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Abstract Reference conditions and boundary val-
ues between Water Framework Directive status
classes were estimated for phytoplankton biomass
from empirical relationships relating: (1) nitrogen
inputs from land to total nitrogen (TN) concentrations
and (2) TN concentrations to chlorophyll a (chl a)
concentrations. Different periods during the last
>100 years were used to characterise hypothesised
ecological status, and a hind-casted time series was
used to define boundary values for nitrogen inputs.
Nitrogen levels in 35 coastal water bodies around
Denmark were significantly related to inputs from
land to various degrees (factor of 50) reflecting
gradients from open coastal to freshwater-influenced
estuaries. Significant differences in the relationship
between chl a and TN across sites were found,
suggesting that previous response models have been
too simple and uncertain. Reference and boundary
values for chl a, estimated with a relative uncertainty
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of 5-20%, varied substantially between sites, and the
boundary value between good and moderate status
was 6-81% higher than the reference condition with
an average of 28%. Differences in bioavailability of
nutrient sources and grazing pressure are important
factors controlling site-specific phytoplankton bio-
mass, and models for predicting phytoplankton
responses to nutrient reductions must account for
these. The boundary setting must be adaptive to
incorporate improved quantitative knowledge and
effects of shifting baselines.
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Introduction

The estuaries and coastal areas in Denmark are
generally shallow (<3 m) with short residence times
and for the most part heavily loaded with nutrients
(Conley et al., 2000). These water bodies receive
nutrients from various, mostly small, streams dis-
charging at different locations and have been defined
as coastal waters sensu the Water Framework Direc-
tive (WFD), since they do not fulfil the classical
definition of an estuary as a (1) drowned river valley,
(2) fjord-type estuary, (3) bar-built estuary or (4) a
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tectonic produced feature (Pritchard, 1967). The
coastal sites generally fall within the physical cate-
gories of broad, bay, inlet, cove, sound or strait
(Conley et al., 2000). Tidal influence is small,
whereas wind may change water levels significantly
and break down stratification. The frequent mixing of
the entire water column and high primary productiv-
ity (Conley et al., 2000; Carstensen et al., 2003)
implies a substantial benthic grazing pressure on
phytoplankton, mainly by blue mussels, Mytilus
edulis L. (Mghlenberg, 1995).

Coastal eutrophication in Denmark became extre-
mely pronounced in the mid-1980s with widespread
hypoxia (Conley & Josefson, 2001) and loss of
seagrasses (Bostrom et al., 2003), and in 1987 a
national action plan on the aquatic environment was
enacted aiming to reduce nutrient inputs by 50% for
nitrogen and 80% for phosphorus. A harmonised
monitoring program, the Danish National Aquatic
Monitoring and Assessment Program (DNAMAP),
was established to evaluate the effectiveness of the
reduction measures and ecological consequences
(Kronvang et al., 1993). The extensive data set
obtained through DNAMAP has provided a funda-
mental basis for establishing reference conditions and
boundary values between ecological status classes.

Phytoplankton is one of the biological quality
elements to be used for assessing the ecological status
of coastal waters according to the European WFD
(Directive, 2000). While several sub-elements of
phytoplankton (biomass, composition and bloom fre-
quency) are described in the WFD only the concentra-
tion of chlorophyll a (chl a) (as a proxy of biomass) and
abundance of very few area-specific indicator species,
e.g. Phaeocystis sp. in the north-east Atlantic region,
have been analysed at part of the WFD intercalibration
process at present (Carletti & Heiskanen, in press).

Pivotal to the assessment is the definition of
reference conditions (i.e. conditions representing no
anthropogenic disturbance) and acceptable deviations
from the reference conditions for the given quality
element. Danish waters have been affected by anthro-
pogenic activities for a long time. In particular, the
intensified use of agricultural fertilizers since the 1950s
has made nutrient loading from land and eutrophica-
tion a major pressure on all Danish marine areas. The
Danish national marine monitoring was initiated in the
1970s, and therefore phytoplankton data representing
reference conditions are not available and reference
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conditions for this quality element can only be
established through expert judgement or different
types of modelling. A preliminary approach to defining
Danish reference conditions for chl a at WFD
intercalibration sites was based historical data on
Secchi depth combined with Secchi depth-chl a
relationships derived from the national monitoring
program (Henriksen, 2009). A major limitation of this
method is the availability of historical Secchi depth
measurements that represent only few areas of the open
waters and none of the coastal areas. Alternatively
reference conditions for phytoplankton can be calcu-
lated through hind-casted inputs of nutrients to coastal
areas combined with serial empirical modelling of
nutrient inputs versus nutrient concentrations and
nutrient concentrations versus chl a concentration
relationships, the concept employed in the present
study.

Summer primary production in Danish coastal
waters is nitrogen limited due to the exchange with
phosphate-rich open waters. Therefore, the summer
phytoplankton biomass is considered related to the
nitrogen levels. Conley et al. (2007) hind-casted
nutrient inputs from Denmark to the Danish straits
based on estimates of the nitrogen surplus from
Danish agriculture and estimated changes in point
sources. These estimates of N inputs to Danish waters
were subsequently combined with expert judgement
of different ecological status classes during different
periods in time. Based on general knowledge on the
marine environment, the ecological status of different
time periods since 1900 can roughly be characterised
as follows with corresponding N inputs given in
Table 1. The period up to 1950 is considered having a
high ecological status. In the 1950s and early 1960s,
the ecological status was considered to be good. In
the late 1960s and 1970s, the situation started
worsening and the ecological status was considered
to be moderate. In the 1980s, the conditions were
poor and during several years in the mid-1980s with
onset of severe events of wide spread hypoxia and
anoxia, the status may have been considered bad.

The objective of this study is to estimate reference
conditions and boundary values for phytoplankton
biomass by translating (1) total nitrogen (TN) inputs
(Table 1) to TN concentrations and (2) TN concen-
trations to chl a concentrations. Monitoring data and
statistical regression models provide the basis for
analysis.
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Table 1 Proposed thresholds for total nitrogen inputs corresponding to reference conditions and boundary values between eco-

logical status classes

N input per year (tonnes)

Flow-weighted TN concentration (pmol 1

Period Representing boundary

Around 1900 Reference condition 14,000
Around 1950 High vs. Good 27,000
Around 1965 Good vs. Moderate 52,500
Around 1980 Moderate vs. Poor 82,000
Worst years in the 1980s  Poor vs. Bad 100,500

117
226
440
687
842

Nitrogen inputs have been converted to a flow-weighted TN concentration using an average freshwater discharge of

8.523 km? per year (average to the Danish straits 1942-2006)

Materials and methods
Monitoring data and sites

Data from all regular monitoring stations belonging to
DNAMAP were extracted from the national monitor-
ing database (http://mads.dmu.dk) and divided into 39
monitored water bodies (sites) for this study (Fig. 1).
These sites displayed large differences with respect to
salinity, nutrient concentrations and phytoplankton
biomass, assessed by means of chl a. The large estu-
arine complex Limfjorden in North-western Denmark
was divided into five separate water bodies, because
of the large differences in both physical and biological
characteristics of the different basins within Limf-
jorden. One site category covered the open waters of
the Danish straits and was provided for comparison
with the water bodies under WFD.

Yearly means for chl a and TN

For the WFD intercalibration in the Baltic Sea,
summer chl a (May-September) was selected as
indicator of phytoplankton biomass, so far the only
operational indicator for the WFD biological quality
element phytoplankton in the Baltic Sea. Yearly
summer chl a means were computed for each site by
means of the following general linear model contain-
ing three categorical factors,

log(chl @) = year; + station; + monthy + e, (1)

which describe variations in the log-transformed chl a
observations as a function of station; (variations
between multiple stations within sites, j = 1-6 levels
for estuarine and coastal sites and j = 17 for open
waters), year; (variations between years monitored at

the site, i = 3-34 levels for the different sites) and
month; of monitoring (variations between months,
k = 5 levels for the five summer months). Marginal
means for year;, representing the mean over all
stations and months, were computed from the
parameter estimates of Eq. 1 after back-transforma-
tion using the exponential function to derive geomet-
ric means. A total of 849 means were computed
representing the 39 sites.

Summer chl a means were compared to winter—
spring (January—June) means of TN, computed in a
similar manner from the model

log(TN) = year; + station; + monthy + e; (2)

as the marginal means for the factor year;. The factors
year; and station; describe the same as for Eq. 1,
whereas month,, describes variations between winter
and spring months (k = 6 levels). A total of 857
means were computed representing the 39 sites. For
both chl a and TN, there were large differences
between sites in the number of means computed,
ranging from 3 up to 31 years. Due to large variations
in the number of observations used for calculating the
yearly means, TN means with a relative standard error
>15% and chl @ means with a relative error >25%
were discarded from the further analyses. This
reduced the number of yearly means to 621 and
626 for chl a and TN, respectively, and three sites
were insufficiently monitoring to provide precise
mean estimates leaving 36 sites for the analysis
below (Fig. 1).

Estimating cause—effect relationships

The relationship between nitrogen input and TN was
modelled by individual weighted regressions as well
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as a weighted regression model with site-specific
slopes and a common intercept:

TN = a + bg * N input + e, (3)

where TN was represented by marginal means from
Eq. 2. The assumption underlying this regression is
that TN concentrations in all coastal waters will attain
a similar level, if local nitrogen sources are com-
pletely removed. Since all the 36 sites discharge to
and mix with the open waters of the Danish straits
and have relatively short residence times (Rasmussen
& Josefson, 2002), it is reasonable to assume a
common intercept for all sites. Two advantages of
this model are that the common intercept estimate
will have a relatively good precision and that
regression lines cannot cross, i.e. there will be
proportionality in the site-specific responses.

The second step in linking nutrient inputs to
phytoplankton biomass was to identify relationships
between TN levels (January—June) and chl a (May—
September) by weighted linear regression. Since the
pioneering work of Vollenweider (1968) documented
the effects of normalised phosphorus inputs on chl a
in lakes, the concept of a universal relationship
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between nutrient stress/status and response has
underpinned environmental management. The lack
of long time series had also led scientists to resort to
broad-brushed relationships between nutrient and
chlorophyll concentrations (e.g. Guildford & Hecky,
2000; Hoyer et al., 2002; Nielsen et al., 2002; Smith,
2006) assuming that time could be substituted with
space. However, the uncertainty of using these
relationships for predicting management responses
has so far not been considered, and the validity of
disregarding spatial differences in the relationships
has never been proven.

Interannual variations in TN levels can be linked
to nitrogen inputs from land (this study and Carsten-
sen et al., 2006), and a large fraction of TN is actually
bioavailable for primary production, particularly
when TN is mainly of terrestrial, anthropogenic
origin. TN can be considered composed of a
bioavailable and a refractory part, and in this study,
it was assumed that there is a generic functional
relationship between phytoplankton biomass and
bioavailable nitrogen. However, the fraction of
bioavailable nitrogen could potentially depend on
site-specific features such as influence of terrestrial
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nitrogen, retention time and exchange with Baltic Sea
water that has a relatively high refractory part of TN
(Ertebjerg et al., 2003, Spokes et al., 2006).

Let us assume that we can describe the generic
relationship between phytoplankton biomass, proxied
by chl a (summer means), and bioavailable TN by
means of a power function:

chl a = a - TN(bioavailable)”
= a - p(bioavailable)” TN, 4)

where p(bioavailable) is the bioavailable proportion
of TN (winter—spring mean). Using a log-transform
on this equation yields

log(chl a) = log(a) + b - log(p(bioavailable)) + b
-1log(TN) (5)

which is a linear relationship between log(TN) and
log(chl a) with an intercept, log(a)+b-
log(p(bioavailable)), that might be constant if the
proportion of bioavailable TN is constant throughout
the data set or alternatively, it could depend on the
specific site of the data. The constancy of the
bioavailable proportion over sites was investigated
by comparing two models:

log(chl a) = ap + b - 1og(TN) + e (6)
log(chl a) = ag + age + b - log(TN) + ¢, (7)

i.e. a log-log model with a constant intercept (Eq. 6)
versus a site-specific intercept (Eq. 7).

All regression models were formulated within the
framework of general linear models, using the inverse
variance of the marginal means as weights (Best
Linear Unbiased Estimate, BLUE) and analysed
using SAS/PROC GLM.

Results
Nutrient status versus nutrient inputs

The first step in the cause—effect chain from nutrient
inputs to phytoplankton biomass was to establish
relationships between N inputs and TN concentra-
tions. Consistent time series for the site-specific
inputs were not available and for local inputs to
coastal sites may only have a small contribution to
nutrient enrichment of the water body relative to the

regional inputs due to intensive transports of water
masses. Therefore, the time series of N inputs
(Danish inputs updated from Conley et al., 2007)
was used for establishing relationships between
regional inputs and site-specific concentrations.

Site-specific weighted regressions between N
inputs and TN concentrations demonstrated signifi-
cant effects of land-based inputs on concentrations in
the sea for 29 out of the 36 sites, and consistent
tendency for all the significant regressions to inter-
cept at a common TN concentration (Fig. 2). The
only exception was the hypertrophic Mariager Fjord,
which is the only fjord-type estuary in Denmark
characterised by a deep trough (almost permanently
anoxic bottom water) in the inner part of the estuary
(>25 m) and long sill in the outer part with an
average depth of 1.1 m (Fallesen et al., 2000). Those
sites that did not have a significant relationship were
sites characterised by large exchanges with Baltic Sea
water (Bornholm, Fakse Bugt, Hjelm Bugt, and
Prestg Fjord) and sites with relatively few mean
values (2—-6 yearly means of both chl a and TN for
Dybsg Fjord, Karrebeksminde Bugt and Korsgr Nor).
Most of the significant relationships had intercepts in
the range from 10 to 30 pmol 17! (Fig. 3).

Mariager Fjord, where the permanently anoxic
deep waters have considerably longer residence

250

Mariager Fjord
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Fig. 2 Regression lines between TN mean concentrations
(January—June) and regional nitrogen input from land obtained
from 36 estuarine and coastal sites in Denmark. The regression
line for open-water stations in the Danish straits is highlighted
with a thick grey line. The site Mariager Fjord is also
emphasised since it gave a deviating regression from the
overall pattern. Solid lines represent significant linear relation-
ships (P < 0.05) and dashed lines show relationships that were
not significant
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times, was excluded from the analysis of Eq. 3 and a
common intercept was estimated at 16.6 (%1.16)
umol 17" that fell nicely within most of the 95%
confidence intervals of the site-specific intercepts
(Fig. 3). The open-water TN means ranged from 17
to 24 pmol 17!, but these are also affected by inputs
from land (Carstensen et al., 2006). This may suggest
that N inputs from Denmark contribute about
1-7 pumol 17! in addition to the TN levels in the
Danish straits determined by exchanges between the
Skagerrak and the Baltic Sea. Thus, the model
implies that if all land-based inputs were reduced to
zero, all sites would approach a common TN level of
16.6 pmol 17!, corresponding to the TN concentra-
tion in the open waters.
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The estimated site-specific slopes from Eq. 3
varied from 0.05 to 2.25 pmol 17" ktonnes™", i.e.
by a factor of 50. These estimates clearly displayed
spatial patterns with sites strongly influenced by
freshwater discharges, such as Odense Fjord and
Randers Fjord, having high slopes and coastal sites
dominated by water exchanges with the open waters
having low slopes (Fig. 4). All sites characterised as
open coastal areas had slopes <0.15 pmol 1" kton-
nes_l, whereas estuaries and semi-enclosed embay-
ments had slopes above 0.2 pmol 17! ktonnes™".
Thus, a reduction of ~20% of the present input
level, corresponding to ~ 10 ktonnes N for the total
Danish input to the Danish straits, would reduce TN
concentrations by 0.5 pmol 17! in the open coastal
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specific slopes in regression E Coastal sites Estuaries and embayments ©
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Table 2 Estimated reference conditions (Ref. cond.) and
boundary values for TN concentration (pmol 1Y for Janu-
ary—June computed from corresponding values of N input

(Table 1) by means of the regression model with site-specific
slopes and common intercept (Eq. 3)

Site name and # (cf. Fig. 1) Ref. cond. Hvs. G Gvs.M M vs. P Pvs. B

Augustenborg Fjord (1) 21.5 (£1.6) 26.0 (£2.7) 349 (£5.1) 45.2 (£7.9) 51.6 (£9.7)
Bornholm (2) 17.2 (£1.1) 17.8 (£1.3) 19.0 (£2.2) 20.3 (£3.4) 21.2 (£4.2)
Dybsg Fjord (3) 23.8 (£2.4) 30.5 (+£4.3) 43.7 (£8.2) 58.9 (£13) 68.5 (£16)
Eastern Limfjorden (4) 27.2 (£1.0) 37.0 (£1.1) 56.2 (£1.7) 78.4 (£2.7) 92.4 (£3.3)
Fakse Bugt (5) 17.4 (£1.3) 18.2 (£1.9) 19.6 (£3.5) 21.4 (£5.5) 22.4 (+£6.8)
Flensborg Fjord (6) 20.3 (£1.0) 23.8 (£1.1) 30.5 (£1.6) 38.4 (£2.5) 43.3 (£3.1)
Fyns Hoved (7) 17.6 (£1.0) 18.5 (£0.9) 20.3 (£1.1) 224 (£1.7) 23.8 (£2.1)
Hevring Bugt (8) 18.0 (£1.1) 19.3 (£1.3) 21.9 (£2.2) 24.8 (£3.5) 26.7 (+£4.3)
Hjelm Bugt (9) 17.5 (£1.3) 18.3 (£2.1) 20.0 (£3.9) 21.8 (£6.0) 23.0 (£7.4)
Horsens Fjord (10) 22.3 (£1.1) 27.7 (£1.2) 38.1 (£1.9) 50.2 (£3.0) 57.8 (£3.7)
Isefjord (11) 20.6 (£1.0) 24.3 (£1.0) 31.6 (£1.5) 40.0 (£2.3) 452 (£2.9)
Kalundborg Fjord (12) 18.2 (£1.0) 19.7 (£1.0) 22.6 (£1.6) 25.9 (£2.5) 28.0 (£3.1)
Karrebeksminde Bugt (13) 18.3 (£1.6) 19.8 (£2.7) 22.8 (£5.1) 26.4 (£7.9) 28.6 (£9.7)
Kertinge Nor (14) 229 (£1.1) 28.8 (+£1.2) 40.4 (£2.0) 53.8 (£3.1) 62.2 (£3.8)
Korsgr Nor (15) 21.5 (£2.4) 26.0 (+£4.3) 349 (£8.2) 45.2 (£13) 51.7 (£16)
Kgge Bugt (16) 17.9 (£1.0) 19.1 (£1.0) 214 (£1.5) 24.1 (£2.3) 25.8 (£2.9)
Lillebelt (17) 17.8 (£1.0) 18.9 (£0.9) 21.2 (£1.1) 23.7 (£1.6) 25.3 (+£2.0)
Limfjorden SW of Mors (18) 24.5 (£1.1) 31.8 (£1.3) 46.2 (£2.2) 62.8 (£3.4) 73.2 (£4.2)
Lggstgr Bredning (19) 26.9 (£1.1) 36.4 (£1.4) 55.1 (£2.3) 76.7 (£3.6) 90.3 (£4.4)
Nissum Bredning (21) 23.3 (£1.1) 29.6 (+£1.3) 41.8 (£2.1) 56.0 (£3.3) 64.9 (+£4.1)
Northern Kattegat (22) 17.7 (£1.0) 18.8 (£1.1) 20.8 (£1.8) 23.2 (£2.8) 24.7 (£3.5)
Odense Fjord Inner (23) 48.1 (£1.3) 77.3 (£1.8) 135 (£3.2) 201 (£5.1) 242 (£6.2)
Odense Fjord Outer (24) 27.2 (£1.1) 37.1 (£1.2) 56.5 (£1.9) 78.9 (£2.9) 92.9 (£3.6)
Open waters (25) 17.5 (£0.9) 18.4 (£0.8) 20.1 (£0.7) 22.1 (+0.9) 23.3 (£1.2)
Preestg Fjord (26) 24.5 (£1.5) 31.9 (£2.4) 46.4 (£4.4) 63.1 (£6.9) 73.6 (£8.5)
Randers Fjord (27) 38.3 (£1.1) 58.4 (£1.4) 97.8 (£2.4) 143 (£3.7) 172 (+4.6)
Roskilde Fjord (28) 26.5 (£1.0) 35.7 (£1.0) 53.7 (£1.3) 74.6 (£2.0) 87.7 (£2.5)
Sejerg Bugt (29) 17.7 (£1.1) 18.8 (£1.5) 20.8 (£2.6) 23.2 (£4.0) 24.7 (£4.9)
Skive Fjord (30) 29.8 (£0.9) 42.0 (£0.8) 65.9 (£0.9) 93.6 (£1.3) 111 (£1.7)
Southern Kattegat (31) 17.4 (£1.0) 18.1 (£1.0) 19.5 (£1.4) 21.2 (£2.2) 22.2 (£2.8)
Sydfynske @hav (32) 18.7 (£1.0) 20.6 (£1.1) 24.3 (£1.6) 28.6 (£2.5) 31.3 (£3.1)
Vejle Fjord (33) 20.3 (£1.1) 23.7 (£1.2) 304 (£1.8) 38.1 (+2.8) 43.0 (£3.4)
Q@resund (34) 17.3 (£1.0) 17.9 (£1.2) 19.1 (£2.0) 20.5 (£3.2) 21.4 (£3.9)
Abenrd Fjord (35) 19.5 (£1.2) 22.3 (£1.6) 27.6 (£3.0) 33.8 (+4.6) 37.7 (£5.7)
Arhus Bugt (36) 17.3 (£1.0) 17.9 (£0.9) 19.1 (£1.1) 20.5 (£1.7) 21.4 (£2.2)

H high status; G good status; M moderate status; P poor status; B bad status

sites and up to 22.5 umol 17! in the inner part of
Odense Fjord.

The proposed threshold values for N inputs
(Table 1) were converted into corresponding values
for TN concentration in the different sites by means
of Eq.3 with uncertainties deriving from the

regression only, i.e. assuming thresholds values for
N inputs to be fixed (Table 2). The spatial pattern of
the estimated threshold values followed the results
from the regression model in Eq. 3 with wide spans
for WFD status classes for estuaries strongly influ-
enced by land (high slopes in Fig. 4) and narrow
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spans for coastal sites. Estimated reference values
ranged from 17.2 pmol 1™' at Bornholm to
48.1 ymol 17" in the inner part of Odense Fjord.
Similarly, estimated boundaries between good and
moderate status ranged from 19 to 135 umol 17", It
should also be stressed that the uncertainty of the
reference conditions (Table 2) was relatively small
for all sites because the common intercept was
relatively well determined. The largest uncertainties
were found for the boundary between poor and bad,
because the N input data set contained a few years for
that range only.

Phytoplankton response to nutrient status

Significant relationships between chl a and TN were
obtained for both the model with a constant intercept
(Eq. 6; Fi602 = 1280; P < 0.0001) and the model
with site-specific intercepts (Eq. 7; Fs¢2 = 116.6;
P < 0.0001), but the overall slopes of the two models
differed (Fig. 5). The simpler of the two models,
Eq. 6, had a slope of 0.92 (£0.26) suggesting almost
proportionality (slope of 1) in the response of chl a
to TN. In addition to the significant overall rela-
tionship with log(TN), the second model, Eq. 7,
showed significant different site-specific intercepts

100
"Broad-brushed":
In(y)=-2.17+0.92In(x)
R*=0.6721
" -
En w. max intercept:
=t In(y)=0.10+0.53In(x)
210
c
o
s
h -
5 . w. min intercept:
S i Inly)=-1.72+0 53In(x)
8
=
£
g Site-specific intercept:
In(y)=a52e+0.53In(x)
R*=0.8736
0.1
10 100 1000

TN concentration (umol I"}

Fig. 5 Summer chl a versus winter—spring TN mean
concentrations for 36 different sites, indicated by different
symbols. The grey line shows the simple regression line
without site-specific features, whereas the black solid line
shows the estimated site-specific relationship averaged over all
sites, and dotted lines show relationship with the lowest factor
(Dybsg Fjord) and the highest factor (Skive Fjord). Means from
Mariager Fjord were not included
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(F35562 = 65.9; P < 0.0001), however, with a signif-
icantly lower slope of 0.53 (£0.049) than for Eq. 6.
The lower slope means that increasing TN concen-
trations will give less than a proportional yield.

The site-specific intercepts varied from —1.72 in
Dybsg Fjord to 0.10 in Skive Fjord (Fig. 5), which
back-transformed by the exponential function give
site-specific factors for the power relation in Eq. 4
ranging from 0.18 to 1.11 (Fig. 6). The ranking of
sites by the site-specific factors corresponded to the
expectation with sites strongly influenced by terrig-
enous inputs had the highest factors, but there were
some exceptions. In order to further investigate the
interpretation of the site-specific factor, the bioavail-
able fraction of TN was calculated during the winter
months (January—February) when most of the bio-
available fraction was either in the form of dissolved
inorganic nitrogen (DIN) or bound in phytoplankton
biomass. Therefore, the bioavailable nitrogen was
calculated as the sum of DIN and chl a converted to
nitrogen by means of Redfield ratios and a carbon:chl
a ratio of 50.

Most sites showed a good agreement between the
estimated factors and the winter bio-available nitro-
gen fraction (Fig. 7). The intercept of the regression
was not significantly different from zero (¢ = 0.42;
P = 0.6769) resulting in a proportional relationship
between the bioavailable nitrogen fraction in winter
and the estimated site-specific yield factor from the
chl a-TN regression. This is in agreement with the
conceptual theory described in Eq. 4.

There were, however, a number of sites that
deviated from the overall pattern. Randers Fjord and
Odense Fjord inner part are strongly influenced,
particularly in winter time, by riverine inputs. These
two sites deviate because (1) TN in January—June
may not be a good nutrient status indicator for
summer chl a due to low retention times and (2)
phytoplankton primary production in summer may
additionally be limited by high flushing rates and
light limitation. Skive Fjord is very productive with
high biomasses throughout summer, and summer
algae blooms are fuelled by nutrients from the
sediments following events of hypoxia (Carstensen
et al., 2007). In this sense, Skive Fjord behaves partly
like Mariager Fjord with an intensified internal
recycling of nutrients and no benthic grazing in the
deeper parts where the monitoring station is located.
Finally, Dybsg Fjord has a lower chl a yield from TN
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Fig. 7 Estimated site-specific factor from chl a—TN relation-
ship versus estimated bioavailable nitrogen fraction in January
and February. Open symbols show sites that deviated from the
overall trend with their names indicated in text boxes. Mariager
Fjord was not included

than most other sites, because nutrient inputs to
Dybsg Fjord are small, and primary production is
dominated by benthic vegetation.

Reference conditions and boundary values were
calculated from the chl a-TN regression (Table 3)
using the corresponding values for TN as input
(Table 2). Standard errors for the chl a values
(Table 3) were found by Monte Carlo simulation
(10,000 simulations) including uncertainty of the
estimated chl a—TN model as well as uncertainty of
the TN reference condition and boundary values.

(~30%).

Discussion

The European WFD has the noble objective to stop
further deterioration of aquatic ecosystems and that
European waters should have at least good ecological
status by 2015. Since the WFD was adopted in 2000
(Directive, 2000), water managers have been striving
to transform the good political intentions into oper-
ational managerial frameworks, and scientists have
been engaged in improving our scientific understand-
ing of ecosystem functioning. The quantitative
knowledge, so far, is mostly based on empirical
studies lumping data from monitored sites together to
obtain sufficient power for estimating relationships,
under the general assumption that space can sub-
stitute time and universal relationships between stress
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Table 3 Estimated reference conditions (Ref. cond.) and
boundary values for chlorophyll a concentration (pg 17") for
May-September computed from corresponding values of TN

concentrations (Table 2) by means of the regression model
with site-specific intercepts and common slope (Eq. 7)

Site name and # (cf. Fig. 1) Ref. cond. Hyvs. G Gvs. M M vs. P Pvs. B

Augustenborg Fjord (1) 2.89 (£0.50) 3.22 (£0.56) 3.80 (£0.71) 4.43 (£0.87) 4.78 (£0.97)
Bornholm (2) 1.26 (£0.11) 1.29 (£0.11) 1.33 (£0.13) 1.38 (£0.17) 1.42 (£0.20)
Dybsg Fjord (3) 0.97 (£0.29) 1.12 (£0.33) 1.37 (£0.42) 1.63 (£0.51) 1.79 (£0.57)
Eastern Limfjorden (4) 2.96 (+0.26) 3.53 (£0.28) 4.50 (£0.32) 5.47 (£0.40) 6.01 (£0.44)
Fakse Bugt (5) 1.57 (£0.20) 1.60 (£0.22) 1.68 (£0.27) 1.75 (£0.35) 1.79 (£0.40)
Flensborg Fjord (6) 3.13 (£0.22) 3.43 (+0.23) 3.96 (£0.27) 4.52 (£0.33) 4.86 (£0.37)
Fyns Hoved (7) 2.08 (£0.11) 2.14 (£0.11) 2.26 (£0.12) 2.40 (£0.15) 2.48 (£0.17)
Hevring Bugt (8) 2.00 (£0.18) 2.08 (£0.19) 2.24 (£0.22) 2.40 (£0.28) 2.51 (£0.31)
Hjelm Bugt (9) 1.45 (£0.19) 1.48 (£0.21) 1.55 (£0.26) 1.63 (£0.34) 1.67 (£0.40)
Horsens Fjord (10) 3.27 (£0.27) 3.71 (£0.29) 4.46 (£0.34) 5.22 (£0.42) 5.67 (£0.47)
Isefjord (11) 2.39 (£0.15) 2.63 (£0.15) 3.07 (£0.17) 3.52 (£0.21) 3.79 (£0.24)
Kalundborg Fjord (12) 1.68 (£0.11) 1.76 (£0.11) 1.91 (£0.13) 2.07 (£0.16) 2.16 (£0.18)
Karrebeksminde Bugt (13) 1.06 (£0.19) 1.11 (£0.21) 1.20 (£0.26) 1.30 (£0.33) 1.35 (£0.37)
Kertinge Nor (14) 3.08 (£0.27) 3.51 (£0.29) 4.26 (£0.34) 5.04 (£0.42) 5.47 (£0.47)
Korsgr Nor (15) 2.37 (£0.69) 2.65 (+0.80) 3.12 (£1.01) 3.61 (£1.23) 3.91 (£1.36)
Kgge Bugt (16) 1.20 (£0.08) 1.24 (£0.08) 1.33 (£0.09) 1.42 (£0.11) 1.48 (£0.13)
Lillebelt (17) 2.27 (£0.12) 2.35 (£0.11) 2.51 (£0.12) 2.68 (£0.15) 2.78 (£0.17)
Limfjorden SW of Mors (18) 3.40 (£0.34) 3.96 (£0.38) 491 (£0.46) 5.87 (£0.56) 6.42 (£0.61)
Lggstgr Bredning (19) 3.19 (£0.30) 3.80 (£0.33) 4.84 (£0.41) 5.86 (£0.51) 6.43 (£0.57)
Nissum Bredning (21) 2.97 (£0.26) 3.40 (+0.29) 4.15 (£0.34) 4.92 (£0.42) 5.37 (£0.48)
Northern Kattegat (22) 1.40 (£0.10) 1.45 (£0.10) 1.53 (£0.12) 1.63 (£0.15) 1.69 (£0.17)
Odense Fjord Inner (23) 3.04 (£0.39) 4.00 (£0.48) 5.51 (£0.64) 6.95 (+£0.81) 7.78 (£0.93)
Odense Fjord Outer (24) 3.07 (£0.27) 3.68 (£0.29) 4.69 (£0.35) 5.69 (£0.43) 6.26 (£0.48)
Open waters (25) 1.56 (£0.06) 1.61 (£0.05) 1.69 (£0.05) 1.78 (£0.06) 1.84 (£0.07)
Preestg Fjord (26) 2.73 (£0.44) 3.16 (£0.51) 3.93 (+0.65) 4.70 (£0.79) 5.12 (£0.87)
Randers Fjord (27) 3.84 (£0.38) 4.89 (£0.45) 6.60 (£0.56) 8.23 (£0.71) 9.16 (£0.81)
Roskilde Fjord (28) 2.51 (£0.17) 2.98 (+0.17) 3.78 (£0.19) 4.57 (£0.24) 5.02 (£0.28)
Sejerg Bugt (29) 1.28 (£0.12) 1.33 (£0.13) 1.40 (£0.16) 1.49 (£0.20) 1.55 (£0.23)
Skive Fjord (30) 6.27 (£0.36) 7.65 (£0.32) 9.93 (£0.31) 12.2 (£0.41) 13.4 (£0.52)
Southern Kattegat (31) 1.18 (£0.07) 1.21 (£0.08) 1.26 (£0.09) 1.32 (£0.11) 1.36 (£0.12)
Sydfynske @hav (32) 1.36 (£0.09) 1.44 (£0.09) 1.58 (£0.11) 1.74 (£0.14) 1.83 (£0.15)
Vejle Fjord (33) 3.78 (£0.33) 4.14 (£0.34) 4.77 (£0.40) 5.46 (£0.48) 5.85 (£0.52)
Q@resund (34) 1.46 (£0.11) 1.49 (£0.12) 1.55 (£0.14) 1.61 (£0.18) 1.65 (£0.21)
Abenrd Fjord (35) 2.42 (£0.25) 2.61 (£0.28) 2.96 (£0.34) 3.32 (+0.42) 3.54 (£0.47)
Arhus Bugt (36) 1.74 (£0.09) 1.77 (£0.09) 1.84 (£0.10) 1.92 (£0.12) 1.96 (£0.14)

H high status; G good status; M moderate status; P poor status; B bad status

and response exist. Although this line of thinking is
now over 40 years old (going back to Vollenweider,
1968), these underlying assumptions have never been
validated or for that matter actually investigated.
Most studies have been concerned with modifying
TN measurements to exclude the contribution from
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phytoplankton (Borum, 1996; Nielsen et al., 2002) or
extending the linear log—log relationship between chl
a and TN to higher order parametric relationships
(e.g. quadratic relationship in Smith, 2006) or non-
parametric relationships (e.g. LOWESS relationship
in Phillips et al., 2008). Although some studies have
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acknowledged and discussed potential site-specific
effects (e.g. Phillips et al., 2008), this study actually
documents significant differences in the chl a-TN
relationship between sites. In the earlier studies, site-
specific effects could not be investigated due to data
limitations, but extensive data set is now largely
available to test for such differences and empirical
relationships applied to ecosystem management
should at least include site-specific features or
document that these are negligible.

Site-specific features are important for Danish
coastal sites. The summer phytoplankton biomass
results mainly from the balance between production
and grazing processes (benthic and pelagic). Primary
production in the summer period comprised by new
production due to direct nutrient inputs from land and
atmosphere and regenerated production based on
remineralisation of nutrients in the water column and
releases from the sediments. The bioavailability of
nitrogen varies with land use in the watershed with
the highest values from urban areas and arable land
and lower values from natural and forested lands
(Seitzinger et al., 2002). Urban areas and arable land
comprise >76% of the land in Denmark, whereas the
remaining part accounts for forests, natural lands,
wetlands and lakes (http://www.dst.dk). Land use
differences across watersheds are mainly shift from
urban to arable land, and thus, the site-specific dif-
ferences in nitrogen bioavailability of N inputs from
land are small. On the other hand, the open waters of
the Danish straits have strong gradients of salinity
from mixing of saline Skagerrak water with brackish
Baltic Sea water, but also gradients of nitrogen bio-
availability because a relatively large fraction of the
Baltic Sea dissolved organic nitrogen is refractory
and inorganic nutrients are low (Zrtebjerg et al.,
2003). This will lead to differences in the site-specific
bioavailability in Eq. 4. Nutrient input from the
sediments is enhanced through hypoxia (Mortimer,
1941; Smith & Hollibaugh, 1989), which may lead to
excessive algae growth (Carstensen et al., 2007). The
investigated sites are variously affected by hypoxia
with Mariager Fjord (permanently hypoxic) and
Skive Fjord (hypoxic every summer) as the most
affected sites. Thus, there are significant differences
in the nitrogen bioavailability across sites.

Grazing pressure on phytoplankton may also exert
significant differences between sites. Blue mussels
are widespread in Danish estuaries and play a major

regulatory role for the plankton, including copepod
eggs (Conley et al., 2000). The investigated sites
range from permanently over intermittently stratified
to well mixed. Bivalves can effectively control
phytoplankton biomass as exemplified in Ringkgbing
Fjord on the west coast of Denmark, where a small
change in salinity allowed the clam Mya arenaria
(L.) to settle and reduce chl a from around 50 to
about 10 pg 17" (Petersen et al., 2008). Large vari-
ations in the benthic fauna biomass and composition
(Josefson & Hansen, 2004) signify large differences
across sites with respect to benthic grazing pressure.
The effect of pelagic grazing, mostly by protozoa
(Conley et al., 2000), may also vary substantially
between sites, but the biomass of microzooplankton
will also be controlled by filter feeders. Thus,
differences in the phytoplankton biomass relative to
TN levels must be expected due to variations in
grazing pressure across sites.

The overall uncertainty was reduced by including
significant site-specific features. In this study, the
residual standard error was reduced from 0.35 using
Eq. 6 to 0.22 using Eq. 7, which corresponds to a
reduction of the relative uncertainty from 42 to 22%,
i.e. almost a halving of the uncertainty. Reducing the
uncertainty of boundary values is crucial to the WFD
implementation and methods to achieve this should
be emphasised. Carstensen (2007) documented a
need for extensive monitoring efforts to obtain
sufficient precision in the status classification using
fixed boundary values. Substantial uncertainty in the
boundary setting further adds to the overall uncer-
tainty of the WFD implementation with a risk of
jeopardising the WFD objectives. Thus, including
site-specific features will provide more realistic
boundary values for managing specific water bodies
as well as provide more certainty in the boundary
estimates.

The WFD boundary setting for biological elements
cannot be entirely objective, but it has to be based on
the best available knowledge. In this study, we have
presented a method for deriving boundary values for
chl a based on empirical relationships between TN
inputs and concentrations, and TN and chl a concen-
trations. The choice of TN input levels for defining
reference conditions and boundary values remains
subjective but are, however, linked to periods in the
past that will qualify these values more than expert
judgement. The WFD proposes several approaches
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for deriving reference and boundary values and given
the still relatively large uncertainty for these values in
this study, other approaches should be pursued to
either corroborate or falsify the results of the present
study. Henriksen (2009) estimated reference condi-
tions for summer chl a (also May-September) by
means of historical Secchi depths from beginning of
the twentieth century, corresponding to the same
period defined in this study, and obtained generally
lower values than in the present study (up to 50%
lower). However, his method involved a number of
subjective parameter settings in the statistical analy-
sis, and reference condition was derived from histor-
ical Secchi depths measured in open waters,
assuming these also to represent status of the WFD
intercalibration coastal sites.

The identified empirical relationships present an
advance compared to other studies in its statistical
rigour, but improved precision and knowledge must
continue to be developed. It is implicitly assumed that
the estimated relationships are static, i.e. that they do
not change with time. This assumption is unlikely to
be valid, since many other factors (e.g. global
warming) affect the chl ¢—TN relationship. Duarte
et al. (2009) have shown that ecosystems going
through the phases of eutrophication and oligotroph-
ication do not necessarily return to the point of
departure, and shifting baselines will affect the
likelihood of complying with the boundary for good
ecological status. Therefore, the WFD should not
consider managing nutrient inputs only but must
consider the multitude of stressors affecting marine
ecosystems, and the boundary setting procedure is an
adaptive process that should incorporate new knowl-
edge as it becomes available and keep focus on
establishing good ecological status in a changing
world rather than focusing on allowable deviations
from unattainable historical reference conditions.

Conclusions

Water Framework Directive boundary setting will
inevitably include elements of subjectivity, such as
expert judgement, but it must also be accompanied by
quantitative relationships when present, to qualify
chosen values. Such relationships can be based on
empirical evidence of links between nutrient input and
concentrations as well as links between nutrient status
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and ecological responses using data from a broad
range of ecosystems. However, differences between
ecosystems must be taken into account to establish the
most correct and precise relationships. The presented
boundary setting approach advances our quantitative
knowledge for establishing such relationships.
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