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Abstract There are several approaches for assessing
nutrient enrichment impacts in marine waters includ-
ing the OSPAR* Comprehensive Procedure, the
TRIX* ranking process, the WFD, ASSETS* and
EPA NCA*. They differ in definitions and applica-
tion, but all use key indicators for evaluating eutro-
phication status. Data from two estuaries in the United
Kingdom (UK) were used to test the hypothesis that
these five methods would result in the same outcome.
The intent is to provide managers with information for
selecting an appropriate method, insight about how
each method works, how results from different
methods compare and a basis for improvement of
methods. Results from all approaches indicate that
both estuaries required management intervention, but
detailed results differed. Methods using more than one
biological indicator show that secondary biological
impacts were minimal, with the exception of moderate
macroalgal problems in the Medway. Comparison of
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final results was difficult due to differences in:
timeframes of data analysis (seasonal versus annual),
characteristics included in indicator metrics (concen-
tration, spatial coverage, frequency of occurrence),
and methods for combining indicators to determine
eutrophication status. This comparison suggests that
use of annual data, inclusion frequency of occurrence,
spatial coverage and, secondary biological indicators
in the index, and a multi-category rating scale results
in a more representative assessment.
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Abbreviations
OSPAR Oslo Paris Convention for the
Protection of the Northeast Atlantic

TRIX Trophic Index

ASSETS Assessment of Estuarine Trophic Status

EPA NCA Environmental Protection  Agency
National Coastal Assessment

WFA Water Framework Directive

Introduction

The detection and assessment of nutrient enrichment
is an important environmental and socio-economic
issue in the management and conservation of coastal
and marine waters. The primary biological response to
nutrient enrichment in aquatic environments, given

@ Springer



178

Biogeochemistry (2011) 106:177-205

Fig. 1 Potential impacts of (a)
anthropogenic nutrient

enrichment in coastal and Nutrient Inputs Primary Secondary Consequences

marine waters. a Summary and Processing Impacts Impacts of Symptoms

of primary and secondary . . Fish kills

impacts, and consequences Increased High algal production Loss of SAV Loss of habitat
N and P Loss of water clarity Low DO

of symptoms. Secondary
impacts indicate
undesirable disturbance to
the system. b Gradient of (b)

concentration

Macroalgalproblems

NP S S T A S L S N P S e N
-

Human health risks
Loss of tourism
Closed fishing grounds

Nuisance/Toxic blooms

Moderate Moderate high

P A S
.

Key to symbaols:

Submerged
aquatic vegetation

@ Chlorophyll a
. Nuisance/toxic
blooms

.
* -
.

b LA
. LR

far .

@ Macroalgae

secondary impacts, ranging Impact: No Problem flow  Moderate low
from no problem/low (best)

to high (worst) in response Px il

to influencing factors. ,§ % |

N nitrogen, P phosphorus, £

SAV submerged aquatic § Vwmmn
vegetation, DO dissolved 8 | Few

oxygen (from Bricker et al. - B "m‘f""

2007, 2008)

suitable environmental conditions (such as light
availability and water temperatures), is the growth
of phytoplankton and higher plants (Fig. 1). Known
consequences of nutrient enrichment include
increased primary production, increased biomass of
primary producers such as phytoplankton (indicated
by concentrations of chlorophyll-a [hereafter Chl-a]),
and depletion of dissolved oxygen (hereafter DO) due
to decomposition of accumulated biomass, resulting
in local hypoxic or anoxic conditions. Other conse-
quences can include shifts in species composition,
blooms of nuisance and toxic algae and macroalgae,
increased growth of epiphytic algae, red tides, water
discolouration and foaming, loss of submerged veg-
etation (hereafter SAV) due to shading, and changes
in benthic community structure due to oxygen defi-
ciency or the presence of toxic phytoplankton species
(Tett 1987; Gillbricht 1988; Lancelot et al. 1987,
Boynton et al. 1996; Bricker et al. 1999, 2003, 2007;
Smayda and Reynolds 2001). The range of impacts
from nutrient enrichment can span from single cell
production to major trophic shifts. It is not possible,
nor feasible, to monitor or assess all parts of a marine
system to identify all impacts, so a selection of
indicators is required that will adequately describe the
eutrophic status of the environment.

The development of classification systems and
ecological assessment tools is an important and
technically challenging aspect of assessing the con-
sequences of nutrient enrichment. Assessments
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typically combine a selection of key indicators that
enable reasonable evaluation of the overall status of
eutrophication in coastal and marine waters, which
enables managers and policy makers to make deci-
sions about the mediation of problems linked to
nutrient enrichment. In recent years, a number of
assessment methods have been developed and used to
assess the eutrophication status of coastal and marine
waters for management purposes. Historically, in
both the United States (US) and European Union
(EU) the management and protection of coastal and
marine environments from impacts of nutrient
enrichment has been the responsibility of local and
national agencies.

In the EU, water-related directives have set objec-
tives for the protection and maintenance of EU coastal
and marine water quality. Various EU directives (such
as the Urban Waste Water Directive [UWWTD, CEC
1991a], the Nitrates Directive [ND, CEC 1991b], the
Habitats Directive [HD, CEC 1992], the Water
Framework Directive [WFD, CEC 2000] and the
Marine Strategy Framework Directive [MSFD, CEC
2008]), the Oslo Paris Convention (OSPAR 2003a, b),
the Helsinki Commission (HELCOM, Andersen and
Laamanen 2009) and TRIX (Vollenweider et al. 1998)
all consider the assessment of eutrophication through
measurement of key indicators such as concentrations
of nutrients, Chl-a and DO (Table 1). Some of the more
recent directives (WFD, MSFD) and OSPAR include
the additional identification of secondary impacts and
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Table 1 Key indicators used by the different approaches for assessing eutrophic conditions
UK WFD OSPAR COMPP TRIX ASSETS EPA NCA
Nutrient loads X X
Nutrient concentrations X X X X
Water clarity X X
DO X X X X X
Chl-a X X X X X
Phytoplankton abundance/indicator species X X
HABs or algal toxins X X X
Macroalgal abundance X X X
SAV X X X
Organic carbon/organic matter X
Zoobenthos kills or fish kills X X

Chl-a chlorophyll-a, SAV submerged aquatic vegetation, DO dissolved oxygen, HABs harmful algal blooms

undesirable disturbance to the ecosystem (e.g. low DO
events, toxic algal blooms).

In the US, the Environmental Protection Agency
(EPA) generally delegates responsibility to state
water management bodies to implement standards
and criteria to assess compliance with the Clean
Water Act of 1972. This Act is the primary federal
water protection law in the US with goals of
eliminating discharge of contaminants to surface
waters and ensuring that they meet standards neces-
sary for human sports and recreation. The EPA and
the National Oceanic and Atmospheric Administra-
tion (NOAA) support regulatory decisions by pro-
viding research and assessment results (Borja et al.
2008). The data and information required by the US
Clean Water Act, Coastal Zone Management Act,
Harmful Algae and Hypoxia Research and Control
Act and Oceans Act are the basis for the development
and application of the ASSETS (Bricker et al. 1999,
2003, 2007; Xiao et al. 2007; Ferreira et al. 2007) and
EPA NCA (USEPA 2001a, 2005, 2008) assessment
methods. They compare measurements of key indi-
cators to reference conditions to provide information
on pollutants of concern.

The overall aim of this study was to apply these
approaches to two estuarine systems in the United
Kingdom (UK) and to test the hypothesis that they
would all result in the same final assessment of
eutrophication status when applied to the same data.
The intent was to make a side-by-side comparison of
these methods to provide managers with information
they could use to select one or more of the methods

for use, or to improve methods already in use. The
Thames and Medway estuaries, located on the east
coast of England (Fig. 2), were selected as test areas
to apply and compare results of the five eutrophica-
tion assessment methods. Both are large, sheltered,
macro-tidal, well-mixed estuaries (Rogers et al. 2003;
Table 2). Data were obtained from national pro-
grammes that monitor water quality, including mea-
surements of phytoplankton community structure,
Chl-a, DO, harmful algal blooms (HABs), macroal-
gae and SAV.

Methods
General description of study areas

The Thames estuary (248 km?) is one of the largest of
170 inlets on the coast of Great Britain and includes
the area in which the River Thames meets the North
Sea. This estuary has one of the largest watersheds in
the UK (12,935 km?) and constitutes a major ship-
ping route. The estuary supports regions of mudflats,
open beaches, salt marshes and over 900 km of chalk
stream systems. The Thames river basin district also
contains 40 special areas of conservation and nearly
500 Sites of Special Scientific Interest, which identify
the very best wildlife and geological sites in the
UK, with a high level of protection and management
(www.sssi.naturalengland.org.uk/). However, much
of the watershed is dominated by urban areas
including parts of London, which has a population of
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Fig. 2 The study areas, where dots denote sites monitored
under a long-term national program. a Thames estuary—
indicating divisions into lower, middle and upper regions under
the WFD (see scale). Data from the lower and middle regions
were combined for application of the WFD, OSPAR COMPP,

over 13 million people (Table 2). The Thames estu-
ary is impacted by pollution as a result of the high
population density. In addition, there are five main
sewage treatment works and over 40 combined sewer
overflows entering the Thames estuary. To the west,
the watershed is dominated by agriculture and expe-
riences a large volume of land run-off.

The Medway estuary is smaller than the Thames
(57 km?) with a much smaller human population
(Table 2), and consequently is subject to lower
urban and agricultural pressures than the Thames.
The shoreline is deeply indented with many islands,
salt marshes, and large areas of brackish marshes.
Like the Thames, the Medway serves as a shipping
route.

Data description

To apply the five assessments to the study estuaries
we used water quality data from the UK Environment
Agency database containing long-term records of
nutrients, Chl-a and DO. Consistent national stan-
dards for marine environmental quality were devel-
oped for UK waters and regular sampling at a
network of estuarine, coastal and offshore monitoring
stations (the National Marine Monitoring Pro-
gramme, NMMP) was implemented in 1987. Sixty-
eight sampling sites are located along the estuarine
gradient in the Thames Estuary and twenty are
located in the Medway Estuary (Fig. 2). Nutrients,
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TRIX and EPA NCA assessments. For ASSETS, 2 salinity
zones (1-25 psu and >25 psu) were evaluated separately and
then combined for an estuary-wide area weighted final score.
b Medway estuary, located at the lower end of the Thames.
Data were combined as for the Thames

Chl-a, phytoplankton counts and DO data obtained at
least monthly between 2000 and 2007 were used in
this study. Although the frequency of sampling was
variable among these sites, there were >2500 Chl-
a and >1600 DO data points for the Medway
Estuary, and >1800 Chl-a and >2800 DO data
points for the Thames Estuary (Table 2; Fig. 3). Data
from sites where salinity was <I psu were not
included to avoid potential bias from freshwater
species and sampling and analytical inconsistencies.
Data required by the EPA NCA method were
subsampled from the database during the index
period to reproduce the sampling requirements of
one sample per year.

Data on macroalgae and SAV were obtained from
the Environment Agency and historical monitoring
sources (Butcher 1941; Hughes and Paramor 2004;
www.uktag.co.uk). Data on HABs were obtained
directly from the Environment Agency and from
other monitoring programmes (e.g. the shellfish
monitoring programme of the UK Food Standards
Agency, FSA) via the Centre for Environment,
Fisheries and Aquaculture Science (CEFAS).

Overview of assessments

Five methods were used to evaluate the eutrophication
status of the Thames and Medway estuaries in the UK
the WFD as used in the UK (UK WFD), the OSPAR
Comprehensive Procedure (OSPAR COMPP), the
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Table 2 Characteristics of
the two study sites, Medway

Medway estuary

Thames estuary

and Thames estuaries, and
summary of main data used
in this study

Estuarine area (km?)

Mixing zone area (km?)
Seawater zone area (kmz)
Location

Total load (10° kg N year ')
Discharge (m® s™')

Average depth (m)

Tidal height (m)

Length (km)

Catchment area (103 kmz)

56.57

5.09

51.48

East Coast UK
17.6

38.2

6.2

7.0

113

2.41

247.73

46.69

201.04

East Coast UK
37147

65.8 (at London)
6.9

7.2

370

12.9

Typology Sheltered, macrotidal, well Sheltered, macrotidal, well
mixed estuarine area mixed estuarine area
Pressures Urban Urban
Agricultural Agricultural
Flood barriers Flood barriers
Catchment population (10° people) 1.65 13.0
Population density (people km ) 411 4,761 (London area)
Data availability Monthly Weekly—Monthly
2000-2007 2000-2007
Mean annual SPM (mg 17" 47.6 342
Mean annual DIN (uM) 172 133
Mean winter DIN (uM) 192.0 76.2
Mean summer DIN (uM) 156.8 46.2
Mean annual Chl-a (ug 17') 6.2 19.1
Mean summer Chl-a (pg ) 15.1 28.2
Mean growing season Chl-a 7.1 19.9
Phytoplankton abundance: % total taxa 7.4 15.5
counts >10°
Phytoplankton abundance: % single 73 24.1
N/A not applicable, SPM species counts >500,000 cells 17
suspended particulate Mean annual DO (mg 17" 8.51 7.1
ir;lztrt;;ﬁelfl\i/tf:gse(ﬁfgl > Mean summer® DO (mg 17" 6.8 5.0
chlorophyll-a, SAV Annual DO (mg 171—10th percentile 5.5 34
submerged aquatic Annual DO (mg 17")—5th percentile  5.03 29
vegetation, DO dissolved Summer® DO (mg 1~")—5th percentile 4.8 24
:‘)ngre:lner — June 1— SAY argal coverage, shoot density, N/A N/A
September 30 diversity
Trophic Index (TRIX), the EPA National Coastal WEFD (UK)

Assessment (EPA NCA), and the Assessment of
Estuarine Trophic Status (ASSETS). These methods
are described briefly below, and in greater detail in
Tables 3, 4 and 5. The application of these methods to
the Medway estuary using data from 2000 to 2007 is
demonstrated in Tables 6, 7, 8, 9 and 10 (see “Results
and discussion™).

The overall aim of the WFD is to achieve good
ecological status in all EU member state waterbodies
by 2015, where good status represents a slight (no
more than 50%) deviation from reference conditions.
Assessments are carried out at a waterbody level where
waterbodies are differentiated by typology. Specific
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reference conditions have been developed for each
type of system where waterbody type is defined by
characteristics including tidal range, mixing, exposure
and salinity (Tables 3,4 and 5). Each EU member state
is required to adopt the WFD assessment process,
though the selection of waterbody types, reference
conditions, specific indicator variables and assessment
methods can differ among member states (Vincent
et al. 2002; Anon 2009). Each state must report the
ecological status of each biological quality element
(BQE) (including marine plants, benthic invertebrates
and transitional fish). The WFD assessment process as
used in the UK for eutrophication assessment and
presented here for the marine plants component,
focuses primarily on nutrient concentrations and
marine primary producers, including phytoplankton
(biomass, abundance and composition), macroalgae
(biomass and areal extent) and angiosperms (biomass
and areal extent) (Devlin et al. 2007a, b; Painting et al.
2007; Best et al. 2007). This approach is a shift from
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targets based only on water chemistry to targets based
on the ecological structure of natural systems (Pollard
and Huxham 1998).

The WFD requires the classification of all surface
waterbodies into one of five ecological status classes:
High, Good, Moderate, Poor or Bad. The ecological
status of each waterbody is assessed using three
BQEs, each of which yield an Environmental Quality
Ratio (EQR) between zero (Bad status) and one
(High status). The BQEs related to eutrophication
assessment, applied after an initial assessment of risk
of eutrophication that is based on nutrient load,
turbidity, flushing time and tidal range include
phytoplankton, macroalgae and angiosperms. The
final assessment also includes a measure of Physico-
chemical status, focusing on dissolved inorganic
nitrogen (DIN) and DO measurements. The final
score for each BQE within a waterbody is accompa-
nied by a data quality measurement and a confidence
of class (CofC). The CofC calculates the uncertainty
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in the estimate of each EQR to determine the most
probable class (the one with the highest probability
of occurring) and state the level of confidence that
status is good or better, or moderate or worse.

Each BQE consists of one or more indicators that
measure different aspects of the biological commu-
nity. For example, in the UK WFD method for
estuarine waters, the phytoplankton element consists
of two different indicators, Chl-a concentration and
phytoplankton cell abundance (Devlin et al. 2007a,
b). For each indicator, final measurements are
converted into a normalised ecological quality ratio
(EQR) via a two-step process. The first step converts
the data to a numerical scale between zero and one,
where the status class boundaries are not equidistant.
The second step transforms these values into an
equal-width class scale between zero and one. The
final score for the phytoplankton BQE is calculated as
the average of the two normalised scores from each
indicator, and related to one of the five assessment

000 2001 2001 2002 2003 2004 2005 2006 2007
Sampling date

DO concentrations(mg/L)
= &

12 3 4 5 6 7 B 9 10 11 12
Sampling date

classes (Table 5). This process is repeated for the
indicators that make up the macroalgae and angio-
sperm BQEs. Overlaying this is the integration of the
physico-chemical assessment (nutrient and other
chemical conditions) with the final BQE assessments
(Table 4). Classification of final status is determined
for each waterbody using a one-out-all-out approach;
if results for one BQE or the physico-chemical
element are less than good (i.e. Moderate to Bad), the
waterbody is assigned the worst among the ratings
(Anon 2007). For example, a waterbody with a High
(best) status for phytoplankton but with a Moderate
status for macroalgae will be assigned a Moderate
classification for eutrophication status.

The UK WFD method is a multi-dimensional
ecological assessment (i.e. not specifically for eutro-
phication) that also analyses fish, benthic inverte-
brates and pollutants. However, for the purposes of
this paper, only the nutrients and marine plants
associated with eutrophic pressures will be discussed.

@ Springer



177-205

Biogeochemistry (2011) 106

184

ssadoid
UoneIqI[EoIdUL
01 puE ( U2daMIdq Soaunos ueadomng unpim
11eJ sanfea 1oquIstt 4VdSO pajepIfeA “s108
SoIpMIS SqIpNIs pue ejep £q uodn poaidy :

pue BjRp [RUOTIRU

[eUOnRU WOy

Xopul jey) 08
S)WI] JOMO[ pue

*sa1pmys snoraaxd

BIJEP 90UDIIJOI ULID)
-Suoj pue sa1pms

Eo% Mmm_%:&mc mu:o_cmwﬁc Joddn x13 03 pasn \Eﬁ nu%_““uﬁc snoraaid woiy (G 9[qeL 998) SpIoYsaIy}
SPIOUSIAL SPIOUSTL QI SJUAIIJJ200 o %M“ mu» M” s paurlep (sadAy JO UOTIBUTWLIR(
Surpess Eww a5 ¢ muﬁ._o.ﬁ_wO [BISBOD S4 dULIENIS
P Ml *3+0) sproysary)
onyroads-odA T,
Suonipue suonIpuos ST XT4L SUONIPUOD AOUAIRJAI | SUONIPUOD IUIJAI
Q0UQIRJAI Q0URIRJAI 01 - | woIj a[ess

WOl UONBIA(Q

WOl UONRIA(

UO JUSWAIB[J

WOy UORIAS(]

WOl UONRIAd(

SIOJEJIPUT JO JUOUISSASSY

S[QAQ] [eUOTIRU
pue [eUOIZaI 10
panodar synsoy
‘JOAQ] [RUOTIRU
0) POZISAYIUAS
QIe BIR(] ‘[RUOISAL
st Suridweg

S[OAQ] [[e 10} pajiodar
SINSAY “[OAJ]
[euonEU 0} USY)
pue [euoI3aI 0}
uoy) ‘Apograrem
0) POZISAYIUAS
sI sauoz Ajures
ur Suridweg

uor3ax
Aq panodar are
S)NSOY SWISAS
210ysJJo Jo31e] Ut
Apsow Surpdweg

Kyurres
£q paurjop sod£y
Kpoqioyem 910Ysjjo
10 [2ISBOD ‘QULIEN)SI
ur Suridureg

Kpogqiajem
£q paytodar are
synsoy “Aures £q
PauIJop SAIPOgIdIEM
[BISEOD puB SOLIEN)Sd
ur Suridweg

SyIomauweIy
Suridwes fenedg

(0¢ Toquardos - |
auny) porrad xopur

0q Puwng ‘NIa
ISUIA ‘(Toquidydeg

sdnois g4 Ajguowr

IOWIWNS UTYHIM [enuuy [enuuy - ) NI I ‘0d
(uoneys 1ad) 1ok :%mwﬂw%_ MZ_MU pue »-[y) [enuuy 3 m_._oBuEE%
K IMOID) urdureg rerodua
10d opdures ouQ
) . (VDN vdd) Suidnoin
0od P-[uD “Krer) 11em
UOTILIUIIUOD Surxo) [e3[y oM “M_ M\MVMMMMMU
d1d pue NI SIQ1550d 9110
od Jonew d1uesiQ (111 K103912)
‘ . ‘u0qued dIUE3IO AVdSO) s1ap5g Q
AVS swioolq od ‘S[IIY Ys1y Jo/pue od yampuf ‘swoydwis | 3
JIX0}/20UBSINN s . i =
115 soyiuaqooz ‘0d BPU0Idg =
AVS ‘QeS[eoroey QOD
‘saje[egerjour =)
AVS .FE«W ® a p
QegTeoIdRI . ‘souaqolfydoroTy 0 9oUEHUNGE £103918D) YVJSO) g
S(ie) 1o ‘oed[eoIdRy ‘seroads J ‘u q $109J34 10211 &
103ed1pUL dd ‘P-TUD 1199 Uy sa5uEY ‘woydwAig Arewrng ¢
S [euOsEas ‘saroads E
J101821pUL dd V-[UD
Ppeo[ JUALINN
speop UOTIBIIUIIUOD ‘SOTBI JUALNNN (1 £1031eD YVdSO)
. Peo[ JUALINN SI0JOE,] dATIESNED)
dId pue NI dL pue NI uonenuIadUod 10 Surouenyyug
dId pue NId :
<VON VdA »SLASSYV «XIIL AVdSO (I SN

SpPOYIoW UONBUIUIOD PUB ‘SISATRUR BJEp I0J S9[eds aokds pue awin ‘(S1094JH 10211 0} Jud[eAmbo
are swoldwAS Arewnd ‘3-9) sojqeurea jo 3urdnoid 10j ASojouruira) ‘so[qeLieA Jojedrpur Jurpnpour ‘snjels uoneoydonna Jo juowissasse 10j pasn sayoeoidde jo sre1oq ¢ IqelL

~
[
)
=]
g
9
)
Gll



185

Biogeochemistry (2011) 106:177-205

19151391/310°01N° MMM pue FI10'0nna mmm ‘(£007) Te 12 eI ‘(L007 ‘€00T ‘6661) ‘Te 10 Iayoug

(800T ‘S00T ‘q ‘®10027) VddSN o

P

(8661) T8 19 I9PISMUSIOA
(800 ‘S00T T00T) YVdSO 4

(q ‘e1661) DD .

juowale Aypenb [eo13o101q FOg ‘uopjueidoifyd g4 ‘soroads “dds ‘uonejoFoa onenbe pagrowqns

AVS ‘Ionew 9jenonted papuadsns pygs ‘UaSAX0 paA[ossIp O ‘P-[1Aydoioys »-jy) ‘snioydsoyd [e101 47 ‘snioydsoyd orue3iour poA[oSSIP J7(7 ‘USS0NIU OTUBSIOUT PIA[OSSIP NI

JoopnQ dImng sapndur STASSY A[UO

paySrom
Jou oIe So[qeLIBA
‘uo1391 10 IS
12d e1RQ ON/I0O]
‘Ireq ‘poon
are jey) sojdwes
Jo ju2orad uo paseq

JySrom 10y3ry
aaey syoedur
AIepuodog
XLy
ur pauIquiod

JUDIDIJJO0
Surreoss e Aq
payipout sajqeLiea

BaIy WO[QOIg

© PAIOPISUOD
SI SNJeIS [BULY AY) UAY)
s[rej A10391e)) QU0 JI
‘W[qOIJ B PAISPISUOD
st £103918)) 9[oym

Yy udYy) wR[qoid
e ST A103918D)

ApoqIorem 10}
UOT)BOIJISSE[O [RUT)
SQUIULIdIAP AI0IS
qOd 1SI0A\ "snjeIs
uonedJISSe[d 0}
pare[a1 ([ — () 21098

st xopu] Afend) AIe S101edIpUl Jo sunreso| © 10 Juou0dwo UL “(AVS pue
L | oo | i | e dd 00
‘poon) se Uum%mﬁo Arewnid o3eroae . :ﬂu\/o poSe1oae ore .An:.mum § (€198,
ue Possasse JO 521008 10J puv saL0Fare)y [ — () O} pasi[euLIOu) 235) PO uonTUIqUIO]
m enpIAIpUL [npiAput oq $01008 I0JEDIPU
LEnpratput 10J pasn ainpadoid VeoIpUL
QIe SI0)EdIpU] JN0-[[B-10-3U0
<VON Vdd ySLASSV «XT4L AVdSO 7A@ 30

ponunuod ¢ Jqe],

pringer

As


http://www.eutro.org
http://www.eutro.org/register

Biogeochemistry (2011) 106:177-205

186

S9[BOS (TAAA UMM JUQISISUOD I8 SIPOD INO[0D)
(on1q 159q) MO

(u9213) MO[ JBIPOIN

(mOT[oK) 2)1BISPOIN

(e3ue10) Y31y 9JeISPOIN

(pax “s10m) Y31

:oIe snjeys uoneorydonna J0j seI00S [euy oyJ,

(eanonpoid
A1y3ry) Aydomna 03 (ees uado—oanonpoid A[ed1eds)
Aydono3ijo woiy Suruer ‘)] 01 () WOIJ PI[eIS ST Xopu[

(—) eore worqoid uoN
eare wayqold [enusjod
(+) eare warqoid

(par ‘)s10M) peg
(aSue10) 1004
(moT[K) 21BISPON
(u9a13) poon
(en[q 1s2q) ySiH

(21098 YOH)
2100s [—() 03 syndino Surstiewrou £q pojerdaur are s .gOg

AOF 1SI0M ) WOIJ PAL[NI[ED ST SNJLIS UOTIBOYISSL[D)

KpoqIoyem ay) Jo uonipuod orydonna J0J Surjel J0 2I00S [[BIOA0

Ue QUIULISIOP O} XINBW € Ul PIUIqUOD dTe S2109s wojdwAs

(3s1om) AIepuoods pue (a3eroae) Arewd ‘9[qeLIBA OB

J10J opeW 2Ik STUIILI IPIM WAISAS PAYSIoM-BIIR PUB SJUSWISSISSE

QuOZz KJIUITes WOoIJ PAJB[Noed dIe sanjeA pAYSIom-eaIy "(SWoo[q

01X0)/20UesINu ‘AVS ‘OQ) swoldwAs A1epuodss pue (se3eoroeur
‘v-1yD) swoldwAs Arewrid :pajen[eAd aIe sI0JedIpUl AL

Apms s1y) ur papnjour st juauodwoo
DH 2yl ATuQ ‘Suner SIHSSY QUO 0jul paurquiod are sjusuodurod
211} Ay} pue (O) YoopnQ 21mng pue (DF) uonipuod orydonnyg
‘(41 s10308] Surouonguy :papnoul aIe syueuoduwrod ooIyJ,
xoput oy jo syt roddn pue 1omof
Q) YSI[BIS? 0] PAXY I8 7'] = W PUB G’ [— = ¥ SJUAOYJ0D A,

wjly — (dL)01301 + (NIQO1301 + (0%A®)0130] + (¥
1UD)01301] = XI¥L

:2IYM ‘O pue

uoaMm)aq SumueI € 9AIS 0 ‘s3unel 1ojowered [enprarpur Jurugisse
noyIIM paulquiod e sioaweled [[e Jo oSeIoAe [enuue dy

yoeoidde no-[[e-1n0-auo Y} PIM A SOLI0ZIBD) JOJ SAI0JS
Jurjen[eA9 I0)je 9pel ST (—) oIy WI[qOIJ UON IO BTy WA[qOId
[enudlod ‘(+) ealy Wo[qold SB JUAWISSISSE [euy Y "ssaooid
JNO-T[B-INO-3UO € UT A1033J8D OB UMM PIUIqUIOD pue ‘sjoedwt
PUB JUSWYOLIUS JUSLNNU JO S[QAJ[ QUTWLIAIAP 0} A 03 | SeH03e)
Ul pasn aIe sI10JedIpu] ‘aInpadord Surusards oY) AqQ vary
wo[qold 10 BAIY WR[qOIJ [BIIUIOJ SB PIjedIpul seale o) A[Uo
parpdde st ampasord JNOD AVASO 1IN QYL "SISjem 2I0ysjjo
pUB [BISBOO ‘QULIBNJS? JOJ JOJEJIPUI YOI I0J 39S AIB SP[OYSAIY],
poyoedur oq 03
PoIOpISU0D ST ApOq I3jeM 3} Uy} ‘9JeISPOIA 03 Tenba 1o ueyy ssof
9Je)s & sey Juawele Aue 1 ‘yorordde Jno-[[e-1no-auo Sy} uf "snyejs
Apoq 19jeM [[BISAO Q) SB USR] oI8 SNB)S [BOTWayd-0d1sAyd
Ay pue s, 4O Y} 10J SnIe)s UOTBOYISSE[O ISIOM Y], "SISSB[O
Krepunoq jueisipmba oAy oy} 01 seje[ar (3s9q) | pue (3sIom)
0 UeaMm)aq Iequinu e ‘01098 gOg [euy oy, 'O Yoeod uryim
sjuouodwod [[e 10J S2100s 103edIpUl AY) SUISeIdAR AQ JUSW[d
Ayrenb yoea 10j poje[nores st YO UY "UOHIPUOD JOUAIJAI
PUB SJUSUWIAINSEIW U22M)2q OTRI ) JuIsn JOJBDdIPUI OB IO
PojR[NOred a1e YO "PIsn I8 SIOJIIPUT AIOW IO dUO ‘JUIWI[Q
o2 10y ‘SO [eo130[01q puk [eoTay2-091sAyd s1apIsuo)

SLASSY

SXTIL

qddINOD dVdSO

210 /Yy Ul pasn ,ddM

(% "81) Surpoo mojoo pue
‘snje)s JOo UONeOYIsse[o [euy Joj sauogae)

O.Hz—uooo.ﬂa JusuwIssasse Jo \QNEESM

POYRIA

UONBOYISSE[O [BUY JOJ PASn SOLIOFAIED pue sIoJem [BISEOD pue duLien)sd jo snijeis orydonna dy Sunen[ead 10y pasn sainpadoid jo Arewung ¢ d[qe[,

pringer

As



187

Biogeochemistry (2011) 106:177-205

(8002 ‘00T ‘4 ‘®1002) VddSN ,

19181391/310°00N3" MMM PUE S10°01N3" MMM (L00T) ‘T8 19 BIRLR] (L00T ‘€00T ‘6661) 'TE 12 Jyoug |,
(8661) T8 19 I9PIOMUS[OA
(800T ‘S00T ‘T00T) YVdSO 4

(Q ‘e1661) DD
Juouwdd Aenb 7 ‘uopyueidoifyd gg uswoe Ayenb [eor3ojorq FOg ‘seroads ‘dds ‘uonejo3oa onenbe po3iowqns
AVS ‘uadAxo paajossip 0@ ‘v 11Aydoioyo »-jyH ‘snioydsoyd [e101 g7 ‘snioydsoyd orue3iour poA[oSSIp g7 ‘U3omnIu drue3Iour paA[oSSIp N ‘Onel Ajfenb [e0130[009 YO IF

soyoeordde [[e Aq pasn jou are Lay) se ‘919y papnyoul Jou e JoonQ An pue (JUIPeo] JUANNU) SAINSSAIJ

uonIpuod 1004 UI I8 SBaIe JO 9()7< :100g
Iood

10 I1By AIB 9 ()<< JO UONIPUOD J00J UI dIB SBAIR JO 9%(Z—0] :Ired
e

10 100 3IB 9,()G< PUB UONIPUOD 1004 Ul AIE SBAIL JO 9()[> :POOD)
1010UYM QJ0JS JUSWISSISSE [UY B QUIUWLIA)IP 0) Pasn dIe

BOIE YOBO WOIJ S)[NSAT ‘UoIjeU pue uoISar Aq [OA 2U} SUNUINp O,
1004 pojel Ik SIOJEDdIPUl dAY AU} JO AIOW IO OM [, = J00d
Ire 9Ie SI0JedIpul

Q10U IO 0M) IO 004 PAJer ST SIOJEJIPUl oY) JO QUQ = IIe]
Iood oIe

SI0JedIpUl OU PUE Ire SI JOJEJIPUI SUO JO WNWIXeW Y = POon)
19)1s © 10J 3umel

9y} QUIIISIOP O} UOIYSE] JB[IWIS B UI PAUIqUIOD Ik SIOJRdIPUl [V
100d are sojdwes Jo 9,67< 1004

Ire,J 10 100d 21k 9()G< Jo/pue 1004 21k so[dwes Jo 9,G7—(0] 18]

(pa) 1004 PooD) Ak 9,()S< pue 1004 e sa[dwes Jo 9[> :PooDn
(mo[[ek) Ireq

: INIQ S0 ‘ere ON/I00( 10

Ie ‘poon) are jey sofdwes jo a5ejuadrad 9y) SuIsn pouIULI}OP

:uoneu pue uordar Aq uay) QI $I00S JOJBIIPU] "JUSWISSISSE 10J AILIe[D) I8 A\ PUE P-4 ‘O

pue 9J1s £q PoUTULIaNAP ST JUSWSSAsSE [DAN [BUY Y ‘dId ‘NI Jo uoneurquiod e sasn (IOAL) Xopu Leng) 1Jepn YL, JVON vdd

(uo013) poon)

(% "81) Surpoo mojoo pue
‘snje)s JOo UONeOYISSe[o [euy JoJ saLogae) ampaooid juowissasse Jo Arewwung POUION

penunuod ¢ Jdqe],

pringer

As


http://www.eutro.org
http://www.eutro.org/register

188

Biogeochemistry (2011) 106:177-205

Table 5 Thresholds for concentrations of chlorophyll-a (Chl-a), dissolved oxygen (DO) and dissolved inorganic nitrogen (DIN) for

the four assessments

DO reference thresholds

-1 ' . .
Method Chl-a reference thresholds (ug 1™ ) (mg ) DIN reference thresholds Source and criteria
BIOMASS INDICATOR:
In the UK, five statistical measures of Chl-a
biomass are made over two salinity bands using
combined data for a six year reporting cycle.
Compliance with the threshold is given a score of 1 Winter DIN thresholds for UK
for each statistical measurement, with an optimum estuaries:
score of 10. The final score (a value between 0 ; ) (clear estuaries) B
[bad] to 10 [best]) is normalized to an equidistant Annual 5 Ilpe’”“"”lﬂ’ﬁ as uM: asmgl:
EQR score (0 — 1). >5.7mg 1 = High <20 =High  <0.28 = High Chl-a
4.0<5.7mgl T = Good <30 =Good <0.42 = Good Devlin et al., 2007a,
SALINITY RANGE — LOW (0 — 25ppt) 2.4<4.0mg1 ']1 =Mod <45=Mod  <0.63 =Mod 2007b,
No Chl-a measurement Threshold 1.6 <24 mgl ™~ =Poor <67 = Poor <0.94 = Poor www.ukwfd.org
L. Average Chl-a conc, <I5ugl! <l.6mgl' =Bad >67=Bad  >0.94=Bad
. -1

; % Cllzil-eudizgs(t:}l::\: Tgn:g B 5710202 gl EQR These threshold§ are for clear

UK 4 % Chl-aless than 20 pg 1" ~80% High: 0.8 -1.0 waters only, defined by mean

WFD 5: % Chl-a grle‘ater than 20 pel <5% Good: 0.6 - 0.8 annual SPM (SPM < 10 mg )
. Mod: 0.4-0.6 In turbid waters (>10 mg 1~ SPM), DO
SALINITY RANGE — HIGH (>25 ppt) Poor: 0.2-0.4 a secg)ndary thresho_ld (70 uM, 0.98 | Best et al., 2007
No___Chl-a measurement Threshold Bad: 0.0-0.2 mg 1) may be apph.?d’ where
a <70 uM (0.98 mg 1) = Good

6: Avervage chl-a conc, glOug_]l For DO, 5" percentile of all | >70 uM (0.98 mg 1) = Moderate | DIN
ik Median chl-a conc, . <8ugl data (collected monthly). Devlin et al., 2007a
8: % Chl-a less than 10 pgl , >75% Reporting period is typically | If the secondary threshold is www.ukwfd.org.au
9: % Chl-a less than 20 ug I >85% over 6 years. applied, then 99™ percentiles are

10: % Chl-a greater than 50 pg1"'  <5%

TOTAL SCORE EQR STATUS CLASS
0-2 0.000 - 0.133 Bad

3-4 0.200 - 0.300 Poor

5-6 0.400 - 0.500 Moderate
7-8 0.600 - 0.700 Good

9-10 0.800 - 1.000 High

TAXA ABUNDANCE INDICATOR:

Cell counts for each sampling period are used to
calculate the number of times the threshold is
exceeded (as %) when:

1.Any Single taxon (species) >500,000 cell I
2.Total Abundance > 10° cells 1"

Normalised

%o score Final
exceedances ( = ref/value) EQR
0-10 1.0--0.5 0.8-1.0
10--20 0.5--0.25 0.6-0.8
20--40 0.25--0.13 0.4-0.6
40--60 0.13--0.08 0.2-0.4
60--100 0.08--0.0 0-0.2

Normalised score calculated by reference condition
(5%) divided by value. Final EQR normalised to
equidistant boundaries (0 to 1)

calculated from the data and
compared to the threshold.

OSPAR Comprehensive Procedure

The OSPAR Common Procedure (OSPAR CP) is
designed to fulfil requirements of the OSPAR
Commission that seeks to reduce nutrient inputs by
50% of 1985 levels in areas where nutrient inputs are
likely to cause nutrient pollution (OSPAR 2008;
Claussen et al. 2009; Topcu et al. 2009). This
procedure uses a two step process: a screening
procedure and a full assessment. Only areas

@ Springer

designated as Potential Problem Area or Problem
Area in the screening procedure require the second
step, the application of the full OSPAR Comprehen-
sive Procedure (COMPP, Fig. 4; Table 4). Problem
Areas are defined as areas for which there is evidence
of  anthropogenically induced eutrophication
(OSPAR 2003a). The OSPAR COMPP is applied to
areas defined by salinity based typology as estuarine
(0-20 psu), coastal (30-34.5 psu) or offshore (>34.5

psuw).
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Table 5 continued

- DO reference thresholds -
Method Chl-a reference thresholds " B Source and criteria
(ugl™) (mg 1 b} DIN reference thresholds
Annual 90™ percentile: Annual 10th percentile: Bricker et al. 1999, 2003,
0-5pugl" =Low 0Omgl" = Anoxia 2007
5-20 pg I'' = Moderate 0-2 mg I'' = Hypoxia
>20 ug 1" = High 2-5mg I = Biologically C‘},}"’ .
>60 ug 1= Hypereutrophic Stressful 90 Percemlle of annual
data is used. These
Spatial coverage of worst case conditions: Spatial coverage of worst thresholds are used for all
ASSETS 0-10% = Very Low case conditions: ASSETS does not use nutrient systems except Florida
10 —25% = Low 0-10% = Very Low concentrations in the assessment Bay for which thresholds
25% - 50% = Moderate 10 —25% = Low formulation, only nutrient loads are lower (i.e. High
>50% = High 25% - 50% = Moderate [worst] for Florida waters
>50% = High =2-5ugl™h
Frequency of occurrence of worst case conditions:
Persistent Frequency of occurrence of DO
Periodic worst case conditions: 10™ percentile of annual
Episodic Persistent data is used
Periodic
Episodic
EPA 2001, 2005, 2008
EPA Data from the summer
Summer value: . .
NCA 0 index period are used for
Summer value: Summer value: as uM: asmgl: L
-1 -1 determination of Chl-a
0-5ugl” =Good >5mg 1" = Good <7 = Good <0.1 =Good i
1 3 B ) X . and DIN condition at
5-20 ug 1" = Fair 2-5mg 1" = Fair 7-36 = Fair 0.1-0.5 = Fair oo .
>20 ug 1" = Poor <2mg 1" = Poor >36 = Poor >0.5 = Poor individual sites of US
nel = el = - - East, Gulf and West
coast systems. Reference
conditions are different
for sensitive waterbodies
Winter DIN for UK estuaries: OSPAR 2005, 2008
Growing season 90th percentile: 5th percentile of growing
Threshold = 15 ug 1" season data: Threshold = 30 uM (0.42 mg1") A one-out-all-out
>15 pg 1" = threshold exceeded indicating a Threshold = 4 mg 1! >30 uM = threshold exceeded procedure is used to
OSPAR T .
COMPP Problem Area indicating a Problem Area determine the
<4 mg 1" = threshold classification of each of
Maximum and mean concentrations may also be exceeded indicating a N:P Ratio Threshold: the four Categories and
compared to this threshold. Problem Area 24:1 where >24:1 is indicative of a | for the Overall
Problem Area Assessment

Thresholds are not used in the TRIX approach. For DIN, the WFD (as applied within the UK) and OSPAR use pM units, while EPA
NCA uses mg 17", Thresholds are given here in both units to enable comparisons among methods

Mod moderate, SPM suspended particulate matter

The method includes four components: [—Caus-
ative Factors, II—Direct Effects, III—Indirect
Effects, and IV—Other Possible Effects of nutrient
enrichment. Nutrients are used to determine Causa-
tive Factors; Chl-a, phytoplankton, SAV, macroalgae
and microphytobenthos are used to evaluate Direct
Effects; DO, changes in species composition or kills
of zoobenthos and/or fish are used to determine
Indirect Effects; and Other Possible Effects include
presence of algal toxins (OSPAR 2002; Claussen
et al. 2009). Salinity related and/or region-specific
threshold values are used (except for fish kills) to
determine scores (+ or —), where (+) indicates a
Problem Area where the indicator exceeds the
threshold for acceptable water quality (i.e. reference
value +50%, Table 3; Foden et al. 2009, this
volume). Classification of status is determined for

each category using a one-out-all-out approach where
if one indicator within the component indicates a
Problem Area then the whole category receives a
Problem Area rating. The final classification of
eutrophication status is determined from the four
category ratings, also using a one-out-all-out
approach (Table 4).

TRIX

The trophic index (TRIX) is defined by a linear
combination of the logarithms of four state variables:
Chl-a, DO as the absolute percent deviation from
saturation (aD%0Q), DIN and total phosphorus (TP;
Tables 3, 4). These indicators are expressions of
productivity (Chl-a, DO) and nutritional factors
(DIN, TP). Scaling coefficients are introduced to fix

@ Springer
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Results are shown per salinity zone and per indicator (Chi-a chlorophyll a, DO dissolved oxygen, SAV submerged aquatic vegetation), and for the whole estuary, using area

weightings (N/A means not applicable). The average impact of primary symptoms = high (see Tables 3, 4). The score for secondary symptoms

rating for eutrophic condition from ASSETS is moderate. High indicates the worst, and low the best rating possible

low/no problem. The overall

# Since DO is above the threshold indicating no problem, the spatial area is marked as N/A because it is automatically considered to be high spatial coverage

the lower and upper limit values of the index to
provide scores (Fig. 4) in the range of zero (scarcely
productive-open sea) to ten (highly productive) TRIX
units (Giovanardi and Vollenweider 2004). There is
no weighting of indicators. TRIX has typically been
applied for comparison of eutrophication impacts at
the regional level, and has been used to compare
waterbodies that varied in condition from oligo-
trophic to eutrophic, such as the Black, Aegean,
Adriatic, Tyrrhenian and Baltic Seas (Giovanardi and
Vollenweider 2004; Vascetta et al. 2004).

EPA NCA

The US EPA’s National Coastal Assessment (NCA) is
implemented through a federal—state partnership, and
is designed to answer questions on environmental
conditions in coastal waterbodies. The results supple-
ment the US Clean Water Act (CWA) where water-
bodies identified as not meeting state water quality
criteria for designated uses require actions to correct
pollution caused impairments (USEPA 2001a, 2003,
2005, 2008). Of the five EPA NCA indices of condition
in coastal waterbodies, the Water Quality Index (WQI)
is the indicator describing nutrient related conditions
and will be the only one discussed here.

This method uses five indicators: DIN, dissolved
inorganic phosphorus (DIP), Chl-a, water clarity (by
Secchi depth and by comparison of light reaching the
water surface and at 1 m depth) and DO (Table 3).
The WQI uses the EPA Environmental Monitoring
and Assessment Program’s (EMAP) probabilistic
randomly selected sampling framework where sam-
ples are taken once per year by region during a
summer index period (June through September;
USEPA 2001a). An evaluation is made for each of
the five indicators at each site by comparison with
regionally defined reference conditions determined
from national studies (Table 3). A combined water
quality index rating is calculated for each site
(Tables 3, 4), then for the region and the nation
based on the ratio of individual indicators that are
rated as Good, Fair or Poor (e.g. condition is Good if
none are rated Poor and only one is rated Fair).

ASSETS

The US National Estuarine Eutrophication Assess-
ment method and modifications, called Assessment of



Biogeochemistry (2011) 106:177-205

191

Table 7 Results for the Medway estuary from application of the EPA NCA method and data from the summer index period,

2000-2007
Indicator EPA NCA ratings (by number of stations®) Scores Final indicator Final EPA
- rating NCA rating

Poor Fair Good

DIN 16 0 0 80% poor Poor Poor

DIP 17 0 0 85% poor Poor

Chl-a 4 12 20% fair, 60% good Good

DO 0 1 15 5% fair, 75% good Good

Water clarity® 1 1 0 Insufficient data Poor

The maximum number of stations sampled = 20*. Scores were calculated from the percent of stations in good, fair or poor condition
(Tables 3, 4). The overall rating for eutrophic condition based on the EPA NCA is poor

DIN dissolved inorganic nitrogen, DIP dissolved inorganic phosphorus, Chl-a chlorophyll a, DO dissolved oxygen

* Some stations were missing data for some variables

® Very limited data

Estuarine Trophic Status (ASSETS) is designed to
address requirements of the US Clean Water Act and
the Harmful Algal Bloom and Hypoxia Research and
Control Act (Bricker et al. 1999, 2003, 2006, 2007,
2008, 2009; Ferreira et al. 2007; Xiao et al. 2007,
Scavia and Bricker 2006; http://www.eutro.org/regis
ter). ASSETS has been applied to 141 US water-
bodies, several waterbodies under EU WFD require-
ments (e.g. Ferreira et al. 2003; Nobre et al. 2005;
Bricker et al. 2007), and to systems in China and
Australia (Xiao et al. 2007; Bricker et al. 2006, 2007,
http://www.eutro.org/syslist.aspx). The ASSETS
assessment includes examination of influencing fac-
tors (nutrient inputs as they are modified by natural
hydrology of the system), eutrophic condition
(nutrient related water quality conditions), and future
outlook (forecast of future conditions based on pre-
dicted changes in nutrient loads). The assessment
then combines results of the three components into a
single overall rating (Tables 3, 4). The eutrophic
condition component is the only one that will be
discussed here.

ASSETS assigns an eutrophic condition rating
based on five indicators, or symptoms, that are
assessed by salinity zone (tidal 0-0.5 psu, mixing
0.5-25 psu, seawater >25 psu). An area-weighted
system score is determined from the salinity zone
results. Ratings for Chl-a and macroalgae, considered
primary symptoms, are averaged while the worst of
three secondary symptom ratings (DO, changes in
areal coverage of SAV, nuisance and toxic bloom
occurrence) is selected in a precautionary approach.

This approach is used given that the secondary
symptoms are indicative of well developed eutrophi-
cation impacts and an average might under-represent
eutrophication status. Instead, the worst case of the
three ratings is used as a precaution against neglect-
ing to apply management measures or more intense
study in cases where it is needed. Symptom scores are
determined by combining the occurrence, spatial
coverage and frequency of occurrence of concentra-
tions that are considered a problem and comparing to
reference conditions and thresholds determined from
national studies. Confidence in the assessment is
determined as the Data Confidence and Reliability
(DCR) that is based on sampling frequency and
spatial distribution of available data (Bricker et al.
1999, 2003). Primary and secondary results are
combined by matrix into a single system score. The
ASSETS assessment results in an eutrophic condition
rating that falls into one of five grades: High (worst),
Moderate High, Moderate, Moderate Low, Low
(Best). (The ASSETS desktop program is available at
http://www.eutro.org/register.)

Methodological differences and their potential
impacts on assessment results

Spatial considerations

The assessments presented here are normally applied

over different spatial scales to provide waterbody or
region-specific assessments of nutrient impacts
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Table 8 Results for the Medway estuary from application of the UK WFD approach to annual and seasonal data, 2000-2007

Summary of assessment procedure

UK WFD calculation EQR and
assessment of status

per el t

Mean winter concentration was normalised to 25 psu and
compared to nutrient thresholds (Table 5). The threshold for
Moderate (30uM) was exceeded. SPM data indicates turbid

Nutrient
concentration

waters, and the 90" percentile measurement of DIN was tested
against a second threshold (70 pM). The 90™ percentile exceeded
the higher threshold and the waterbody was assessed as Moderate.

Mean Winter DIN :  165uM (11.7 mg 17)
Annual SPM =47.6 mgl"
i.e. "intermediate" turbidity status.
The 90" percentile Winter DIN was measured
as 303uM (22 mg 1), exceeding the secondary
threshold (70 uM, 0.98 mg 1)

EQR for nutrient
element = 0.23

Status = Moderate

number of times (as a percentage) when:
1. Any Single taxon (species) >500,000 cell I
2. Total Abundance > 10° cells I

Normalised

% score Final

exceedances (=ref/value) | EQR
0-10 1.0-0.5 0.8-1.0
10-20 0.5-0.25 0.6-0.8
20-40 0.25-0.13 0.4-0.6
40-60 0.13-0.08 0.2-0.4
60-100 0.08-0.0 0-0.2

Normalised score calculated by reference condition (5%)
divided by value. Final EQR normalised to equidistant
boundaries (0 tol).

Transitional waters — physico-chemical and biological quality elements.
Phyto-plankton abundance/ indicator species

Cell counts for each sampling period were used to calculate the

The threshold was exceeded for a single taxon
(24.1 %), and for total abundances (15.8%).
Average exceedance of count thresholds is

19.8%.

Average EQR for PP
element =0.61 (PP)+

. 1.0 (Chl-a)=1.61/2
Normalised score = 0.26

Final EQR = 0.61

FINAL EQR for the
BQE =0.8

STATUS = High

A set of statistical measures of spring/summer Chl-a (mean,
median, percent exceedances) is used to assess data. Five
measures are used per waterbody. Here, two salinity zones were
assessed, giving a possible maximum of 10 results.

Zone A (1-25 ppt/psu):
1. Mean <15 pg 1" 6. Mean <10 pg 1!

2. Median <12 pg 1! 7. Median <8 pg 1"
3.>70% samples <10 ug 1" 8. >75% samples <10 pg 1!
4.>80% samples <20 ug 1" 9. >85% samples <20 pg 1"
5. <5% samples >50ug 1" 10. <5% samples >50pg 1!

Zone B (>25-35 ppt/psu):

Chlorophyll

Note: under the WFD, salinity of 5-25 ppt/psu = estuaries or
TW#*, and >25-35 ppt/psu = coastal waterbodies

Data were separated into high and low salinity
zones.

Zone A Zone B
Mean Chl-a = 7.9 and 4.0
Median Chl-a= 4.2 and 2.9
% <10pugl’ = 83% and 95%
%<20pgl! = 91% and 99%
%>50ugl! = 2% and 02%

All statistical measures (n = 10) in both salinity
zones were less than the thresholds

TOTAL Score = 10
Final EQR = 1.0

(Fig. 5). We have ignored these delineations and
applied all five assessments to the entire area of each
estuary (salinity 1-34.5 psu). The OSPAR COMPP,
for example, is applied to estuarine, coastal and
offshore waters, some of which are outside the
boundary of areas typically evaluated by the WFD.
The TRIX and EPA NCA methods use a regional
spatial basis for assessment. The ASSETS assessment
is normally applied to estuarine salinity zones that are
then area-weighted to provide a system wide result
and thus management can be targeted to the most
impacted zone. Here, all methods were applied to the
same area and existing data (2000-2007) were used
to represent the spatial and temporal variability
within the system. The change in waterbody area
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should not impact the assessment results since the
reference conditions and thresholds of each method
include waters of this type and salinity.

Sampling timeframe and frequency

The five assessment methods use data that span
different timeframes, which can potentially influence
results. ASSETS and TRIX use data over an annual
cycle for all indicators. The OSPAR COMPP is based
on spring and summer data for Chl-a, summertime
data for DO and mean winter concentrations of
nutrients (Table 3). The UK WFD assessment is
based on annual data for Chl-a and DO, and winter
data for nutrients. The EPA NCA uses seasonal data
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Table 8 continued

UK WEFD calculation EQR and
assessment of status

per element

Summary of assessment procedure

Five indicators are used to calculate the Macroalgae BQE

e the average % cover of algae in the available intertidal
habitat (AIH)

e the total area (in ha)

e the average biomass (g/mz) per m’ of the AIH,

the average biomass of algae per meter squared over the
affected area only

e the presence of entra ined algae (the % of quadrats where
algae is seen to be growing deeper than 3cm into the
underlying sediment indicating the likelihood of

% cover of algae (ha) =>15%

Total area (in ha) > 500ha

% biomass (AIH) >500g.m'2

% biomass (affeced area only) >500g.m”
% of entrained algae = 0

EQR for Macroalgal
element = 0.58

Scores from each indicator combined to an EQR Status = Moderate

for the overall BQE

Macroalgal Abundance
L]

regeneration),
Based on shoot loss (if any), number of species present and the Lack of measurements for SAV communities in N/A

> loss of the spatial extent (if any) of the SAV beds. Medway.
§)

WFD Marine 5" percentile 5™ percent (whole year) =5.04

Status

High 57 mgl! Status = Good

Good 4.0<57 mgl"
o Moderate 2.4 <4.0 mg I
=} Poor 1.6 <24 mg1"

Bad <1.6mgl’

Final classification based on the calculation of the 5%ile DO

Final UK WFD Rating Moderate

The final classification for ecological status is Moderate
High indicates the best, and low the worst rating possible

EQR ecological quality ratio, DIN dissolved inorganic nitrogen, DIP dissolved inorganic phosphorus, TP total phosphorus, Chl-a
chlorophyll a, DO dissolved oxygen, SAV submerged aquatic vegetation, spp. species, BOE biological quality element, PP
phytoplankton, QF quality element, AIH available intertidal habitat, ha hectares

* TW = transitional waterbody type which determines the reference values used for WFD assessment method

** No evidence was found of any other indirect impacts, e.g. zoobenthos/fish kills and harmful algal blooms. Note: Some EU
member states use DO as an indicator under the physico-chemical element, but we have used DO as an indicator of indirect impacts

of nutrient enrichment, consistent with the OSPAR method

for all indicators with a once-per-year sample taken
within an index period (i.e. June—September). This
may underestimate nutrient conditions since nutrient
concentrations will be low given the uptake by
phytoplankton and other marine plants during sum-
mertime. Use of limited seasonal data can bias results
due to the variability in peak bloom (as measured
Chl-a) timing as shown in Narragansett Bay where
the timing of the traditional winter-spring bloom has
been delayed or eliminated during the past several
decades (Nixon 2009). In particular, Nixon (2009)
shows that from 1958 to 1977, maximum blooms
occurred in the first four months of the year 95% of
the time, while in years since 1977 maximum blooms
occurred in the first four months of the year only 43%
of the time. This means that more than half the time,

seasonal Chl-a data may underestimate the worst case
conditions they are attempting to capture. This has
important implications for the final results of the
eutrophication assessment and thus also to the
required management response.

Reference conditions and thresholds

There is some confusion and considerable debate
around the terminology for and use of reference
conditions, background conditions and threshold
values. For applications of the OSPAR COMPP,
participating EU countries were required to deter-
mine reference conditions representing near pristine
water quality, and to calculate acceptable thresholds
allowing no more than 50% deviation from
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Table 9 Results for the Medway from application of the OSPAR COMPP method to annual and seasonal data 2000-2007

Category Indicator Statistical results Threshold value  Indicator
rating

I DIN Mean winter DIN value (25 20 pM +
ppt) = 165 yuM (2.31 mg 17"

I DIP Mean DIP value (25 ppt) = 8.2 uM 0.68 uM +
(0.115 mg 17"

1 Nutrient ratios Mean DIN:DIP = 20:1 24:1 -

I Chl-a 90th percentile summer Chl- 15 pg 17! +

a concentration = 35.6 pg 17!
Mean summer Chl-a = 15.1 pg 17!

11 Phytoplankton abundance/ Combined % of exceedances for the two 25% -
indicator spp. phytoplankton groups = 19.8%
1T Macroalgae abundance % Affected area <15% 500 g over 15%  +
% Biomass of affected area >500 g m~>  AlIH (Table 8)

<10%

I SAV No grasses historically or at present N/A N/A

I DO 5th percentile summertime DO 4mgl1! —
concentration = 4.5 mg 17!

I Zoobenthos kills or fish kills ~ No fish kills reported over sampling N/A -
period

v HABs/algal toxins None reported N/A -

Final OSPAR Problem area

assessment rating

Out of ten indicators, six showed no increased trends or elevated levels when compared to thresholds. Indicators in Categories I and II
exceeded thresholds (from Table 5 and Foden et al. 2009, this volume). However there was no evidence of secondary or other
impacts in Categories III and IV. The Final Classification from this approach is Problem Area

DIN dissolved inorganic nitrogen, DIP dissolved inorganic phosphorus, Chl-a chlorophyll a, DO dissolved oxygen, SAV submerged
aquatic vegetation, N/A not applicable, AIH available intertidal habitat

+, increased trends, elevated levels (compared to threshold values), shifts or changes in the respective assessment parameters/
indicators

—, neither increased trends nor elevated levels nor shifts nor changes in the respective assessment parameters

Table 10 Results of application of the trophic index (TRIX) to data for the Medway estuary, 2000-2007

Total DIN Total DIP Chl-a DO (%) aD%0O TRIX Final TRIX rating
(ng1™H (ng1™H (ng1™H
Medway 2439 340 7.1 84.7 15.3 7.9 Highly productive

Annual averages were calculated for use in the TRIX algorithm (Table 3; Vollenweider et al. 1998)

DIN dissolved inorganic nitrogen, DIP dissolved inorganic phosphorus, DO dissolved oxygen

reference conditions. Threshold values applied in from those determined for UK waters. The UK
the UK application of the OSPAR COMPP and the WEFD determines type specific thresholds that are
reference conditions from which they were derived intercalibrated with other EU countries. The
are summarised by Foden et al. (2009, this volume). ASSETS and EPA NCA methods use thresholds
Other EU countries (e.g. Germany, see Topcu et al. that are determined from national studies. The
2009) have determined reference conditions relevant TRIX method does not use thresholds for individual
to their waterbodies, which can therefore differ indicators.
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Action threshold for WFD, OSPAR COMPP

_ >

WEFD ecological status

Poor

Moderate

ASSETS condition (State)
EPA NCA condition
OSPAR COMPP*

Moderate
High

Problem Area + +

Moderate

Non Problem Area --

TRIX scores

(6-10)

Highly Productive

Mod.
Productive

Scarcely Productive
(0-4)

Fig. 4 Comparison of classification categories used by the
different approaches, shown relative to WFD categories.
Terminologies are different but the scaling is similar, e.g. high
condition status in ASSETS is equivalent to bad condition
status in the WFD. The OSPAR COMPP and TRIX methods do

There is similarity and general consistency among
the methods for three key indicators (Chl-a, DO and
DIN), for example DO values less than 4 mg 17" and
Chl-a values greater than 10 ug 17" are taken as
indicators of nutrient enrichment for all methods.
This reflects the effectiveness of these key indicators
in identifying stages of eutrophication (Table 5; see
also Borja et al. 2009). In an effort to maximize the
assessments’ accuracy, in some methods the thresh-
olds for some indicators are modified. For example,
thresholds are lowered for systems that are sensitive
to nutrients and thus show impacts at lower levels of
nutrient input (e.g. Chl-a thresholds are lower in
Florida Bay—ASSETS, EPA NCA; Bricker et al.
2007; EPA 2005) while thresholds are elevated for
systems that are less sensitive and less susceptible to
impacts of nutrient enrichment (e.g. DIN thresholds
are higher in turbid east coast UK estuaries, UK
WEFD, Devlin et al. 2008, 2009; Table 5). While
regional modification of thresholds is recommended
where specific conditions (i.e. turbidity) are region-
ally uniform, it may inadvertently bias results if used
without proper consideration. TRIX uses a fixed scale
for assigning status based on the trophic index score
rather than threshold values (Table 5).

Water column indicators: nutrients, chlorophyll,
DO

The TRIX method uses a combination of N, P, Chl-a,
and DO saturation (Tables 1, 3 and 4), which may
produce biased results because it assumes that eutro-
phication processes are mainly reflected as changes in
phytoplankton biomass. This does not hold true in

not use colour coding (adapted from Claussen et al. 2009).
* For OSPAR COMPP, potential problem area is not
represented since it is more a reflection of ‘unknown’ than of
conditions between problem area and non problem area

estuaries and shallow systems where other primary
producers (e.g. macroalgae [e.g. Nobre et al. 2005],
seagrasses, etc.) may contribute a significant amount to
total production. The EPA NCA method uses the same
assumption as the TRIX method and may therefore
introduce the same bias in the results.

While all methods except ASSETS include indica-
tors based on water column nutrients (Tables 1, 5),
concentrations may not necessarily correlate with a
biological impact (Cloern 2001) and thus, results may
not accurately represent eutrophic conditions. For
example, a severely degraded system may exhibit low
concentrations due to uptake by phytoplankton and
macroalgae, particularly during the growing season.
Conversely a relatively healthy system may have high
concentrations due to high turbidity, low algal uptake,
strong filter feeder populations, or may flush nutrients
so quickly that primary producers do not have the
opportunity to bloom extensively (Cloern 1999, 2001;
Ferreira et al. 2005).

The OSPAR COMPP method uses 90th percentile
and mean values, and sometimes the maximum of
Chl-a in the growing season (OSPAR 2005), with
concentrations >50% above a reference condition
indicative of a Problem Area or (4) rating. The 5th
percentile of DO concentrations is used by the
OSPAR COMPP, with a value of >50% below a
reference condition indicative of a Problem Area or
(+) rating. The ASSETS method uses the 90th
percentile of Chl-a and the 10th percentile for DO
compared to reference concentrations. For both of
these indicators, ASSETS combines the concentra-
tions with the spatial extent of concentrations that are
considered a problem, determined as the ratio of the

@ Springer



196

Biogeochemistry (2011) 106:177-205

. WFD WFD —-no assessment
Delineated by 1 r
typology beyond 1nm outward o
baseline boundary
Transitional Transitional Coastal Guidelines specific for type
type 1 type 2 type 1
ASSETS Tidal
Salinity zones Fresh Mixing Zone Seawater Zone
Zone
Area weighted aggregate for system score
OSPAR
Salinity zones Estuarine Coastal Offshore
EPA NCA
and
TRIX Estuarine Coastal Offshore
Analysis at
system level

Fig. 5 A comparison of spatial scales used by the different assessment approaches. OSPAR COMPP regions for assessment are
typically offshore of the WFD waterbodies, but like ASSETS and EPA NCA, the approach may be applied to any waterbody

number of stations above (for Chl-a) or below (for
DO) the thresholds to the total number of stations
(GIS determined spatial areas can also be used). The
frequency of occurrence of concentrations that are
considered a problem (as periodic, episodic or
persistent) is included in the metric to determine the
final indicator rating (Bricker et al. 1999, 2003, 2007;
Table 5). The inclusion of the spatial distribution and
frequency of occurrence is important for accurately
evaluating the true scale and magnitude of nutrient
impact on an estuary (Bricker et al. 1999, 2003).
The WFD is applied slightly differently across EU
member states. In the UK, a number of tools have
been developed to assess impacts of nutrient enrich-
ment on the phytoplankton community, which include
a Chl-a measurement, an index for phytoplankton
community composition, and (more recently) an index
for seasonal succession (Devlin et al. 2007a, b). In
estuarine waters, the Chl-a indicator includes five
statistical measures applied to two salinity bands
(total = 10 measures): mean, median, % of samples
<10 pg Chl-a 17!, % of samples <20 pg Chl-a 17",
% of samples >50 pg Chl-a 17" (Tables 1, 4 and 5).
The index for community composition uses two
separate measures of abundance in estuaries, viz. the
total cell count and single species count (see Results
and discussion section). The 5th percentile of annual
DO concentrations and mean winter nutrient concen-
trations are applied in the physico-chemical element.
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Other biological indicators: macroalgae, HABs,
seagrasses

The measurement of secondary biological impacts
that are indicative of nutrient enrichment is a key
difference among the assessments. Inclusion of these
indicators provides a more robust picture of the scope
of nutrient related impairments including evidence of
disturbance (e.g. low DO events, toxic algal blooms).

As previously discussed, TRIX and EPA NCA do
not use additional biological indicators which may
lead to a result different than results of the other three
methods. The UK WFD, ASSETS and OSPAR
COMPP methods all include additional biological
measurements (Tables 1, 6, 7, 8, 9 and 10), although
the way in which they are included varies among
assessment methods.

The ASSETS method includes indicators for
macroalgal abundance and nuisance and toxic bloom
occurrences. While there are standards indicating the
concentration of cells that result in nuisance (e.g.
Aureococcus anophagefferens, Gastrich and Wazniak
2002) and toxic (e.g. Karenia brevis, USFDA 2007)
blooms, there is no standard number of cells that
indicates unacceptable or dangerous concentrations
for mixed phytoplankton communities. Likewise
there is no standard measure for the level at which
macroalgae biomass becomes a problem in US
waters. Thus, for both macroalgae and nuisance and
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toxic bloom occurrences an heuristic method is used
for determination of status, where they are considered
a problem if there is a negative impact on any
biological resource and/or human activity (e.g. causes
low DO, fish kills, illness in humans, smothers
benthic organisms, etc.). This manner of determina-
tion allows for all observations to be used despite the
lack of a standard measure or metric. Both indicators
include the frequency of occurrence of problems and
the nuisance and toxic bloom indicator also includes
the duration of blooms to try to reflect the magnitude
of bloom problems in a comprehensive way. The
ASSETS method also uses observed changes in the
areal distribution of SAV, including the magnitude of
observed areal losses, where losses are considered a
problem.

The OSPAR COMPP and UK WFD methods both
use quantitative measurements of secondary biolog-
ical impacts with a macroalgae indicator based on
levels of biomass and area covered. Larger marine
plants such as SAV (i.e. angiosperms by WEFD
terminology) are based on number of species present
and areal loss or gain. HABs are not specifically
measured under WFD or OSPAR COMPP guidelines,
though nuisance algae such as Phaeocystis sp. are
measured as part of the indicator for phytoplankton
abundances and indicator species. Algal toxins are
included in the OSPAR COMPP Category IV: Other
Possible Effects.

Combining indicator metrics into an overall rating

The calculations for combining the individual indi-
cators into a final assessment of eutrophication status
vary among methods (Table 4). The WFD as applied
in the UK uses a combination of biological and
physico-chemical outcomes where the worst case
assessment outcome is used to classify the waterbody
as one of five categories: High, Good, Moderate, Fair
or Poor.

The OSPAR COMPP method evaluates the com-
ponents of Category I to determine whether there is
evidence of anthropogenic nutrient enrichment. Eval-
uations of Category II indicators are used to deter-
mine evidence of accelerated growth of primary
producers (i.e. phytoplankton, SAV, macroalgae,
microphytobenthos). DO is used as an indicator of
Indirect Effects that are caused by, for example,

excessive phytoplankton or macroalgal biomass, and
algal toxins are used as an indicator of Other Possible
Effects. A one-out-all-out approach is used to deter-
mine the rating (+ or —) of each category. The final
classification as Problem Area, Non Problem Area or
Potential Problem Area is determined from the four
Category scores, also using a one-out-all-out
approach.

The ASSETS assessment, in a precautionary
approach, combines the average of the primary and
worst of the secondary symptom ratings by a matrix,
thus giving higher weighting to the symptoms that
indicate a greater level of disturbance. Here, if one
indicator changes it is possible it will be reflected in
the overall rating. The ASSETS assessment results in
a rating based on a five grade scale: High (worst),
Moderate High, Moderate, Moderate Low, Low
(best).

The EPA NCA method uses the proportion of Poor
versus Good/Fair scores for individual indicators to
determine the final rating (Good, Fair or Poor) with
no weighting of indicators. TRIX does not have a
scoring component for individual indicators but
calculates a final score from the combination of the
four components into a linear model with a scaling
factor so that the resulting score is between zero
(oligotrophic) and ten (trophic) TRIX units, with
grades of Productive, Moderately Productive and
Scarcely Productive. The TRIX and EPA NCA
methods give equal weight to all indicators but the
lack of inclusion of additional biological indicators
means that the eutrophic rating can indicate worst
case conditions without evidence of secondary bio-
logical disturbances.

Results and discussion

Despite differences, the five approaches compared
here all identify a common action threshold where
management intervention is recommended or required
(Fig. 4). For the WFD, this is the boundary between
Good and Moderate status, which is comparable with
boundaries between Moderate Low and Moderate
impact (ASSETS), Good and Fair (EPA NCA), Non
Problem Area and Problem Area (OSPAR) and
Scarcely Productive and Moderately Productive
(TRIX). The differences in the number of final
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assessment categories (two for OSPAR COMPP, three
for EPA NCA and TRIX, and five for the UK WFD,
ASSETS) make it difficult to compare results directly.
For example, it is not possible to know whether the
OSPAR COMPP Problem Area rating is closer to the
worst rating in the five grade scales, or is closer to a
Moderate rating. Since these assessments are designed
to evaluate conditions in order to guide development
of management measures, the methods that give a
more representative indication of conditions may be
more useful for this task. While it may be easier to
score a system on a scale that is either acceptable or
unacceptable such as the OSPAR COMPP, it may be
more difficult to identify small changes in eutrophic

condition, as a result of management or of further
degradation, than it is with methods that have a three or
five grade scale.

Detailed results from the application of the five
methods (ASSETS, EPA NCA, TRIX, OSPAR
COMPP and UK WFD) are shown for the Medway
estuary only (Tables 6, 7, 8, 9 and 10) to illustrate the
calculations behind the assessment outputs. The same
calculations were applied to the Thames, and the final
results are presented. Ten indicators are used among
the five assessments, with final outcomes indicating
that both the Medway (Table 11) and the Thames
(Table 12) have Moderate to High level impacts
associated with nutrient enrichment.

Table 11 Final outcomes for the Medway estuary from application of five eutrophication assessment methods to data from 2000 to

2007
Medway
OSPAR
Element | Indicators UK WFD | ASSETS EPA NCA | COMPP* TRIX
BE DIN Moderate + *
2 E DIP + *
= = .
SV Water Clarity
Chlorophyll-a + *
- HABS/Algal toxins -
§ Phytoplankton Indicator
El species. -
o
‘; Overall BQE for phytoplankton
= (WFD only)
1;;[;1:;0— Macroalgae abundance Moderate Moderate +
SAV . .
Submerged Aquatic Vegetation N/A N/A N/A
Other Zoobenthos kills/Fish kills -
Dissolved Oxygen - *
Trophic Index 7.9
Final assessment of Problem Highly
Eutrophication Condition Moderate Moderate Area Productive

Outcomes are shown as text and as colour coding where appropriate (from Fig. 4). The outcomes for the UK WFD BQEs are based
on the average EQR for the element (from Table 8). Plus (4) scores from the OSPAR COMPP indicate that the indicator values
exceed the threshold value. For TRIX, * indicates variables used in the assessment (see Tables 1, 3). Cells were left blank if the
indicator was not used as part of the assessment

DIN dissolved inorganic nitrogen, DIP issolved inorganic phosphorus, HABs harmful algal blooms, BQE biological quality element,
EQR ecological quality element, N/A = Not applicable

* For OSPAR COMPP

+, increased trends, elevated levels, shifts or changes in the respective assessment parameters

—, neither increased trends nor elevated levels nor shifts nor changes in the respective assessment parameters
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Table 12 Final outcomes for the Thames estuary from application of five eutrophication assessment methods to data from 2000 to

2007
OSPAR
Element | Indicators UK WFD | ASSETS EPA NCA COMPP* TRIX
o' DIN Moderate + *
28
2 E DIP + *
£ = :
~c Water Clarity
Chlorophyll-a Moderate + *
- HABS/Algal toxins -
£ PP Indicator sp. -
Ex Overall BQE for
§‘ phytoplankton
= assessment
A (WFD only)
Macro- Macroalgae abundance +
algae
SAV i
Submerged Aquatic N/A N/A N/A
Vegetation
Other Zoobenthos/fish kills -
Dissolved Oxygen Moderate Fair - *
Trophic Index 8.5
Final assessment of Problem Highly
Eutrophication Condition SIS MRS Area Productive

Outcomes are shown as text and as colour coding where appropriate (from Fig. 4). The outcomes for the UK WFD BQEs are based
on the average EQR for the element (from Table 8). Plus (4) scores from the OSPAR COMPP indicate that the indicator values
exceed the threshold value. For TRIX, * indicates variables used in the assessment (see Tables 1, 3). Cells were left blank if the

indicator was not used as part of the assessment

DIN dissolved inorganic nitrogen, DIP issolved inorganic phosphorus, HABs harmful algal blooms, BQE biological quality element,

EQR ecological quality element, N/A = Not applicable
* For OSPAR COMPP

+, increased trends, elevated levels, shifts or changes in the respective assessment parameters

—, neither increased trends nor elevated levels nor shifts nor changes in the respective assessment parameters

Medway assessment outcomes

Results for the overall eutrophic condition based on
application of the UK WFD and ASSETS approaches
(Table 11) give an overall status of Moderate. The
OSPAR COMPP classifies the Medway as a Problem
Area. Outcomes from the EPA NCA and TRIX
classify the status of the Medway as Poor and Highly
Productive, respectively, which is a worse rating than
results of the other methods. The reason for the worse
rating is that the ASSETS and UK WFD use
secondary biological indicators that show only Mod-
erate (i.e. for macroalgae) problems, which mediate
the worse scores of the nutrient and high biomass
outcomes. However, all of the assessment scores

indicate that the waterbody is below the threshold
indicating acceptable water quality and thus would
necessitate management intervention to reduce and
manage nutrient loads.

The nutrient indicator assessment results are
Moderate for UK WFD, (+) or Problem Area for
OSPAR COMPP and Poor for EPA NCA (Table 11,
see also Tables 7, 8 and 9). The EPA NCA shows a
more severe rating than the UK WFD, despite the
concentrations of the EPA NCA samples having a
much lower summer mean (1.94 mg 1" than mean
winter concentrations of the UK WFD (11.7 mg .
The UK WFD assessment result of Moderate reflects
the use of turbidity as a mitigating factor in the UK
WED process whereby a higher threshold is used for
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DIN (>0.98 mg 17! = Moderate) in turbid systems
than in clear systems (>0.42 mg1~' = Moderate).
Once a waterbody is designated as turbid
(i.e. > 10 mg 1~' SPM) then assessment ratings for
nutrient status cannot fall below Moderate (i.e. to
Poor or Bad) due to low light conditions (Anon
2008). The EPA NCA results show a more severe
rating than the UK WFD because the thresholds are
not modified to accommodate the high turbidity. The
accommodation for high turbidity conditions makes a
difference since if the rating for the EPA DIN
indicator, and by extension the DIP indicator, was
Moderate then the rating for the waterbody would be
Moderate. Likewise, the UK WFD rating for the
Medway would be Poor if the threshold was not
elevated (Tables 5, 7).

The scores for Chl-a a are Good based on the UK
WFD and EPA NCA methods, but are rated a
Problem by the OSPAR COMPP method and High
(worst) for ASSETS (Table 11). The differences are
explained by the use of spatial and frequency
components in the ASSETS method, the once per
year sampling of the EPA NCA method, the use of
only growing season data by OSPAR, and the use of
annual Chl-a data in multiple statistical measure-
ments used by the UK WFD. The ASSETS method
calculated the 90th percentile of annual Chl-a data
as 13.5 and 7.1 pg 17! for the mixing (5 km?) and
seawater (51 kmz) zones respectively, both of which
fall into the Moderate category (Table 5). When
combined with high spatial coverage of the Moder-
ate Chl-a values and periodic frequency of occur-
rence within both zones (see Fig. 3b), the end result
is a High (worst) rating for Chl-a. The 90th
percentile of the growing season (spring—summer)
data for the OSPAR COMPP is 35.6 pg 17!, result-
ing in a rating of Problem area or (4) when
compared to the OSPAR Chl-a threshold (>15
ng 171, The Good rating based on application of
the EPA NCA method may be biased by the
sampling timeframe since highest values of Chl-
a typically occur in the months of April and June
(Fig. 3b), and the sample index period is June-
September. The once per index period samples may
have missed the time of maximum bloom concen-
trations. In fact, for 2 years (2001 and 2003)
samples used in the assessment were from July
sampling dates while in all other years the samples
used were from August to September.
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Results for the UK WFD Chl-a indicator are rated
as High (best) because 10 (out of a maximum of 10)
statistical measurements did not exceed the threshold
value (N = 10, EQR = 1.0; Table 5). Results from
the phytoplankton indicators (single species and total
taxa counts) are classified as Good (% excee-
dances = 19.8%, EQR = 0.61; Table 5). The two
EQR scores are combined for a final classification of
High (best; average EQR = 0.8) for the phytoplank-
ton BQE (Table 8).

The results for DO are consistent among all
methods (Table 11) despite the use of different
timeframes (i.e. annual or seasonal) for data analysis
(Table 5). Results from all methods indicate no
significant problems with DO in the Medway estuary
which rarely falls below 4 mg 17" (Fig. 3c).

Macroalgal surveys carried out on the Medway
have shown the affected area to be greater than 15%
and the mean biomass (over affected areas) to be
greater than 500 g m™~ resulting in a status of
Moderate based on the UK WFD method and
Problem area or (+) based on the OSPAR COMPP
method. The ASSETS method results show a Mod-
erate level of macroalgal abundance due to observed
problems on a periodic basis (Fig. 6a; Table 11). It
should be noted that the heuristic method used by the
ASSETS method and data from measured surveys
give the same result. However, there are no problems
indicated by any method for HABs, phytoplankton
indicator species, or kills of zoobenthos or fish. Due
to the high turbidity of estuarine waters, seagrasses
are insignificant and thus are noted as Not Applica-
ble. Seagrasses are not included in the UK WEFD,
OSPAR COMPP and ASSETS assessment
calculations.

In summary, the combination of high nutrients,
high periodic Chl-a biomass and the presence of
macroalgal blooms indicates that this is a Problem
Area requiring some form of management
intervention.

Thames assessment outcomes

The results of the application of the WFD and
ASSETS methods classify the Thames as Moderate in
status (Table 12). Results of the EPA NCA and
TRIX, classify the Thames as Poor and Highly
Productive respectively, signifying worse conditions
than the results of the UK WFD and ASSETS. The
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OSPAR COMPP results show the Thames to be a
Problem Area which is consistent with both the
Moderate and Poor results. As with the Medway,
despite the differences in assessments, they all
identify the Thames estuary as impacted by nutrients
and requiring management intervention.

All approaches indicated anthropogenic nutrient
enrichment of the Thames. There are, however,
differences among ratings which are due to the
differences in the application of each indicator
assessment. For the UK WFD, the high turbidity
conditions found in the Thames estuary (Devlin et al.
2009) mediates the nutrient assessment rating by
applying a higher nutrient threshold (see Table 5;
Devlin et al. 2008) resulting in a Moderate rating. The
EPA NCA method rates nutrient concentrations as
Poor for both DIN and DIP and the OSPAR COMPP
method results in a rating of Problem levels or (4).

All approaches show evidence of accelerated
growth of phytoplankton, measured as Chl-a, as a
response to nutrient enriched conditions. Scores for
Chl-a are Moderate for UK WFD, Problem levels or
(4+) for OSPAR COMPP, Poor for EPA NCA and
High (worst) for ASSETS. The 90th percentile for the
ASSETS analysis gives a result of 50 and 11.6 pg 17
in the mixing and seawater zones, respectively. The
combination of these higher concentrations with high
spatial coverage (over >50% of the waterbody) and
the periodic or annual occurrence of such high
concentrations, leads to the most severe rating of
High (worst). The EPA NCA assessment method
results in a Chl-a rating of Poor since concentrations
were above 5 pg1™' at >93% of all stations and
above 20 pg1™' at more than 25% during the
summertime sampling period (i.e. June—September;
Fig. 3 T3 and T4). Results from the OSPAR COMPP
show that the 90th percentile of summertime Chl-
a values (68 pg 17') are greater than the threshold of
15 ug 17! resulting in a rating of Problem Area or
(4). Results for the UK WFD Chl-a indicator are
classified as Moderate (0.40) because 5 out of a
maximum of 10 statistical measurements exceeded a
reference value (N =5, EQR = 0.4, Table 5).
Results from the UK WFD phytoplankton indicators
(single species and total taxa counts) are classified as
High (best; % exceedances = 7.4%, EQR = 0.85,
Table 5). The two EQR scores are combined for a
final classification of Good (average EQR = 0.63)
for the phytoplankton BQE.

The results for the assessment of DO vary among
methods with ASSETS results giving a rating of Low
or best condition, compared to results of other
methods of Good (UK WFD), Fair, (EPA NCA)
and Non Problem Area or (—) for OSPAR COMPP.
The seasonal versus annual timeframes of data seem
to account for these differences as the use of annual
data results in a higher concentration (better condi-
tion) of DO than growing season or summertime data
only. For ASSETS, 10th percentile DO concentra-
tions were calculated to be 3.2 and 6.7 mg 17! in the
mixing (47 kmz) and seawater zones (201 kmz)
respectively whereas for the OSPAR COMPP and
UK WFD, DO was calculated to be 2.4 mg 17!
(Table 4) over the whole system (Fig. 3c). Addition-
ally, once the spatial coverage (low in both zones)
and frequency of occurrence (periodic) are consid-
ered, the ASSETS rating remains low or best
condition. The difference in sampling timeframes
(annual data for ASSETS and UK WFD, summertime
for OSPAR COMPP) and statistical criteria (fifth
percentile for UK WFD, 10th percentile for ASSETS)
as well as the consideration of spatial distribution of
observed concentrations that are considered a prob-
lem, results in ASSETS giving a less severe score
compared to the others, though showing that there are
sometimes low DO values within the mixing zone.

The indicators of ecosystem function are fairly
consistent among the three methods that include such
measures, showing no significant problems with
HABs, phytoplankton indicator species or macroalgal
abundance, and no recorded zoobenthos or fish kills.
It should be noted that in this system, as for the
Medway, high turbidity limits seagrass growth. This
indicator is considered Not Applicable and is not used
in the assessment calculations.

In contrast to the Medway, where there was
evidence of secondary biological impacts in the
detection of macroalgal blooms, the Thames has no
measured biological disturbance, however, the final
assessment for all approaches was below the accept-
able management guidelines suggesting that manage-
ment is recommended or required.

Conclusion

The application of the five different eutrophication
assessment methods to two estuarine systems in the
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UK in this study resulted in similar final assessment
results when applied to the same data (2000-2007). All
approaches indicated that both waterbodies required
management intervention to reduce the impacts of
nutrient enrichment. However, detailed results among
the methods differed; those that use more than one
biological indicator indicated (except for Moderate
macroalgal problems in the Medway) that secondary
biological impacts of nutrient enrichment were min-
imal. There are differences in timeframes for analysis
of data (seasonal versus annual), characteristics used
in the indicator metrics (concentration, spatial cover-
age, frequency of occurrence) and the way that
indicators are combined to determine the final eutro-
phication status. These differences resulted in variable
results for some indicators, such as nutrients (e.g.
Moderate for UK WFD and Poor for EPA NCA) and
Chl-a (e.g. ASSETS was High [worst] and UK WFD
and EPA NCA were both Good for Medway).
However, all methods show that management actions
are recommended or required for both estuaries.

Comparison of the application of and results from
the five approaches highlighted differences and
complexities of application among the methods.
Since eutrophication assessment is required by many
countries and, along with targeted research, contrib-
utes to the development of management measures it
is important that scientists, resource managers and
legislators understand how well conditions are rep-
resented by the methods they use. Results from this
study illustrate that there is a common understanding
of the progression of eutrophication and the changes
in key parameters that indicate eutrophication status.
While not promoting the use of any single method,
there are characteristics of specific methods that
appear to make them more accurate with respect to
evaluation of conditions than some other methods.
Those characteristics recommended for inclusion in
assessment methods to assure that results are useful
for management include:

e The selection of thresholds should accommodate
the relative sensitivity (e.g. adjusted DIN thresh-
old on account of high turbidity) of the system to
nutrient related degradation so that conditions are
not mis-represented;

e Use of annual data and sampling through the year
will increase the likelihood that eutrophic condi-
tions will be observed and accurately evaluated;

@ Springer

e The use of spatial coverage, frequency of occur-
rence, and duration (for HABs) in an indicator
metric provides a way to capture more compre-
hensively, the magnitude of the problem;

e Inclusion of secondary biological indicators (e.g.
macroalgal abundance, nuisance and toxic
blooms) provides a fuller picture of the scope of
nutrient related problems;

e The combination of indicators into an overall
condition rating should use a method that is able
to detect changes due to successful management
measures or pollutant related degradation. For
example, the use of a multi-grade scale for
indicators and for overall eutrophic condition
provides greater sensitivity to detect changes in
condition with successive assessments than a two-
grade scale;

e Nutrient loads should be linked to impairments
within the assessment process so that results will
be relevant and useful for the development of
targeted and successful management measures.

While these recommendations should not be
considered inclusive, we hope that these observations
will be helpful to resource managers for selecting an
appropriate eutrophication assessment method, and to
improve methods that are already being used.
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