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Abstract
Purpose Life Cycle Impact Assessment methodology is
still lacking a procedure that relates phosphorus emission to
ecological damage in freshwater ecosystems. The aim of
this study is to apply new insights in the characterization of
aqueous eutrophication at the end-point level. Character-
ization factors for freshwater eutrophication in European
waters caused by emissions of phosphorus to agricultural
soils and freshwater were developed. The characterization
factors are representative for emissions to the 101 most
important European river catchments west of the Ural
Mountains.
Methods We combined site-generic fate factors of total
phosphorus, calculated by means of the integrated assess-
ment model CARMEN, with damage factors based on a
concentration–response relationship between the concentra-
tion of total phosphorus and occurrence of macrofauna
species in freshwaters. Environmental fate processes, such
as surface run off, groundwater drainage, and hydrological

freshwater residence times, are included in the fate factor
which relates emission of phosphorus from wastewater
treatment plants and due to agricultural supply of manure
and fertilizer, to concentrations in freshwater.
Results and discussion The product of fate factor and
damage factor constitutes the characterization factor at the
endpoint level with the following results: 1.1·103, 1.2·103,
and 2.1·104 disappeared fraction of species·m3·day/kg
phosphorus emission for manure, fertilizer, and sewage
treatment plants, respectively. Normalization factors are
based on the emission of total phosphorus in Europe
resulting in 60.1 disappeared fraction of species·m3/person
with a relative contribution of 16% by manure application,
18% by fertilizer application, and 66% by sewage treatment
plant emissions.
Conclusions From intervention (P emission) to ecological
damage of inland waters, most relevant site-specific
processes are included to derive a characterization factor
at the damage level. Although the characterisation factor for
P due to agricultural application is a factor of 20 lower
compared to emissions to freshwater, the nutrient enrich-
ment of European freshwaters is still for one third attributed
to agricultural application of phosphorus.

Keywords Concentration total phosphorus in water .

Ecological damage . Freshwater eutrophication . Life cycle
impact assessment . Nutrient enrichment . Site-generic fate
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1 Introduction

Eutrophication in inland waters, caused by human activi-
ties, is one of the major factors that determine its ecological
quality. Nutrient enrichment of freshwaters accounts for
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about half of the impaired lake area and 60% of the
impaired river reaches in the USA (Carpenter et al. 1998).
Phosphorus enrichment in the Dutch situation ranks higher
as cause of ecological damage in surface waters than
exposure to toxic substances (RIVM 2000). Uncontrolled
algae bloom is often the result of too high input of nutrients
so ultimately hindering other requirements for aquatic life
such as light and oxygen. This may cause a chain of
adverse ecological effects. Both inland and marine waters
are subject to this form of water pollution due to different
sources and substances. Algal growth is controlled by many
factors and has seasonal dimensions. In northern Europe,
the growth is greatly reduced or negligible during the
winter period of low light and temperature. The availability
of phosphorus or nitrogen merely regulates algae growth.
For inland waters in temperate zones, phosphor is most
often the limiting nutrient whereas in marine waters it is
nitrogen (Crouzet et al. 1999). The natural P cycle is the
predominant source of phosphorus hence growth of
phytoplankton depends on its availability. In densely
populated regions, however industrial and agricultural
sources exceed natural inputs by far (Kristensen and
Hansen 1994). As a result, an additional amount may lead
to undesirable growth of phytoplankton.

Characterization of aquatic eutrophication in life cycle
impact assessment (LCIA) typically only takes into account
those nutrients that are limiting the growth of aquatic
biomass. Using the Redfield ratio (Redfield et al. 1963),
Heijungs et al. (1992) have proposed characterization
factors for aquatic eutrophication. They ignored however
the ultimate fate of phosphorus. Most often only a small
fraction of eutrophying emissions will reach the aquatic
ecosystem where it has an adverse effect. Huijbregts and
Seppälä (2001) introduced fate analysis in the derivation of
aquatic eutrophication potentials. Seppälä et al. (2004)
emphasized the importance of a site-specific approach for
aquatic eutrophication. They distinguished several nutrient
forms in various sectors in Finland that determine the
choice of a characterization factor. Potting et al. (2005)
considerably improved the methodology by using an
integrated assessment model (Klepper et al. 1995; Beusen
et al. 1995) to estimate the fate of P (and N) emitted from
each region or country in Europe separately. Fractions of
the P emission flux that actually reach freshwater were
calculated. For phosphorus, this fraction is approximately
0.05 and varies between 0.02 and 0.15, depending on the
emission country. It has not been feasible in Life Cycle
Assessment until now to relate the phosphorus concen-
tration to effects on the biodiversity in inland waters. An
ecological damage function for nutrient enrichment in
terms of “disappeared fraction” (DF) of species as a
function of the P concentration has not been formulated
yet for LCIA.

The goal of this study is to develop characterization
factors for phosphorus emissions to agricultural soils and
directly to freshwater causing freshwater eutrophication.
First, we relate nutrient emission—through a fate factor—to
an increased concentration in receiving water bodies with
help of the CAuse effect Relation Model to support
Environmental Negotiations (CARMEN) model. Second,
we introduce the damage factor derived from the disap-
peared fraction of macro-invertebrates that depends on the
total phosphorus concentration, according to Struijs et al.
(2010). The volume-weighted averaged product of fate
factor and damage factor constitutes the characterization
factor at the endpoint level.

2 Methodology

2.1 Framework

There are various routes how phosphorus compounds can
enter the water compartment. Communal and—of minor
importance—industrial wastewater treatment plants are the
main point sources of phosphorus directly to the receiving
water bodies. Emission through nutrient supply on agricul-
tural land is a second (diffuse) source. Different fractions of
P become available for uptake by crops and transport after
supply of manure or fertilizer to agricultural soils. P-
containing nutrients enter water bodies by surface run-off
and erosion and by leaching from soils and subsequent
transport to surface water through groundwater drainage
(see Fig. 1). Direct deposition of airborne phosphorus on
soil and on inland surface waters is negligible. Airborne
phosphorus contributes less than 3% to waterborne emis-
sion (Berdowski and Jonker 1994).

The fate factor (FFk,j) represents the volume-weighted
change in exposure concentration in river j due to a
marginal change in emission rate by source k of phosphorus
in all emission regions/countries simultaneously. Potting et
al. (2005) have showed that the variability was relatively
low in the environmental fate factors of phosphorous. It
appeared less than a factor of three for communal sewage
treatment plants and less than a factor of seven for

Agricultural
input of P: 
manure/fertilizer

Coastal seas Inland waters Soil surfacerunoff

erosion

Urban input of P:
sewage treatment
plants

Fig. 1 CARMEN model: main sources for P emission to soil and
surface waters; transport routes to the aquatic environment
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agricultural emissions. Instead of deriving country-specific
fate factors or characterization factors, we calculated a site-
generic, European-average endpoint characterization factor
for three emission routes, i.e., supply of manure and
fertilizer to agricultural soil and direct emission of
phosphorus from communal sewage treatment plants
(STP). The dimensions of FFk,j is time (in days) and
represents the effective residence time in freshwater j of
emitted phosphorous.

The fate factor is multiplied by an ecological damage
factor (EDFj) which is specific for freshwater j. EDFj is the
marginal shift in the disappeared fraction of species in river
j (with total phosphorus concentration CP,j) due to a
marginal change in CP,j. The ecological damage factor,
EDFj, has units of disappeared fraction·m3/kg.

The characterization factor of phosphorous emissions of
source type k (manure, fertilizer, or sewage treatment plant)
at the endpoint level (CFk) for freshwater eutrophication is
the summation of the group FFk,j×EDFj over all European
rivers j Eq. 1:

CFk ¼
X
j

FFk;j � EDFj ð1Þ

The characterization factor is the quotient of the (volume
weighted) marginal increment of the fraction of disappeared
macro-invertebrates in river j and a small increase in
emission rate simultaneously in all countries (for source
category k), summed over all rivers j. Therefore, the
dimension of CF is disappeared fraction·m3·day/kg phos-
phorus emission.

2.2 Fate factor

CARMEN is a geographic information system (GIS)-based
integrated assessment model, applied to assess the transna-
tional implications of nutrient fluxes in eutrophication
management. It calculates the change in nutrient loads in
ground water, inland waters and coastal seas from changes
in nutrient emissions (Beusen 2005; Beusen et al. 1995;
Klepper et al. 1995). It evaluates the transport of nutrients
from agricultural supply (or due to atmospheric deposition)
through groundwater drainage and surface runoff spatially
resolved over 124,320 grid elements of 1/6×1/6°. It also
models straightforwardly the transport of nutrients emitted
by wastewater treatment plants. In CARMEN, Europe
includes 32 countries (Annex A) where emission takes
place. The area subdivides into 101 river catchments (Annex
B). The emissions are treated grid-wise in CARMEN which
especially for application of manure and fertilizer has the
advantage that all location specific circumstances are taken
into account, such as characteristics of the soil, the slope and
precipitation.

In the computation with the model CARMEN, Europe
west of the Ural in 1995 was chosen as a reference system.
Using CARMEN in the derivation of fate factors has the
advantage that it is both accurate and practical as the model
deals with gross supply of manure and fertilizer while
accounting for widely varying agricultural fields in Europe.
The major phosphorus sources that enrich surface water
(Fig. 1) are agricultural supply of manure and fertilizer
(diffuse sources) and effluent from wastewater treatment
plants (point sources). Here we applied CARMEN to
calculate the concentration increment in inland waters due
to a small increase of gross supply of manure or fertilizer or
due to a small increase of discharge of effluent by STP.

Separately for each source (manure, fertilizer, or STPs),
denoted as intervention k, the consequences of an increase
in emission is evaluated with respect to the reference
scenario. The fate factor is the ratio of a volume weighted
marginal increment in phosphorus concentration in a river
and a marginal emission increase or application of
phosphorus across whole Europe.

The fate factor FFk,j (days) with respect to river
catchment j and for source category k is here defined as
the marginal increase in concentration in inland water of
river j (ΔCP,j kg/m

3), multiplied with the volume of river j
(m3), due to a marginal (1%) increase of emission ΔMk

(kg/day) in all 32 European countries Eq. 2:

FFk;j ¼ Vj � $CP;j

$Mk
ð2Þ

2.3 Ecological damage factor

The ecological damage factor, EDFj, follows from an
empirical relationship between the disappeared fraction of
macro-invertebrates and the aqueous phosphorus concen-
tration. This relationship proposed by Struijs et al. (2010)
rests on field data from 1980 until 2005 stored in the
Limnodata Neerlandica. They used these field data to
analyze the occurrence of macro-invertebrates species for
varying total P concentration under different circumstances.
Their analysis showed that there is a concentration (0.1 mg/l)
with an optimum number of occurring macro-invertebrate
genera (Nmax). Below or above 0.1 mg/l the number of
occurring macro-invertebrate genera (N) is lower than Nmax.
Therefore at the phosphorus concentration of 0.1 mg/l, the
DF of macro-invertebrate genera was set to zero by Struijs et
al. (2010) according to their definition of DF (= 1–N/Nmax.).
They have shown that above 0.1 mg/l DF increases with
increasing CP according to a sigmoid function (Fig. 2).
According to Smith et al. (2003) phosphorus concentrations
higher than 0.1 mg/L are usually of anthropogenic origin and
from a generic point of view concentrations above 0.3 mg/L
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are considered a potential cause of encroachment of aquatic life
due to nutrient enrichment. Fitting a logistic equation through
the points that represent 1-N/Nmax above 0.3 mg/l (circles in
Fig. 2) gives Eq. 3:

DFj ¼ 1
1þ4:07�C�1:11

P;j

CP;j � 0:1mg=l
ð3Þ

Struijs et al. (2010) derived Eq. 3 from data on the
potential occurrence of macro-invertebrate genera at phos-
phorus concentrations above 0.3 mg/l. This is half an order
of magnitude above 0.1 mg/l, the concentration above
which an anthropogenic contribution is very likely (Smith
et al. 2003). Here we apply the DF function also between
0.1 and 0.3 mg/l and consider Eq. 3 valid for concentrations
above 0.1 mg/l. Although water bodies with lower concen-
trations than 0.1 mg/l may have undergone some anthro-
pogenic influences with respect to phosphorus input, the
disappeared fraction due to nutrient enrichment by P was
set to zero.

In deriving a damage factor, we focused on macro-
invertebrates only, neglecting the potentially adverse effect
of phosphorus concentrations on other taxonomic groups in
fresh waters. However, numerous genera of macro-
invertebrates occur in many types of freshwater systems,
each having its own specific environmental requirements
and sensitivity to stressors (Van den Brink and Ter Braak
1998; Dyer and Belanger 1999). Macro-invertebrate diver-
sity is therefore technically suitable to indicate deterioration
of the aquatic ecosystem. Struijs et al. (2010) combined a
set of 1,056,194 records with 2,790 different macrofauna
taxa with a set of 265,959 records of total phosphorus
concentrations occurring in the Limnodata Neerlandica. In
the analysis, they deliberately took as many as conditions
with respect to, e.g., weather and river flow rate into
account. The purpose was to derive a generic damage

function that is based on macro-invertebrate occurrence and
that is generally applicable to all freshwater systems in
Europe. Struijs et al. (2010) have cautioned not to apply the
P concentration—macro-invertebrate occurrence function to
a water body of specific size and with a specific hydraulic
retention time. Equation 3 is only valid for CP above
0.1 mg/l, although at lower concentrations the diversity of
macro-invertebrates also declines (see Fig. 2) this is not a
matter of eutrophication. We assume that the disappeared
fraction of macrofauna species in fresh water is a generic
indicator for ecological damage due to a eutrophying
phosphorus concentration above 0.1 mg/l. The EDFj for
river j was obtained by differentiation of Eq. 3. It is river
specific because it depends on CP,j in river j (Annex B)
according to Eq. 4:

EDFj ¼ @DFj

@CP;j
¼ 1

1þ4:07�C�1:11
P;j

� �2

� 4:52 � C�2:11
P;j

CP;j � 0:1mg=l

ð4Þ

EDF (Annex C) has dimensions of reciprocal concen-
tration (e.g. m3/kg) The ecological damage factor, EDF,
was set to zero for P concentrations below 0.1 mg/l. This
implies that we do not account for a potential overall
increase in species richness due to an increase in P for
oligotrophic situations, as shown in Fig. 2. Figure 3 shows
EDF as a function of CP above 0.1 mg/l.

3 Results and discussion

Site-generic endpoint characterization factors were calcu-
lated for the three emission sources according to Eq. 1 by
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Fig. 2 The disappeared fraction of macro-invertebrate genera versus
the logarithm of the phosphorus concentration (modified from Struijs
et al. (2010))
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Fig. 3 EDFP, the ecological damage factor as function of the
phosphorus concentration (CP>0.1 mg/l); the insert shows EDFP in
the relevant range of CP (<2 mg/l)
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summing up the products of fate factor and damage factor
listed for each river in the table of Annex C. The results are
given in Table 1. In Annex B characteristics of 101 rivers
included in CARMEN are given. Annex C contains for
each river fate factors for phosphorus emission resulting
from each emission source (k). Annex C also contains the
ecological damage factor (EDFj) for each river j calculated
from the total phosphorus concentration in each river (see
Annex B). The relationship given by Eq. 3 and Fig. 2, on
which EDFj and the characterization factor are based, is
however only applicable in a generic way.

Dividing the total P emission in 1995 per source
category by the number of Europeans provides the P
emission per person (second column of Table 1). The
product of these emission data and the characterization
factor yields the normalization factor. As can be inferred
from the last column of Table 1, the contribution of
agricultural P emissions to nutrient enrichment of freshwater
is approximately one third.

There is a remarkable difference between emission to
soil and emission to freshwater. The first is the result of
supply of nutrients to agricultural soil. Most of it is taken
up by crops or sorbed in the soil. Fate factors regarding
aquatic eutrophication due to supply of manure or fertilizer
are related to gross supply of phosphorus. Net emission of
phosphorus to soil takes only the share into account that is
available to enrich surface water after uptake by plants and
crops in the topsoil. This is approximately 5% (depending
of the country or region) and therefore the gross fate factors
reported here are far below the fate factor for emission
source category STP (Annex C). Emission from this source
is almost entirely available to increase the amount of
phosphorus in freshwater.

Usually, in life cycle assessment, both the agricultural
topsoil and wastewater treatment plants are considered part
of the technosphere (Potting et al. 2005). As a consequence,

inventory data for P are deemed proper if they include
emission rates from the technosphere into the receiving
environment. For point sources such as communal waste-
water treatment plants, such net emission data are readily
available and suitable in environmental fate analysis. For P
supply to agricultural soil, however, this can be trouble-
some as most often only gross supply in terms of kg P/ha/
year is known, i.e., emission to the topsoil (i.e., to the
technosphere). Conversion from gross emission to agricul-
tural soil into emission from the topsoil includes removal
processes such as uptake by plants, binding to topsoil and
erosion. The factor with which the characterization factor
for gross P emission to soil should be multiplied is on
average 19.33 if only net P emission rates are available.
This is close to a simpler alternative: applying the
characterization factor for STPs directly. The fate processes,
however, vary highly with the texture of the soil, slope, and
land use. Therefore fate factors, spatially resolved by means
of the GIS based CARMEN model, is more accurate when
dealing with gross supply of manure and fertilizer per
European country.

One percent emission changed was chosen as an optimal
marginal increment in emission rate of P from source k. This
perturbation with respect to the reference scenario of 1995
caused a linear response. An increase in P emission below 1%
yielded very low increments in concentration of P because the
calculation procedure is prone to threshold effects.

The damage factor was derived from an empirical
relationship between the abundance/occurrence of macro-
invertebrate genera and total phosphorus concentrations,
observed in Dutch inland waters. The diversity of macro
invertebrates is often considered to be a suitable and
sensitive indicator for describing the ecological condition
of freshwater because these organisms are relatively
abundant and diverse and often display a high but
species-dependent sensitivity to changing environmental
conditions (e.g., Metcalfe 1989). We have applied this
damage function for 101 catchments across whole Europe.
This is justified because in temperate zones (Europe)
phosphorus in inland water bodies is the limiting nutrient
for algae and a too high algae growth due to P enrichment
above 0.3 mg/l is a stress factor for macro invertebrates. In
some oligotrophic rivers in Europe, the optimum total P
concentration with respect to the highest macro-invertebrate
diversity may be below 0.1 mg/l. For such oligotrophic
waters, we may ask ourselves whether the highest diversity
corresponds to a pristine aquatic ecosystem. Most often
such waters have low volumes. Therefore, in a site-generic
approach which covers 101 river catchments of which
many have high volumes and are heavily loaded, this will
not seriously affect the final result, being a site-generic
characterization factor for phosphorus enrichment of
European inland waters.

Table 1 Phosphorus emission rates in 1995 from 32 European
countries (see Annex A) according to CARMEN are used (for manure
and fertilizer gross emission rates) to calculate normalization data
(emission per inhabitant)

Phosphorus source P emissions
(kg/person/year)

CF
(DF·m3.d/kg)

NF
(DF·m3/person)

Manure 3.17 1,119 9.7 (16%)

Fertilizer 3.32 1,174 10.7 (18%)

Sewage treatment
plants

0.67 21,685 39.7 (66%)

Total 60.1

The data pertain to 728 million Europeans according to United
Nations Department of Economic and Social Affairs/Population
Division (2004)

CF characterisation factor, NF normalization factor
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The question rises how these characterization factors
compare to earlier reported work. Potting et al. (2005)
found equivalency factors that were approximately a factor
of seven higher for STPs than for agricultural emissions. In
our work, the difference is almost a factor of 18 which is in
accordance with the work from Huijbregts and Seppälä
(2001) who found a difference of a factor of 20 in the fate
factor of freshwater versus agricultural emissions of
phosphorus.

4 Conclusions

Characterization factors representing the impact of phos-
phorous emissions on biodiversity of macrofauna of fresh-
waters in Europe were developed. These characterization
factors account for spatial differences with respect to three
emission sources of which two are related to gross emission
to agricultural soil, i.e., through application of manure or
fertilizer. We have evaluated emission and fate of these P
inputs by means of the GIS-based model CARMEN that
accounts for spatially differentiated emission rates, soil
conditions, slope, precipitation, and land use. The third
emission source stems from European households, either
directly to water or via communal sewage treatment plants.
We have computed a fate factor with respect to each river
that accounts for different circumstances. The ecological
damage function takes these differences in consideration as
well. From intervention (P emission) to ecological damage
of inland waters, most relevant site-specific processes are
included.

The normalization factors indicate that ecological
damage caused by anthropogenic emission of phosphorus
in Europe is for one third attributed to agricultural
production and for two third to discharge of communal
wastewater.
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