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Abstract. Intensive farming has severe impacts on the chem-options is 0.084 mgt*. Regional climate models project in-
ical status of groundwater and streams and consequently ocreasing winter precipitation and runoff in the investigated
the ecological status of dependent ecosystems. Eutrophicaegion resulting in increasing runoff and nutrient loads to the
tion is a widespread problem in lakes and marine watersHorsens estuary and many other coastal waters if present land
Common problems are hypoxia, algal blooms, fish kills, anduse and farming practices continue. Hence, lower threshold
loss of water clarity, underwater vegetation, biodiversity andvalues are required in many coastal catchments in the future
recreational value. In this paper we evaluate the nitrogen (N}Yo ensure good status of water bodies and ecosystems.

and phosphorus (P) concentrations of groundwater and sur-
face water in a coastal catchment, the loadings and sources

of N and P, and their effect on the ecological status of an

estuary. We calculate the necessary reductions in N and g Introduction

loadings to the estuary for obtaining a good ecological sta- o )
tus, which we define based on the number of days with NNutrient emissions from anthropogenic sources have severe

and P limitation, and the corresponding stream and groundlMpacts on the environment and cause significant problems
water threshold values assuming two different managemeny/ith the chemical status of water resources and the eco-
options. The calculations are performed by the combined uséPdical status of terrestrial, freshwater, and marine ecosys-
of empirical models and a physically based 3-D integratedt€ms in Denmark and the Baltic Sea region (Conley et al.,
hydrological model of the whole catchment. The assessmer?000; HELCOM, 2007), as well as globally (Vitousek et

of the ecological status indicates that the N and P loads tél 1997; Tilman et al., 2001; Galloway et al., 2004; Diaz

the investigated estuary should be reduced to levels corre2nd Rosenberg, 2008; Conley et al., 2009; Rockstrgm et al.,
sponding to 52 and 56 % of the current loads, respectively2009). Rockstram et al. (2009) identify the human impact
to restore good ecological status. Model estimates show the®n the biogeochemical cycle of nitrogen as one of the cur-

threshold total N (TN) concentrations should be in the range’®ntly most severe environmental problems globally and rec-
of 2.9 to 3.1 mgt? in inlet freshwater (streams) to Horsens @mmend that the human fixation of nitrogen and emissions of

estuary and 6.0 to 9.3 mg? in shallow aerobic groundwater reactive nitrogen species are reduced to 25 % of the present
(~ 27-41mgt? of nitrate), depending on the management levels. Hence, there is a strong and increasing need to regu-
measures implemented in the catchment. The situation fofate and reduce nutrient loadings, particularly in areas with
total P (TP) is more complex, but data indicate that ground-intensive farming, in order to protect water resources and
water threshold values are not needed. The stream threshoRf0osystems (Tilman et al., 2001; Rockstrgm et al., 2009).

value for TP to Horsens estuary for the selected management The European Groundwater Directive (EU, 2006) stipu-
lates that the European Union (EU) member states have to
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derive groundwater threshold values for all relevant con-the evolution of the quantitative, chemical and ecological sta-
taminants in all groundwater bodies that may put associtus of coastal catchments.
ated ecosystems at risk. These risks include harmful algal
blooms, hypoxia, and loss of biodiversity and underwater
vegetation in aquatic ecosystems (Cloern, 2001: Conley ef Study area
al., 2002). Groundwater threshold values are concentration§
: . .1 The catchment
which should not be exceeded in order to assure good chemi-

cal and ecological stgtus of groundwater associated or depeRq grea of investigation is a 518 Rrdanish coastal catch-
dent ecosystems (Hinsby et al,, 2008). If the threshold valugneny including the small islands in the estuary (Fig. 1). The
for a given pollutant is exceeded, the groundwater body iSq4ichment consists of two major gauged sub-catchments with

classified as having poor chemical status according to EU di'gauging stations just upstream of the two major lakes in

rectives (EU, 2000, 2006). Presently, the EU directives doyg greq; discharging about 70 % of the freshwater from the
not require a similar derivation of stream threshold values;yia| catchment through the two lakes into the inner west-
based on the ecological status of their marine recipient. Howz,, part of the estuary. A number of smaller ungauged sub-
ever, we recommend that stream and groundwater threstaichments discharge to the estuary via a number of small
old values be derived together, as stream threshold valueSieams on both sides of the estuary (Fig. 1). The dom-
can be calculated directly from estimated maximum nutri-; -+t |and use is agriculture (76 %). The remaining areas

ent loads to lakes and marine areas when the relative nutriz ;o torested (10%), or lakes, wetlands and meadows (5 %)

ent loads to these recipients directly from groundwater and(BLST, 2010). The population in the area is about 110 000
streams have been estimated. Groundwater threshold valu%§36 inhabitants per kA, of which 73% lives in munici-

can then be estimated based on the stream threshold valugs jities with sewer systems. The animal production is domi-
from the groundwater contributions to stream and estuary nuz,5teq by pigs (69 %) and cows (26 %), and the area currently

trient loads as estimated by monitoring and modeling data. It.;ntains 0.79 livestock animal units (AU) per hectare agri-
should be noted that it may be necessary to set stricter nutriz ,j1ural soil (BLST, 2010).

ent threshold values for streams (e.g. Camargo and Alonso, The geology and topography of the area was devel-
2006) or even for groundwater in some cases (Griebler et a'-oped by glacial processes during the last glaciation (Weich-
2010). In this paper, however, we solely derive groundwatergejian/wisconsinian). The deposits are mainly clay tills and

and stream threshold values based on the ecological status gf,1yash sands constituting the main aquitards and aquifers,

the H(_)rsens estuary. although some glaciolacustrine clay layers also exist. A con-
An integrated assessment of threshold values for ground(—:eptum model of the geological and hydrological setting in

water based on targets for protection of associated or depepe catchment with indication of the type of available data,
dent ecosystems is an interdisciplinary challenge that needs trient sources, and transport is shown in Fig. 2.
contributions from disciplines like marine and freshwater there are five lakes located in the catchment (total sur-
ecology, hydrology, hydrogeology, and hydrochemistry, 8Stace area: 2.43kf), around 1700 ponds (total surface
well as data for all water bodies in the investigated hydro-4.a5- 2 21 krd), and the catchment is drained by 595km
logical system. To the authors’ knowledge, this is the first streams, of which 78% are less than 2m wide. The

interdisciplinary study that estimates groundwater threshold,,o4n precipitation for the agro-hydrological years (April—
values based on targets for the ecological status of a mari”ﬁ/larch) 2000 to 2005, the period we model in this study, was

ecosystem. In this paper we (1) calculate total land based niggg mmyr, and the corresponding total discharge from the
trogen and phosphorus loads, (2) estimate maximum accepk,ichment to the estuary was 299 mmyr
able nitrogen and phosphorus loads to the estuary in order to

ensure a good ecological status of the estuary, (3) derive thg 2  The estuary
equivalent nitrogen and phosphorus groundwater and stream
threshold values for protection of the estuary, and (4) as-The Horsens estuary is a shallow estuary with a mean depth
sess the present chemical status of groundwater in the catclof 2.9m and a surface area of 77.5%rStedmon et al.,
ment to Horsens estuary relative to the derived groundwateR006; Markager et al., 2011). Tidal range is low and mix-
threshold values. ing is mainly wind driven (Gustafsson and Bendtsen, 2007).
Our aim is to provide and demonstrate a methodology forThe estuary is connected to the Belt Sea and the Baltic Sea
derivation of threshold values and integrated assessment dfansitions zone through a deep (16 m) channel and is gen-
nutrient transport across hydrological systems, from ground-erally well mixed with salinities from 12 to 26 %, which is
water to estuaries, using Horsens estuary and its catchmexrbmparable to the salinity in the Belt Sea. Despite the well
as an example. Further, our aim is to contribute to the knowl-mixed conditions, results from a 3-D ecological modeling
edge base, system understanding and framework for futurstudy (Timmermann et al., 2010) showed that the ecological
assessments of the impacts of projected climate change oronditions in the estuary are mainly governed by local nu-
trient inputs with the nutrient concentrations in the adjacent
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Fig. 1. Location and delineation of the investigated estuary and catchment, including stream gauging stations (triangles) and national moni-
toring site below farm land (square).

sea only playing a minor role. The nutrient concentrationsconducted every second week and analyzed for TN, nitrate-
in the estuary are typical for Danish estuaries and similar tonitrite-N, ammonium-N, TP, and dissolved orthophosphate.
estuaries in the US such as the Patuxent river estuary anbhstantaneous discharg®) was measured 12 to 20 times
Chesapeake Bay (Boynton and Kemp, 2008). per year using a low friction propeller, and daily discharge
values were calculated using relationships betw@eand
continuously measured fluctuations in water levé) {n the

3 Materials and methods streams.
Monitoring in the estuary was initiated in 1980, and sys-
3.1 Monitoring in the Horsens Fjord catchment tematically collected data exists from 1985 to 2007. Mon-
and estuary itored parameters included profiles of salinity, temperature,

] ) ) ] . chlorophyll fluorescence, and light attenuation from CTD
The first Danish Action Plan for the Aquatic Environment (conductivity, temperature, depth) casts, as well as nutrient
was adopted in 1987, and the resulting monitoring programanq chlorophyll concentrations from discrete water samples
has been in place since 1989. Hence, more than 20 yr of mons; two depths. Biomass measurements of underwater vege-
itoring data are presently available for all major water bodiesation and the benthic invertebrates were performed together
in Denmark (Larsen et al., 1999; Conley et al., 2002; Kron-\yith enumeration of phytoplankton. The only rate measure-
vang et al., 2008; Hinsby and Jgrgensen, 2009; Markager ghent was made for phytoplankton primary production. The
al., 2010; Hansen et al., 2011). In this study we use data frongamp“ng frequency varied from 12 to 46 times per year.
this program collected in the investigated catchment and dat%enerally, sampling and analytical procedures follow Dan-
from a small agricultural research and monitoring site a fewjsp and European standards and directives, i.e. most recently
kilometers outside the catchment with intensive monitoringhe requirements described in the EU’s Monitoring Directive
of tile drainage water and upper groundwater (L to5m below(EU’ 2009). Selected data from the monitoring programs are

ground surface). _ _ ~_shown in Tables 1 and 2.
Discharge and nutrient concentrations are measured in the

Bygholm and Hansted streams at the two gauging stations
(Fig. 1), covering the discharge and loadings from 56 % of
the catchment area. Water sampling in streams was normally
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Fig. 2. Conceptual model of the catchment of Horsens estuary with indication of data and nutrient sources. The work process in calculation of
threshold values (TVs) for streams and groundwater is indicated. The “DK-QN” model complex (or NLES & DK-QN & DK-model complex)

is a combination of an empirical N leaching model (NLES, Kronvang et al., 2009b), an empirical monthly flow-weighted N concentration
model from diffuse sources (DK-QN, Windolf et al., 2011), and a physically distributed integrated hydrological model (DK-model, Henriksen
et al., 2003).

3.2 Data analysis and development of conceptual model (Kronvang and Bruun, 1996) by multiplying daily nutrient
concentrations with mean daily discharge calculated from
For the derivation of stream and groundwater threshold val-stage—discharge relationships, developed for each of the two
ues, we apply a stepwise approach (Fig. 2). Firstly, the curgauging stations situated in the main stream inlets (Fig. 1).
rent N and P loadings to the estuary were estimated. Basedand-based monthly nutrient loadings and freshwater dis-
on these values and empirical models for the relationships becharge from the entire catchment to the Horsens estuary
tween loadings and nutrient concentrations, acceptable N anfr the period 1984 to 2009 have been estimated utiliz-
P loadings to the estuary were estimated. Secondly, two scdng data from the two gauged stations, and adding modeled
narios were constructed for achieving these values for annuanonthly freshwater discharge and nutrient loadings from the
nutrient loading. Finally, these annual loadings were con-ungauged part of the catchment by using the DK-QN model
verted to groundwater and stream threshold values using @omplex according to Windolf et al. (2011) (Fig. 2). The pre-
catchment model and monitoring data for N and monitoringcision and bias of the estimated N loading from the gauged

data and expert judgment for P (Fig. 2). catchments is assessed to amount to 10% and 0 %, respec-
tively, based on Monte Carlo evaluations of sampling fre-
3.2.1 Calculation of freshwater discharge, nutrient quencies and load estimates (Kronvang and Bruhn, 1996).
sources and loads The DK-QN model is a combination of an empirical nu-

trient loss model and the physically based, distributed and

Monthly freshwater discharge and transport of nutrients (TNINtegrated hydrological “DK-model” (*the Danish National
and TP) are calculated using a linear interpolation method/Vater Resources Model”, Henriksen et al., 2003), which is
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Table 1. Average N and P concentrations in aerobic and anaerobic subsurface waters measured at agricultural monitoring sites (LOOP3 anc
LOOP4) for the period 2000—2005, compared to average N and P concentrations measured in the general groundwater monitoring progran
in the catchment of Horsens estuary for the monitoring period (1989-2009).

Sample/“well” type N NQ-N NH4-N  DIN TN TP
wells¥/analyse® mgl~t mgll mgl! mgll mglt

Agricultural monitoring site
Average 2000-2005

UZ — suction cups (LOOPS) - 8.4 - - 14 0.013
Drains (LOOP4Y - - - - 18 0.050
Drains/root zone leachate - - - - hs -
(modeled, this study)

All wells, 1.5-5m (LOOP3) 22/444 85 0.016 85 8.5 0.019
Aerobic wells (LOOP3 20/414 9.1 0.014 8.1 9.0 0.018
Anaerobic wells (LOOP3) 2/30 0.052 0.049 0.12 0.23 0.029

Groundwater monitoring
Average 1989-2009

All wells with data in period ~ 119/183 0.25 0.20 0.47 - 0.13
Aerobic wells 7/12 2.9 0.051 3.4 - 0.16
Anaerobic wells 112/171 0.068 0.21 0.28 - 0.13

a Number of wells® maximum number of analyseSpata from Grant et al. (2007‘§;ﬂ0w weighted concentrations — LOOP3 and

LOOP4 are monitoring sites, which are located approximately 2 and 100 km from the investigated catchment, respectively, in areas with
similar clayey soils; anfl “aerobic” and “anaerobic” wells are here defined as wells withgNON > 0.25 mg 1 and

NO3—N<0.25mgt1.

based on the integrated hydrological modeling system MIKEarea of the Horsens estuarffarin) Were calculated based
SHE (Abott et al., 1986; Graham and Butts, 2005), andon national models for transportation and depositioip(
calibrated against groundwater heads and runoff. The lat/www.air.dmu.di. Natural background losses of TN (NB)
est version (second generation) of the DK-model is devel-were estimated as flow-weighted concentrations from sam-
oped with a grid size of 500 m500 m (the first setup was pling in streams draining uncultivated catchments. The gross
1000 mx 1000 m). In this study we have reduced the grid nutrient emission to and load in streanig) was calculated
size even further to 250 m 250 m, and used this resolution by the established model and includes the loads described by
for the discharge estimation in both gaged and ungauged sulkq. (1):

catchments. The surface/stream and subsurface water dis-

charges from the catchment to the estuary, 87 % and 13 %s = Lagri+ Lnb+ Lps+ Laf — Rsiw 1)

respectively, are derived from DK-model simulations of the . . .
P Y where Ls is the average loading of nutrients to the Hors-
Horsens catchment.

Monthly nitrogen loadings were also modeled for the two ens estuary estimated from diffuse sources and according

i L . (}0 the combined use of monitoring and modeling data (B
gauged catchments, thus aII_owmg avalldatpn of the applie In Fig. 2), Lagr is the nutrient load from agriculture (G in
DKTQN model complex against measured nitrogen concen-Fig_ 2), Lnp is the natural background load of nutrients from
tratlor_13 at the two gauged stations. Moreover, the mtratenon—agricultural areas,ps is the nutrient load from point
Ieachm_g from the root zone (upper 1 m) was c_alculated fc_)r ources i is the direct atmospheric deposition on surface
the e_rmre catchment O.f the Horsens.estuary using the D.amsﬁreshwater (Din Fig. 2), andg)y is the retention of nutrients
emplr!cal NLES Ie:.;lchlng.model, which performed well " & i the catchment after their emission to surface waters (Fin
large inter-comparison with seven other well known nutrient Fig. 2)
models (Hejzlar et al., 2009; Kronvang et al., 2009b). g-2)

The total loadings were apportioned to sources according 5 Estimating maximum acceptable nutrient loads
to Eqg. (1) and Kronvang et al. (2005) (Table 3). The 9 dis- to Horsens estuary

charges from point sources were measured at the outlets (in-

dustrial plants (IPs), waste water treatment plants (WWTPS)The estimation of maximum acceptable loads to Horsens es-
and fish farms (FFs)), or calculated based on treatment faciltuary was based on empirical models for relationships be-
ities and number of houses in each sub-catchment, and eXween N and P loadings and resulting N and P concen-
pe_rience data for production of nutrients a_nd redugt_ion ef-trations (effects) in the estuary (Fig. 4). The specific ef-
ficiency of treatment (SD). The atmospheric depositions offects (y-variable) evaluated were annual mean concentrations
nitrogen to fresh surface waterdesn and to the surface of TN and P, and mean concentrations of DIN (dissolved
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Table 2. Average N and P concentrations in streams and coastal waters, 2000—2005.

Surface water sampling station DIN ™ POsP TP
mgl=t mgl? mgltl mgl?
Hansted Stream — (FWm/F\Ws) 49/- 56/58 0.041/- 0.10/-
Bygholm Stream — (FWm/FWR) 7.4/— 8.0/6.6 0.072/- 0.14/-
Streams ungauged catchm. (FWm/F#/s)—/— -16.2 /- —/—
Horsens inner estuary 0.24 0.55 0.013 0.056
Horsens outer estuary 0.14 0.39 0.011 0.046
Belt Sea 0.04 0.25 0.012 0.040

aFlow weighted, FWm = measured concentration, FWs = simulated concentfatiwegsured and simulated
stream concentrations include diffuse and point sources.

Table 3. Nitrogen and phosphorus sources and loadings to the Horsens estuary, 2000-2005, (partly from BLST, 2010).

N P N P
t t % %

Natural background (NB) 179 17
Agriculture (AGRI) 704 ] 16.2 65 } 69
Scattered dwellings (SD) 15 14
Industrial plant discharges (IP) 0 0 0 0
Fish farming (freshwater) (Rfesn) 0.5 0.07 0.05 0.3
Fish farming (marine) (Fiarin) 11 1.39 1.0 5.9
Waste water treatment plants (WWTP) 64 1.9 5.9 8.1
Urban stormwater runoff (USR) 15 3.5 1.4 15
Atmospheric deposition on freshwater bodidg£sp) 4.1 0.08 0.4 0.3
Atmospheric deposition on marine waters{arin) 94 0.24 8.7 1.0
Sum of all sources 1086 23.4 100 100

Note! the unit t (tonne) is the metric tonne all through the manuscript.

inorganic nitroger= NO2 — N + NOz — N+ NH4 — N) from before, and period 6, all months back to January in the pre-
May through October and DIP (dissolved inorganic phospho-vious year; periods 7 to 11 were periods ending when the re-
rus= POy — P) from March through July (Table 4). The pe- sponse period started and starting 1, 2, 4 and 8 month before,
riods for DIN and DIP correspond approximately to the pe- and January in the previous year. This method gawell
riods were N or P limitation of phytoplankton occur in the potential explanatory variables. A forward selection proce-
estuary (data not shown). The empirical models were develdure adopted from Broadhurst et al. (1997) was used to se-
oped with an iterative multiple linear regression procedurelect the explanatory parameters providing the best model fit.
working on standardized time series (zero mean and a starA jack-knifing procedure was used to test all variables and
dard deviation equal to one) for both dependent and indepenrall combinations of years, and the best explanatory variables
dent variables. The explanatory variablesvariables) were  were chosen based on root mean square error of cross vali-
N and P loads, water temperature, wind speed (cubed dailgation (RMSECV). RMSECV were also used to determinate
mean values), surface irradiance, salinity (used as a proxghe maximum number of explanatory variables (between two
for water exchange with the adjacent Belt Sea) and the Norttand five) without overparameterisation of the model. Outliers
Atlantic Oscillation Index (NAO http://www.cru.uea.ac.uk/ where identified from the jack-knifing procedure according
~timo/projpages/nacipdatd. These variables represent the to Martens and Dardenne (1998). Nitrogen and phosphorous
major external factors governing the conditions in the es-loadings were always chosen as the first variable for their re-
tuary, i.e. nutrient loadings, climatic forcing and water ex- spective concentrations, and only one variable for each class
change. Each explanatory variable was calculated as meanf explanatory variables was chosen, but otherwise the selec-
values for eleven different time periods prior to and/or in- tion procedure for explanatory variables was based on RM-
cluding the period for the response variable in order to allowSECV. The procedure stopped when further explanatory vari-
for time lag between loads and resulting effects in the es-ables did not improve the model based on RMSECV (two
tuary. The eleven periods were periods 1 to 5, the perioddo four explanatory variables were used). Time series from
for the response variable including 0, 1, 2, 4 and 8 months1985 to 2006 were used, i.e. 22yr, however, the last four
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years where not used in the parameter selection procedursones along streams were included for additional removal of
but retained for validation. After validation of the explana- nutrients. As this scenario utilizes further nitrogen reduction
tory parameter selection, a final estimation of the regressiorirom other sources, it allows higher threshold values in aero-
coefficients was done including all 22yr. The final results bic groundwater.
from the models are coefficients for the effects of changes in
response variables per unit change in loadings (% change iB8.4 Derivation of stream threshold values
response variable/% change in loading), adjusted for effects
of inter-annual variability in climatic conditions. These co- In contrast to groundwater threshold values, stream thresh-
efficients were subsequently used to estimate the values fasld values are not sensitive to the selected nutrient man-
response variables under reduced loadings assuming averaggement options in the investigated catchment. The flow-
climatic conditions, i.e. the final model equations were usedweighted stream concentrations simply have to be reduced
as scenarios where N and P loads varied, but with climatidoy the same relative amount as required for the estuary as the
variables set to their average value in the data set. Finally, thetream inputs constitute approximately 90% of the TN in-
maximum acceptable loads to the estuary were estimated ugut to the estuary (Table 3), while the groundwater threshold
ing the calculated relationships between DIN and DIP mearvalues depend on how and where remediation measures are
concentrations, and the percentage of days with N and P limapplied and nutrients are removed/immobilized (Sect. 3.5).
itations in the estuary (see Sect. 4.3 and Fig. 8 for estimaHence, groundwater thresholds for e.g. nitrate (or TN) de-
tion of N and P limitations and Sect. 5.2 for a discussion ofrived to ensure a good ecological status of the associated
good ecological status). Nutrient limitations are assumed teestuary, can be significantly higher if efficient wetlands for
occur at 14 pg DINT! and 6.2 ug DIP1L. These values are removal of nitrate before discharge to streams or the estuary
equivalent to K, values for growth in a Michaelis—Menten are constructed (see discussions in Sects. 3.3 and 5.3).
expression of 1 umoti! for DIN and 0.2 pmolt? for DIP, To estimate the current TN loading from streams to the es-
based on values given by Maclsaac and Dugdale (1969), Epuary and the required threshold values, we have applied an
pley et al. (1969), Falkowski (1975) and Quile et al. (2011). empirical model for estimating monthly flow-weighted TN
concentrations in freshwater discharge to minor streams. The
3.3 Scenarios of mitigation measures model was developed based on nitrogen data for 83 small
agricultural catchments without lakes or wetlands and data
The reduction targets for nutrient loadings calculated for thefor the period 1990 to 2009 using an approach described by
Horsens estuary can be accomplished by utilizing differentKronvang et al. (1995), Andersen et al. (2005), and Win-
mitigation measures in the catchment, and it is importantdolf et al. (2011). The retention of TN in streams, lakes and
to note that the actual selection of applied mitigation mea-wetlands was calculated utilizing different models and ex-
sures will affect the calculated groundwater threshold valuepert judgments as described in Windolf et al. (1996, 2011)
for TN. The reason for this is that the chosen measures magnd Kronvang et al. (2005). The modeling complex allowed
include and take advantage of subsurface reduction (retera model estimation of gross and net stream flow-weighted
tion) processes to various degrees. Generally, the most strictoncentrations taking into consideration the nutrient reten-
groundwater threshold values would be established if subtion in the 5 larger lakes situated in the catchment, of which
surface retention is not increased and the reduction in nutrithe 2 largest are situated downstream the two monitoring sta-
ent loading is solely to be obtained by reducing the nutrientgtions just before river water enters the estuary (Fig. 1). Net
leaching from agricultural soils. Groundwater threshold val- inlet freshwater nitrogen threshold values for Horsens estu-
ues can be allowed to be higher if in addition other measuresry were calculated utilizing this model complex for the two
such as introduction of uncultivated buffer zones, restora-scenarios. The threshold values for TP were calculated as net
tion of wetlands along streams and reduction in other signifi-flow-weighted concentrations.
cant nutrient sources were applied to help reduce the nutrient
loading to streams and ultimately the estuary. We have eval3.5 Derivation of groundwater threshold values
uated two possible scenarios to illustrate how the choice of
mitigation measure will influence the derived groundwater Groundwater threshold values depend on the application of
threshold value for TN: possible mitigation measures as described in Sect. 3.3. The
Scenario 1 Assumes that the entire reduction target for threshold value has to be calculated for aerobic groundwa-
N and P is directed against the diffuse sources in the catchter as the major nitrogen species in groundwater, nitrate, is
ment, i.e. losses from fields. This scenario results in the low+educed to unreactived\at the redox boundary.
est (most strict) groundwater threshold values. Dissolved inorganic nitrogen (DIN =N©&3-N+NO3z—N+
Scenario 2Measures are imposed on point sources, directNH4—N) in anaerobic groundwater in the investigated catch-
atmospheric deposition (through lower emission of ammoniament is primarily present as ammonia at concentrations that
from agriculture/manure) and diffuse sources. Furthermoreare generally 1-2 orders of magnitude lower than the DIN
construction/restoration of wetlands and uncultivated bufferconcentrations in aerobic groundwater, where nitrate is the
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Table 4. Coefficients from the empirical models of the estuary. The maximum observed concentrationd) (kgthe period 1985 to
2006 (year in brackets), and estimated values with the empirical models and normalized climate for 2001-2005, with target loads for good
ecological status, and with background loads. Loads for nitrogen and phosphorous are given in brackets in t (metric tonne) of'N or P yr

Inner estuary Outer estuary
TN DIN TP DIP TN DIN TP DIP
1-12* 5-10° 1-12 3-7 1-12 5-10° 1-1Z 3-7

Coefficients 0.20 0.023 0.46 0.20 0.13  0.017 0.33 0.07
gt (tNor Pyr-t)~t (GO () B () B () G T ) B () I )
Maximum obs. values 836 107 97 21 646 52 58 13
1985-2006 (ugtl) (1990) (1993) (1986) (1988) (1990) (1993) (1986) (1993)
Estimated values for
2001-2005 (N=1086, P=23.4, 567 32 48 8.1 421 14 35 6.9
Table 3)
Estimated values with target
loads (N =560, P =13) 462 20 43 6.0 355 5.3 31 6.2
Estimated values with
background loads (N =252, 401 12 41 5.0 316 0.1 30 5.9

P=8.1)

* The numbers refer to the months over which the average values are calculated.

dominant nitrogen species (Table 1). Hence, the major part ofKronvang et al., 2007). As the major part of phosphorus in
the TN load to streams is generally nitrate originating from groundwater is natural, it is neither relevant nor possible to
shallow aerobic groundwater that discharges either directlyderive a groundwater threshold value to control the anthro-
or via drainage ditches or tiles to the stream (Fig. 2). As therepogenic input.
are only a few monitoring wells in aerobic groundwater in the
investigated catchment, the leaching of nitrate from the root
zone (1 m below surface) was modeled utilizing the Danish? Results
developed leaching model (NLES4) (Knstense_n etal., 2008;4.1 Measured and modeled data from surface and
Kronvang et al., 2008). The model was applied to a large

S X . subsurface waters
number of combinations of soil types, crop types, climate,

etc., and the N leaching results were extrapolated to fieldyyogen and phosphorus monitoring data for subsurface wa-
block level (ca. 8ha) within the catchment of the Horsens g g (syction cups, tile drains and monitoring wells) and sur-

estuary based on field block information in agro-statisticals, e \waters (streams and estuary) are shown for compari-
data and climatic data for the agro-hydrological year of 20054, in Tables 1 and 2, respectively. Model simulated con-

(1 April 2005 to 31 March 2006). For the agro-hydrological ¢entrations for TN are compared to measured concentrations
years 2000 to 2004, distributed data for nitrate leaching wasy, Taple 2 for the two gauged sub-catchments, and for the
estimated using agro-statistical data for 2005 because no Spgransted stream in Fig. 3. The simulated concentrations for
cific regional data was available for 2000-2004. However,, Bygholm stream are not as good as for the Hansted
specific climate data for the years 2000 to 2004 was app"e%tream, but are still quite good (Nash—Sutcliff=0.49), and
in the estimation of nitrate leaching. Nitrogen retention in o< the model has not been calibrated on the measurements

groundwater was estimated by the differences between modye consider it as a validation of our model setup. The mean
eled net outlet of TN to surface waters from diffuse Sourcesprecision and bias from the validation of the model for TN

and the nitrate leaching from the root zone of the entire catch=; ine two gauged stream stations are calculated to amount to
ment. 15.2 % and 10.5 %, respectively. Combining the uncertainty

For TP the situation is different as P concentrations areyf the TN loading from both gauged and ungauged catch-

often up to one order of magnitude higher in deeper anaery,qnt areas of Horsens estuary reveals a mean precision and
obic aquifers compar_ed to shallc_JW aerobic aquifers, and they; o amounting to 9% and 5 %, respectively.

phosphorus sources in anaerobic groundwater are generally

natural. While the sources and transport of the different N

species are generally quite well known, the sources and trans-

port of the various components of the measured TP are still

poorly understood for subsurface as well as surface waters
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TN (mglL) tertiary treatment of wastewater caused a sharp decline in
* Mesred N. g sston Rl error: 5% 1988, and loadings continued to decline until 1995, reach-
z T TR geng smen NS:072 ing an average loading of 28tPVr during 1995 to 2006

" (Fig. 4). The average TP loading to the Horsens estuary

amounted to 23.4t P during the period 2001 to 2005. The
‘ diffuse sources of P (background, agriculture and scattered
S 1R |lv i ; i i l ‘ _ dwellings) were the dominant source, amounting to 16.2t P,
o B VWA AARK &R or 69 % of the total loading (Table 3). The second most im-
‘ ' URVATRTRIRY AVANAVAYE : '3 portant P source was urban runoff (15 %), followed by dis-
' Y VY vV Y W charges from waste water treatment plants (8 %), and fish
farming in the estuary (6 %).
0 The modeled average annual N leaching from the root
1990 PR e RS a0 a0n o a0s 20 e zone (1 m depth) on agricultural land in three sub-catchments
to the Horsens estuary is shown in Table 5. The N leach-
Fig. 3. Measured and simulated TN concentrations at the gaugingng varies from year to year and from sub-catchment to sub-
station on Hansted stream (see Fig. 1). catchment, being dependent on factors such as climate, soil
types, crop types, and the application of chemical fertilizer
and manure. The total annual N leaching from both agri-
4.2 Development and current status for nutrient cultural and non-agricultural land in the entire catchment to
sources, loadings and sinks the Horsens estuary is shown in Table 6. The N leaching
varies considerably from year to year, being lowest in 2005
The average land based nitrogen load to the estuary wagl390t N) and highest in 2001 (3384t N). The N transport
1770tyr ! between 1984 and 1992, corresponding to an av-n the streams was considerably lower than the modeled N
erage weighted concentration in the streams of 11.1mgN| leaching (Table 6) due to N removal in groundwater within
(Fig. 4). This concentration is 8-10 times higher than the esthe catchment. The average annual N removal in groundwa-
timated natural background loss. From 1993 the effects oter amounts to 53 % of the average annual N leached from
abatement measures for nitrogen losses in agriculture bethe root zone, compared to 21 % removal in surface waters
came visible as nitrogen concentrations were decreasing ifstreams, lakes, and wetlands) (Table 6). The resulting mod-
the freshwater discharge to the estuary, reaching 5.1 mg N| eled annual N loading and flow-weighted concentrations in
in 2009 (the simulated annual average for the investigatednlet waters from diffuse sources to the Horsens estuary are
baseline period 2000-2005 is 6.2mgN) (Fig. 4). This  shown in Table 6. These flow-weighted concentrations vary
concentration includes nitrogen from diffuse sources as welbetween 4.4 and 6.0 mg N¥ in the period 2000 to 2005 (the
as point sources (sewage). period with detailed modeling). The average annual N fluxes
The DK-model simulations estimate that approximately from fields to the estuary are shown in Fig. 5. An average
13 % of the net precipitation in the catchment to the Horsenf 64 % of the N emissions from the diffuse sources are re-
estuary is discharged directly to the estuary via groundwatemoved during the transport from field to estuary.
(Sect. 3.2.1). As the redox boundary generally is located a
few meters below the water table in the catchment, we esti4.3 Relationships between nutrient loads and
mate that the major part of the groundwater that discharges environmental status of Horsens estuary
directly to the estuary is reduced and therefore is without ni-
trate. Hence, we argue that the nitrogen loading to the estuarffigure 7 illustrates the relation between observed and mod-
directly from groundwater most probably is insignificant. eled DIN concentrations in the estuary and shows that 70 %
The most important source of N was agriculture, being re-of the variability in DIN concentrations can be explained
sponsible for 65 % of the TN loading (Table 3). The averageby N loadings and wind stress. The nutrient concentrations
N loss from agricultural areas in the catchment amounted tdn the estuary have declined concurrent with the decrease
56 kg halyr~—! during the period 2001 to 2005, the period in loadings (Figs. 4 and 6). The patterns in the residuals
with the most detailed data and modeling. The second mosfFig. 6b) reveal that negative residuals are mainly found in
important N source was the estimated loss of N from naturakthe beginning and the end of the period, and positive residu-
background sources, which amounted to 17 %. The loadingsils in the middle, starting in 1992 and continuing for about
from point sources in the catchment and marine fish farmingl0 yr. This could indicate a non-steady state situation where
amounted to 105t N, or only 9.7 % of the TN loading (Ta- the nutrient pool in the sediment, for a period of approxi-
ble 3). Atmospheric deposition of N directly on the estuarine mately ten years, leaks nutrients to the water column (Lom-
waters amounted to 8.7 % of the TN loading. stein et al., 1998; Christensen et al., 2000) before a new equi-
TP loadings to the Horsens estuary were, on averagejbrium is established between external loadings and the sed-
95tPyr! from 1984 to 1987 (Fig. 4). Introduction of iment pool.

2
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Fig. 4. Historical development of freshwater discharge and TN and TP loadings to Horsens estuary (upper figures), discharge weighted
concentrations in the freshwater inlet to the estuary and annual average concentrations (0—10m) in the inner part of the estuary (lower
figures), 1984-2010.

from 0.81 to 0.33m? in the outer part. Again, this is most

”;grg)oval in groundwater Streams, wetlands

ndlakes Atmospheric likely a response to the lower phosphorous loadings and a
-removal in surface water N-deposition N A K i
Agriituraland 213) 90 general pattern observed in Danish estuaries where condi-
¢

tions in the spring are more directly influenced by loadings,
compared to conditions later in the summer where available

Leaching Net N-loading W ITEEN nutrients are more governed by internal processes, e.g. re-
root zone (903) Estuary . . .
lease from the sediments (Lomstein et al., 1998; Christensen

et al., 2000). Since 199Ky has shown an increasing trend
Ron-agricultural land Emission from for the spring period, and Kvalues from July to September

point sources

0 have been variable with average values of 0.78 and 0:50 m

Fig. 5. Modeled nitrogen fluxes in the catchment of Horsens estuaryll the inner and outer part, respectively (Table 4), but no
and the net loading to the estuary, showing annual averages for tl€nds have been observed. Similarly, no positive develop-
baseline period 2000-2005. Numbers in parenthesis are t N. ments have been observed for underwater vegetation (mainly

eelgrassZostera marinal.), which reached its lowest lev-
els during the period 2000 to 2003. However, some improve-
ments have been seen in 2007 to 2008 (Markager et al.,
in the inner part of the estuary for the spring periods (March 010). Thus, dgsp|te significant reduc.tlons n .n.utrlent loads
and concentrations we only observe minor positive effects on
to June) from 1985 to 1992 following the drop in phospho- . . : L
} C 2 .. _the biological components in the ecosystem. Major improve-
rous loadings (data not shown). This is in agreement with in- ;
L ; e .. ments would require that the former eelgrass meadows come
dications of phosphorous as the primary limiting nutrient in ; . .
back and that water clarity and oxygen conditions improve

the spring. However, in the outer part of the estuary and for 'substantially (see Sect. 5.2 for a discussion of good ecologi-
the late summer period (July to October) the chlorophyll con-8a| status).

centrations did not respond to the decrease in loadings an
. . L Several mechanisms can explain the lack in biological re-

nutrient concentrations. Water clarity improved from 1985 to
1995 in both parts of the estuary in the spring period (April sponse to.the decrease in loads. A pool of ngtrlents in fche
sediment is probably the reason for a delay in the decline

to June). The diffuse attenuation coefficieRly{ decreased of nutrient concentrations as described above. Generall
from 1.15m ! to 0.55n7? in the inner part of estuary and ' Y,

Decreasing chlorophyll concentrations were also observe%
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Table 5. Model calculated annual average N leaching and flow- 250
weighted N concentrations in root zone water (1 m depth) from agri- % a
cultural land within the three sub-catchments to the Horsens estuary. o0 7
~= [ v A
< of V%A
Agro-hydrological  Average N leaching Flow-weighted € / o\ 7 g e g
years from root zone on N concentration from root E ol o Ay o v ANy \
agricultural land zone on agricultural t’v: W/ o o 84
kgha lyr-1 land (mg I g~ ° S &
(kgha=yr=) and (mgl ) g g
Hansted sub-catchment (136 &m = =1 1or
— o
2000 48.1 15.9 26
2001 85.3 18.7 zE2 5f
2002 50.5 15.6 8=
2003 52.8 22.7
2004 73.4 16.9 0
2005 35.1 22.6 M b
Average 57.5 18.7
40
Bygholm sub-catchment (154 Km E)
2000 48.2 16.5 o
2001 98.0 18.5 bs %
2002 53.3 15.0 El
2003 55.5 22.1 2
2004 78.0 17.5 3 H D
(7]
2005 39.0 205 8 DDDD O = [ DD o =
Average 62.0 18.4 H H U
Ungauged sub-catchment (228?()71

-20 L L L

2000 42.8 171 1985 1990 1995 2000 2005

2001 73.0 19.8

2002 431 16.8 Fig. 6. (a) Time series of inorganic nitrogen concentrations (DIN)
2003 42.6 26.9 from May to October (filled circles, response variable, the two
2004 63.9 17.8 open circles indicate outliers from the model, see Fig. 7), average
2005 313 23.8 of monthly TN loads from January to October (open squares, x-
Average 495 20.4 variable, t montirl) and wind speed raised to the third (open trian-

gles, x-variable, (m3s1)~1). (b) residual from model.

positive re_siduals for nitrogen, i.e. observed concentration%eriod with increasing limitation when average concentra-
that are higher than expected from the models, were seefjong decline (Fig. 8b), and the inner and outer part of the

over nine years from 1992, when nitrogen concentrations inygyary have approximately the same concentrations of DIP
the streams began to drop, until 2001 (Fig. 6). This could - (Table 4).

dicate a transition period where a positive net nitrogen flux

out of the sediments is important. Another important mech-4.4 Maximum acceptable N and P loads

anism is resuspension of sediment particles after the former

underwater meadows of eelgrass are lost. A third factor caiMaximum acceptable total loads were defined on the basis of
be derived from Fig. 8 showing the relationship between con-Fig. 8 and the assumption that nutrient limitation of phyto-
centrations of inorganic nutrients and number of days withplankton growth is necessary during most of the growth sea-
nutrient limitations as defined in Sect. 3.2.2; for average DINson in order to achieve good ecological status (see Sect. 5.2
concentrations (May—October) above 357 Ithe percent  for a discussion of good ecological status). We find it nec-
of the time with N limitation is rather constant (Fig. 8). Thus, essary to apply a “dual-nutrient reduction strategy” wherein
DIN is in surplus and only occasionally limits the growth of both N and P loads are reduced (Boynton and Kemp, 2008;
phytoplankton during the growth season, particularly in the Conley et al., 2009) in order to ensure good ecological status,
inner part of the estuary (Fig. 8a). Only when the averageand we have defined the average DIN and DIP concentrations
DIN concentrations fall below about 35 pgH will N limi- where nutrient limitations occur during 2/3 of the growth sea-
tation become significant. This pattern indicates that the reson as a reasonable threshold (Fig. 8). The corresponding
ductions in N loads have removed a surplus of nitrogen inthreshold values are 21 pg DINY and 7 pg DIP1? for the

the estuary, but have until recently not been sufficient to in-inner and outer estuary, respectively, calculated from the data
troduce significant N limitation of phytoplankton growth. A in Figs. 8a and 7b. Once we have defined the target value,
similar figure for P shows a more linear increase in the timethe corresponding loads can be calculated from the empirical
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Table 6. Modeled N leaching and gross N emissions from diffuse sources within the catchment of Horsens estuary during the period 2000—
2005. The TN removal in groundwater and surface water is also shown for the same period. Loadings are in t, concentratiods in mg|
Numbers in parenthesis indicate the percentage of amount leached from the root zone.

Average

Modeled stream

gross Net flow-weighted
Agro- N leaching Nemissions Nremoval Nremoval N loadingN concentratiorfs
hydrological from the from diffuse inground insurface toHorsens atinletto
years root zone sources waer  wateP estuary estuary
2000 1851 1070 780 (42) 224 (21) 846 5.6
2001 3384 1519 1865 (55) 263 (17) 1256 6.0
2002 1952 1014 937 (48) 205 (20) 809 4.7
2003 1973 793 1180 (60) 189 (24) 605 5.0
2004 2856 1093 1763 (62) 233 (21) 860 51
2005 1390 669 721 (52) 168 (25) 501 4.4
Average 2234 1026 1208 (53) 213 (21) 813 5.1

2 percentage removed in groundwater is calculated as N removal divided by N Ieébﬁ'mg;emage removed in surface water is calculated
as N removal divided by the sum of modeled gross N loss from diffuse sources and point source discharges of N YJ0ltgnd-based
loading from diffuse sources (excluding N from atmospheric deposition and sewage oﬁtlbtshuding point source contributions.

models, assuming that climatic variables in the models arenodels are then used for scenarios with loads far outside
equal to their long term mean values. These are a N load ofthe range used for setting up the models and the outcome
560tyr!andaP load of 13tP yt. These loadings resultin is therefore uncertain. For TN the estimated pristine concen-
estimated DIN concentrations of 20 and 5.3 ugNfor the  tration is 398 pgt!, when using the politically defined prac-
inner and outer parts of the estuary, respectively (Table 4)tice of accepting a 26 % deviation from pristine conditions
Thus, N limitation will occur during 2/3 of the time (May (Table 4). The corresponding load would be 743t Nlyror
to October) in the inner part and for about 95 % of the time 33 % higher than the above mentioned 560 t Nlyhowever,
in the outer part. The estimated DIP concentrations corregiven the uncertainty the two values are in reasonable agree-
sponding to a TP load of 13ty# to the estuary are 6.0 and ment. For TP the model shows a low sensitivity between
6.2 ug P11 for the inner and outer parts, respectively, which loadings and concentrations, and estimated pristine concen-
are close to the values resulting in nutrient limitation for 2/3 trations are so high than an addition of 26 % will bring them
of the time from March to July. Please note that the con-above the present concentrations, which clearly do not sup-
centrations for DIN (20 and 5.3 ugN%) and DIP (6.0 and  port a good ecological status. Thus, this approach does not
6.2 ug P11) are mean values over the season. Thus, highework for TP. The reason for the low sensitivity of the empir-
concentrations, allowing nutrient-replete growth of phyto- ical model with respect to TP is probably a high amount of
plankton, will still occur for approximately 1/3 of the time.  stored phosphorus in the sediments.
The considerations above only take DIN and DIP into ac-
count despite the fact that dissolved organic matter is by4.5 Calculated groundwater and stream threshold
far the largest pool of nutrients, e.g. the ratio of TN:DIN values and groundwater chemical status in
is about 150 (Figs. 4 and 6a). However, dissolved organic the catchment of Horsens estuary
nitrogen (DON) is not readily taken up by phytoplankton, .
and is mainly used indirectly after mineralization of DON by 1h€ maximum acceptable N and P loads (560 and 131) re-
bacteria. The concentrations of both inorganic and organic Nuired to ensure a good ecological status of the Horsens estu-
and P are determinated by loadings, biological processes arffy Were estimated in the previous section. These loads cor-
mixing with the marine end member. On an annual scale thd&SPond to 52 and 56 % of the annual average TN and TP
estuary is a reactor transforming DIN (approximately 80 94 l0ads to the estuary fo_r the period 2000 to 2005, respectlv_ely.
of the loadings) to DON (Stedmon et al., 2006; Markager etTo meet these re_ductlon targets_, we calcul_ate the f(_)llowmg
al., 2011). threshold values in the two possible scenarios described pre-
An alternative method for defining the target values for Viously.
good ecological status is to use the empirical models to cal-
culate concentrations for TN and TP with the values for back-
ground loadings. These will theoretically give the TN and TP
concentrations at pristine conditions. However, the empirical
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Fig. 7. (a) Observed and modeled values for inorganic nitrogen
(DIN), average values from May to October from 1985 to 2006. DIP concentration (g1 1)
Filled circles are values from 1985 to 2002, used in parameter se-

lection. Open circles are values from 2003 to 2006, omitted andrjg g () Relationship between mean concentration and percent
used for validations+ values from 1993 and 1994 are identified as ¢ days with limitation for inorganic nitrogen, DIN, ar(®) inor-

outliers.(b) As (a), but all values from 1985 to 1992 and 1995 to ganic phosphorous, DIP. Calculated annually from 1985 to 2006
2006 are used for estimation of coefficients. Model: DIN (May— tor Horsens estuary; filled circles (inner part), open circles (outer
October, normalizedy: 0.5570 N load (January—October, normal-  hary respectively. For DIN the calculations are performed on data
ized) +0.52- Wind® (January the year before-October, normal- fom May to October (184 days), and limitation is assumed to oc-
ized); R*=0.7. cur when DIN < 14ug 1. For DIP the period is from March
to July (153 days), and limitation is assumed to occur when DIP
. <6.2ug L. The vertical dashed lines indicate when limitations
4.5.1 Reduction targets and threshold values — occur for 2/3 of the time, and the corresponding concentrations
scenario 1 (DIN 21 pg 1, DIP 7 ug?l) are considered the target values for
good ecological status of the estuary. The vertical dotted line is the
The first scenario assumes that all reduction targets for Nesulting DIN concentration for the outer part of the estuary with an
and P are directed against the diffuse sources in the catchannual N load of 560t yrl.
ment (Table 7). The resulting TN and TP concentrations
in inlet freshwater to the estuary are calculated at 2.9 and
0.084mgt*, respectively. The corresponding groundwater 4.5 2 Reduction targets and threshold values —
threshold value for TN in aerobic groundwater in the catch- scenario 2
ment is calculated at 6.0 mgl. No groundwater threshold
value in the catchment can be calculated for P as diffusqn the second scenario we are imposing reduction targets
sources such as soil erosion and stream bank erosion agh point sources, direct atmospheric deposition (emission
important transport pathways which currently are not com-from agriculture of ammonia), and diffuse sources (Table 8).
pletely quantified. The resulting N concentration in inlet freshwater to the
estuary is 3.1mglt, and the corresponding groundwater
threshold value of N is calculated at 9.3 mgd, thus being
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Table 7. Scenario for reductions in TN and TP in Horsens estuary deviation is the cause of the slightly lower estimate for the
where mitigation measures are only directed at diffuse sources irannual N loading to the estuary based on simulated values for
the catchment. The required reduction is in t, the concentrations arghe Bygholm and Hansted catchments (1001t for the period

inmgI~t. 2001 to 2005) as compared to the estimate using measured
_ N loadings for these two catchments (1086 t). Of course, this
Scenario 1 will also affect the final computed threshold values for TN
TN TP (Table 9). A previous inter-comparison of model estimates
Reduction in diffuse sources 526 104 has shoyvn that the precision qf N queling in catchments is
Current stream concentration 6.2 0.15 rather high, whereas P modeling estimates currently have a
Stream threshold concentration 29 0.084 poor precision (Kronvang et al., 2009b). It is worth noticing
Current groundwater concentration ~ 3G®  0.018/0.13 that the simulated N concentrations, fluxes and retention in
Groundwater threshold concentration 6.0 - the investigated catchment are comparable to what has been

found in previous Danish studies in a coastal catchment of
the Odense estuary about 50 km southeast of the Horsens
catchment. This catchment has a comparable setting and a
considerably higher than in scenario 1. The reason is that reQlata record of nearly 50yr (e.g. Hinsby et al., 2008; Larsen
duction in point sources, direct loads, and targeted mitigationet al., 2008).
measures such as restored wetlands and uncultivated buffer ) ,

zones will assist in reducing the loadings to the estuary. The‘s'2 Estimate of maximum acceptable loads

scenario 2 calculations for P show that the reduction target

for the estuary can be achieved in a longer term perspectiv@‘ key issue for management of an estuary is to _esFabhsh max-
by introducing targeted mitigation measures. Imum acceptable loads. An assessment of this involves the

The calculated stream and groundwater threshold Valuegefinition of target values for one or several parameters in the
for the two scenarios are compared to current TN and TEEstuary that describe good ecological status. Then, models

concentrations in Table 9. Note that the nitrate-N concentra-for quantitative relationships between loads and these param-

tions in streams is about 89 % of the TN concentration basec?’t'ars are needed to estimate the maximum acceptable loads

on measurements at monitoring stations; hence, the thresﬁEEqUIred fo reach these target values. .
old value (TV) for nitrate-N is also 89 % of the TV for TN Recent research has demonstrated that dual-nutrient (N, P)

given here. The TV for nitrate-N in groundwater equals in reduction strategies are needed to alleviate eutrophication in
practice thé TV for TN. based on measurements in moni-€Stuaries and other coastal waters in the land—sea continuum

toring wells. The modeled groundwater concentrations are(Boynton and Kemp, 2008; Conley et al., 2009; Paerl, 2009),

recharge-weighted. The mean concentration of a sufficien nd that the Redfield ratio for N and P in marine waters: (16

number of monitoring wells in aerobic groundwater should %étr\?vzzﬂr? I\(I:a;nn dOth(ta)u(;Orr;?LdeerrZﬂ zvlér:x;sﬂlip%%gals;:g%c
equal this number if aerobic groundwater represents the sam : * . §
d g P N : P ratios (Klausmeier et al., 2004; Ptacnik et al., 2010).

h i th I li iod, i.e. 2
recharge period as the modeled baseline period, i.e. 2000 to Our approach has been to define good ecological status as

2005. . : ; . .
average concentrations of inorganic nutrients, which ensure
nutrient limited phytoplankton growth in 2/3 of the growth
5 Discussion season, taking into account the natural seasonal cycle where
phosphorous is limiting in the spring and nitrogen is limiting
5.1 Estimate of TN and TP loads from gauged and un- later in the growth season.
gauged catchments to the Horsens estuary The choice of 2/3 of the growth season may be debatable.
Moreover, it is known that the K value for growth of phyto-
The model simulations of nitrogen leaching and the mod-plankton varies between species (e.g. Falkowski, 1975) and
eled gross and net nutrient emissions are believed to be dhat growth rates are more closely coupled to the internal cell
relatively high precision as the models applied are empiri-concentrations than to external concentrations. However, we
cal models developed based on the national monitoring datatill find that the selected approach is based on reasonable
from agricultural fields in agricultural catchments (Grant et ecological rationales and that it gives a good indication of
al., 2007) and stream monitoring data from 80 catchmentghe nutrient concentration levels that ensure an acceptable
(Windolf et al., 2011). This conclusion is corroborated by ecological status of the estuary. As recognized by Duarte et
the good fit to the measured stream concentrations in thal. (2009), the definition of target loads and concentrations
gauged sub-catchments (Table 2). The simulated nitrogeifor achieving good ecological status of estuaries is probably
concentrations in the Hansted catchment equal the measurgde most challenging part of the restoration process. In the
values, whereas the simulated values in the Bygholm catchend the definition of good ecological status will always have
ments are slightly lower than the measured values. The lattea political dimension, and our scientifically based definitions

a Aerobic groundwater® anaerobic groundwater.
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Table 8. Scenario for reductions in TN and TP in Horsens estuary. Reduction targets are in t, concentrations ar‘eliri\mg;htion
measures are directed both at point sources and atmospheric deposition from agriculture, and targeted as well as general mitigation measur
against diffuse sources are also utilized.

Scenario 2

TN TP
Total reduction target Horsens estuary 526 104
Reduction in point sources
Closing of marine fish farm 11 1.39
50 % reduction larger point sources 40 2.75
Total 51 4.14
Reduction in atmospheric deposition
25 % reduction atm. deposition 25 -
Remaining reduction target Horsens estuary 450 5.90

Targeted mitigation measures in catchment
Restored riparian wetlands (300 ha) 360 3.07
10 m buffer zones with tree planting along 300 km watercodrseg42 3.0°

Remaining reduction implemented as general mitigation

measures on diffuse sources 366 0
Stream threshold concentration 3.1 0.084
Groundwater threshold concentration 9.3 -

a |mmediate reductior? longer term reduction (10-30yr).

of good ecological status and implied targets for loadings carrable 9.Current groundwater and stream concentrations and calcu-

only be guidelines for the political decision process. lated threshold values (TV) for TN and TP. The TVs are computed
The use of empirical models for relationships betweenfor the two scenarios (management options) described in the text.

loads and nutrient concentrations in the estuary works wellAll values are in mgt™.

However, it is important to remember that empirical models

describe the present conditions in the estuary and only have a Curent TV . TV
time lag between loads and effects in the estuary of approxi- cone. Scenario 1 Scenario 2
mately one year. Thus, effects with a longer time lag and pos- ~ Groundwater TN 13 6.2 9.3

sible regime shifts (Scheffer et al., 2001) are not accounted  (aerobicparty TP 0.0 -% -*

for. This is presumably the reason why changes in water clar-  gyeams N 64 29 31

ity and depth limits of eelgrass give very weak models with TP  0.15 0.084 0.084

low sensitivity (data not shown). This is most likely due to : — : ‘

i . . . Based on the combined use of monitoring and modeling data for the period
pools of nutrients stored in the sediments, which Only SIOWIy 2000-2005P based on monitoring data onl§estimation still not possible —
(presumably over decades) are released and emptied during more research is needétiaverage of modeled concentrations in the three
a phase with decreasing loadings. Predicting these time lags S{P-catchments of Horsens estuary.
and regime shifts, e.g. from the present phytoplankton dom-
inated system back to an eelgrass dominated system, is ex-
tremely difficult but clearly a major scientific challenge for 5.3 Scenarios and management options for N and P in
the coming years. Horsens estuary

In conclusion, the empirical models applied here provide a

reasonably good prediction of nutrient concentrations duringThe reduction targets for N (526t) and P (10.4t) can be ac-

changes in loadings within the range of loadings for which complished by different mitigation measures in the catch-

they are developed. Effects of changes in loadings signifi-ment and introducing improved treatment of sewage water at
cantly outside this range or for other regimes of the ecosyspoint sources discharging either to freshwater or directly to

tem are very uncertain. The lowest loadings in the data sethe estuary. As described previously, we have developed two
encompass the predicted targets for N and P, so the model {gossible management options that could be introduced to re-
not used outside the data range. However, additional effectduce the N and P loadings to levels allowing good ecological

of processes with time lag of decades are not accounted forstatus in the Horsens estuary.
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The first scenario assumes that the entire N reduction is obreduction takes place in lakes in these sub-catchments (Th-
tained by introducing mitigation measures, which reduce theodsen et al., 2009).
N leaching from the root zone of agricultural fields. The inlet  The management option chosen is to transform land use
TN and TP concentrations in freshwater discharging to thefrom agricultural land to forest land in this 154 Rnsub-
Horsens estuary has to be reduced from 6.2to 2.9thgihd  catchment. This will lead to a reduction of the N loading to
0.15mgf? to 0.084 mgt?, respectively, for obtaining good the estuary of 200tN per year. The remaining 326tN has
ecological status. The resulting model calculated thresholdo be removed from the catchment upstream the two larger
value of TN in the root zone and aerobic groundwater atlakes. An annual N retention of 13 % of the incoming N load
and below a depth of one meter is 6.0 m§l(equivalent  to the two lakes (Bygholm and Ngrrestrand) has been calcu-
to 26.5mgt?! NO3) as an average for the entire catchment lated using the N retention model from Windolf et al. (2011).
area (Table 7). However, the threshold value for TN underThus, the N loading to these two lakes has to be reduced to
agricultural fields can be allowed to be higher (7.4mgl  409tN per year. As the retention of N in groundwater and
equivalent to 32.7 mgft NO3) because approximately one surface waters within the catchment upstream the two lakes
third of the catchment area is in a non-agricultural land coveramounts to around 60 % of the N leached from the root zone,
category, with a low background concentrations of TN in we can calculate that the threshold N concentration in upper
groundwater € 1 mg 1 in some areas, Postma et al., 1991) groundwater can be allowed to be approximately 10 % higher
and streams (approximately 1.2mg) (Kronvang et al., than the threshold value of 7.4 mg N under agricultural
2005). As phosphorus is derived via many hydrological path-areas calculated in scenario 1.
ways (leaching, erosion, and surface runoff) to surface wa-
ters (Kronvang et al., 2007), it is not possible to calculate a L
grou$1dwater Igthreshold vazlue with oEr current knowledge. 54 Estlmanon of groundwater thresht_)ld values from

Our second reduction scenario for N and P involves reduc- maximum accept_able loads and different
tion in discharges of nutrients from point sources, enhancing management options
N and P retention processes in surface waters (reestablishing
riparian wetlands, introducing buffer strips, etc.), and reduc-It has been demonstrated through the previous sections that
tions in diffuse sources (Hejzlar et al., 2006; Hoffmann et groundwater threshold values derived based on maximum ac-
al., 2009, 2011; Kronvang et al., 2009a). Such a catchmenteptable loads to an associated aquatic ecosystem depend
management plan allows the groundwater threshold value ton technically and politically realistic management options
be higher (average for entire catchment area is 9.3mgN| to reduce nutrient loads to the ecosystem. Consequently,
than in the first scenario. The threshold N concentration un-groundwater threshold values for nutrients derived to protect
der agricultural fields in the catchment is then calculatedecosystems will never be universal as drinking water stan-
to 11.8mgNt?! (52mgl? as nitrate). Note that the latter dards typically are. Ecological driven groundwater thresh-
is above the US as well as the European drinking waterold values should always be derived for a specific geolog-
standards of 10mgl nitrate-N ¢~ 44 mgt? nitrate) and ical, climatological and agricultural setting. Values derived
50 mg ! nitrate, respectively. In such a case the drinking for similar settings may, however, be used if data on given
water standard will have to be applied as a threshold valuevater bodies and ecosystems are insufficient for derivation
according to European directives and guidelines. The secondf groundwater threshold values. Groundwater threshold val-
scenario for P seems to be enough to reduce the P loadingses derived for a comparable setting should probably of-
to the required target and reach the corresponding thresholten be preferred to drinking water standards, which are cur-
value of 0.084 mgt! for phosphorus in streams. This will, rently used as the threshold value for nitrate by most Eu-
however, take some time as some of the surface water marropean countries. The calculated groundwater thresholds in
agement methods need a long period to work efficiently inthis paper are average annual flow (recharge)-weighted con-
reducing P (buffer strips, Table 7). centrations acceptable in aerobic groundwater discharging to

An additional management option for reduction of nutri- streams in the catchment. As the water table and the upper
ent loadings to the estuary is linked to a spatial analysis ofaerobic groundwater zone are very shallow in the investi-
nitrogen sources within the catchment of Horsens estuarygated catchment{ 5 m), the aerobic groundwater generally
where the catchment is divided into sub-catchments (Win-recharged the aquifers within the last few years. Hence, aver-
dolf et al., 2011). Lumped results of model calculations of age concentrations in a representative number of monitoring
gross N emissions and sinks within 27 sub-catchments arscreens in the aerobic zone (if present) should not exceed the
available for the Horsens estuary catchment. Eight of thesdélow-weighted groundwater threshold values obtained by the
sub-catchments are located downstream of the larger lakesonducted model simulations. Unfortunately, the number of
in the catchment (downstream from the two river monitoring monitoring wells in aerobic groundwater in the catchment is
stations), so management of N within agricultural produc-very small and several of them are probably screened across
tion in this area will be most cost effective as no natural N the redox boundary. The average TN concentration in aerobic

groundwater calculated from monitoring wells in the aerobic
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Fig. 9. Nitrate-N concentrations (mgf) in groundwater monitoring wells (latest measurement). Most monitoring wells are located in
anaerobic groundwater and therefore contain no nitrate and low dissolved inorganic nitrogen concentrations (DIN).

zone is therefore not considered to be representative for aewastewater and other nitrogen sources are taken into account.

obic groundwater in the catchment. This is clearly illustrated when comparing results from Fig. 9
and Table 9. Figure 9 leaves the impression that relatively
5.5 Groundwater chemical status few groundwater bodies have problems with nitrate, while

data in Table 9 clearly demonstrate that nitrate concentra-

If a groundwater threshold value derived for protection of tions are generally too high in the catchment. Hence, the con-
an associated ecosystem is breached in a given groundwatgtcted model simulations show that the groundwater chemi-
body, the groundwater body or part of a groundwater bodycal status based on nitrate concentrations in aerobic ground-
has to be classified as having poor status. In the case of nivater is generally poor below farm lands in the area, and that
trogen, for example, it is necessary to evaluate the concenthe quality of shallow aerobic groundwater in the catchment
trations of the different nitrogen species separately for thedoes not comply with European legislation.
aerobic and anaerobic parts of the groundwater bodies. This
is important as nitrate, which represents practically the entire5.6  Implications for integrated monitoring and
TN in aerobic groundwater, is reduced to the inactive, harm- modeling of water bodies
less N in anaerobic groundwater (e.g. Appelo and Postma,
2005). Consequently, TN concentrations are typically moreThe previous section clearly demonstrates that groundwater
than an order of magnitude lower in the anaerobic zone tharand surface water monitoring should be integrated in order
in the aerobic zone, and the anaerobic zone thus contribute® obtain as much information as possible on the chemical
relatively little to N loads. status of both water body types, and in order to derive mean-

Hence, the general groundwater chemical status in théngful groundwater threshold values for protection of associ-
catchment based on nitrogen species should generally be aated and dependent aquatic and terrestrial ecosystems. As the
sessed for the aerobic groundwater separately. Conceptuakological status of surface waters depends on the nutrient
models of the extension of the aerobic groundwater and theitoadings and the seasonality in nutrient loadings, water qual-
role for surface water nitrogen loads as represented hergy monitoring programs should provide the necessary data
(Fig. 2) should support the risk analysis. If data on aero-to calculate and simulate these by coupled groundwater and
bic groundwater are missing or scarce, measured stream ngurface water models, not least when possible climate change
trate or TN concentrations are useful indicators of the statusmpacts have to be assessed (Andersen et al., 2006; Sonnen-
of the shallow aerobic groundwater in the catchment, wherborg et al., 2012). In addition, reliable models and design of

www.hydrol-earth-syst-sci.net/16/2663/2012/ Hydrol. Earth Syst. Sci., 16, 266383 2012



2680 K. Hinsby et al.: Threshold values and management options for nutrients

efficient monitoring programs for assessment of groundwatebecoming increasingly important. The present study analyses
impacts on ecosystems require a sound understanding of thend presents (1) the historical and current nutrient loadings
site specific hydrogeological, physical, and chemical condi-for the investigated Horsens estuary, (2) the current ecolog-
tions controlling the groundwater—surface water interactionical conditions of the estuary, and (3) necessary reductions
(Dahl et al., 2007; Dahl and Hinsby, 2012). This challengesin nutrient loadings for obtaining a good ecological status

the traditional and still very relevant groundwater monitoring in the estuary applying a combination of empirical loading-

of major aquifers, which is targeted at drinking water inter- response models. We estimate that the TN and TP annual
ests. Furthermore, it may also challenge surface water monitoads for the investigated baseline period (2000 to 2005)
toring traditions, as models being able to simulate runoff andshould be reduced to 560 and 13t, respectively, correspond-
nutrient concentrations with a high spatial and temporal vari-ing to 52 and 56 % of the annual average for the investi-

ation and coverage are needed, and they require reliable momated baseline period. Using different scenarios we demon-

itoring data for calibration. strate that especially the groundwater threshold values and
maximum acceptable concentrations are quite sensitive to the

5.7 Climate change impact on N and P loadings to choice of mitigation measures and management options in
coastal ecosystems the catchment. Depending on the selected management sce-

nario, we estimate that groundwater threshold values for TN
Before concluding this work a short note on the possiblevary between 6.0 and 9.3 mgl, while the corresponding
effect of projected climate change on groundwater threshstream threshold values vary between 2.9 and 3.1thgl
old values in the investigated study area is called for. MuchAs the current modeled average concentrations in shallow
research is currently undertaken in order to assess the preerobic groundwater and streams are 15 and 6_Z|1r;gda-
jected climate change impact on the hydrological cycle glob-spectively, our investigation clearly shows that groundwater
ally. Previous work has indicated that winter precipitation and stream threshold values are breached in the catchment.
and hence nutrient loadings to coastal waters may increasgence, the major part of the shallow aerobic groundwater in
in Denmark, which is located in the western Baltic Sea (An-the catchment of Horsens estuary is of poor chemical sta-
dersen et al., 2006; Jeppesen et al., 2009, 2011; Aquariusus due to farming practices and does not comply with the
2011; Sonnenborg et al., 2012), and in the Baltic Sea in genEuropean Water Framework and Groundwater Directives. To
eral (Hagg et al., 2010), although significant uncertainties ex-obtain good chemical status for shallow aerobic groundwater
ist, e.g. due to changes in crops and farming practices (Olein the investigated catchment, our data show that the average
sen et al., 2007). Furthermore, while increased temperaturesN concentration should be lowered to approximately half
are expected to increase crop yields in the North Sea an@40 to 62 % — depending on the applied management option)
Baltic Sea regions (Aquarius, 2011), the increased temperaef the present concentration. These reductions correspond to
tures will render coastal ecosystems more prone to harmfuNO3-N threshold values in the range of 6-9 mg (or 27 to
algal blooms (Paerl and Huisman, 2009) and hypoxia as min41 mg -1 of nitrate), assuming that the nitrate species consti-
eralization accelerates with higher temperatures. In such &ute the entire TN in shallow aerobic groundwater. According
scenario groundwater threshold values will have to be lowero our evaluation, the flow-weighted annual average concen-
than the values derived in this paper. Hence, for Denmarkration of TP in streams in the catchment should be lowered
and the other countries in the region the mitigation measuresrom the present 0.15 to 0.084 mt}l However, the present
which are implemented to assure good chemical and ecologstudy indicates that it is not relevant to establish groundwater
ical status of water bodies, may not be sufficient in the fu-threshold values for TP in the investigated catchment as the
ture, as projected climate change may work against theseslevated concentrations apparently occur only in anaerobic
The present paper sets the scene and establishes the needgdundwater due to dissolution from natural sources, and a
knowledge base for an integrated understanding of the Horsmajor and unknown part of the TP in streams originates from
ens estuary and catchment system for the assessment of clirink erosion. The transport of TP is, however, not as well
mate change impacts on groundwater threshold values andnderstood as the transport of TN and should be investigated
chemical status in the future. The approach presented in thigurther. It is interesting to note that one of the presented man-
paper is applicable in many coastal catchments, globally. agement scenarios would allow aerobic groundwater nitrate
concentrations below farm lands even above drinking water
standards if focusing solely on the good status objective for
6 Conclusions the estuary. However, such high concentrations would jeop-
ardize the chemical status of groundwater used for drinking
As a result of the intensive agriculture in Denmark, the ma-water, and the ecological status of ecosystems in the catch-
jority of Danish coastal waters have poor ecological statusment such as lakes and wetlands. Hence, an integrated as-
Hence, the development of catchment or river basin managesessment of acceptable loads and thresholds for both coastal
ment plans for reduction of nutrient loads and determinationwaters and surface and subsurface waters in the catchment
of threshold values in groundwater, streams, and estuaries aie imperative when thresholds have to cover other relevant
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ecosystems in a catchment such as lakes and protected terrd®eferences

trial ecosystems. The threshold values derived in this study to

ensure good ecological status for all ecosystems in the catch- ﬁ”(:”"l"d_”‘:t'o';to the Eurgﬁeag I—S|ydrolog|ca;l Sgitem —”Sygtemg

ment. Furthermore, climate change impacts will most prob- ydrologique Europeen, She. 2. Structure of a Physically-Based,
. Distributed Modeling System, J. Hydrol., 87, 61-77, 1986.

ably require lower groundwater and stream threshold value% n

in the f d logical f iated dersen, H. E., Kronvang, B., and Larsen, S. E.. Development,
In the future to ensure good ecological status of associated 5jigation and application of Danish empirical phosphorus mod-

aquatic ecosystems. els, J. Hydrol., 304, 355-365, 2005.
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