phosphorus emission, transport, storage and trans-
formation. The ‘state of the watershed’ determines
its ability to generate runoff for any particular rain
event and to transfer stocks of phosphorus to the
outlet. This state is based on a) observations on
where and when runoff occurs, b) the extent and
pattern of connections in the hydrologic network,
and ¢) calculated water balances for soils and the
whole watershed. Hydrochemical data to compare
with watershed state consisted of event-based mea-
sures of phosphorus concentration for a variety of
phosphorus species and flow measurements.

2. DESCRIPTION OF THE STUDY AREA

The Mercube watershed (figure 1) is situated on
the southern side of Lake Léman (France), in a
rural area containing scattered housing. The
Mercube drains the 302-ha watershed which is
characterized by gentle relief (slopes of 0-8 %) as
shown on the geo-morphological map (figure 2).

Lausanne

—  Studied area

10 km S

French-Swiss border

Figure 1. Localization of the study zone.
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Figure 2. Soil occupation, geomorphological areas and localization of runoff test and measurement points of the watershed.

The study area is characterized by three topograph-
ic conditions: 1) concave sloped fields subject to
water logging in winter, 2) uniformly sloped fields,
and 3) flat zones drained by deep ditches (1.5 m).
The soils are mainly carbonated brown soils,
whose thickness (50-150 cm) depends on their
topographic position. Surveys showed that agricul-
ture could be considered as quite intensive, with a
mean load of fertilizer applied reaching 16
kgP.ha !.year~!. Total phosphorus content varies
from 400 pgP.g™! soil in grassland to 1 200 in culti-
vated fields. Concerning the available phosphorus
content [57], the range is from 10 ugPg, . .g~"' in
grassland to 60 pgP,, . .g7' in cultivated fields,

which is higher than the optimum yield response
(28 ugP()lsen.g‘l for Morel et al. [54]). Heavy soils
prone to hydromorphy and unsuitable for agricul-
ture are covered by forest (123 ha), and often have
a perched water table in winter. The rest of the area
is divided among wheat and corn fields (120 ha),
grassland (50 ha) and urban impervious surfaces
(roofs, roads and footpaths, 9 ha). There are a total
of 170 agricultural fields averaging 100 m in
length. Only one of these fields is artificially
drained. Because of the gentle slopes and short
length of fields, runoff is generally not able to con-
centrate and only rarely leads to shallow gullies in
the fields [81}].
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The subsoil of the watershed consists of an
impervious calcareous till, which favors surface
and subsurface runoff and reduces infiltration [36].
The hydrologic network (streams and ditches) pre-
sents a drainage density of 35 m.ha™!. In the lower
forested part of the watershed, the river banks are
subject to erosion when rainfall is heavy. Several
isolated sandy layers of subsoil create perennial
springs, which are the dominant source of stream
water during low flow conditions. This water has a
high CaCO, content. All the housing in the water-
shed is linked up to a sewer system, so there are no
point source contributions to the stream.

3. METHODS

3.1. Hydrochemical data acquisition

An automatic sampler was used at the outlet of
the watershed. A sampling interval from 10 to 15
min was employed, depending on the discharge.
Flow rate was measured with a water level gauge
on a water flume. Precipitation data were obtained
from a meteorological station established at the
study site. During the study period (January
1993—January 1997) two sampling strategies were
followed (table I). In the first phase (January
94—-August 95), sampling of the stream outlet only
allowed annual phosphorus fluxes to be calculated.
In the second phase of sampling, analyses were
carried out more frequently (one bottle per hour
during high flow), allowing high-flow event fluxes

to be more accurately calculated. This sampling
frequency was also applied to two summer high
flows during phase one sampling (14 July 94 and
10 August 94). During this second phase of the
study, the state of the watershed was recorded,
enabling the relationship between hydrochemistry
and the state of the watershed to be described.

From January 93 to August 95, repeated grab
sampling of the hydrologic network was carried
out for 15 points scattered over the whole water-
shed. The sampling points were selected so that a
variety of soil and emission conditions were repre-
sented (figure 2). Phosphorus concentrations were
measured in runoff from farmland (surface water
and artificial drainage outlet channels), urban areas
and the forested zone. Phosphorus content of rain-
water was also regularly monitored.

Samples were maintained at 4 °C and analysed
within 1 week. This storage protocol was found to
have a negligible impact on the parameters
analysed [62]. The following parameters were
measured:

— total suspended solids (TSS) were measured
by filtration of water samples of between 100 and
600 mL through pre-weighed GF/F Whatman fil-
ters (pore diameter of 0.7 um, CIPEL [15]);

— total phosphorus (TP) in unfiltered water, total
phosphorus in filtered water (0.7 mm) (SP for solu-
ble phosphorus) and molybdate-reactive phospho-
rus considered as orthophosphates (SRP for soluble
reactive phosphorus); phosphorus was analysed
according to standard methods (E.N. 1189 [27]).
Total and dissolved phosphorus were converted to

Table I. Sampling strategies and monitoring program during the study period.

During low flow conditions

During high flows

Possible calculations Other monitoring and

Period 1  weekly mean samples carried out by a flow

Jan 93 to  proportional mix of 21 bottles representing 8 h
Aug 95 (32 samples at 15-min intervals)

Period 2 32 samples at 15-min 6 samples at 10-min

Aug 95 to intervals, i.e. 1 bottle

Jan 97 every 8 h every hour

intervals, i.e. 1 bottle

observations
— annual load grab samples on the network
of 15 points in the watershed
~ annual load — % of crusted soil.

— connections map.
— runoffs map

— export P during
high-flow event
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orthophosphate by acid persulphate digestion in an
autoclave; particulate phosphorus (PP) was
obtained from the difference between TP and SP.
Tss phosphorus content is expressed in pgP.g™'
sediment.

— Cl and NO; were measured using ion chro-
matography (E.N. 10304 [26]).

3.2. Description of the watershed during
storm-flow events

During high-flow events, systematic observa-
tions of fields within the watershed were made.
These observations focused on the hydrologically
active zones and the manner in which runoff was
generated and transported off the fields.

The extent and condition of the hydrologic net-
work and the corresponding hydrologically active
zones were mapped during each measured high-
flow event (August 95 to January 97). This map
was based on the observation of the presence of
water along 13 reference sample points situated
within the hydrologic network (figure 2). The
length of the actively flowing network is directly
linked to the water conditions at the initiation of
high-flow event, the level of the water table, and
the potential effect of rain on the resulting flow.
The rain event was characterized by its volume and
intensity at 15-min sampling intervals.

Runoff conditions were observed during rain
events on a representative sample of cultivated
fields by distinguishing when runoff occurred as
sheet flow, occurred in ditches or tire tracks, or
extended to the bottom of fields on slopes [7, 81].
Additional information was obtained by observing
the state of the soil surface and signs of erosion [7].

3.3. Calculations

3.3.1. High-flow event duration

The high-flow period is defined as beginning
with an increase in flow and ending when the con-

centration of orthophosphate (SRP) returned to its
original level. The return to the base flow rate
could not be chosen as a criterion as this only
occurred during small high-flow events in summer.
Nevertheless, on the basis of the SRP criterion, the
end of the high-flow event corresponded to a flow
rate that closely resembled the initial base flow
(within 10 % of the base flow). Multipeak events
were treated as a single high-flow event.

3.3.2. Exports and mean concentrations

For every high-flow event, exported load was
calculated by summing up, during the predefined
period, the products of instantaneous concentra-
tions, flow and time interval represented by the
sample collected [80]. The mean concentration was
obtained by dividing load by the corresponding
volume of water.

3.3.3. Runoffiprecipitation ratio

The runoff/precipitation ratio was defined as the
ratio of the high-flow volume, expressed in mm
equivalents for the watershed area, by the amount
of precipitation falling during the high flow. The
value of this ratio is a function of the state of the
active surfaces and their hydrologic connection to
the outlet. It is used as one component determining
the state of the watershed.

3.3.4. Initial amount of soil water

The initial amount of soil water is a relative
value that results from the hydrological balance of
the watershed, established from the beginning of
the study period (1 January 1993) to the day before
the high-flow event. Precipitations and runoff at
the outlet are directly measured, whereas evapo-
transpiration (EVT) is calculated from Penman’s
formula [9]. As the hydrological budget is fairly
constant from one year to the next (inputs = out-
puts), comparisons of this calculated reservoir of
soil water from one year to the next are justified.
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4. RESULTS

4.1. Variability of phosphorus fluxes
at the outlet

The annual TP fluxes at the outlet vary by a fac-
tor of 3 (rable II) over 4 years although annual pre-
cipitation and agricultural practices, and use of the
fields remained nearly constant. The variability in
the annual flux of PP is of the same order of mag-
nitude as that of TSS (45 %) and more than that of
SP (5 %), nitrates (9 %) and chlorides (6%). The
TP losses correspond to phosphorus agricultural
areal load varying from 0.3 to 1.4 kg.ha'.year'.
This range of agricultural loads includes urban
impervious zones (approximately 0.4
kg.ha l.year!, CIPEL [15]) and exports from the
forest and grassland soil surface (0.2 kg.ha™!.year™!
[62]). These losses were negligible in relation to
the estimated stock of phosphorus in the soil
(between 500 and 2500 kg.ha!.year~! for the
0-30 cm layer) and very low in relation to agricul-
tural input (from 15 to 20 kg.ha!.year™') and
export from crops (from 10 kg.ha~!.year™!) accord-
ing to regional data.

On average, the SP phosphorus fraction only
represented 20 % of the total phosphorus export of
the outlet, orthophosphates (SRP) represented 70
% of soluble phosphorus. These ratios of
phosporus species changed little from one year to
the next. The annual mean concentration of all
forms of phosphorus tended to increase with the
volume produced; the opposite tendency was true
for nitrates and chlorides.

Under low flow conditions, TP concentrations
were very low and stable (< 0.020 mg.L™!, of
which 50 % was SP). There was no seasonal influ-
ence. During high flows, the TP concentrations can
vary by a factor of 100. The peak in concentration
usually occurred at the start of the high-flow event.
The maximum amount measured was 1 mg.L~! TP
consisting of 20 % SP.

Each high-flow event was taken as an observa-
tional unit with total P export compared on that
basis. P export by high-flow event, shown in
table 111, varied from 0.03 to 38 kg for durations of
8 h to 8 weeks, respectively. These variations could
be attributed a priori either to different 1) volumes
or 2) concentrations. Qur question was then to
establish the relative importance of each and to
determine how each related to the state of the
watershed.

Table II. Annual balances of exported matter at the Mercube outlet.

TP SpP SRP NO, Cl TSS Rain (mm)  Vol. water (m?)
1993 kg 146 28 20 3506 12334 251000 1100 0.93*10°
(mg.L™") 0.155 0.03 0.021 3.73 13.1 267
1994 kg 88 20 13 2784 10851 86000 1071 0.79*%106
(mg.L™1) 0.12 0.025 0.017 3.54 13.8 109
1995 kg 214 40 26 2914 12188 204000 1140 1.15%106
(mg.L1) 0.186 0.035 0.023 2.53 10.6 178
1996 kg 130 32 21 2938 10988 119000 1020 0.87*10°
(mg.L7YH 0.156 0.04 0.025 3.5 13.1 142
Mean kg 145 30 20 3036 11590 165000 1083 0.93*10°6
(mg.L 0.154 0.032 0.022 3.32 12.7 174
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Table III. Descriptive parameters of the state of the watershed (A), state typology (B) and hydrochemical response at
the outlet (C). The symbol * refers to maximum water reserve values in the watershed and rain. The dates in bold corre-
spond to signs of erosion and in general to when two maximum values (A) coincided. Unavailable data are indicated

by?
A. Factors defining the B: Typology C. Hydrochemical response of
state of the watershed of the states the watershed at the outlet
Date of high flow Stock Rain Active length  Type of state Exported TP Runoff Coef.
(mm) (mm) (m) (kg) (%)
14 Jul 94 -105 27 2662 1 0.17 0.82
10 Aug 94 -146 13 2662 1 0.03 0.22
11 Jul 95 8.5% ? 2662 1 0.09 ?
24 Aug 95 -161 29 2662 1 0.148 0.36
7 Sept 95 -148 60* 3074 2 0.52 0.50
12 Sept 95 -96 76* 5923 2 33 4.7
24 Sept 95 -34 32 6433 2 1.33 42
5 0ct 95 =25 ? 2662 1 0.104 ?
29 Oct.95 -38 25 5143 2 0.32 1.1
22 Dec 95 10* 32 6966 2 1.96 9.3
25 Dec 95 39% 31 ? ? 133 325
7 Jan 96 48* 20 10411 3 545 353
12 Feb 96 43* 24 10411 3 5.37 39.8
1 Apr 96 16* 13 4871 2 0.32 53
8 May 96 -12 20 4601 2 0.78 7.4
7 June 96 -7 26 10411 4 ? 26.7
21 June 96 22 20 2662 1 0.08 0.3
5 July 96 =31 60* 6765 2 1.7 22
7 July 96 23* 64* 10411 4 27.2 37.7
5 Nov 96 -87 15 2662 | 0.04 0.6
12 Nov 96 —66 37 7828 2 5.85 14.9
27 Nov 96 22% 16 10411 3 2.69 26.5
13 Dec 96 31* 37 10411 3 7.17 40.7
19 Dec 96 49* 45* 10411 4 25.2 429
23 Dec 96 68* 21 10411 3 5.79 50.3
19 Jan 97 52* 53* 10411 4 38.66 72.3

4.2. Evolutionary cycle of the watershed
states

Data on the watershed during high-flow events
are presented chronologically in table III. These
data demonstrate an annual cycle with different
periods in which certain parameters are stable (e.g.
in summer, network length is at a steady minimum
and in winter it is at its maximum). In contrast, at
certain times of the year, sudden changes (e.g. fol-
lowing intense events when erosion appears) or
progressive change (e.g. structural degradation of

fields, reactivation of the entire hydrologic net-
work) was observed. Given this pattern, four char-
acteristic watershed states were distinguished
(table III) mainly based on the length of the active
(inundated and flowing) hydrologic network and
the mode of runoff on the fields during the rain
event.

4.2.1. State 1

This watershed state corresponded to high-flow
events occurring in periods of drought (summer-
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time, negative initial reserve) and was generally
followed by a return to a low-flow condition
(Q = 3 L.s7!). During the high-flow events, only
the reference sample point situated downstream of
the urban impervious zone showed a flow
Q. <40 L.s7!). The active hydrologic network
therefore consisted of a drain connecting the urban
zone (9 ha) to the permanently flowing hydrologic
network. No runoff was observed coming from the
portion of the hydrologic network draining agricul-
tural fields. Moreover, the soil water reservoir
remained near the minimum (stock = <-90 mm).
These observations and estimates strongly suggest
that agricultural runoff is only a minor component
of streamflow at this time. Under the conditions of
state 1, the soil surface was optimal for infiltration
(maximal plant cover and less than 10 % of crusted
agricultural soil surface, including compacted tire
tracks). Thus, even for relatively high rainfall

Summer drought

N~ Flowing hydrological network
“-'P potential but non observed transitions
- Urban runoff

State 1

Concomitancfof unfavoable factos

gin Int * aterlogging * no vegetative CISV:L

amounts (30 mm) and intensities (16 mm.h™') no
runoff was produced from agricultural areas. Over
the study period, high-flows corresponding to state
1 represented 14 % of the time the watershed was
subject to precipitation.

4.2.2. State 2

This state followed state 1 (figure 3) and gener-
ally occurred in autumn when the length of the
active hydrologic network increased owing to the
filling up of some of the deep ditches. This phe-
nomenon can be linked to the increase in the reser-
voir of soil water owing to precipitation and a large
decrease in EVT. Over the years studied,
60-80 mm of net precipitation was necessary to
progress from state 1 to state 2. During these high-
flow events, 1) there were no signs of erosion, 2)

- Concave fields discharging subsurface runoff :‘r States 2 et 2° Partial connection of active zones

E Emission by drainage of flat surfaces

- Widespread runoff and erosion

State 3 Total connection of all active zones

State 4 Total connection of all active zones

Figure 3. Evolution of the active
zones and their main emission mode
during a seasonal cycle.
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only a small percentage of the watershed soil sur-
face was compacted owing to localized agricultural
activity (silage corn, beetroot, 17 ha on average),
and 3) diffuse runoff was only produced from fields
at the bottom of slopes (concave fields in sectors c
in figure 2). This suggests that water entering the
hydrologic network is a result of either subsurface
water exfiltration (lateral transfer above the plow
pan; Cros-Cayot [17]), or runoff from saturated soil
surfaces [52]. The length of the active hydrologic
network in state 2 gradually evolved from its mini-
mum length (state 1) to its maximum length (state
3). Type 2 high flows comprised about 24 % of the
total number of such events in a year.

4.2.3. State 3

Complete inundation of the hydrologic network
(the active network is 100 % of the total drainage
system with all the reference sample points flow-
ing, figure 2) resulted from a cumulative amount of
net precipitation of 140-190 mm since the water-
shed was in state 2. Under these conditions all
remaining agricultural surfaces become hydrologi-
cally active. Those surfaces included uniform
sloped fields, flat zones subject to flooding (sectors
e in figure 2), and forested zones (sector b). No
signs of erosion were detected; the crusted and
compacted soil surface only affected 15 % of culti-
vated land surface. Diffuse runoff from all the
fields at the bottom of slopes, whether concave or
uniform, was observed in addition to frequent soil
crusting in flat zones (sector e). State 3 events were
the most frequent of the four states representing 34
% of the annual total.

4.2.4. State 4

The length of the active hydrologic network was
at a maximum in state 3. Thus the basis for state 4
was the condition of the soil, its water content, and
thus its potential for generating superficial and
concentrated runoff. State 4 was characterized by
compacted and crusted soil surfaces over large por-
tions (from 15 to 50 %) of the watershed and
numerous signs of erosion (sediments deposited at

the bottom of fields, small gullies,...). Two meteo-
rological conditions gave rise to this state.

1) Extreme meteorological conditions (excep-
tional amount and intensity of rain, rain on top of
melting snow and frozen soils). Following a high
intensity storm (100 mm.h~! for 15 min on the 7
June 1996), all the corn fields in the watershed (40
ha) showed signs of erosion. Also, during a storm
event on snow-covered soil (January 97), surface
runoff was observed on all the fields (sectors ¢ and
d); however, signs of erosion were found only in
fields planted with winter cereals and soils that
were cultivated and left bare after harvest.

2) This state was also reached when several
unfavorable agro-meteorological factors coincided,
e.g. high initial water reserve and amount of rain-
fall, a large percentage of bare soil, crusted soil
surface. The proportion of agricultural crusted sur-
face (high flows of 7 July 1996 and 19 December
1996) could reach 30 % and the sum of the depth
of the rain and relative water reserve exceeded
90 mm (table II).

Under extreme weather conditions, state 4 could
be reached in any season and from any preceding
state. However, this state was particularly frequent
in winter owing to high soil moisture content.
Comprising 12 % of the total number of high-
flows, this was the least frequent state.

4.2.5. State 2’

This state of the watershed, corresponding to the
winter/summer transition from state 3 to state 1,
was comparable to state 2 with the soil water reser-
voir, the active length of the hydrologic network,
and the structure of the soil surface being very
similar. A total of 16 % of the high-flows occurred
in this state.

4.3. Water path and phosphorus stock
interactions

The phosphorus stocks most susceptible to
export in runoff included 1) cultivated soils whose
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phosphorus content (TP) varied from 750 to
1500 pgP.g™! soil (determined from 30 samples,
A-horizon), 2) the stream banks of the hydrologic
network with a low phosphorus content from 250
to 500 pg.g~' (12 samples, usually soil horizons B
and C), and 3) the sediment from the main hydro-
logic network with intermediate TP values of 750
to 850 pg.g™! (10 samples). Runoff at the outlet of
the watershed represents a variable mix of these
phosphorus stocks. Figure 4a shows the TP con-
tent of waters sampled directly below different
types of active source areas. Data obtained synopti-
cally at the outlet are also presented for compari-

1.8

son. TP concentrations were very variable. The
perched water beneath forested zones that collects
in winter and spring had the lowest TP concentra-
tions (median = 0.01 mg.L~! of which 70 % is SP).
These low values were consistent with other stud-
ies concluding that underground transfer of phos-
phorus is not an important phosphorus export
process, especially in calcareous regions [51, 62].
In contrast, precipitation [14] contains more TP,
originating from atmospheric dust. Urban runoff
was very heavily loaded with TP (0.5 mg.L-") with
a large component of SP (65 %) originating from
the flushing of impervious surfaces on which
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atmospheric dust settles in dry periods. A similar
high concentration of TP was observed with ero-
sive runoff, largely dominated by particulate phos-
phorus (PP) (figure 4b). For both urban and erosive
runoff, the concentrations were highly variable
with the highest observed phosphorus levels. In
contrast, the proportion of SP was the lowest
among the samples collected.

Water collect from agricultural zones under non-
erosive conditions, e.g. from the bottom of slopes,
showed lower mean concentrations of around
0.1 mg.L~! TP with SP as a dominant fraction (fig-
ure 4a, b).

The contribution of each runoff type at the outlet
varied according to the state of the watershed. In
state 1, the majority of the stream water originated
from impervious zones. Urban phosphorus, phos-
phorus in rainfall, and phosphorus released by the
resuspension of sediments dominate in this stream
water. A mass balance calculated during the sum-
mer high flow of 14 July 1994 showed that sedi-
ments from within the hydrologic network released
roughly 25 g TP from a 500-m stretch [41].

The extension of the hydrologic network in
states 2 and 3 added new phosphorus sources asso-
ciated with agricultural land (figure 4a). It is likely
that the quantity of sediments remobilized increas-
es proportionally with the increase in the length of
the active hydrologic network and its flow rate.
But it was not possible to measure any influence of
previous events on the amounts of sediments. All
the grab samples of water collected from the fields
during states 2 and 3 had a high proportion of SP
relative to TP. Water from the forested and flat
zones, connected to the hydrologic network in
states 2 and 3, had a diluting effect.

In state 4, other P sources that were highly con-
centrated in TP contribute to the total P load in
stream water. Water associated with erosion of the
fields was dominated by PP (figure 4b). In addi-
tion, the contribution of TP from stream banks,
while not quantified by mapped changes in the
stream profile, appeared to be an important compo-
nent of TP in stream water during state 4 high
flows. Signs of heavy erosion were noted in the
downstream section of the stream.

The PP concentrations measured at the outlet
during each of the four states, were comparable
with those measured in the erosive runoff from
fields during the state 4. This situation could only
be explained by taking into account the sediment
stock in the hydrologic network sediment stock
during states 1, 2 and 3 as a source of PP.

4.4. State of the watershed and P exports

4.4.1. State of the watershed and runoff ratios

The runoff/precipitation ratio was clearly differ-
ent from one watershed state to the others, as indi-
cated below:

0.47 % +0.20
6.15 % +4.10
38.67 % + 6.34

States 2 and 2’, 3 and 4 have been grouped
together because the active length of the hydrolo-
gic network and the extent of the connected fields
were identical.

state 1:
states 2 and 2’ :
states 3 and 4 :

Thus, the state of the watersheds during a high-
flow event appears to be a sufficient variable to
explain the volumes of outflow. Identification of
this relationship then lead to the discovery of a
more complex relationship between the volumes of
water produced, the phosphorus loads exported,
phosphorus speciation and the state of the water-
shed.

4.4.2. State of the watershed
and total phosphorus flux exported

The relationship between the volume of water
and the flux of TP exported in each high-flow
event showed a highly significant positive linear
correlation (TP (kg) = —0.73 + 0.00035*V(m?),
r2 = 0.87) for all the high-flow events studied
(table III). This relationship is not surprising but
shows that fluxes were thus essentially controlled
by hydrological processes. The same relationship
was observed for PP (r? = 0.85) and SP (r*> = 0.81).
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There was no relationship observed between con-
centration and discharge.

Figure 5 shows the state of the watershed for
each high-flow event studied. Some points shown
correspond to high flows whose watershed state

was not observed (at the beginning of the study
period; see table I). These data were not taken into
account when calculating the correlations, but their
locations in figure 5 supports the existence of four
families of points corresponding to the identified
watershed states.
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The first family corresponds to state 1 when the
high flows did not directly mobilize the agricultur-
al phosphorus. The linear regression slope of ‘vol-
ume/load’ (Vol-load) was 0.2 mg.L! (12 = 0.63).
The mean instantaneous phosphorus flux amounted
to 6 gPh™!, or 4 gPmm_. ~!. The maximum exported
mass per high flow was 0.2 kg. No relation could
be established between the exported mass and the
duration of the previous low water condition of
these high flows.

The second family of points contained all of the
high flows corresponding to watershed state 2. TP
mean concentration was higher because the slope
of ratio Vol-load was 0.33 mg.L-! (r? = 0.93). The
mean instantaneous flux was disproportionally
higher compared to state 1 values (26 g.h~! and
46 g.mm_. ).

The high flows corresponding to state 3 shared a
narrow range of volumes with the high flows of
state 2 (between 10 000 and 20 000 m? per high
flow). The lowest mean TP concentration charac-
terizing these high flows (0.12 mg.L-!) (r* = 0.85
for the relationship between volume and TP load),
could be explained by the diluting effect of low TP
water from the forested zone and the flat zones
(figure 4a). Phosphorus fluxes increased to 68
gPh™" and 228 gP.mm_. ~'. No data on this type of
high flow were recorded for water volumes of
more than 50 000 m>.

With a further increase in the volume of stream
flow, a new threshold was crossed resulting in state
4 high flows. This increase in volume was accom-
panied by the highest instantaneous flows observed
(> 1 000 L.s") and brought about fluxes of 300
gPh~!. The volume/flow regression slope was sim-
ilar to that of type 3, but was displaced to a higher
position by an intercept equivalent to 10 kg TP.
This value could represent runoff access to new
phosphorus stocks.

4.4.3. State of the watershed and speciation
of exported phosphorus

The phosphorus species SP and PP and their
relationship to TSS were analysed to provide addi-
tional insight into phosphorus transfer dynamics in

the Mercube. The SP was made out of a constant
fraction of orthophosphate (70 %). The fraction of
SP in TP at the outlet was under 50 % (figure 6a)
for states 1, 2 and 3. In contrast, the soluble frac-
tion of TP was 60 to 80 % just downstream of the
active zones (grab samples). This emphasizes the
important role played by sediment. The mean per-
centage of SP in relation to TP gradually dimi-
nished from watershed state 1 to state 4. The vari-
ability of this ratio also tended to decrease. Figure
6b shows an overall decrease in TSS phosphorus
content with volume, i.e. from one state to another.
The variability in each state could also be
explained by variations in volume. State 4 high-
flows systematically showed low values
(< 800 ugP.g™! of P in TSS). This lower P concen-
tration could either be the result of increased trans-
port capacity (coarser particules moved, having the
least specific exchange surface) or represent access
to different phosphorus reserves during strong high
flows, notably the erosion of banks having low
phosphorus concentrations. As states 1, 2 and 3
showed no signs of erosion on the fields, they
could preferentially transfer sediments from the
main and secondary branches of the hydrologic
network.

Variations in speciation are therefore consistent
with the identified typology of watershed states.
Hence the state of a watershed during high flow
leads to a specific flow and speciation (table IV).

5. DISCUSSION AND CONCLUSION

The Mercube study area is characterized by
variable and diverse sources of diffuse phosphorus
pollution that are related to the diversity of soil
uses in the watershed. The annual areal export of
TP (0.5 kg.ha '.year! of which 70 % PP) is in the
lower range of values found in the literature for
equivalent land uses [58, 65]. 93 % of total annual
phosphorus load is exported during high flow, of
which 80 % in the form of PP and 13 % as SRP.
The mean concentrations of these exports at the
outlet (0.12 mg.L~! PP and 0.03 mg.L~! SP)
exceeds the recommanded levels set by CIPEL
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Table IV. Recapitulation of the different parameters in relation to the potential impact of the four types of high flow.

Bioavailability criteria: Organization
flux, speciation, export period of discharge

States durning Flux SP [TP] [SP] PP/TSS Lake % of % of
high-flow events g/hr % mg/L mg/L ug/g sensitivity types emissions
Sate 1 6 41 396 137 1565 maximum 13 1
States 2, 2’ 26 33 293 100 1320 intermediate 40 10
State 3 68 25 239 61 1092 minimum 34 43
State 4 300 17 378 64 736 f(season) 13 46
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exceeds the recommanded levels set by CIPEL
[14] for Lake Léman.

5.1. Variability and dynamics of phosphorus
exports

By monitoring the TP exports at the outlet over
a 4-year period, we have been able to document a
high flux variability, ranging from 1- to 3-fold for
TP from year to year, and 1- to 100-fold from one
high flow to another. This high amplitude is linked
to the complex sources and mechanisms of transfer
of TP in both the stream and the diverse landscape
of the watershed. In the studied watershed, mecha-
nisms of runoff generation and phosphorus mobi-
lization and transfer varied from one high flow to
the next, and from one cultivated field to another.

First, TP loss can be due to runoff from saturat-
ed soils at the bottom of slopes. Under these condi-
tions, runoff water contained a high proportion of
soluble phosphorus. Three hypotheses could
explain this particular form of phosphorus emis-
sion:

— the mobilization of SP stocks is carried out by
surface runoff itself (extraction of water and SP
contained in the upper centimeters of the soil [69]).

— SP release is caused by the very low Eh level
in waterlogged soils [40].

— SP is mobilized on slopes during infiltration,
then transferred into the subsurface by lateral
transfer along an impermeable horizon or above
the tillage pan [23]. For a high concentration of SP
to be maintained down to the base of sloped fields,
either transfer must occur rapidly through special-
ized pathways, or soil phosphorus concentration
must be high and close to saturation in order to
favor ion phosphate mobility [28, 29, 32, 71].

This type of non-erosive runoff precedes wide-
spread erosion of soil resulting in runoff with high
PP concentrations. Other experimental [17] and
field studies [2, 50] have described a similar tem-
poral sequence of runoff and erosion under equiva-
lent field conditions. Thus, in general, SP fluxes
are not directly coupled to the PP fluxes because

stocks, active periods, and mechanisms of transfer
are often different.

Finally, noticeable phosphorus transfer was also
associated with artificial drainage and flooding in
flat areas. According to Oygarden et al. [59], high
concentrations in underground drainage water can
arise owing to preferential transfert of colloidal-
size particles through soil cracks and macropores.
It can also occur by means of low Eh conditions
[40]. According to Smith et al. [73], the SRP con-
centration of underground drainage water is pro-
portional to phosphorus soil enrichment with a net
increase when the P, = content in the soil exceeds
60 pg.g' [38]. This value is regularly obtained in
our cultivated soils [32, 71] and is well over the
optimum cultural yield response [54]. Therefore,
soil over-fertilization seems to aggravate the trans-
fer of soluble forms of phosphorus through the
upper soil horizons. Extensive leaching has already
been observed in sandy fertilized soils (5
kg.ha-'.year~!, [78]) and organic soils (18
kg.ha !.year™!, [53]). As a consequence, unlike as
was believed in the past, phosphorus flux is not
wholly independent of the quantity of phosphorus
in soil stocks.

5.2. States of watershed and high-flow events
typlology

Seasonal changes in runoff characteristics, in
connections to the hydrologic network, and in
intensity of precipitation, control the flux of phos-
phorus at the outlet. This concept was used as the
main basis for our typology of the watershed states
linking hydrological functioning and phosphorus
stocks to the quantity and speciation of phosphorus
exported at the outlet.

State 1 concerns summer high flows, which only
affect the stocks deposited on urban impervious
surfaces and the sediments from within the current-
ly active hydrologic network. The mass of export-
ed phosphorus for each high flow is low (the maxi-
mum observed export corresponded to a flux of 0.1
kg per ha of impervious surface). The amount of
phosphorus exported during this type of high flow
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only represented 1 % of that exported during all
the high-flow events (table IV). However, exports
take place when the surface water’s (Lake Léman
in our case) sensitivity to nutrient input is at a maxi-
mum, mainly because of high temperatures and
light intensity. In addition, the phosphorus forms
exported (hight [SP] and PP/TSS) were very favor-
able to algal growth. Indeed, soluble fraction is
considered to be totally available [68]. Potential
bioavailability of particulate phosphorus is more
variable [74] but often proportional to the suspend-
ed matter phosphorus content [25].

The active zone for state 2 high flows expands
to include new phosphorus stocks mainly linked to
runoff from the saturated bases of slopes. Under
these conditions, the phosphorus originates from
agricultural land with high soluble SP concentra-
tions (up to 0.35 mg.L') and from the sediments
from the expanded hydrologic network. The net-
work was fully extended during the transition from
state 2 to state 3, but the newly connected zones
(essentially just the forested zones) resulted both in
flow increase and concentration decrease. The SP
content of type 3 high flows is also higher than the
values usually rapported in the literature {39, 44,
67]. High flows of types 2 and 3 constituted three
quarters of the high-flow events and the magnitude
of these events was 4- to 10-fold that of state 1
events (table IV). State 2 high-flow events had a
greater potential impact than those of state 3 owing
to the potential bioavailability of the forms of
phosphorus transferred and the susceptibility of the
receiving waters to P-induced enhanced algal
growth. During states 2 and 3, the contribution of
the stored phosphorus in the hydrologic network is
needed to explain the observed concentrations in
PP at the outlet. The opposite tendency was
observed for SP which was more concentrated at
the field-scale than at the outlet. This could be due
to the existence of partial insolubilization phenom-
ena during transport. The studies of Svendsen et al.
[76] and Dijkhuis et al. [19], in other areas, con-
firms that soluble phosphorus can be preferentially
emitted from agricultural zones, while particulate
phosphorus mostly originates from the hydrologic
network. Finally, for the high-flow events corre-
sponding to states 1, 2 and 3, which represent the

very large majority of high-flow events, the
CREAMS [29] is not applicable because of the
absence of erosion and the high percentage of solu-
ble phosphorus forms in the surface water network.
Actually, SP emission is not often cited as a major
mechanism for phosphorus export during high-
flow events or as a major component of TP export
on an annual basis.

Erosion in the active zones, occurring with
extreme meteorological events or combinations of
unfavorable agro-meteorological factors provoked
the high-flow state (state 4, two or three times a
year). This state was characterized by a high con-
centration of PP either downstream of the fields or
at the outlet (up to 1.5 mg.L™!). Despite the infre-
quent occurrence, about half of the annually
exported phosphorus moved during these events
(table 1V). Diffuse phosphorus pollution models
emphasize this type of phosphorus emission.
Several factors may diminish the impact of these
high quantities of TP on receiving lake waters.
First, this state 4 phosphorus flux is potentially the
least bioavailable (low TSS phosphorus content
and low SP concentration). Second, only a few of
these state 4 high flows occur during periods of
high lake susceptibility to P-enhanced algal growth
and the transfer is accompanied by large quantities
of suspended matter, which can reduce algal
growth in the lake [74].

5.3. Conceptual model of phosphorus transfer

This spatio-temporal analysis of diffuse phos-
phorus pollution has led us to propose a phospho-
rus transfer concept that decouples soluble and par-
ticulate phosphorus transfer mechanisms. PP
transfer is a non-continuous phenomenon usually
requiring a specific sequence of prior conditions
(stages 1-3). Many of the high-flow events only
release the non-consolidated sediment stocks of the
hydrologic network without replenishing the
stocks. The highest-flow events causing massive
PP transfer can refill this stock from soil and
stream banks. Thus the amount of PP exported at
the outlet during each high-flow event is often not
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directly determined by soil processes (runoff, ero-
sion). In contrast, SP depends on the soluble and
colloidal stocks present in the soil surface horizons
[28, 29]. Thus, in general, SP fluxes are not direct-
ly coupled to the PP fluxes because stocks, active
periods, and mechanisms of transfer are often dif-
ferent. The mobilization of SP stocks is carried out
either by surface runoff, or by subsurface transfer.
These phenomena are dominant in all the cases
where runoff is not erosive. During transfer, phos-
phorus exchange between water, suspended matter
and sediment can modify phosphorus speciation,
controlled by the amount of time these components
interact. Thus, watershed size and network
arrangement can have an important effect on the
phosphorus forms and amounts reaching the stream
outlet.

5.4. Phosphorus management

The relative independence between SP and PP,
the dominance of hydrological factors, the variabil-
ity of transfer modes, and the important role of
exceptional events are all important in finding an
answer to how diffuse phosphorus poliution can be
controlled. The control of TP export as if it was
only an erosive process is not sufficient (minimi-
zing tillage [75]; maintaining maximal cover,
notably by mulching [43]; intercepting erosion
from fields with vegetated buffer strips [87]). This
approach is too restrictive both because it targets
specific crops and leads to only a few best manage-
ment pratices. The choice of the usual target crops
is mainly based on an evaluation of their annual
areal loads taken in the literature [63]. This does
not take into account either the individual variation
in cultivation practices or the variability of hydro-
logical phenomena that affect phosphorus transfer.
In addition, the erosion control strategy does not
take soluble phosphorus into account. The few
studies evaluating this control approach in areas of
gentle relief found little change in TP exported due
to the increase in soluble phosphorus (SP) transfer
[43, 75]. Over the course of many years, as TP
stocks in the soil increase, we should expect the
proportion of SP in emission to increase, thus mak-

ing this approach to reducing TP export even more
inefficient [12]. Similarly, despite short-term
promising results using vegetated buffer strips to
reduce phosphorus export, the long-term increase
in phosphorus stocks in the landscape will not be
alleviated by this approach [20].

The management of phosphorus export needs a
series of actions from the field- to the watershed-
scale [23]. At the field-scale, control inevitably
involves reducing the surplus stocks in the soil by
reducing phosphorus inputs. This is the only long-
term approach to reducing SP fluxes transferred
via surface flow or through subsurface pathways.
But there is still no agreement on the threshold
concentration of phosphorus in the soil where these
transfers commence [32]. At the scale of groups of
fields, TP export reductions may be achieved
through another arrangement of fields. Little atten-
tion has been given to this approach, but careful
analysis of inputs and outputs from different field
types could result in a reduction in exports to sur-
face water drainages. At the watershed-scale, opti-
mal use or even restoration of the existing buffer
zones needs to be implemented in marshland and
riparian areas [47], flood plains [16] and wet grass-
land [52]. Some results obtained at the landcape
level suggest that the watershed size and network
arrangement can have an important effect on the
phosphorus forms and amounts reaching the stream
outlet [8, 84]. All these existing data need to be
completed by knowledge on social and economic
feasibility to obtain a generalized plan of action to
be suggested.
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