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Abstract
UNIVERSITY OF SOUTHAMPTON
ABSTRACT
FACULTY OF ENGINEERING, SCIENCE & MATHEMATICS
SCHOOL OF OCEAN & EARTH SCIENCES
Doctor of Philosophy
DISSOLVED ORGANIC NITROGEN IN THE RIVER TEST AND ES TUARY.
By Judith Melanie Homewood BSc. (Hons)

Studies of nutrients in rivers and estuaries have gendoallged on dissolved inorganic
nitrogen (DIN), although this accounts for only a part of the tatedgen (TN) in these
systems. Dissolved organic nitrogen (DON) has not yet tidlgrconsidered as a factor
contributing to the nitrogen pool in aquatic systems. Advancéeiartalytical
determination and characterisation of DON have identifieditieapotentially biologically
available to phytoplankton and bacteria. Very few studi€Qfl have been conducted
on UK rivers and estuaries therefore little is known ofdtwecentrations, proportion of
TN, seasonal variations and DON load entering estuarinesafaden riverine sources.

An 18 month survey of the lower reaches of the River diedtupper estuary were
conducted between July 2001 and December 2002 to investigatenffagaévariation in
nutrient concentrations. DON concentrations up to 152 uM were neeasusaline
samples and concentrations of up to 100 uM were recordegsimifater samples from the
River Test. DON was the second largest TN component,ilootiilg up to 7 % of TN in
the river and 13 % of TN in the upper Test estuarine waters.

DON showed no apparent relationship with season, flow aityalivhereas dissolved
organic carbon (DOC) concentration showed some seasonal ch&@weentrations of
DON were reduced by tidal salt marshes and sewage #raimorks were a source of
DOC to the river. The estimated DON load entering th¢ dgtsary in 2002 was
1.9 x 1d mol kmi? yr*, one order of magnitude lower than the nitrate load. DB
area-normalised load was in good agreement with other K sixstems.

The assimilation of different molecular size fraction®@fN and DOC by bacteria was
investigated in water collected from the lower reachdkefiver. A combination of
ultrafiltration and bacterial bioassays showed that the R&INDOC pools were made up
of a range of molecular size classes but these did not appefiuence the growth of
freshwater bacteria.



List of Contents
LIST OF CONTENTS

A B S T R A G T Lttt tuitn it ittt sttt ettt eseeteste s s mmm s eeeesee seseeee e eeee teseteaseaee tesee senensensesesseseetenss
LIS T OF CON T EN T S L.ttt ittt ittt ittt te st te st seeseenee st seee e eetesseaestentesestesetensaseseesense 1l

L S T OF T A B LI S ittt ittt ittt ittt tetetete s mc e e e setete e s se te teaeaesse te teaesesseteanaeasseacessreses \Y/
L ST OF FIGURES L.ttt it ittt ittt ittt ettt e sttt s te e saeasateteaeasaseteteaeassenrarasererenss VI
DECLARATION OF AUTHORSHI P ..ttt ittt te ettt it teesnseseseseasasesereseacasareaens X
ACKN OW LE D GEMEN T S Lttt ettt ittt sttt s eee e et e seeeaeststeaeaeaterereaeaearererees Xl
LIST OF ABBREV AT ION S .ttt ittt ittt it it te st st s esteseseaensesereaeasarerereaeasnense Xl

1 CHAPTER ONE. INTRODUCTION. .. iuiiiuiieiiie ittt iesssiieiieetaeeieeniseesienieeeizeeaeeenaes 1
1.1 NITROGEN CYCLE ..ottt ettt et e et et e et et et r e e e e renens 1
1.1.1 SGNIFICANCE OF NITROGEN IN AQUATIC ECOSYSTEMS . euivriuieinrenieineeiniensnensensanes 1
1.1.2 GJRRENT TRENDS AND IMPLICATIONS OF THE GLOBAL NITROEN BUDGET.......cuvv.... 3
1.2 DISSOLVED ORGANIC NITROGEN (DON) IN AQUATIC ECOSYST EMS..6
1.2.1 BACKGROUND AND CONTEXT 1 utututuitttenentntnssensnsneeeestsnssesessseeseassssssnraraenesrenens 6
O 31§ | = Jod IS0 = I 1 | L.
2 T N1 T = 5 L ] 8
1.2.4 VARIATIONS OFDON IN RIVERS AND ESTUARIES. . ..iuititieniniririeieinenisienenrensnnens 11.
1.3 BIOAVAILABILITY AND MOLECULAR SIZE COMPOSITIONOFD OM.13
1.3.1 BOAVAILABILITY OF DOM ittt ettt ettt et e et e e s e e eaeaes 13
1.3.2 GHEMICAL CHARACTERISATION OFDOM ...viiiiii e e 14
1.3.3  SZE-REACTIVITY CONTINUUM ..t uttetiitetettt e eeteas e eeaseasas e ssnensmeaeesesenananeesenenens 16
1.4 CHARACTERISTICS OF THE TEST RIVER AND ESTUARY ...... ovvvivieinnne, 17
1.5 THESIS AIMS AND OBJECTIVES ... ..o e 21
1.6 THESIS STRUCTURE ..ottt ettt et et e e et e ea st s easeneneen 21

2 CHAPTER TWO. METHODOLOGY ...iieuiiieiiiniieiien ittt siensieniieeieeeieennsenaeeeieees 23
2.1 SAMPLING ST RATEGY ittt ittt ettt ettt aaens 23.
2.2 SAMPLING AND STORAGE PROTOCOL ...ttt 23
2.2 1 BAMPLE COLLECTION ..ttt ttutnts ettt tes et ea et eneetetenenenea s ee e s e et ea s e sea e e e raaeaeaenenreen 23



List of Contents

2.2.2 HLTRATION AND SAMPLE STORAGE ... .uitttititieitieaieitreaessias e snesrrasesnsensaens 26
2.3 ANALYTICAL PROCEDURES ... .. it 26
G TR0 R 1 I =S 27
2.3.2 AVMONIUM (INDOPHENOL BLUE METHOD)....utuuuueeeeeeeettiniaeeeeeeeesninnneeemmmmneeeeas 28
2.3.3  AVMONIUM (OPAMETHOD) ...cititttiieeeeeieeittiiiaa e e e e e et eettii e e eee e e e e e e eeannnn e e e 31
2.3.4 (OMPARISON OFIPB AND OPA AMMONIUM ANALYSIS ..cueninieieeiiieeeeeeeneee e ens 33
2.3.5 DOGCAND TDN Lottt e e e et e e e et e et e e e s e e st s eneenees 33
DO O o] F=1 0] T 41
OXIidation effICIENCY .....ovvei e e 42
Calibration CONSISTENCY .......cciiiiiiiiiii e eeeee e et e et e et e e e e e e eeeaeees 45
Certified reference MAaterial...........co.ien i e e eas 45
GANE community TDN intercalibration...............ooooeeeiiiiiniiiciiiiii e 46
2.3.6 PONAND POC ...t et ettt e e e e e e e e e eaeeaas 49
PG I A € o] =T =T 7 1 N 50

2.4 ENVIRONMENT AGENCY SAMPLING AND ANALYSIS PROCEDURES .50

3 CHAPTER THREE. TEMPORAL VARIATIONS IN THE INORGANI C AND

ORGANIC NITROGEN IN THE RIVER TEST AND ITS ESTUARY . ..coooivivnenne.e. 52
3.1 INTRODUCTION . .. ittt e et e e et e e e e e eneenens 52
3.2 METHODOLOGY .ottt et e e et e e et et e e e et e s s e eneenns 53

G TG T o 4 1 1 I 1 T 53
3.3.1  HELD MEASUREMENT St tutttttttittetettatanestenesrseeestentaesneseesterstaeseseserseraenesnesns 53
3.3.2 NUTRIENT OBSERVATIONS ...t tuititiiiit ittt ettt ittt et et ieraensteenseaetreneaaeteeaeraenns 55
3.3.3 TOTAL NITROGEN AND TOTAL ORGANIC CARBON COMPOSITION. ....cucviriinerinrennnnnn. 71
3.3.4 NTROGEN LOADING OF THETEST ESTUARY...uititititiitetiiteeetieeiiiteeneseenesnenennens 78
3.4 DISCUSSION .. e e et e e e e e e e e e e ens 87
3.4.1 (ONCENTRATIONS AND PROPORTIONS OPON AND DOC ......ccivviviiiiiiiiiiiciiene 87
3.4.2 TEMPORAL VARIATIONS IN DISSOLVED ORGANIC MATTER .. cuivitiiiiiiiieeteineeeeneenans 93
3.4.3 NTROGEN LOAD ENTERING THETEST ESTUARY ....tuitiititiitieiiiieeiieneenanerneiaeneenns 96
3.5 CHAPTER SUMMARY oottt e e e e e e s eaeeas 100

4 CHAPTER FOUR. SPATIAL VARIATIONS IN INORGANIC AND ORGANIC
FORMS OF NITROGEN AND CARBON IN THE RIVER TEST — ES TUARY ....102

4.1 INTRODUCTION . .. ittt e e e e e et et e e e ea e eaaes 102
4.2 METHODOLOGY ..ottt ettt e et e e e e e e e e et et s e eneas 104
T w1 U] R 1 T 104
4.3.1 NUTRIENT OBSERVATIONS . euitituitentenitsenetteasssasnsaseasessrn e rsssssreasaesnssnsnens 104
4.3.2 TOTAL NITROGEN AND TOTAL ORGANIC CARBON COMPOSITION......ucvueenrenenannnnn. 112
4.3.3 MPACTS OF NUTRIENT SOURCES FROKI) A FISH FARM, (Il) A SEWAGE TREATMENT
WORKS AND (I11) A SALT MARSH ON THERIVER TEST...uuuiiiiiiiiieeeiiiie e e e e e 118
4.3.4 NJUTRIENT - SALINITY RELATIONSHIP IN THE LOWERTEST AND UPPER ESTUARY...133
Tidal surveys at Redbridge, SUMMEr 2001 ..........cooeimeeiiiieiee e 139
4.3.5 MJILTIPLE LINEAR REGRESSION OF SPATIAL VARIATIONS.....cuiiiiiitieitiiieieeneenann, 156
4.4 DISCUSSION ..o e e e e s ea s e e e s e s s e a e e renenes 157
4.4.1 LONGITUDINAL CHANGES IN NUTRIENTS AND ENVIRONMENTALPARAMETERS....... 157
4.4.2 | PPER STUDY AREA— HSH FARMING .. .ucttiniiitiitie it eiet et eeeeeasseeneaseneaeanes 161
4.4.3 MD-STUDY AREA— FEWAGE TREATMENT WORKS ....ctuitiinitiiniiietienernereenereeneanennens 162
4.4.4 [OWER STUDY AREA— SALT MARSHES ...ittitiiiitiitit ittt ieeieteeeaeeaeasseansneaennes 164
4.5 CHAPTER SUMMARY ..ottt e e e e eaeees 168



List of Contents

5 CHAPTER FIVE. ASSESSING THE CHEMICAL CHARACTERISAT ION

AND BIOAVAILABILITY OF RIVERINE DON AND DOC ......c. civviiviiiiieiiiiinienas 169
5.1 INTRODUCTION . .. ettt sttt e et e e e et e et e st s e e eaeeneenns 169
5.2 METHODOLOGY ...ttt ettt e et et et e e e e e e e e st e e e eaaes 169
5.2.1 QLIBRATION OF ULTRAFILTRATION CARTRIDGES.....ituitiitieiiieeiiriieerieeieeneanennns 172
5.2.2 U TRAFILTRATION AND INCUBATION PROCEDURE. ......uittitititieneiiteaereeereeneanannns 183
TR T 4 11 1 10 T 186
5.3.1 ENVIRONMENTAL SAMPLING CONDITIONSNOVEMBER 2003 - ANUARY 2004....... 186

L TRC TZ A U Iy = Ty =N T 188
5.3.3 BACTERIAL BIOASSAY INCUBATIONS .....uitiiuitiitiiietieetieteenetieneeietieneasenereeaneenns 196
5.4 DISCUSSION ...t e e e et et et e e et e e e s et e e e e ea e e aenanenss 199
5.4.1 DEFINING ULTRAFILTRATION CARTRIDGENMW CUT-OFF.....ccciiviiiiiiniieieiieeene, 199
5.4.2 INTRATE RETENTION. i1t tttttttiitttiet ittt ietteeterteeteseesttnrseeaeteretartereseenreaerarnesns 200
5.4.3 MOLECULAR SIZE FRACTIONS OFDOM .. .uiiiiiiiii it e e e 201
5.4.4 BACTERIAL BIOAVAILABILITY  tuittiuititttitiinesetienestetseesienesesesesnsssenssarnrsnesrenees 201
5.5 CHAPTER SUMMARY ittt e e e e e e e s e ens 202

6 CHAPTER SIX. CONCLUSIONS AND SUGGESTIONS FOR FURTHER

N O R K L sttt ettt ittt ettt ettt e e ee e e et ea e e e e ee e et e e et e e e eeaee e e ee et eeaeeteneaentenen e tentearrarnrens 204
5.1 GENERAL CONCLUSIONS ... tttutt it ittt sttt ae ettt eaea sttt et ree s st e e e e rea e en e e reens 204
6.2 SUGGESTIONS FOR FURTHERWORK ....vvitiiiiei et eeee e et ene e nenveenas 207
A P P EIN D E S . ittt ittt ittt ittt ittt et iacaeese e e e seteae s esseteteaenessetetenensncnrasssesesencnss 209
RE I E R EIN CE S ..ttt ittt ittt ittt eeseseteeses e teseaesssteeeaenseteseasasrasaseserencs 224




List of Tables
LIST OF TABLES

Table 2.1. Sites on the River Test and estuary samplednamtnly basis from January

2001 to December 2002. 24
Table 2.2. Nutrient analysis and storage procedures. 27
Table 2.3. Summary of literature oxidation efficiency (per@gatrecovery) for caffeine

and urea using HTCO techniques. 43
Table 3.1. Annual nitrogen load and area-normalised loadbaiBmds. 81
Table 3.2. Summary of DON and DOC concentrations measuraeis and estuaries.

88

Table 3.3. Investigations of seasonal variations in DONeainations 94
Table 3.4. Summary of nutrient loads (Mmd)wand area-normalised (AN) (mol Kny™)

loads for TDN, nitrate, ammonium and DON. 97
Table 4.1. Nutrient concentrations and other variables abtireesof the River Test™™

February 2003. 112
Table 4.2. Results from one sample t-test. 120
Table 4.3. Ranked parameters of decreasing correlatiofficier from multiple linear

regression of data at sites 4, 11 and 15. 157
Table 5.1. Idealised outcomes from the ultrafiltration ofittohs of macromolecules. 172
Table 5.2. Retention coefficients for albumin, cytochromeit@min B-12 and raffinose

when pumped through a Prep/Scal&FF ultrafiltration cartridge. 180
Table 5.3. Environmental parameters measured during samigetiool at site 4 from

November 2003 to January 2004. 186
Table 5.4. Percentage composition of DON comprised of L(M¥WkDa), HMW (>1 kDa

and <30 kDa) and VHMW (> 30 kDa). 193
Table 5.5. Percentage composition of DOC comprised of L(MW\kDa), HMW (>1 kDa

and <30 kDa) and VHMW (> 30 kDa). 193




List of Figures
LIST OF FIGURES

Figure 1.1. Microbial transformations in the Nitrogen Cy@8ehlesinger, 1997 adapted

from Wollast, 1981) 2
Figure 1.2. Estuarine sources and sinks of nitrogen. 9
Figure 1.3. Schematic diagram of processes involveceinellease and utilisation of DOM

in aquatic systems (adapted from Carlson, 2002). 10

Figure 1.4. (a) Schematic of the molecular size continaiuiming and non-living
compounds (adapted from Bufi al, 1978 and Gough and Mantoura, 1990). (b)
Conceptual model of the size-reactivity continuum indicatinghihd¥v DOM is
more reactive and therefore bioavailable than LMW DOM ¢Arand Benner, 1996).
15

Figure 1.5 Geological map of the Test catchment, Hampdbit€Environment Agency,

1999). 18
Figure 1.6. Rivers Test and Itchen draining into Southamptdein\Hampshire, UK

(adapted from Environment Agency, 1999). 19
Figure 2.1. Map of all sites on River Test and estsaripled on a monthly basis from

January 2001 to December 2002. 25
Figure 2.2. Experiment from (a) December 2001 and (b) M20OR to compare filtration

and preservation of ammonium samples in the field and laboratory 30
Figure 2.3. Experiment using (a) chlorophyll a and (b) nitsataples collected in

December 2001 to compare filtration in the field and lalooyat 32
Figure 2.4. Comparison of ammonium concentrations measured usmthéando-phenol

blue and OPA methods. 34
Figure 2.5. Shimadzu TOC 5000A in series with Antek 705Eytinal system for

determination of TOC and TDN. (Adapted from Batlal 2003.) 36
Figure 2.6. Comparison of ammonium concentrations betweenesstipted in the field

with phenol and determined using indo-phenol blue method relativefrmsted

samples and ammonium determined using (a) the indo-phenol blue maihodl( to

February 2002) and (b) the OPA method (March 2001 to December 2062). N

number of samples. 40
Figure 2.7.Typical caffeine calibration curve for (a) D@l (b) TDN peak areas. __ 44
Figure 2.8. DON standards from the GANE DON intercalibragxercise 2002. 47
Figure 2.9. River and marine samples from GANE DOMTrudlibration exercise 2002. 48
Figure 3.1. (a) Water temperature and (b) freshwater ctiniy¢EC) measurements

from the River Test and estuary represented using box ankewipists. 54
Figure 3.2. Temporal changes in the concentration of {j@tej (b) ammonium and (c)

chlorophyll a at all sites. 56
Figure 3.3. Map of main freshwater sites on River Treduding both single channel sites

(9, 10 and 11) and where several parallel channels were satmg@thannel with the

highest flow (4, 13 and 15). 58
Figure 3.4. Temporal variations in (a) nitrate, (b) ammorameh (c) DON measured in

freshwater samples from sites 4, 9, 10, 11, 13 and 15. 60
Figure 3.5. Temporal variations in (a) DOC, (b) POC and?ON measured in freshwater

samples from sites 4, 9, 10, 11, 13 and 15. 61
Figure 3.6. Temporal variations in (a) chlorophyll a, (b) DOON and (c) POC:PON

measured in freshwater samples from sites 4, 9, 10, =nd 25. 62
Figure 3.7. Nitrate, ammonium, DON and DOC concentrati@ms fluly 2001 —

December 2002 at sites 4 (lower Test), 11 (mid-Test) anddde( Test). 65
Figure 3.8. Temporal variations in (a) nitrate, (b) ammonand (c) DON in saltwater

samples from sites 1, 2, 6, 6a, 16, 17 and 18. 67

Vi



List of Figures

Figure 3.9. Temporal variations in (a) DOC, (b) POC and?ON measured in saltwater

samples from sites 1, 2, 6, 6a, 16, 17 and 18. 68
Figure 3.10. Temporal variations in (a) chlorophyll a, (bYdDOOC and (c) POC: PON

measured in saltwater samples from sites 1, 2, 6, 64,71&nd 18. 69
Figure 3.11. Total nitrogen (TN) composition in the (a)dRiVest (sites 4, 9, 10, 11, 13,

15) and (b) estuary (sites 1, 2, 6, 6a, 16, 17, 18) (July 20@&Ttember 2002). 73
Figure 3.12. Total nitrogen percentage composition in theiy@y Rest (sites 4, 9, 10, 11,

13, 15) and (b) estuary (sites 1, 2, 6, 6a, 16, 17, 18) 200y — December 2002). 74
Figure 3.13. Total carbon composition in the (a) River {&#s 4, 9, 10, 11, 13, 15) and

(b) estuary (sites 1, 2, 6, 6a, 16, 17, 18) (July 2001 —rDieee2002) 75
Figure 3.14. Total carbon percentage composition in the Y&y Rest (sites 4, 9, 10, 11,

13, 15) and (b) estuary (sites 1, 2, 6, 6a, 16, 17, 18) (July-2D@tember 2002)_76
Figure 3.15. (a) Temporal changes in daily mean flow éetwJune 2001 and December

2002 at Testwood and Broadlands gauging stations (b) Daily meaatfdastwood

plotted against Broadlands from June 2001 to December 2002. (S6ovo@nment

Agency). 80
Figure 3.16. Monthly nitrate, ammonium and DON loads caledlasing daily flow data

from Broadlands gauging station and nutrient concentrations frorhGsde

Longbridge. 82
Figure 3.17. Monthly nitrate and ammonium loads calculated wakiitg flow data from

Broadlands gauging station and nutrient concentrations from theoEment Agency

collected at Longbridge (SU 3547 1782). 84
Figure 3.18. River flow at Broadlands and Testwood plottechagautrient

concentrations from site 10 (a) nitrate, (b) ammonium and (¢).DO 86
Figure 4.1. Effluent disposal in the Test catchmeatnpishire (Environment Agency,

1999). 103
Figure 4.2.Concentration of (a) nitrate, (b) ammonium(ahdhlorophyll a at all

freshwater sites (with salinity values < 0.1). 105
Figure 4.3. Spatial variations in (a) nitrate, (b) ammoréunth (c) DON measured in

freshwater samples from sites 2, 4, 7, 9, 10, 11, 13 afsittShumber indicated at

top of panel (a)). 108
Figure 4.4. Spatial variations in (a) DOC, (b) POC andP(@N measured in freshwater

samples from sites 2, 4, 7, 9, 10, 11, 13 and 15 (site numbeated at top of panel

(@)). 109
Figure 4.5. Spatial variations in (a) chlorophyll a, (b) PEBON and (c) DOC: DON

measured in freshwater samples from sites 2, 4, 7,,911A3 and 15 (site number

indicated at top of panel (a)). 110
Figure 4.6. Spatial variation in percentage total nitrd@d@&f) composition in the River

Test and estuary (July 2001 — March 2002) at sites 17, 1616, 91, 13 and 15.

114

Figure 4.7. Spatial variation in percentage total nitno@éN) composition in the River

Test and estuary (April — December 2002) at sites 17, 86,10, 11, 13 and 15. 115
Figure 4.8. Spatial variation in percentage total orgeaibon (TOC) composition in the

River Test and estuary (July 2001 — March 2002) at sites 18, 2610, 11, 13 and

15. 116
Figure 4.9 Spatial variation in percentage total orgaaiban (TOC) composition in the

River Test and estuary (April — December 2002) at site$d,%, 9, 10, 11, 13 and

15. 117
Figure 4.10. Nitrate concentrations (a) upstream (site 15)lawdstream (site 12) of

Kimbridge fish farm (SU 2563 3302). 121
Figure 4.11. DON concentrations (a) upstream (site 15) and deans{site 12) of

Kimbridge fish farm (SU 2563 3302). 122

Vi



List of Figures
Figure 4.12. Nitrate concentrations (a) upstream (site 11§lewdstream (site 10) of

Romsey sewage treatment works (SU 2060 3495). 124
Figure 4.13. DON concentrations (a) upstream (site 11) and deans{site 10) of

Romsey sewage treatment works (SU 2060 3495). 126
Figure 4.14. PON concentrations (a) upstream (site 11) anadsti@am (site 10) of

Romsey sewage treatment works (SU 2060 3495). 127
Figure 4.15. Nitrate concentrations (a) upstream (site 4Jlamndstream (site 2) of the salt

marshes in the lower Test. 129
Figure 4.16. DON concentrations (a) upstream (site 4) and deans{site 2) of the salt

marshes in the lower Test. 131

Figure 4.17. PON concentrations (a) upstream (site 4) andsti@am (site 2) of the salt
marshes in the lower Test. Error bars represent one statelaation of 3 or 4

analytical measurements. 132
Figure 4.18. Nitrate mixing at sites 18, 17, 16, 1, )é@a (January 2001 - December

2002). 134
Figure 4.19. Ammonium mixing at sites 18, 17, 16, 1, 2yb6a (January 2001 -

December 2002). 136
Figure 4.20. DON mixing at sites 18, 17, 16, 1, 2, 6@a(anuary 2001 - December

2002). 137
Figure 4.21. DOC mixing at sites 18, 17, 16, 1, 2, 6 and&auary 2001 - December

2002). 138
Figure 4.22. Data from YSI 6600 multi probe during a tidal cgaleey on 21 July 2001.

140

Figure 4.23. Concentrations of (a) nitrate, (b) ammonium@nBON during a tidal

survey at Redbridge on 94uly 2001. 143
Figure 4.24. Concentrations of (a) DOC and (b) chlorophyll engwur tidal survey at

Redbridge on 22 July 2001. 144
Figure 4.25. Concentrations of (a) nitrate, (b) ammonium@nBON during a tidal cycle

at Redbridge on 5August 2001. 146
Figure 4.26. Concentrations of (a) DOC and (b) chlorophyll endur tidal cycle at

Redbridge on 1 August 2001. 148

Figure 4.27. Relationship between salinity change overainiedbridge and (a) nitrate,

(b) ammonium, (c) DON and (d) DOC concentrations during ttal ¢iycle on 2%

July 2001. 151
Figure 4.28. Relationship between salinity change overainiedbridge and (a) nitrate,

(b) ammonium, (c) DON and (d) DOC concentrations during ttae ¢igtle on 18

August 2001. 152
Figure 4.29. Relationship between salinity and nitratarid)ammonium (b) from Jul y

2001 to December 2001 at sites 18, 17, 16, 1, 2, 6 and 6a. 154
Figure 4.30. Relationship between salinity and DON (a)@@& (b) from July 2001 to

December 2001 at sites 18, 17, 16, 1, 2, 6 and 6a. 155

Figure 5.1. Ultrafiltration equipment used to separatéd/H@cording to molecular size.

(a) shows filter cartridge, holder and pump set up (Millipoend (b) is a schematic

of a spiral wound ultrafiltration cartridge as used in th#éiptire Prep/Scalé -TFF

ultrafiltration system (Cheryan, 1986) . 171
Figure 5.2. DON calibration of 1 kDa ultrafiltration filtasing albumin (66 kDa),

cytochrome C (12 kDa) and vitamin B-12 (1.33 kDa). 176
Figure 5.3. DOC calibration of 1 kDa ultrafiltration éftusing albumin (66 kDa),

cytochrome C (12 kDa), vitamin B-12 (1.33 kDa) and raffinose&X@Da). 177
Figure 5.4. DON calibration of 30 kDa ultrafiltration filtesing albumin (66 kDa),

cytochrome C (12 kDa) and vitamin B-12 (1.33 kDa). 178

VI



List of Figures
Figure 5.5. DOC calibration of 30 kDa ultrafiltration filtesing albumin (66 kDa),
cytochrome C (12 kDa), vitamin B-12 (1.33 kDa) and raffinosg)@Da). 179
Figure 5.6. Calibration of (a) 1 kDa and (b) 30 kDa PrepéScaTFF filter cartridges
using albumin (66 kDa), cytochrome C (12 kDa), vitamin B-12 (1.38) kibd

raffinose (0.59 kDa). 182
Figure 5.7. Filtration procedure for preparing bacterial $8ags 185
Figure 5.8. River flow at Testwood (SU 3539 1526) at 15 mimiézvials from November

2003 to January 2004. 187

Figure 5.9. Concentrations of nitrate, DON and DOC fratfiltered water samples
collected at site 4 on #0November 2003,4December 2003, 422" and 24'

January 2004. 191
Figure 5.10. Change in nitrate concentrations betweed.2hem filtered fraction and 30

kDa and 1 kDa permeates. 192
Figure 5.11. DON and DOC concentrations in each moleculafraiziion VHMW (> 30

kDa), HMW (> 1 kDa and <30 kDa) and LMW (<1 kDa). 195
Figure 5.12. Bacterial counts on days 0, 1 and 3 obation experiments started on (a)

14" (b) 22 and (c) 19 January 2004. 198




Declaration

DECLARATION OF AUTHORSHIP

I, Judith Melanie Homewood, declare that the thesis enfilissblved organic nitrogen in
the River Test and estuary and the work presented inma@vn. | confirm that:

this work was done wholly or mainly while in candidature forseaech degree at this
University;

» where any part of this thesis has previously been submitteddegree or any other
gualification at this University or any other institution, thésbeen clearly stated;

= where | have consulted the published work of others, thisvesyal clearly attributed;

= where | have quoted from the work of others, the sourcevesyalgiven. With the
exception of such quotations, this thesis is entirely my own work;

* | have acknowledged all main sources of help;

» where the thesis is based on work done by myself jointly etitars, | have made clear
exactly what was done by others and what | have contributedliny

» parts of this work have been published as:
Homewood, J. M., Purdie, D. A and Shaw, P. J., 2004, Influensewadge inputs

and fish farm effluents on dissolved nitrogen species irakk civer, Water, Air
and Soil Pollution; Focud, 117-125,



Acknowledgements
ACKNOWLEDGEMENTS

I would like to thank my supervisors Duncan Purdie and Fedev$or their
encouragement and endless patience throughout this researciks @h@also due to my
lab “buddy” Sinhué Torres. Your help has been very much apprdaad we've had

some great times working together.

Many thanks are also due to Matt O'Shaughnessy for his hitblfieldwork and
associated traumas! Paul for assistance with equipnsemsisyou’ve always been so
helpful and friendly. Steve Boswell and Denise Smythe-Wiighhelping to get the
HTCO up and running and listening to the endless problems! Joamiak/dad Peter
Statham for your advice and encouragement. Thanks to John Jordamafi@ppin for
your wisdom on statistics. Also thanks are extended tamgompanions for their

assistance; Angela Landolfi, Arantza Iriarte, Alex Baadd Silvia Nascimento.

A big thank you to all my friends for making my time at S@Qeeat!: Jen, Chris, Dave,

Nev, Jules and Sarah. Sorry to those | have forgotten.

Thanks to the Environment Agency for supplying both nutrient and riverdéiw for the
nutrient load calculations. Thanks must also go to Claire Hofetdmer assistance with

those calculations. You are a Matlab wizard!

I would like to acknowledge NERC and the GANE (Global Nitroganchment) thematic

programme for funding this research.

Many thanks must go to my parents for their support and the bedief would finish one
day! You have been a constant source of encouragement ethdémisions | take. To
mum and Sarah, a huge thank you for reading everything | wratesitbe love! Not
forgetting my little brother Chris, whoever thought that one phest friends, would end
up being my brother!

Thanks to Janet and John and all my friends who have alwayshegerfor me. Lastly,

but by no means least, Niki, who will never let me forggtawn words in 2000 when |

said | doubted I'd use my degree in my career. | staneécted!

Xl



Quotation

“I have never regretted what | did. | regret thingdin't do.”
Ingrid Bergman

Xl



Chla
CRM
DIC
DIN
DOC
DOM
DON
DOP
EA
EEC
EC
GANE
GF/F
HAB
HTCO
HMW
HMS
IPB
IRGA
LMW
MW
NMW
NVZ
OPA
PAR
POC
PON
POM

SOC
STW
TDN
TN
TOC
TON
UWWT
VHMW
WHO

LIST OF ABBREVIATIONS

chlorophyll a

certified reference material
dissolved inorganic carbon
dissolved inorganic nitrogen
dissolved organic carbon
dissolved organic matter

dissolved organic nitrogen
dissolved organic phosphorus
Environment Agency

European economic community
electrical conductivity

Global nitrogen enrichment project
glass fibre filter

harmful algal bloom

high temperature catalytic oxidation
high molecular weight

harmonised monitoring scheme
indophenol blue

infra red gas analyser

low molecular weight

molecular weight

nominal molecular weight

nitrate vulnerable zones
orthophthaldialdehyde
photosynthetically available radiation
particulate organic carbon
particulate organic nitrogen
particulate organic matter

river flow

Southampton Oceanography Centre
sewage treatment works

total dissolved nitrogen

total nitrogen

total organic carbon

total oxidised nitrogen

urban waste water treatment
very high molecular weight

World health organisation

Xl

List of abbreviations
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1 CHAPTER ONE. INTRODUCTION
1.1 NITROGEN CYCLE

111 Significance of nitrogen in aquatic ecosystems

Nitrogen was discovered in the laté™@ntury but its importance as a limiting nutrient in
plant productivity was not recognised until the mid' t@ntury by Liebig (1903-1973)
(Gallowayet al, 2002). It is considered to be one of the most importantemtsgras it is a
major component of amino acids, which are needed to buildipsdtdornung, 1999). In
aguatic environments nitrogen is generally considered to bentitiad nutrient in
seawater, but there is controversy over whether this is asimyaification of complex
biogeochemical cycles and in certain marine environments phosphoyusnita
production (Rabalais, 2002). The Redfield ratio indicatesttigatrucial ratio of nitrogen:
phosphorus : carbon required for phytoplankton growth is 16:1:106 (Redfield, IB%8).
is accepted as a fundamental principle in marine sciertes,igh it only considers the
nutrient status of algae and not detrital matter, bactedaaoplankton which may also be

present (Hessen, 1999).

Atmospheric sources of nitrogen are fixed by leguminous plagitsning, nitrifying
bacteria or blue-green algae (Schlesinger, 1997; Capone, 2d@y&aand Cowling,
2002). These fixation processes remove molecular nitroggrir(ih the atmosphere and
break the triple bond joining the nitrogen atoms to combine thiémhwdrogen to form
ammonium, which is biologically available to plants and arsniidkerbert, 1999; Vitousek,
2002). The fixed nitrogen can be combined with oxygen to fornten{idO,) and nitrate
(NO3) or alternatively a combination of carbon and hydrogen atorfimsrtoorganic
molecules through microbial transformations, which transfer nitréig@ugh a series of
redox states (Figure 1.1) (Schlesinger, 1997). Denitrifying bactesually under
anaerobic conditions) carry out the final step in the cycleretuin nitrogen to the

atmosphere as either nitrous oxide gr(Nerbert, 1999).

Although almost 80 % of the atmosphere is composed of nitrogatiph by natural
means was historically limited by the need for largeamts of energy to break thesN
bond (Breviere, 2000; Galloway and Cowling, 2002). The discoveryedfittber-Bosch

process in 1913 using high temperature and pressure made it@ésshimans to fix
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atmospheric nitrogen into a biologically useable form (Equationarid1l.2) (Schlesinger,
1997; Gallowayet al, 2002).

3CH, +6H,0 - 3CO, +12H, (Equation 1.1)
4N, +12H, — 8NH, (Equation 1.2)

The ammonia produced from the Haber-Bosch process was ibyiosed to manufacture
ammonium fertilisers, which are soluble in water and fammonium ions. The increased
use of fertilisers led to higher rates of food progucand consequently rapid population
growth and waste production (Hessen, 1999; Van Bree20ér2).

Atmosphere

N,O N,
N, A A
N, fixation
Photosynthesis
- -
Bacterial L
Organic degradation Nitrification
m atter
Aerobic conditions
Denitrification
Bacterial
Detrital degradation

organic
matter

Anaerobic conditions

Figure 1.1. Microbial transformations in the Nitrogen Cycle(Schlesinger, 1997
adapted from Wollast, 1981)
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1.1.2 Current trends and implications of the global nitrogerbudget

Trends Since the Second World War anthropogenic fixation of nitrogemncasased
dramatically (Gallowayet al, 1995; Neal, 2001; Rabalais, 2002). Approximately

165 Tg N y#* is fixed by human activities, of which 120 Tg Nhjis due to industry using
the Haber-Bosch process for food production. Although only 20 Tg'Mfythis is

actually ingested, 25 Tg N Viis released from the combustion of fossil fuels, and 28I Tg
yr'! are produced from other uses (e.g. legume crops)(Galloway anth@Ga®002;
Gallowayet al, 2002). This production equates to more anthropogenic fixation oiveeact
nitrogen than occurs through natural biological fixation (90 Tg !y §vitousek, 1994).
Developed countries reduced the use of fertilisers iIL#3@’s recession, but in the longer
term it is likely that increasing demand for food productiodeveloping countries will

elevate further the rates of anthropogenic fixation of nitrgbkxon, 1995).

Increases in reactive nitrogen over the last century havalutet to sustaining high food
production to feed the growing human population (Cook, 1999; Tappin, 200%y.a
small proportion of anthropogenically fixed nitrogen is ingesasdiitrogen is readily lost
from the environment (Gallowast al, 2002; Vitousek, 2002). Much of the nitrogen in
fertilisers thus enters water courses through runoff and groundilmateiBlack et al,

1993; Heathwaite and Johnes, 1996). Even the nitrogen that is cahisymlants or
animals, may enter rivers and estuaries through waste digjddsght, 1980; Nixon,

1995; Smithet al, 1999). Despite recent policy changes to reduce the useiliddest
concentrations of nitrate entering aquatic systems remgiinchie to groundwater storage
effects (Garcia-Ruiet al, 1998; Neal, 2001).

In addition to fertilisers, other anthropogenic increasesacting nitrogen include the
burning of fossil fuels, which releases nitrogen to the atmosphehe form of nitrous
oxide (Mosieret al, 2002). This atmospheric nitrogen source returns to teriestida
aguatic ecosystems via wet and dry deposition (Cornell akdlld, 1999; Smittet al,
1999; Capeet al, 2001). In open oceans, atmospheric inputs of nitrogen canploetamt,
whereas the majority of nitrogen transported to coastal obyamgers is terrestrially
derived (Schlesinger, 1997). These rising levels of nitrogen igpatincrease production

of fish biomass and survival rates in coastal waters (Ra@b@002). The greatest impact
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is observed in nitrogen-limited ecosystems where theas&s in nitrogen supply exceed
the threshold for algal assimilation rates (Rabalais, 20@8usek, 2002).

Implications Elevated nutrient loads entering aquatic systems havedheegt
detrimental impact in areas of high productivity such asaeies and coastal waters which
have high species diversity (Shatval, 1998; Smithet al, 1999). Despite this, research
on excess nutrients initially focused on lakes and freshwateronments (Nixon, 1995).
Estuaries receive the largest nitrogen inputs from rivengh in turn receive the majority
of nitrogen from agricultural runoff (Tappin, 2002). Numerous definitttage been

given to this phenomenon of degraded water quality, although naaeytieen criticised as
describing the effects rather than the process of eutrophighlioon, 1995). The
definition given by Nixon (1995) states that eutrophication is fiareiase in the rate of
supply of organic matter to an ecosystem” which is approptiiate g is the accumulation

of organic matter rather than inorganic nutrients that are freglgube cause for concern.

Freshwater and estuarine systems affected by nutrient enricherperience increased
ecosystem productivity with consequent oxygen deficiency (hypoxiaoxia), often
resulting in increased turbidity and loss of submerged veget@®abalais, 2002). The
higher nutrient concentrations have been linked to the inaezseirrence of harmful
algal blooms (HABs) which are blooms of a single speciashtave the potential to cause
health effects associated with increased toxicitysh &nd shellfish (Paerl, 1988; Bexg
al., 1997; Hornung, 1999). These food web shifts (Vitousek, 1994) hawuptdid the
functioning of ecosystems by reducing biodiversity (JohannessebDand1996) and
caused habitat loss (Rabalais, 2002). Direct impacts on hurag@sncluded restrictions
on irrigation and recreational usage as well as a reductivater potability. Elevated
concentrations of nitrate may have health implications fomitreased occurrence of
infantile methaemoglobinaemia, therefore the World Health Gsgdon (WHO) has set
guidelines of 50 mgi for nitrate concentrations in drinking water supplies (Anonymous,
1983; Hornung, 1999).

Atmospheric changes in reactive nitrogen have also impactedrestrial and aquatic
ecosystems. The increasegON(nitrous oxide) emissions from combustion of fossil fuels
(from both industry and increased usage of private transporthitaence climate change
as NO is a greenhouse gas capable of destroying stratospheric wiuctejn turn

adversely effects natural ecosystems (Schlesinger, 199 ow@agikt al, 2002).
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Atmospheric inputs of PD have also contributed to the acidification of freshwialezs

and rivers (Hornung, 1999).

Elevated levels of primary productivity, caused by an m®&edn reactive nitrogen may
influence the global carbon cycle. Increased rates bboasequestration act as a carbon
sink by storing large amounts of carbon in oceanic sedimeptwi@he, 1981; Smitlet

al., 1999; Capone, 2001). If this is the case, eutrophication magllgdbe dampening the
increase of the potent greenhouse gas carbon dioxidg (B@pkinsonet al, 1993;
Cornellet al, 1995). There is much controversy over the importance ©pthbicess and
whether a threshold level of G@raw down may be reached (Fetral, 1998). This
process highlights the intimate linking of the nitrogen antlaracycles and emphasizes
how perturbation in one biogeochemical cycle can have imgitafor others (Van
Breemen, 2002).

Environmental monitoring of nitrogen loading European Community (EC) directives
and international agreements (e.g. OSPAR Convention for thecRoot of the Marine
Environment of the North-East Atlantic and North Sea ConferBrectarations) have
been put in place to reduce the flux of nitrate (the mmshdant form of inorganic
nitrogen) from the land to the sea (Hydes, 2000; Nedetell, 2002). The Urban Waste-
Water Treatment (UWWT) directive (91/271/EEC) specifiesttbatment standards for
effluents entering water courses, with a particular focusubment sensitive areas
(Nedwellet al, 2002). In contrast the Nitrate Directive (91/676/EEC) usedabignation
of nitrate vulnerable zones (NVZ) to reduce ground water nit@ieentrations and
manage land use change (Anonymous, 1999; Cook, 1999). Zones tend ttdxd itoc
areas of extensive arable farming, or immediately upstrédange surface water
abstraction points (Cook, 1999). Nitrate sensitive areaaslswalesignated (by the
UWWT directive) where NVZ receive large inputs from seav&rgatment works (STW)
and therefore fail to meet nitrate standards. In thesgesavater companies must increase

the level of sewage treatment so that nitrate levelsetluced to acceptable levels.

The Harmonised Monitoring Scheme was established in the 197lisdy long term
trends in nitrate concentrations across the UK as well agfildriternational and EC
obligations (Simpson, 1980). However, these agreements do ody speequirement for
the monitoring of organic nitrogen in surface waters, even thdweyhréquired monitoring

of nitrate, nitrite and ammonium concentrations (Anonymous, 1983hoWia national
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network of long term measurements of DON in surface witersiot possible to establish

temporal variations in DON concentrations over different toaks.

1.2 DISSOLVED ORGANIC NITROGEN (DON) IN AQUATIC
ECOSYSTEMS

1.2.1 Background and context

Most studies of nutrient inputs to rivers and estuaries haventrated on measuring
dissolved inorganic nitrogen (DIN) including nitrate (N)Onitrite (NG,’) and ammonium
(NHz"). These inorganic forms of nitrogen are rapidly assietldty micro- and
macroalgae as well as macrophytes, thereby contributingrtophication (Nixon, 1995;
Sanderst al, 1997). However, DIN accounts for a part of the total nitndgputs to
these aquatic systems and organic nitrogen (both particu@ié, ahd dissolved, DON)
has largely been ignored even though it is known to contribute taiestaérogen
loading (Seitzinger and Sanders, 1997b; Tappin, 2002). DON cabetvgen 20 — 50 %
of the total dissolved nitrogen (TDN) content. Despite its damge in many aquatic
systems, little is known about its cycling and abundance andsminte inputs
(Seitzinger and Sanders, 1997b; Bratlal, 2000).

The reasons why DON has historically been neglected catiriimited to measurement
difficulties and the assumption that DON is not biologicallyilaizée to bacteria and
phytoplankton (Antizet al, 1991; Seitzinger and Sanders, 1997b). However, some studies
have found that DON has the potential to stimulate the growtharofful algal blooms

(Paerl, 1988). DON is operationally defined as the dissoliteaen that is able to pass
through a 0.45-1.0m filter (Lee and Fuhrman, 1987; Fuhrman, 1992; Hedges, 2002).
There is some controversy over the precise poresize of filsgperes >0.@m will permit
bacteria and viruses to pass through, although larger pores do réraamajority of

particulate matter (Kaplan, 1994; Powetlal, 1996).

The composition of DON remains largely unknown but in oceanic svafeto 50 % of the
compounds have been identified (Sharp, 1983). The greatestriress than 25 % of
total DON) comprises hydrolysable amino acids, which can bewdéd into combined
and dissolved free amino acids (Sharp, 1983). The second laegtisin (comprising up

to 10 %) is urea, with the remaining constituents identdegditamins, creatine, humic
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and fulvic substances, nucleic acids (e.g. RNA and DNA)aanmido sugars (Sharp, 1983;
Walsh, 1989; Hopkinsoat al, 1993; Bronk, 2002). The preferential determination of
DIN has been attributed to the simplicity of these molecimeontrast to the complex size
and molecular structures of DON. However, analytical devedopsmow permit the more

precise measurement of DON in aquatic systems (SeitzamgeBanders, 1997b).

DON is one of three major dissolved organic pools. These sselded organic carbon
(DOC), phosphorus (DOP) and nitrogen (DON). Collectively tlaes&known as
dissolved organic matter (DOM) (Bronk and Ward, 1999; Hansell and@), 2002). The
importance of organic matter is increasingly being recodrasel was incorporated into
Nixon’s (1995) widely acknowledged definition of eutrophicationsdech into DON
lags behind that of DOC mainly due to analytical diffi@dtsuch as lower concentrations
and the fact that it cannot be measured directly (Bronk, 20®23ent advances in the
accuracy and precision of analytical techniques for measi@g now allow this

hitherto “missing” component of the nitrogen cycle to be includetitrient budgets of

aquatic ecosystems (Hopkinsenal, 1993; Mortazavet al, 2001).

River and estuarine environments are important for the traasiporof nutrients from
terrestrial to coastal environments as well as being afeapid nutrient transformation.
Few studies of DON concentrations have been carried @K invers and estuaries. One
of the first DON studies determined concentrations in uplangh&teams to be between
4 and 5 uM (Reynolds and Edwards, 1995). Further research hagypioad DON
concentrations in UK rivers to be less than 100 uM (Edwetrds, 1996; Russekt al,
1998; Chapmaset al, 2001). Limited studies have been carried out on DON
concentrations in UK estuaries, although two studies on Southampatten éave reported
DON concentrations up to 178 uM (Hydes and Wright, 1999; Vigus, 2@@0higher
concentrations tend to be measured in rivers and estuaries tharcoastal ocean (Bronk,
2002), a greater understanding of the sources and removal promeseesded in these
areas of intense biogeochemical activity to give a clearderstanding of eutrophication
(Seitzinger and Sanders, 1997b; Pakudtkal, 2000; Mortazavet al, 2001).

1.2.2 Sources of DON

DON can originate from either autochthonous (internally producedjochthonous
(imported) sources (Bronk, 2002). Many of the allochthonous sourctsaght to be
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similar to the DIN sources listed above, such as atmospdraditerrestrial inputs to
aguatic systems (Figure 1.2). Meybeck (1993) estimated thad¥7T% entering coastal
oceans from rivers is composed of DON whilst Coraedl, (1995) suggested that equal

amounts of DON are derived from atmospheric and riverine ssurce

Incubation experiments indicate between 45 — 65 % atmospheritDand2 % riverine
inputs of DON are bioavailable to bacteria and phytoplanktonz{Sger and Sanders,
1997a; Seitzinger and Sanders, 1997b). The processes involvedeatetse and
utilisation of DON in marine systems are presented in Eigu8. Release of DON from
autochthonous sources include:
* passive diffusion from both bacteria and phytoplankton (including nitrégers)
(Bronk and Glibert, 1993; Brondt al, 1998)
* hydrolysis (of particulate matter) by bacterial exoenzymesnBnet al, 1999)
* exudation by phytoplankton (Antet al, 1991; Bronket al, 1994)
« grazing and excretion due to physiological stress (Bronk azudi \X999)
» viral induced cell lysis (Carlson, 2002)
» direct release from macroalgae, diagenesis of sedimemtdi¢® and Zheng, 1998)
» dissolution of detrital particles and micro and macrozooplanktarafaellets
(Fuhrman, 1992; Bronk, 2002).

1.2.3 Sinks of DON

The main sinks for DON in aquatic ecosystems include bioticritedphic and
autotrophic) uptake as well as abiotic (photochemical degradattbaaption of DOM
onto particles)(Figure 1.3). Heterotrophic bacteria are tbutilise small organic
compounds using extracellular hydrolysis to make amino acids andr@amavailable
for uptake (Antieet al, 1991; Bermaret al, 1999). The mechanisms for autotrophic
utilisation of DON remain unresolved, although there is potefatiairect incorporation
of DON using cell surface enzymes as well as direct phytomanktlisation of the

products of heterotrophic proteolytic activity (Bern&tral, 1999; Bronk, 2002).
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Much of the earlier culture work on autotrophic utilisatiorswarried out using higher
concentrations of nitrogen than are available in the environBemtK, 2002). However,
more recent culture work indicates that at natural concentratfarisate and ammonium,
bacteria are able to out compete phytoplankton (Hagsgtéah 1984; Bronk, 2002).

Exposure of DOM to natural sunlight can cause photochemicaloradhat either
produce compounds that are released to the atmosphere (e.g. §Or G@duce
compounds that are biologically available to bacteria througmezalisation of DOM
(Bushawet al, 1996; Mopper and Kieber, 2002).

Another process is photobleaching, which is believed to be impantahallow riverine
and coastal environments where high riverine DOM is diluteld @geanic water
containing lower concentrations of DOM (Mopper and Kieber, 2002). prbisess has the
ability to produce by-products from the breakdown of DOM, which carease the
bioavailability and increase the bacterial uptake and greffitiency. Although the
process is not so important in estuarine environments whetétoptical depth is
shallow relative to the surface mixed layer depth (Moppdrkieber, 2002). The sorption
of DOM onto sinking particles in open ocean environments hasfreposed as a
potential removal mechanism. However, the magnitude of thiegsan these and other

environments remains unknown due to a lack of data (Carlson, 2002).

1.2.4 Variations of DON in rivers and estuaries

Despite the increasing recognition that DON in rivers aheheigs is quantitatively
important, research on the spatial and temporal variati®©Od{ is lacking (Mortazavet
al., 2001). In fact measurements of DON in UK rivers andagies are scarce and have
tended to be focused on upland catchments, even though DON in sub$floiais an
important component of reactive nitrogen (Edwagtlal, 1996; Heathwaite and Johnes,
1996; Chapmaet al, 2001).

Seasonal cycling of DON in river and estuarine systemaires largely unknown, despite
its importance as an intermediate state between autotrophyegerotrophy (Mortazaet
al., 2001; Bronk, 2002). In some environments such as Chesapeake®gyDON has
elevated concentrations in late spring and summer (Bebak 1998). This contrasting

11



Chapter One - Introduction

seasonal variation between DON and nitrate was also oblserupland Scotland streams
(Chapmaret al, 2001). A study of 7 Australian estuaries showed lower contienisaf
DON between January and May/June, associated with dilutib®df during flood
months (Eyre and Pont, 2003). In other environments such as #relleia, which flows
into the Arctic Ocean, concentrations of DON decrease dthismgummer months
(Cauwet and Sidorov, 1996). Freshwater or estuarine studiesdiawvelicated clear
seasonal variations, although these have been observed in ssm@cepnic waters
(Hansell and Carlson, 2001). The detailed time serieseasarements (an eleven year
study of the Western English Channel; Buderl.,1979) showed an inverse seasonal
variation with nitrate, corresponding with the findings of Brob®38) and Chapman
(2001). Temporal variation in DON is of great importance iarrand estuarine systems
to understand high estuarine productivity and fully quantify thregen load entering the

oceans.

There have been no spatially intensive studies of DON caatienis in UK river and
estuarine systems, although some research has focused oningropacentrations
between rivers to assess the significance of land usds aadicular point sources of
nitrogen to aquatic systems (Cook, 1999; Nede®dl, 2002). In upland Scotland
research found no relationship between DON and percentage eatgheat cover
(Chapmaret al, 2001). In Rous River, Australia, the land use and geology idemnéfied
as important factors affecting spatial variations in DO ¢Eand Pepperell, 1999).
Estuarine studies of DON distribution have not consistently fourtthbpariations.
Surveys of Chesapeake Bay (USA) identified that DON lvedis spatially and temporally
uniform (McCarthyet al, 1977). However, an increase in DON was observed seawards
from the River Lena, in the Siberian Arctic, which wasteslgo increased production in
brackish and coastal waters relative to the river (@and Sidorov, 1996). A greater
understanding of the spatial variations in DON is neceseadgntify point and diffuse

sources of DON entering surface waters.

12
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1.3 BIOAVAILABILITY AND MOLECULAR SIZE COMPOSITIONO F
DOM

1.3.1 Bioavailability of DOM

Historically DOM was thought to be refractory and therefarebiologically available to
phytoplankton and bacteria (Seitzinger and Sanders, 1997b). This assuwgsibased

on the premise that DOC varied conservatively with dgjisuggesting absence of
autochthonous removal processes (Mantoura and Woodward, 1983). Sed¢wndly, t
molecular weight composition of DOM indicated a dominance obgiodlly refractory
(unreactive) high molecular weight (HMW) compounds relativeioavailable low
molecular weight (LMW) DOM (Saunders, 1976). However, moreneesearch
suggests that a large proportion of DOC in river and estianvironments is available for
utilisation by bacteria over time scales of days to wé&kanvik, 1990; Amon and

Benner, 1994; Bronk, 2002). Few studies have been carried out fanetloé nitrogen in
DOM. Preliminary investigations suggest that DOM is mmodogically reactive than
originally thought which has important implications for higher tropévels as DOM
enters the microbial loop (Azaet al, 1983; Bronk and Glibert, 1993; Amon and Benner,
1994; Bronket al, 1994). Studies on the Delaware and Hudson Rivers, USA, shbated t
40 to 72 % of riverine DON was biologically available taiaesine bacteria (Seitzinger and
Sanders, 1997b), and 20 to 55 % from boreal streams during spring fiscavailable
(Stepanauskast al, 2000). A better understanding of DON bioavailability is neede
define the local and global implications of escalating inpuenttiropogenically fixed
nitrogen and assess the contribution of DON to eutrophicatiaurfaice waters and the

growth of harmful algal blooms (Seitzinger and Sanders, 1997b).

An increase in research into marine DOM concentrationdeavailability (Hedges,
2002) was instigated by the publication of two papers reportindetteggmination of TDN
using the High Temperature Catalytic Oxidation (HTCO) me{Satuki and Sugimura,
1985; Sugimura and Suzuki, 1988). These authors suggested that ooaaerdrations
of DOM were much higher than measured previously and proposati¢haajority of
respiration in the upper 1000 m of the water column was suppoytexidation of DOM,
rather than sinking particulate organic matter (POM). rApdrtant finding was that DOM
contained a much higher proportion of HMW molecules than thoughtomisyi

indicating an inability of previous analytical techniques talisd and measure these
HMW molecules. The implications of these much higher conatairs of both DON and

13
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therefore HMW molecules had implications for the molecula s@mposition and
bioavailability of DOM. These two papers were subsequevitlydrawn but stimulated
research into analytical methods for determining concentratioR®N as well as the
cycling of DOM (Suzuki, 1993; Hedges, 2002).

1.3.2 Chemical characterisation of DOM

Without detailed information on the chemical composition of DOfdmains unclear
which characteristic of DON defines its bioavailabiliyntia et al, 1991). Studies have
focused on determining the chemical composition by isolatingffspeomponents of
DOM using solid phase extraction (either based on XAD msusing nuclear magnetic
resonance (NMR) spectroscopy; Aluwihare, 1999; Perdue and &ig003) or
investigating the distribution of molecular size of DOM usinggfiltration (Ogura, 1974;
Amon and Benner, 1996). Characterisation of DOM using molesiziarfractionation has
rarely been applied to river ecosystems (Meybeck, 1993; AmoBeamaer, 1996), even
though studies on humic and clear water lakes indicate thati®@Xile to support
bacterial growth in these environments (Tranvik, 1990). An assggf the
bioavailability of these molecular weight fractions magicate the fate of riverine DOM,
which is considered to be diagenetically young (< 150 yeazagrglly highly degraded,
and, in comparison with LMW DOM that has undergone extensagedetic change,
rapidly remineralised prior to reaching the open oceaddblget al, 1994b; Benneet al,
1995; Hedgest al, 1997; Tranvik, 1998; Stepanauskdasl, 1999a).
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Figure 1.4. (a) Schematic of the molecular size continuuof living and non-living
compounds (adapted from Buffleet al., 1978 and Gough and Mantoura, 1990). (b)
Conceptual model of the size-reactivity continuum indicahg that HMW DOM is

more reactive and therefore more bioavailable than LMW DOM (Anon and Benner,
1996). The relative molecular size of DOM is indicated by #hsize of dots with the
largest being POM and the smallest LMW DOM. The arrow idicates the continuous
change in degradation of organic matter from bioavailable POM and HMWDOM to

refractory LMW DOM.
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1.3.3 Size-reactivity continuum

The separation of DON into distinct size fractions can beechout using ultrafiltration
methods (Cheryan, 1986). Molecules greater than 1 kDa are e@tsid be HMW (e.g.
amides, humic substances, polysaccharides etc.) and those sinaallé kDa are defined
as LMW (e.g. urea, carbohydrates, dissolved combined amino BxldsX), dissolved

free amino acids (DFAA), fatty acids etc.) (Figure 1.@&ypitzy and Leenheer, 1991,
Benneret al, 1997; McCarthyet al, 1997; Bronk, 2002). Recently a third fraction named
very high molecular weight (VHMW) DOM was introduced to descphsicles greater
than 30 kDa up to 0.@2m (Mannino and Harvey, 2000). In the past LMW DOM
(composed of simple organic molecules) was considered to decomposeapidly than
larger HMW molecules (Saunders, 1976). A more recent studestsgipat bioavailable
LMW makes up only a small fraction of DOM in natural watéAmon and Benner, 1996).
A new conceptual model for degradation of DOM was proposed.sizbgeactivity
continuum is based on the theory that HMW was more bioavailaltheacomponents are
newer and therefore diagenetically fresher than LMW (Figutb) (Tranvik, 1990;
Benneret al, 1992; Amon and Benner, 1994, 1996). Particulate studies inntlagan
River were used to extend the theory from the dissolvedtktpdrticulate phases of
organic matter (Hedgest al, 1994b). Other studies also support this size reactivity
continuum, although Mannino and Harvey (2000) suggested that the moddépenyd on
the structure of the organic matter. The importance of dslioi nitrogen aquatic research
has not been fully researched (Povelal, 1996)

Most molecular size fraction and bioavailability studies fagesed on DOC even though
the utilisation of DOC, and DON can vary depending on the Cidbtif the DOM and the
utilising bacteria (Seitzinger and Sanders, 1997b). Badbtene been used for DOM
utilisation experiments because they have higher uptake satesllaas high surface area
to volume ratio compared to phytoplankton, which are not necesabléyto take up all
forms of DOM (Bronk, 2002). As bacteria are able to modify miineralise DOM, they
can exert a marked influence on the microbial food web (Bestrad, 1995).

Since humic substances (HMW) comprise the largest fracti®®Odfl in most natural
waters, freshwater bacterial bioassays have tendedus $pecifically on these

compounds (Thurman, 1985; Carlssiral, 1993; Carlssoet al, 1999). Determining the
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molecular size composition of riverine DOC and DON mayidate the relative

bioavailability of DOC and DON on the basis of moleculaesi

1.4 CHARACTERISTICS OF THE TEST RIVER AND ESTUARY

The River Test in Hampshire is an aquifer-fed river withitiple interconnecting

channels, draining approximately 10403ahprimarily agricultural land and urban
developments (Environment Agency, 2002; Nedwehl, 2002). The geology is
predominantly Cretaceous chalk, particularly in the upper esaghthe catchment (Figure
1.5). Average annual rainfall is 824 mm and in the winteraaridmn this rain recharges
the groundwater aquifers giving relatively consistent flows througheugear, with a

mean annual river flow of 11.8%s* (Environment Agency, 2002, 2004). The 64 km long
river flows into its estuary at Redbridge, Southampton about 7 kireaps of the
confluence with the Itchen estuary at Dockhead where it f@mashampton Water (Figure
1.6)(Environment Agency, 1999).

The estuary is both macrotidal and partially mixed and hasaa itidal range of 4.5 m,
spring tide flushing rate of 26 hours and neap tide flushing faté bours (Wrighet al,
1997; Hydes, 2000). It has a double high water which occurs 2 hoursiagaip to

2.5 km tidal excursion. Southampton Water drains the secorebstaratchment area on

the South coast of England and contributes an important freshn@i¢to the English
Channel (Nedwelét al, 2002). The Environment Agency has an extensive water quality
sampling programme throughout the Test River system, althougthoigsnot include

measurements of DON concentration (Simpson, 1980).

The River Test was selected for this study in preferentieettichen because a tidal barrier
in the upper reaches of the Itchen estuary prevents the upsirepagation of tidal
influence, which may have prevented the collection of samplesaovale salinity range.

In contrast, the upper Test estuary has extensive reezbb@dunities and salt marshes,
with no anthropogenic barriers to limit mixing of fresh and &ste water (Hydes and
Wright, 1999). The lower Test permits the sampling of thengizione between fresh and

estuarine water needed to determine salinity-nutrientngpixi

17



Chapter One - Introduction

do“nM“
Fher Test.

°

<
/a008

Geology
KEY
- Catchment boundary

Watercourse

[77”7] Built up area
Bracklesham beds

[ London Clay

[ woolwich and Reading beds
Chalk

:}
i
-1:_'_'-.."
3
:! i;\
A &
)(”o
s
%
8 e
2
P! 2
b o~ 2 7 Andover
H il Brook =
=
5
4
i 2
o

) River Doy U

Test and Itchen LEAP
Map 2

ENVIRONMENT
AGENCY

Produced from Ordnance Survey Maps
under licence granted by the
Controller of Her Majésty’s Stalionery Office
Licence No. GD03177G0005
© Ordnance Survey 1998

N
0 10km
I S S |
//’
- The Solent
HIGHCLERE  WHITCHURCH WINCHESTER ~ EASTLEIGH ~ NETLEY
gigg Poles Lane  ltchen Southampton
£ 300 R. Test R. Dever Stream  Valley e
it |
30

BN Upper Greensand
W Middle and Lower
Upper Chalk

W Reading Beds
I London Clay
Bracklesham Beds

Chalk

SUSO. SUS0

SU40 SU30 SU20 SU10

Figure 1.5 Geological map of the Test catchment, Hampshir&/K (Environment

Agency, 1999).

18



Chapter One - Introduction

Lapy
y NS
/ -
./;
o
7

River fchen

Winchester

Test and Itchen Area

KEY
- Catchment boundary
—— Watercourse
Built up area

The Solent

Alresford

—t>2z

0 10km
IS Y Y Y N |

Produced from Ordnance Survey Maps
under licence granted by the
Controller of Her Majesty’s Stationery Office
Licence No. GDO3177G000S
© Ordnance Survey 1998

Figure 1.6. Rivers Test and Itchen draining into Southamyon Water, Hampshire,

UK (adapted from Environment Agency, 1999).

19



Chapter One - Introduction

The river achieved an A grade for the general quality assggscarried out in 1998
(Environment Agency Pers. Comm., 2004). The river contains% 8aturation of
dissolved oxygen (DO), < 2.5 mg biochemical oxygen demand (BOD) and < 0.25 thg |
ammonium (Environment Agency, 1999). The water percolates throegtétk and
becomes purified therefore producing springs with a high cldityilonment Agency ,
2004). Several areas of the catchment, particularly irother|River Test and upper
estuary, are designated to protect the unique habitats, spedgastoral character of the
valley (Environment Agency, 1999). Much of the study area i@ designated

freshwater (salmonid) fishery (Environment Agency, 1999).

The river contains high concentrations of nitrate throughout itsHgrg00 pM) and is a
major source of nutrients to the Test Estuary and Southampttar (Mydes, 2000).
Nitrate is present in high concentrations in the chalk aqwitbrmore diffuse inputs
leached from agricultural land. Long term increases iateitnave been observed from
previous studies from an average of 342 uM between 1974-1979, (dvtBatween 1990
and 1997 (Hydes and Wright, 1999; Arbuthnott, 2001). Ammonium inputssuenad to
be mostly from effluent point sources where secondary-tresateege from a number of
sewage treatment works (STW) enters the river systenglityd980; Hydes, 2000).
These increasing nutrient concentrations are a problem in low#dclments in Southeast
England, which have low rainfall and high evapotranspiration aeré ik less capacity to
dilute nutrient inputs due to the lower summer baseflow (Kieal, 2000a). In 1994 the
River Test was designated a nitrate sensitive area umel&Q Urban Waste Water
Treatment (UWWT) Directive. This designation identifibet water companies needed to
act to reduce the nutrients entering the river from STWeuwet the occurrence of algal
blooms. Southampton Water is classified as hypernutrifiecshaddithough not perceived
as a problem in itself, may be a precursor to eutrophicatioigli\et al, 1997; Hydes and
Wright, 1999; Holley, 2002). The low turbidity in Southampton Wé&dee to the
drainage from chalk catchments) means that light is natitirlg factor to planktonic
primary production in the estuary (Balls, 1994; Skewal, 1998). Seasonal variations in
the Southampton Water nutrient levels have been reported in preteliss and reduced
levels of nitrate and phosphate were associated with phytoplanktooms (Kifle and
Purdie, 1993; Iriarte and Purdie, 1994).
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1.5 THESIS AIMS AND OBJECTIVES

The overall aim of the research was to determine tempodadatial changes in DON in a
high nitrate river-estuarine system and, in addition, to tigege the bioavailability of

DOM relative to molecular size distribution.

The specific objectives of this research were:

* To determine the temporal variation in DOM in relatiordissolved inorganic
nitrogen concentrations (nitrate, ammonium), particulate orggtnegen and
carbon in the lower reaches of the River Test and the uppersg.

* To determine the contribution of DON to riverine nitrogeads.

» To assess spatial variations in DON and DOC along theriVest/ estuary
continuum and identify the importance of point source inputs alongvisreamd
the influence of intertidal salt marshes on nutrient concéonsat

* To determine the molecular size composition of freshwa@¥ &nd DOC from
the River Test and to investigate the bioavailability &fedent size fractions using

a bacterial bioassay.

1.6 THESIS STRUCTURE

Chapter oneltroductior) includes a review of the nitrogen cycle and the curreme sif
knowledge of dissolved organic nitrogen in aquatic environments ifidcludes a
discussion of the existing research into spatial and terdmnemiations in riverine DON and
its bioavailability. A description is given of the River Tasd estuary and the thesis aims
and objectives are presented. Chapter #waalytical Methodologydescribes the sample
collection, preparation and storage protocols used in thibdied laboratory to prepare
samples prior to analysis. Details are given of the @inalyprocedures and development
of the analysis protocol applied to the high temperaturdytiataxidation (HTCO)
technique for determining DON concentrations. Temporal variaioB$N and DOM in
the River Test and its estuary over seasonal and annuatdileesre presented in chapter
three Temporal variations in the inorganic and organic nitrogen in theeRTest and its
estuary. Temporal variations in both the concentrations and proportiofl éfom both
freshwater and saline samples are discussed. Seasoatibuarin the nitrogen load of
the Test Estuary are compared with previous load calculati@hapter four$patial

variations in inorganic and organic forms of nitrogen and carbon in the Riest —
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estuary describes both the freshwater and estuarine spatiativagan DIN and DOM in
the River Test-estuary. Point source effluent inputs downstoéarfish farm and sewage
treatment works are investigated. Salt marshes logateé tidal reaches of the upper
Test Estuary provide an interesting insight into nitrogen fioamstions. The

ultrafiltration of water from the River Test and theilealtion of the analytical technique
using organic molecules of known molecular size are discussédjiter five Assessing
the chemical characterisation and bioavailability of riverine D&M DOQ. Data from
bacterial DOM bioassays are presented and the implicabof®3IM utilisation discussed.
Chapter sixConclusions and suggestions for further walummarises the main findings
of the thesis and implications for the cycling of DON and DO@ iiver / estuary system.

Considerations for future research in these environments aressis.

22



Chapter Two — Analytical Methodology

2 CHAPTER TWO. METHODOLOGY

2.1 SAMPLING STRATEGY

A sampling strategy was devised to collect water sangulesmonthly basis over an
eighteen month period (July 2001 to December 2002) to chasschaih spatial and
temporal variations in the lower River Test and upper Tegsapst The sampling dates
were approximately every four weeks and were planned to comwdidepring tides
wherever possible. The sampling dates and predicted tiggith@n those days are given
in Appendix A. The sampling programme commenced at Redbridge opplee Test
estuary during low tide and aimed to sample both main andgdaratr channel sites over
a 16 km transect upstream to Mottisfont, north of Romsey (&igur). The final samples
were collected later in the day from several sitesenuibper Test estuary including

revisiting Redbridge.

A detailed description of each sampling location and distknoe Redbridge of each
sampling point is given in Table 2.1 and presented on a map sfudy area (Figure 2.1).
Multiple parallel channels in the tidal reaches of the lowest Theant it was not possible
to fully characterise the water composition from just onepiasite. Therefore sites
were selected on several channels to optimise the tofieaf water samples covering a

range of salinities in the tidal marsh area.

Sample collection from the estuarine site at Redbridge Raukod commence until June
2002 when the site became accessible. Two samples weretedlfrom Redbridge and
Redbridge Park at high tide, one from the surface and thetoth@rds the bottom of the

water column using a Niskin sample bottle.

2.2 SAMPLING AND STORAGE PROTOCOL

221 Sample collection

The water temperature (Appendix B), conductivity (Appendix C)sahidity were
recordedn situ at each sampling site using a WTW model LF597-S salinom8edimity
measurements of collected water samples were repeatetluomto the laboratory
(Appendix D).
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Site Distance Grid Surface / Site Area Site Description

No. | upstream from Reference Bottom

Redbridge (km)

18 -0.4 SU 3718 1343 Bottom Upper estuary | Redbridge park; high tide sample collécisddepth

17 -0.4 SU 3718 1343 Surface Upper estuary| Redbridge park; high tide sample @uléwm the surface
16 0 SU 3700 1378 Surface Redbridge High tide sample collected from the surface

1 0 SU 3700 1373 Bottom Redbridge High tide sample collected from depth

2 0 SU 3700 1373 Surface Redbridge Low tide sample collected from the surface

6 0.6 SU 3693 1448 Surface| Test Lane lower Salt marsh (divided channel)

6a 1.6 SU 3673 1498 Surface | Test Lane upper Salt marsh (divided channel)

3 1.3 SU 3625 1420 Surface Testwood Tree lined banks, agricultural land (diviti@thnel)

4 1.5 SU 3610 1448 Surface Testwood Rural, commercial fishing (divided channel)

5 1.5 SU 3615 1445 Surface Testwood Rural, commercial fishing (divided channel)

7 3.5 SU 3513 1555 Surface Nursling Mill | Agricultural land (minor part of dividedannel)

8 3.5 SU 3555 1578 Surface Nursling Mill | Agricultural land (major part of dividedannel)

9 4.0 SU 3540 1625 Surface | Broadlands Lake Nextto motorway. Enclosed by paatnued fishing lakes
10 5.7 SU 3547 1786 Surface Longbridge Surrounded by agricultural land

11 8.9 SU 2068 3493 Surface Romsey Downstream of urban conurbation, upstream ofirlgilié
12 15.3 SU 2563 330R Surface Kimbridge Intense fish farming area (divided channel

13 15.4 SU 2555 3298 Surface Kimbridge Intense fish farming area (major padiatled channel)
14 154 SU 2568 3323 Surface Kimbridge Intense fish farming area (divided channel

15 16.0 SU 2643 3310 Surface Mottisfont Agricultural land both sides of the river

Table 2.1. Sites on the River Test and estuary sampled ammonthly basis from January 2001 to December 2002.
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The water samples were collected just below the surfang asiacid washed plastic
bucket and transferred to rinsed 300 ml glass medicine bibtdebad been previously
combusted at 55U for 4 hours. These samples were stored for up to five hoarsdnl

box before returning to the laboratory for filtration and storage.

2.2.2 Filtration and sample storage

In the laboratory, 200 ml of each sample was filtered thougatim GF/F (47 mm)
filters (precombusted at 50C for 4 hours) using a Millipore all glass filtration systand
hand vacuum pump. Filters were placed in petri-slides tameidsfrozen (at —28C) for
later particulate organic carbon (POC) and nitrogen (PONysisa The filtrate from each
sample was divided between a pre-combusted 1650r 4 hours) 100 ml glass bottle for
later total dissolved nitrogen (TDN) analysis and a 20 ndtigl@apped vial for later
nitrate analysis. These samples were then stored fromeriganalysis. 50 ml of water
was filtered from the remaining sample though a Whatman 2%diameter) GF/F filter
using an in-line swinex filtration system. These fdterere folded in half and frozen (at —
20°C) for later chlorophyll a (Chl a) analysis. The 50 mfilbfate was stored at %C in

an acid washed glass bottle with 2 ml of alcoholic phenarfamonium (NH') analysis
(Parsonst al, 1984).

2.3 ANALYTICAL PROCEDURES

The analysis of samples collected during the 18 month samplingyswas carried out
using the techniques listed in Table 2.2. Samples from edl wiere analysed for
ammonium, nitrate + nitrite (TON) and chlorophyll a. Analysiedissolved organic

carbon (DOC), TDN and the filters for POC and PON was oohducted for mainstream
sites (i.e. where the River Test was constrained withirchaanel, or the largest of several
parallel channels containing the highest flow). A discussioneo$ampling programme
and selection of these mainstream sampling sites is pees@enChapter 4. Concentrations
are presented inM (+ standard deviation) with the exception of chlorophylWhich is

measured img I
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2.3.1 Nitrate

Nitrate was analysed following cadmium-copper reduction odteitto nitrite using a
Bukard Scientific (Model SFA-2) segmented flow auto analyisgked to an 80 cup
autosampler with chart recorder and computer with microstdedancapture software
(Grasshoffet al, 1983). The analysis is based on a chemical reaction &etite and
sulphanilamide hydrochloride to form a diazonium salt. This im ¢touples with N-(1-
naphthyl)-ethylene-diamine dihydrochloride to produce an azo dye whdbecquantified
spectrophotometrically. Theoretically the technique measuréoxidésed nitrogen
(TON) as the cadmium reduction column converts nitrate tienibut for the purposes of
this study the term nitrate will be used to describe tlelined measurement of nitrate
and nitrite. Nitrite has not been considered separatetiie proportion of nitrite in the
TON is negligible; for example in March 2002 concentrationsitoite ranged from 0.5 to
1.3uM (i.e. <1 % TON). This observation was in agreemadttt water samples analysed

by the Environment Agency (analytical procedures are discus&idh

Table 2.2. Nutrient analysis and storage procedures. OPAorthophthaldialdehyde.

Determinand | Storage | Analysis technique Analytical Procedure
method
Nitrate & Frozen at| Autoanalyser Grasshoffet al, 1983
nitrite —20°C | (Burkard Scientific SFA-2)
Ammonium Phenol at Indo-phenol blue method Parsont al, 1984
4°C (U-2000 spectrophotometer)
Ammonium None OPA method Kérouel and Aminot,
(Chemlab continuous flow 1997
autoanalyser)
DOC & TDN | Frozen at HTCO and pyro Alvarez-Saldago and
-20°C chemiluminescent nitrogen Miller, 1998
specific GC detector
(Shimadzu TOC 5000A in line
with Antek Model 705E)
POC & PON Frozen atElemental analyser Verardoet al, 1990
—20°C | (Carlo Erba EA1108 elemental
analyser)
Chlorophyll a | Frozen atFluorometer Parson®t al, 1984

—20°C | (10 AU-Turner Design)

Standards were prepared at 20, 40, 60 and 80 uM using sodiura aitdaMilli-Q water.
A ten times dilution of the water was required using 2amge and 18 ml saline carrier
stream solution (20 glsodium chloride) to measure nitrate using this techniqueer Aft

mixing, the saline diluted river water was dispensed inte@thnsed sample cups to give
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replicate measurements of nitrate. The pipetting ewere determined to be < 3 %,
therefore this dilution process may account for the greatestieithe determination of
dissolved organic nitrogen (DON) by the difference method eredl@yopkinsoret al,
1993). Errors were thus minimised by using gravimetric dilutfcsamples. The
cadmium column reduction efficiency was checked at the begimhiegery analysis day
using 60 UM nitrite standard. The column efficiency wasistergly > 97%. The
analysis had a mean detection limit of 1.2 pM basetthi@e standard deviations of
replicate measurements of the lowest standard (Mifidr\iller, 1993). The mean

standard deviation associated with three replicate analyse®e sample was 2 uM.

Storage stability The nitrate samples were stored frozen at’€20Many studies
have considered storage techniques and freezing is widelyarssdring nitrate samples,
although the precision of the analysis often decreases itags (MacDonald and
McLaughlin, 1982; Chapman and Mostert, 1990; Deiral, 1996).

Salt effect Measurements carried out across a wide range of saliaredenown to
incur a salt effect, especially in colorimetric anatyéstewart and Elliott, 1996). The salt
effect influences the absorbency and therefore the refradtiaght in the detector cell,
due to the formation of different reaction products (Stewar&liatt, 1996). To

minimise any salt effects a carrier solution of 26\ghCl was used for all samples,
although the majority of samples collected during these ssitvag a zero salinity,
therefore the salt effect was considered negligible (Wai@d, 1967; Stewart and Elliott,
1996).

2.3.2 Ammonium (indophenol blue method)

The samples for ammonium analyses were stored in a refiegert 4°C with alcoholic
phenol, a reagent required for the indophenol blue (IPB) analysimdwehich is
considered to preserve ammonium (Parsdrad, 1984). The reaction to determine the
ammonium concentration involves reacting 10 ml of sample pesevith 0.4 ml phenol
(in 20 ml McCarthy bottles) with 0.4 ml sodium nitroprusside gared from 0.5 g in 100
ml of deionized water). Then 1 ml oxidising solution is adieglach bottle. This is
composed of a 4:1 of alkaline reagent (100 g of sodiumeignad 5 g of sodium
hydroxide in 500 ml of deionized water) and sodium hypochlorite solutiénN). The
20 ml McCarthy bottles were individually sealed with parafind left in the dark for 4
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hours prior to analysis. The indophenol blue colour produced is quantified
spectrophotometrically. Four analytical replicates from eaabtion vessel were injected
into a Hitachi U-2000 spectrophotometer using a sipper and absorbaasared using a
4 cm cell at 640 nm wavelength. The technique was verytiserisi contamination and
frequently one of the four replicates was identified as adreoufThe detection limit for
this technique (three times the standard deviation of ré@lidank measurements) was 0.4
MM. All reagents were prepared using ammonium free watech was produced by
passing Milli-Q water through a column containing cation exchaegja. The standards
(0, 1.5. 25,5, 7.5, 10 uM) were diluted on the dagraflysis with freshly prepared
ammonium free water. The absorbance measured when the reagenéided to
ammonium free water (i.e. blank) was equivalent to an ammoroaceatration of <

3 uM.

Storage Stability =~ Samples collected in the field were kept in a cool box fdoup
hours before being filtered in the laboratory and preservédaldbholic phenol. It was
assumed that between collection, filtration and storagartireonium concentration would
not change. In order to test this assumption, triplicate smmy#re collected from three
sites in the upper Test estuary, mid and upper River 3igss (L6, 9 and 15 on Figure 2.1)
in December 2001 and March 2002. One set was filtered aradi stith alcoholic phenol
solution in the field, immediately after collection. T¢erond set was processed in an
identical manner back in the laboratory and a third set (onlgatetl in March 2002) was
not filtered and again stored with phenol on return to the ladrgréEigure 2.2). A
consistently lower concentration of ammonium was recorded isatimples that were
filtered and preserved immediately with phenol in the f{eldimeset al, 1999). Higher
concentrations were measured in samples stored with phenellabtbratory regardless of
the filtration procedure, except for the estuarine sample, wiadmmarkedly higher

ammonium concentrations, possibly related to a higher pargdolading.

From May 2002 the above sampling protocol was adapted accordingigsierve the
ambientin-situ ammonium concentrations at each sampling site (i.e. thplsavas
filtered and preserved with phenol in the field immediatétgr collection) (Holmest al,
1999). The change in ammonium concentration between presentimg field and the
laboratory could be due to the volatile nature of ammonium. Henyewdecrease rather
than increase was anticipated due to volatilisatiordsomption to the walls of the
container (Kérouel and Aminot, 1997; Cagteal, 2001).
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Figure 2.2. Experiment from (a) December 2001 and (b) Mahc2002 to compare
filtration and preservation of ammonium samples in the fiedl and laboratory. Where
error bars are not shown, standard deviations (for up to 4 reptate measurements)
are smaller than the size of the symbol.
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The increase may be caused by acquisition of ammonium frohe#uspace prior to
preserving with phenol. The effect of preservation on otherrdatands was also
considered. Chlorophyll a (Figure 2.3a) and nitrate (Figure 2@imentrations showed
no difference between filtration in the field and laboratdtywas not practical to use the

glass filtration system in the field for TDN samples.

Salt effect  Salinity is known to not only influence the indophenol-blue reaat#rsing
different reaction products, but also to change the pH of ticiorgStewart and Elliott,
1996; Aminotet al, 1997). An optimum pH of 10.5 was suggested for this technique,
although the addition of buffers to maintain this pH and pretventormation of
precipitates is not advised as they add further complicaticms amalysis that is already
sensitive to contamination (Aminet al, 1997; Kérouel and Aminot, 1997). No attempt
was made therefore to account for the salt effect img@surement of ammonium since
the majority of samples collected in this study were fresbmand of low salt

concentration (Stewart and Elliott, 1996).

2.3.3 Ammonium (OPA method)

The ammonium concentrations were determined later from sadgflested for TDN
analysis. The samples were analysed for both determinaride same day, but using a
second ammonium procedure. Details of why ammonium concentratiwagecorded in
defrosted samples are given in 82.3.5. The fluorometiictbophthaldialdehyde (OPA)
method was preferred to the indophenol-blue technique as the blariéwe (0.5 uM)
although the limit of detection was slightly higher (0.6 pNhe OPA technique has
added advantages including a higher sensitivity, low satefind non-toxic reagents
(Aminot et al, 2001).

The determination of ammonium using the OPA method was daaeusing a
segmented flow analyser linked to a 40 cup autosampler (KéxadeAminot, 1997). The
technique is based on a measurement of fluorescence thadliced from the reaction of
ammonium with OPA. A working reagent was produced using tree$86:10:1:0.1 (ml)
borate buffer (30 d): OPA in absolute ethanol (40%l: sodium sulphite (8 g) : 30 %
Brij solution (detergent)(Breviere, 2000). Although the workingesd was sensitive to
light and the reaction required the addition of heat fromtamzath (at 52C), the
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December 2001 to compare filtration in the field and laboratory Where error bars
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analysis was far simpler and subject to less contaminditzonthe indophenol blue method
(Holmeset al, 1999). Standards of ammonium chloride were prepared at 5, 10, 15 and 20
UM. Three sample cups were filled from each samplegfiwer giving triplicate

measurements, each of which had a replication error & g.

Salt effect The salt effect in this technique was considered to be iggligh\minot et
al., 2001). Despite this, samples were generally analysed agagy" NaCl carrier
solution, although those with a salinity >20 were analysed ustagrir solution of 40 dfi
NacCl.

2.34 Comparison of IPB and OPA ammonium analysis

Previous comparisons between the indophenol blue and OPA methodshbawea good
agreement between the results (Kérouel and Aminot, 1997) rabeaenples of river
water collected in March 2002 were analysed using both ammanathods. There was
a linear relationship between the two methods (slope = Rard).86), although slightly
higher concentrations (0.47 uM) were obtained using the IPB tpah@rigure 2.4).
Possible reasons for this are discussed (82.3.5). The OPA ningitidle greater
precision, even though only three replicate measuremenélofsample were madef.(
four in the indophenol blue method). It has also been reportethéhandophenol blue

method is less inaccurate at low concentrations (i.e. <0)5(HMmeset al, 1999).

2.35 DOC and TDN
For DOC and TDN analysis, a Shimadzu 5000A total organic carli@€@)analyser was

connected in series with an Antek 705E chemiluminescence nitspgeific detector
(Alvarez-Saldago and Miller, 1998). High purity oxygen was usdtiecarrier gas. 10
ml of sample was decanted into a pre-combusted glas&g@iC for 4 hours) and
acidified with 50ul of 10 % HCI to give a pH 2 — 3 and then purged externally igh
purity nitrogen gas. These procedures of acidification and pyngingve dissolved
inorganic carbon (DIC) as GO

33



Chapter Two — Analytical Methodology

8 7
/
/

2
£g
'QE : +
%9
q:, =

O
EE 41 -
3 8
ES
= : |
'Eg /9
eE / ¢
£ 2
g /

// y =1.00x - 0.47
2 _
/ R“=0.86
0 [ [ [
0 2 4 6 8

Ammonium concentration (uM)
(phenol method)
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There is some evidence to suggest that the purging may remiatevorganic carbon,
although this is usually considered negligible (Spwtesl, 2000). Although nitrogen is
used for degassing the sample, it does not cause contamemtiom analyser is unable to
break N=N bonds (Stephen Duffin, Antek; Pers. Comm). Thdilnaion of water
samples through GF/F filters removed particulate organic cdR0OE) thus only DOC is

measured.

Prior to sample injection into the Shimadzu instrument the saggliringe was washed
four times with 10Qul of the degassed sample. Vaporisation of the sample odair680
°C in the AbOs catalyst (impregnated with 0.5 % platinum) (Alvarezedgb and Miller,
1998; Cauwet, 1999). The combustion products were carried by high puritynaeytie
infra red gas analyser (IRGA) where the carbon dioxide;YC@ntent of the sample was
detected. A fraction of the sample continued through to a ségorate at 900 °C and

into the Antek total nitrogen analyser.

Nitric oxide (NO) within the sample was excited by ozong),(@roducing nitrogen

dioxide (NQ) and, when NO returned to its original state, an edactras emitted which
was detected by the chemiluminescence detector. The ddDqed is proportional to the
total nitrogen in the sample and other nitrogen products sudkr@gen gas (B and NQ
are assumed to be insignificant (Hansell, 1993). The instruseéings used are tabulated
in Appendix E and a schematic diagram of the analyticasyss presented (Figure 2.5).

The peak areas were integrated using Shimadzu Class —MRsof

Estimation of DON precisionFour injections were routinely taken from each TDN / DOC
sample, although frequently one or more of these was rejectat @utlier. The Dixon

test was used to identify potential outliers and thesemetivalues were closely examined
to decide whether to reject or keep the data point (Farrant,.198@)Dixon test ranks

data values and calculates values from ratios (Equatiorand.2.2) to compare with

critical values at the 95 % significance level.
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Dlowest = u (Equation 21)
Xn _/Yl
Dhighest = M (Equation 22)
Xn _Xl

X1 = smallest data value
X2 = second smallest data value

Xn = largest data value

There was no obvious pattern in the sequence of omittedatgdicIn the literature the
reported precision for DOC using the HTCO technique is 1 —c@éfficient of variation
(Hedgeset al, 1993; Cauwet, 1999; Spyresal, 2000; Shargt al, 2002a), whereas
TDN errors are <2 % (Alvarez-Saldago and Miller, 1998; Cau¥899). The precision
associated with the replicate measurements of samphésdcant in this study was 7.1 %
for DOC and 1.2 % for TDN, i.e. in good agreement with tleediure. The replication
error for the determination of DOC is known to be consistenglpédrithan for TDN
(Hansell, 1993). Using the definition that the limit of détetis three times the standard
deviation of replicate blank measurements, the values f@@@ and TDN analysis were

estimated to be 31 uM and 6 pM respectively (Frankovichlands, 1998).

DON concentration is determined indirectly using a diffeeemethod by subtracting the
concentration of DIN (nitrate and ammonium) from TDN (Equati@). 2The analytical
error associated with DON is compounded from the standard idevidtfour analyses of

TDN, ammonium and three analyses of nitrate (Equation 2.4) é1ah893).

[DON]=[TDN]-[DIN] (Equation 2.3)

Propagatedtandardieviation= \/(ATDN)Z + (ADIN)? (Equation 2.4)

A = standard deviation

In freshwater environments where the concentrations of dissmlueghnic nitrogen are
several times higher than DON, the combined errors frommthigple analyses can result
in high errors for DON and therefore give DON concentratiorzeas or that are negative
(Hansell, 1993; Hopkinsoet al, 1993; Hedgest al, 1994a; Bronlet al, 2000). The

mean coefficient of variation in the determination of D@MN this study was 22 %,
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which was within the range (between 10 and 27 %) reportdetiliterature (Hedgest al,
1993; Hedgest al, 1994a; Servaist al, 1999; Shart al, 2002b).

When negative values were determined for DON in thidystthe strategy was to repeat
analysis of TDN and nitrate to further constrain the errblsgative DON concentrations
may be attributed to the loss of volatile organic nitrogen duhiagurging stage of the
TDN analysis as this has been found to cause up to 5 % |a93€X3 concentrations
(Statham and Williams, 1999). The flocculation of humic méiss been observed in
some samples post freezing, which may account for lower TDNeatmations than nitrate
and result in negative values for DON (Tranvik, 1990). Typidalriver and estuarine
water, analysis of DOC and TDN does not require sample diluAgrthe measurement of
nitrate requires a ten fold dilution this probably contributethe largest propagated error
in DON.

Storage stability Samples for TDN and DOC determination are generally stoiad us
freezing or adding hydrochloric or phosphoric acid at room temperatédr®CofTupaset

al., 1994; Spyrest al, 2000). Mercuric chloride is avoided as this can poison tladysat
(Kaplan, 1994). In this study samples were frozen immediaftelyfdtration and stored

at —20°C in precombusted glass bottles. Although glass is the prefsioeage container

to minimise contamination, it becomes brittle due to the condruptocess and therefore
there is a high risk of breakage, even when sufficient rodeft igr expansion (Tupast

al., 1994; Holme=t al, 1999). This was a problem in this study and resulted in some los

of samples.

Freezing is considered an acceptable method for storingsediyles (Cornekt al,

1995; Capeet al, 2001), although little attention has been given to how free#fegts the
nitrogen species within the TDN sample. In particular, theenis of lowest
concentrations are most susceptible to change (Mxrak 1982; Chapman and Mostert,
1990; Doreet al, 1996). The ideal storage method would be to store all nitrsggries
in the same way prior to analysis (Dateal, 1996), but freezing is not a recognised

method for preserving ammonium.

Ammonium was measured in the frozen TDN samples and compéhedoncentrations
measured from bottles fixed with phenol post-filtration. Samptdlected from July 2001

to February 2002 measured using the indophenol method had higher cdinrentta
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ammonium after freezing (Figure 2.6a). From March 2002, sartipdé were collected
and frozen for DOC and TDN determination were analysedrfononium using the OPA
technique immediately on defrosting. Figure 2.6b shows a csoparetween
ammonium preserved in the field and analysed with the IPBadetvith concentrations
measured using the OPA method in defrosted samples. QtimeTs in defrosted
samples were similar to those preserved in the fieldhofilgh the analyses prior to March
2002 using the IPB method suggested an increase in ammoniunmicaticas on

freezing, this was not detectable using the OPA method.

Ammonium is volatile and is often reported to change wiippropriate storage (Aminot
and Kérouel, 1995). However, ammonium concentrations are ofierted to decrease
on storage rather than increase as observed in this studdasén for decreasing
ammonium may be the microbial transformation of ammonium tdl DCapeet al,

2001). This change in nitrogen form would not be observed in thellove@surement of
TDN. The increase in ammonium observed in this study mpgrdeon interference in the
indophenol blue technique from other nitrogen containing compounds. Forlexaage

et al. (2001) found a colorimetric response from free amino acidsifgyand methionine)
in rain water, leading to an overestimation of the DIN withimn TDN and therefore an
underestimation of the DON.

The freezing process may have caused larger organic nitcoggpounds to break down
producing a higher abundance of compounds that were detectable usimdptiteenol
blue method. The OPA method is more specific to ammonium compountiseasibre
had no interference. In response to these experiments, Blldd@centrations were
calculated using measurements of ammonium from defrostedsabigles to ensure an
accurate determination of DON by verifying concentrations &f Imediately prior to
TDN analysis.
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Figure 2.6. Comparison of ammonium concentrations betweemsiples stored in the
field with phenol and determined using indo-phenol bluenethod relative to defrosted
samples and ammonium determined using (a) the indo-phenolug method (July 01
to February 2002) and (b) the OPA method (March 2001 to Decemb@002). N =

number of samples.
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Salt effect  There appears to be a negligible salt effect using the Hf€®od for
determination of DOC and TDN (Perdektal, 1993). This technique does necessitate
sample dilution when a large number of high salinity sangie$eing processed as this
minimises the build up of NaCl on the Pt-coated catalyst@t, 1994). The halogen
scrubber should retain the chlorine, but if this becomes clogfgedhlorine will destroy
the IRGA (Cauwet, 1999). Since the majority of samplekigstudy were freshwater,
this dilution was not required, thereby removing an additional sadiregor in the

determination of DON.

DOC blanks

Accurate measuring of blanks is considered problematic in teendieation of DOC (Hall
et al, 1992). There are three types of blank, 1) the water blankhwhnnot be
completely removed due to the lack of carbon free watelti@Ws et al, 1993; Spyregt
al., 2000), 2) the reagent or acid blank, and 3) the system blankéBand Strom, 1993).
The water and reagent blanks are closely linked as obtainingdidyn water will reduce
the reagent blank value. Low carbon water was obtained biyraiMation (for 4 hours) of
fresh Milli-Q water, which was used within 24 hours (Maihset al, 1993; Buesselest

al., 1996). The acid was prepared in clean glassware andddiitte UV irradiated Milli-
Q water. All glasswear was cleaned using either washiitng10 % hydrogen peroxide or

by combustion at 558 for 4 hours.

Although all standards and samples were acidified, thereforérag a reagent/acid
blank, the largest and most difficult to quantify is thistem blank. It is thought that the
main cause of the system blank is the catalyst, esjyesiaén it is made of platinum
coated quartz wool as it can exhibit a carry over effechfsamples with a high carbon
content (Benner and Hedges, 1993; Mi#erl, 1993). The HTCO instrument used quartz
beads, which have a lower capacity to absorb carbon dioxidg (C&uwet, 1999). Care
was taken to obtain consistently low instrument blanks followhegnstallation of a new
catalyst, as thorough washing with blank water was requiredtprsample analysis.
(Cauwet, 1994). The Shimadzu 5000A has an ultra pure watehatapain be used to
assess the system blank. Concentrations of DOC from tpisvaee often lower than the
mean combined water and system DOC blank of 58 puM + 4%nWhtliers were

omitted, the majority of samples were analysed with akotd 25 uM + 11. This was
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closer to the range of 10 — 33 uM carbon reported (Benner ane${edip3; Hansell,
1993; Buesselezt al, 1996; Bahet al, 2003). The nitrogen blank associated with the
HTCO analysis was considerably lower as the combined nitioggmment and water
blank was 6 uM. This was similar to the range of blark®rted in the literature (Hansell,
1993; Bahret al, 2003)

Potential sources of contamination to the blank and samplestimeesample preparation
using acidification and purging. A series of experimeras varried out to investigate
whether these factors influenced the concentrations meadtirstly the acidification of
the sample was carried out with 10 % hydrochloric acid (H@pgred from UV irradiated
Milli-Q water and comparisons were made with 10 % phosphorit adiere was no
apparent change to the efficiency of the acidification, althdwgirochloric was preferred

as it is less corrosive to the platinum coated catalyst.

Comparisons were made between degassing using nitrogen and belilaraf which
were high purity inert gases. The helium showed no marked ciattgepeak areas from
the nitrogen and therefore it was concluded that nitrogen nvasaeptable purging gas. A
minimum purging time of 5 minutes was used for each samiheugh the length of

purging time was usually 15 minutes.

Oxidation efficiency

Until the chemical composition of DON is better understood Vteiy difficult to select
standard compounds that represent the lability of the DON wateaand freshwater
samples (Sanders and Jickells, 2000; Cefpeal, 2001). Although nitrate is the ideal
choice of standard as it is a major component of river wéterannot represent the
complex organic molecules in DON (Walsh, 1989). To consideoxtgation efficiency
of the technique, it was necessary to compare a range qfocmats at a variety of

concentrations (Spyrest al, 2000).

Solutions of urea (0.303 Y, caffeine (0.4855 d) and potassium nitrate (1.01 ylwere
freshly prepared from dried chemicals and diluted with UWieteed Milli-Q water to 20,
200, 500 and 700 pM. These were measured using HTCO and the chemitemines
nitrogen specific detector and the peak areas were compared.wds considered first as

it was a compound known to be present in natural waters (Frankovichoaad, 1998).

42



Chapter Two — Analytical Methodology

Low oxidation efficiencies were observed, particularly at highcentrations (Cauwet,
1999), which posed a problem since the majority of samples frorsttldy area were
expected to lie within in the upper quartile of the calibration rar@affeine was selected
as a suitable standard for the DOC and TDN analysis as theioxid#iciency relative to

potassium nitrate was comparable to the literature (TaB)e

Table 2.3. Summary of literature oxidation efficiency (percetage recovery) for
caffeine and urea using HTCO techniques. NA indicatedata not available

Oxidation efficiency (%)

Urea Caffeine
This study 91 97
Walsh, 1989 100.2 NA
Fry etal., 1993 NA 103
Koike and Tupas, 1993 100 102
Fry etal., 1996 NA 98
Qian and Mopper, 1996 NA 102.7
Alvarez-Saldago and Miller, 1998 101 97
Frankovich and Jones, 1998 94.3 NA
Kahler and Koeve, 2001 97 NA
Bahr et al., 2003 91.2 79.5

Typical caffeine calibrations for both carbon and nitrogen areepted in Figure 2.7.
Since oxidation efficiencies >100 % were achieved comparingimaffend potassium
nitrate standards of the same concentration, no attemptnvaae to correct for the
oxidation efficiency (Hopkinsoet al, 1993). Carbon rich impurities in the dried standard

may account for oxidation efficiencies of over 100 % (QianMogdper, 1996).
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Figure 2.7.Typical caffeine calibration curve for (a) DOCand (b) TDN peak areas.
(Data collected on 22 April 2004).
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Calibration consistency

At the beginning of each daily batch of analyses a 4 poiriireéibn curve was obtained
with caffeine standards at nitrogen concentrations of 100, 200, 50andvi

(containing carbon at 200, 400, 1000 and 1400 uM). This range weteddt® bracket
the concentrations of TDN found in both fresh and estuarine wateples. The peak
areas from four injections of each standard were subjéztide Dixon outlier test to
remove any anomalous points (Miller and Miller, 1993) (EquatitraB@d 2.2). The peak
area of the blank water was subtracted from the meangpealprior to plotting the
calibration curve. The same blank (water plus instrument bisa&)subtracted from the
samples. Ideally only the instrument blank should be subtractedi®etannot be
determined separately until a totally carbon free soureeatdr has been obtained
(Cauwet, 1994). The order in which the standards were analysieel beginning of the
daily batch and in between sets of samples is shown in AppEndikere was some day-
to-day variation in the slope of the calibration curve (see Alalsh, 1989).
Consequently, although calibrations were consistently lineagdtngcessary to carry out
a full calibration prior to each batch of analyses and/éen sets of 5 — 8 samples a blank
and both an inorganic (potassium nitrate) and organic (caffeiamedlard were analysed to

check for instrument drift.

Certified reference material

Certified reference material (CRM) was available friiv@ University of Miami in the

form of deep Sargasso seawater (21 uM N and 44 — 45 uM Q)wrédrbon (negligible

N and 2 uM C). Although these acidified (phosphoric acid) anfdyhigable standards are
used widely by HTCO analysts, it has been acknowledgedhtyatare unlikely to contain
labile DON and DOC that are present in surface water ssnflopkinsoret al, 1993).
Typically, good agreement was seen between the nitrogesuneeaents and
concentrations in the deep Sargasso Sea CRM (21 uM 15). Howeyealues for DOC
were lower than expected with 41 uM +18 being the mean coatientr The large error
associated with the carbon CRM may be due to no stand2@3 M C being analysed
to calibrate the HTCO.
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GANE community TDN intercalibration

A variety of different analytical techniques were useddtermine DON in samples
collected during the GANE project therefore a community witkrcalibration exercise

was carried out to compare the various TDN analytical metheei$s. Seven laboratories
participated with some laboratories using more than one a@igchnique. The four
analytical techniques compared were persulfate oxidation{Traviolet (UV)

oxidation and Kjeldahl digestion. The analysis of standards sapp)i the GANE
intercalibration exercise was not completed as part optioject in sufficient time to be
included in the GANE report (Evaes al, 2002), but a comparison can be drawn between

the conclusions found in the report and the subsequent analysis.

Each of the laboratories was supplied with a series aflZinpoules containing either a
standard solution prepared from thymine, EDTA, glycine or aredternatively a marine
or river water sample. These standards were preparedinsiggnic nitrogen free water
within a low (0 — 20 uM) or medium (100 — 200 uM) concentratange. A third
concentration range of > 3000 uM was also prepared but many arddgtined to analyse
these as they were greater than the analytical range afajority of natural water
samples. The results from the high concentration standaidsoivile discussed further.
The pre-combusted (55C for 5 hours) glass ampoules were sealed and frozen 8€-19

and delivered to participating laboratories in dry ice (Bt al, 2002).

Conclusions from the cross method comparisons suggest that teeeegood degree of
agreement between low concentration standards measurédiatt@ies 1, 2 and 3, even
though they use different analytical techniques (Figure 2.8).gfidups as a whole were
better able to analyse the medium than low standards, althaligfatory 2 consistently
achieved a low oxidation recovery with the medium concentratemmdards (Evaret al,
2002). The red bar indicates the concentrations of TDN detedririrthis study. The
concentrations were in good agreement in the medium concenstiadards and slightly

higher than actual standards for the low concentration standards.

Each laboratory was also provided with two ampoules eaclanhenand freshwater
samples. These were analysed in an identical manngheugdoup mean was calculated
and plotted as a horizontal line on Figure 2.9. Again the otrat®ns measured by

laboratories 1, 2, and 3 were in closest agreement foiverane samples.
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Figure 2.8. DON standards from the GANE DON intercalibraton exercise 2002. The
key indicates the various analytical techniques used in trexercise. Red bars indicate
analyses performed using the HTCO technique in this styd Each analytical
laboratory was labelled 1 to 7 and those laboratories that condtexd more than one
technique were labelled i and ii as appropriate. The coratration of the distributed
standard is represented by the black horizontal line. NAndicates not analysed.
Adapted from (Evanset al., 2002).
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Figure 2.9. River and marine samples from GANE DON interalibration exercise
2002. The key indicates the various analytical techniques usgtthe exercise. Red
bars indicate analyses performed using the HTCO techniquia this study. Each
analytical laboratory was labelled 1 to 7 and those laboratories thatonducted more
than one technique were labelled i and ii as appropriateThe black horizontal line is
the mean group concentration of the sample and the dashed hpontal lines indicate
the 95% confidence limits for the group mean. Adapted fron{Evanset al., 2002).

NA indicates not analysed.
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However, overall laboratories 1, 2, and 4ii were the ordygs to measure all samples
within the 95 % confidence limits (Evamsal, 2002). Poor oxidation efficiencies were
observed for groups 5 and 7 and group 7 had a great discrepanegéte two
analytical methods. The red bars indicate the resultstinenstudy. There was good
agreement, within the 95 % confidence intervals for themaaamples. However, the
river samples were consistently overestimated; this wmaitas to the low concentration
standards. The poor accuracy of the HTCO method at low conommgres not of great
concern since TDN in the River Test and estuary is terhiglter than these low
standards. More importantly the HTCO is able to measumnitdh@¢ange standards which
are a better approximation of the TDN measured in sampllesteal during this study.
The overall conclusion of the intercalibration exercise tvaswithin the GANE
community there was an overestimation of DON concentrationslightlysless so at
medium than at low concentrations. The exception was the UVtmadmethod which

appeared to underestimate clearly at medium concentrations.

2.3.6 PON and POC

Analysis of the particulate organic nitrogen (PON) and ca(B@C) from the GF/F filters
was carried out using a Carlo Erba EA1108 CHNS-O elemerdbisan. The particulate
nitrogen retained by the filter was expected to be maimggric, as inorganic nitrogen is
removed in the filtrate. The filters were oven dried 80°C for 24 hours. A filter punch
was used to cut two 17.5 mm diameter circles from d@ainm GF/F filter, which were
individually folded and compacted within tin capsules. Poartalysis the tin capsules

were stored at room temperature in a desiccator with giéita

The elemental analyser was calibrated using blank fétedssulphanilamide standard
which contains 41.85 % carbon and 16.27 % nitrogen. The analysisxyggen and
helium as carrier gases and involves flash combustion followedé&guction of the
nitrogen oxides to nitrogen gasJNind carbon dioxide (Cfor detection using thermal
conductivity (Verardeet al, 1990). The concentration of nitrogen and carbon was
calculated per litre of water filtered, assuming a unifdiistribution of particulates over
the filter. The analysis had a blank of 0.9 uM and a ladhdetection of 0.06 uM for both
POC and PON. The precision of the analytical technique anglyso replicates from
each GF/F filter was 5 % for POC and 9 % for PON.
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2.3.7 Chlorophyll a

Fluorometric determination of chlorophyll a was carried out uaifigrner design 10 —
AU fluorometer (Parsonst al, 1984). The fluorometer was regularly calibrated using a
1:10 dilution of 100Qugl™ chlorophyll a standard (Sigma Chemicals), stored af620
The amount of pigment in the standard was determined photomgtusilg Equation

2.5.

Chlorophyll a (1g I'") = 11.85 Ees— 1.54 47— 0.08 B30 (Equation 2.5)
Chlorophyll a fig I') = ng (Equation 2.6)
E = absorbance at a specific wavelength (corrected bg#uing at 750 nm)
P = fluorometer reading
v = volume of acetone (ml)

V = volume of water filtered (ml)

Each sample was filtered through a Whatman 25 mm (diant@¥keF filter using an in-
line swinex filtration system. The filters were storeaz&n and brought to room
temperature in the dark prior to analysis. Each filtas placed in the bottom of a
centrifuge tube with 8 ml acetone (90 %) and sonicated for 30 secthdgubes were
then centrifuged for 10 minutes at 3000 rpm and the supernatdyseah using the
fluorometer. Equation 2.6 was used to calculate the chlorophbgtheentration (Parsons
et al, 1984). In December 2000 and January 2001, 3 replicate Vilezescollected for
analysis from sites in the upper, mid and lower reachdsedtudy area (sites 16, 9 and
15). The mean standard deviation for three replicate measntemas 4.8 % and the

limit of detection was 0.Jg I'™-.

2.4 ENVIRONMENT AGENCY SAMPLING AND ANALYSIS
PROCEDURES

The monthly nutrient samples collected by the Environment Agency édEA number of
sites on the River Test and estuary, are analysed in redabwhtories for ammonium
and nitrate. The EA does not analyse for particulate orggtngmen or DON. According

to Tony Lee of the Environment Agency, Southern Region (pers. camirgte
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concentrations are determined indirectly by subtracting nitatecentrations from TON.
The TON determination is similar to that discussed abovenitcaite, although copper /

hydrozene is used as the reducing agent rather than a cadmiwmmgsliMSO, 1981b).

The analysis of samples for ammonium concentration is condudtegdierent methods
for freshwater and saline samples. The freshwater ammomig@surements are
determined spectrophotometrically using hypochlorite and sakcytabgent in the
presence of sodium nitroprusside. In contrast the estuaringlesaare analysed using
hypochlorite and phenol in the presence of potassium ferrocyarid8@;11981a).
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3 CHAPTER THREE. TEMPORAL VARIATIONS IN THE INORGAN IC AND
ORGANIC NITROGEN IN THE RIVER TEST AND ITS ESTUARY

3.1 INTRODUCTION

Temporal changes in river and estuarine nutrient concentratierisfluenced by
seasonality in rates of primary production and nutrient consumjpisongell as external
factors such as changes in river flow. Nutrient inputs fadfuse sources (for example
agricultural runoff of fertilisers and atmospheric depositioaymlso have an impact but
are more difficult to quantify. In contrast, point souet#uents from sewage treatment

works (STW) and fish farms can be more readily monitored.

A monthly sampling survey commencing in July 2001 was carriedlong a 17 km
section of the lower reaches of the River Test and uppeargstuinvestigate the temporal
variation in nutrient concentrations over an 18 month periatferBnt processes were
expected to influence the saline and freshwater systamsfore data are presented
separately to investigate temporal nutrient variatione fféctions of total nitrogen and
carbon within these systems were calculated to characthagroportion of nitrogen (and
carbon) represented by dissolved organic matter (DOM). Tiudy sépresents the first
estimates of the total nitrogen budget for the River Test aner Ugst estuary, as routine
nutrient monitoring by the Environment Agency does not include detetiominat

dissolved organic nitrogen (DON).

Although there is no current legislative limit to nutrient conications in UK estuaries,
international agreements (European Community Directives, TiRARSonvention and

the North Sea Conference Declarations) require the redudtiartreents from land-based
sources entering the sea (Nedveglal, 2002). The calculation of inorganic nitrogen loads
from many UK rivers by Nedwed#t al. (2002) has permitted a comparison of estuaries and
their nutrient status. In this chapter the combination o&iriaheous river flow from just
above the tidal limit with nutrient concentrations (organic iandganic) was used to
determine the nitrogen load from the River Test into Hteagy. A better understanding of
seasonal changes in river and estuarine DON in relatioth&y nutrients will clarify the

DOM sources and sinks as well as providing a more complete mitlaghyet for this

system and total riverine nitrogen loading of the Test estuary.
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3.2 METHODOLOGY

Water samples were collected from River Test and esheiween Mottisfont and
Redbridge railway station over 18 months between July 2001 and bec602 (Figure
2.1). The aim of sampling on a monthly basis was to chaisetemporal variations in
nutrient concentrations. The samples were analysed usingdastasuite of analytical

procedures detailed in §2.3.

3.3 RESULTS

3.3.1 Field measurements

In situtemperature and conductivity measurements were taken ugifi\asalinometer
from surface waters at each sampling site, with theptian of sites 1 and 18, where
measurements were also taken at depth (Table 2.1). athérdm these measurements are

presented on a monthly basis in Appendices B and C.

Figure 3.1a presents the temperature measurementsyasaugling site throughout the
course of the 18 months. The range of temperatures meas\gémat.6 to 19.6C
with the highest temperatures observed in saline ratherrbsimifater samples.
Predictable seasonal changes in water temperature waseired, slightly warmer water

temperatures were measured in winter 2002 than 2001.

Salinity was measured in water samples on return tabwrdtory and was only detected
in samples collected from the upper estuary and lower reathbe River Test (Appendix
D). Sites 18, 17, 1, 2, 6 and 6a (Table 2.1) were condlisgaline or had regular saline
intrusion, the extent of saline intrusion being dependant upon tmgsprap tidal cycle.
The time of sampling was adjusted to obtain water samg@esthe period of maximum

ingress of water. In June 2002 a maximum salinity of 33.1 veasuoned at site 1.
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Figure 3.1. (a) Water temperature and (b) freshwater conduwvity (EC)
measurements from the River Test and estuary represerdaising box and whisker
plots. The box upper boundary represents the #5percentile and 24" is that closest
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river flow is shown in grey.
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In freshwater samples water conductivity (EC) was detechivhich is a measure of the
total dissolved ions in the water. The EC in freshwatepses was between 300 and
650uS cmi* (Figure 3.1b). Highest measurements were recorded in supfr2001 and
2002, with the lowest EC from winter 2001 to spring 2002. Althougte thvas no
apparent relationship between water conductivity and flow, @eehained high
following summer 2002 and did not decline in November and Deceaslsren in 2001.
These high water conductivities coincided with the higHestsf measured during the 18

month survey.

3.3.2 Nutrient observations

Nutrient data at all sites  Nutrient concentrations from all sites (including those from
parallel stretches of the river) gave a good indicatioh@fange of concentrations
observed in the river to estuary continuum. These measuremeigita, ammonium

and chlorophyll a from July 2001 — December 2002 are summariséglire 3.2.

A wide range of nitrate concentrations was measured (18 tpM68igure 3.2a), with the
majority of concentrations being above 4. The lowest concentrations were measured
in saline samples and clear temporal variations were agpdrew concentrations were
measured in summer 2001 and these increased during the auttgaoheak nitrate
concentrations in February 2002. A spring to summer declineratenivas followed by

autumnal increases in both 2001 and 2002.

Ammonium concentrations measured during the 18 month surveygemeeally less than
10uM. A number of saline samples contained higher concentratimhdid not follow

the same temporal variation as the freshwater samplag€R32b). This was particularly
pronounced in the latter half of 2002 when there was regular sangblestuarine sites 17
and 18, downstream of Redbridge. The data showed some degga®ofal variation in
ammonium concentrations, with decreasing concentrations atjoeitynof sites between
July and October 2001.
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Ammonium concentrations then increased to a peak in Deel001, and then declined
to a second low in February 2002. Throughout 2002 the ammonium concentrations
continued to fluctuate with a peak in May and a low in Octolesimilar variation was
seen to that observed in 2001, with increasing ammonium cora@mgrduring November
and December 2002. Although the seasonal pattern for ammoniulassadear than for
nitrate, high concentrations were observed on a six monthly, lzashe beginning of

winter and end of spring, in between which the concentrationineéc

A pronounced seasonal change, with less differentiation betsediae and freshwater
samples, was observed in the chlorophyll a concentrationsr@8g2c). Chlorophyll a
concentrations greater than 10 ffgiere measured in summer 2001. Following a winter
decline, a strong chlorophyll a peak was then observed inh\eud April 2002, with
values up to 3Qg I'*. Following May 2002, the concentrations remained below 10 pg |

until the end of the survey period.

These summaries of the entire dataset not only give afipsbximation of the seasonal
variations in nutrient concentrations, but also indicate thetesahd freshwater samples
have different concentration ranges. Therefore separatibe dfeishwater and saline

samples is necessary to get a clearer understanding s#akenal processes within the

river and the estuary.

Freshwater nutrient observations A summary of freshwater samples was produced
using nutrient data from sites where the river was consttanithin only one main
channel (sites 9, 10 and 11) or, where the channel wa®arsstd, from the site with the
highest river discharge (sites 4, 13 and 15). Theseaiteidentified in Figure 3.3 and
described in more detail in Table 2.1.
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At these main channel sites in the River Test, nitateentrations between 3a81 and
568 UM were observed (Figure 3.4a). This was a much narrowmgeraf concentrations
than observed from the full dataset (Figure 3.2a). Howev@mitar seasonal pattern was
apparent. The lowest nitrate concentrations were measured)us®A2001, after which
the levels increased to a peak in February 2002. The cosmttemsrthen proceeded to fall
until the lowest median nitrate in August 2001. Towards theo€8002 nitrate

concentrations followed a similar pattern to the previous year.

The ammonium concentrations ranged from the limit of detectioiéoindophenol blue
method (0.44M) to a maximum of 7.4 uM in May 2002 (Figure 3.4b). Within amynth,
there was a wide range of concentrations between Sessonal changes in ammonium
concentrations were not as apparent as in the full dataset€d dg@b) and August to

December of 2001 and 2002 showed contrasting temporal variations.

DON concentrations at the main channel sites showed no seasodal with maximum
concentrations of 98M measured in December 2002 (Figure 3.4c). From August to
November 2001 a gradual increase in median DON concentratiorabsaved, whereas
during the same months in 2002 the DON concentration decreasedg errest of the
study period concentrations fluctuated with some months showiegriitir-site

variability (May 2002) whereas other months were highly vari@hlae 2002).

A wide range of dissolved organic carbon (DOC) concentrations measured in the
freshwater samples (8 uM - 575 uM), with a mean concentrati®®4 uM. A clear
seasonal variation was apparent with spring minima in Aprilnaaximum concentrations
in the autumn (Figure 3.5a). The timing of the autumn maxinvasvariable, with 2001

having a peak in August and autumn 2002 having the highest ni2@@rnn November.
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Figure 3.4. Temporal variations in (a) nitrate, (b) ammoniun and (c) DON measured
in freshwater samples from sites 4, 9, 10, 11, 13 and 15heTupper box boundary
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data (loss of sample through bottle breakage or failure of analytal procedure to
produce results of acceptable reliability). Ammonium neasurements < limit of
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Figure 3.6. Temporal variations in (a) chlorophyll a, (b) DOCDON and (c)
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each plot. ND = no data (loss of sample through bottle breae or failure of
analytical procedure to produce results of acceptable redbility).
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The range of particulate organic carbon (POC) concentratiadhs River Test was similar
to that of DOC (24 — 392 uM), although there was an invexasosal variation for POC
(Figure 3.5b). Concentrations between July and October 200 fairyestable and low,
but increased through the winter to a spring peak in March 208&wing the peak,
concentrations dropped rapidly until the autumn when the cycle begamnasgDOC

concentrations increased.

The range of particulate organic nitrogen (PON) concentratiotieiRiver Test was
between 3 and 57 uM. The temporal variation closely foltbthat for POC (Figure 3.5c)
with a spring peak of 23 uM in March 2002. However a dé&rence was the increase
in PON concentrations measured in October and December 2002wdrnemuch higher

than the spring increase.

Chlorophyll a concentrations (Figure 3.6a) ranged from 0.7 t@27", but concentrations
exceeding 12g L™ were only measured in March and April 2002. This markexbase

in chlorophyll a in the spring coincided with peaks in POC &b Rvhereas other
months showed a narrow range of chlorophyll a concentrations. Hqweleto October
2001 had a greater degree of inter-site variability. Thsgood overall agreement in
the range of data at the 6 freshwater sites (Figure 8réh)he whole dataset including

measurements of chlorophyll a at all sites (Figure 3.2c).

The ratio of DOC: DON in the River Test had a range ot®B34.4 (Figure 3.6b).
Generally a decrease was observed from July 2001 to April &il@Ryed by a gradual
increase in DOC: DON to a peak in autumn 2002. April 2002 haldwest ratio
indicating high DON concentrations relative to DOC. Highaosatvere measured in
December 2001 and February 2002, which did not concur with the gdaeliak from
autumn to spring. A similar anomaly was the high DOC: Dédbrded in November
2002.

The POC: PON ratio had a range of 9 to 38 (Figure 3-Bajoughout the study period a
consistent increase in the ratio was observed until a pédéviember 2001; this was
followed by a gradual decline during spring and summer 2002. TharpP®C: PON in
November 2001 was not repeated in 2002, but the ratio was muehdoe to the

elevated concentrations of PON relative to POC measuithése months.
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Seasonal variations in water quality parameters at individual site This
section will focus on data from three sites, located atipiper (site 15) and lower (site 4)
limits, and middle (site 11) of the study area to establistihen¢he location of the
freshwater sampling sites influence seasonal changesaten@mmonium, DON and
DOC (Figure 2.1). A more detailed consideration of spatahggs in nutrient
concentration will be considered in Chapter 4. The dailgmilow at Broadlands, in the
middle of the study area has been plotted together with thiemtutoncentrations (Figure
3.7) to identify if patterns in the river flow influence ttieerine nutrient concentrations
(Appendix G).

Seasonal variations in nitrate were clearest at sitemd 1.5 in the mid and upper parts of
the study area. Peak concentrations were observed in FebndaDeeember 2002 during
periods of high river flow (Figure 3.7a). At site 4 where Iowiérate concentrations were

measured, the relationship between nitrate and flow wasifgsarent.

There were no obvious seasonal variations in ammonium conaamdrat the River Test
(Figure 3.7b), as disparities existed between July teBDéer of both 2001 and 2002.
There were some similarities between the sites, vatyaged concentrations being
measured in November and December 2002 during the highestaiverFairly low
concentrations were measured from August to October 2002 during tifievoperiod of
the year. However, this relationship with flow was not consiste high ammonium
concentrations were detected during the high flows of February 208Enilar range of
concentrations was measured at sites 4 (lower) and 11 (madyever, further upstream at

site 15 generally much lower concentrations of ammonium weeetde.

DON concentrations at these three sites showed no clear slnagoation (Figure 3.7¢),
although there were some similarities in the timing of peakstroughs between the years.
For example increasing concentrations of DON were measureddretiuly and

November of both 2001 and 2002. In 2001 this peak was followed byeadedn
concentrations in the winter months, particularly at thet amd upper sampling sites.
Gradual increases in concentrations were measured in thg,gmaking in June 2002.

There was no overall apparent relationship between riverdt@hDON concentration.
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Figure 3.7. Nitrate, ammonium, DON and DOC concentrationgrom July 2001 —
December 2002 at sites 4 (lower Test), 11 (mid-Test) and (Upper Test). ND = no
data (loss of sample through bottle breakage or failure of analytal procedure to
produce results of acceptable reliability). Error bars lepresent one standard
deviation. Ammonium measurements < limit of detection (& uM) are indicated with
a concentration of zero.
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Changes in DOC concentration measured between July and Bercehtboth 2001 and
2002 showed little similarity (Figure 3.7d). However, thees\strong agreement in the
timing of troughs and peaks of DOC concentration throughout the sueay Buring the
first six months of sampling (July 2001 — January 2002) concentrai@®C were
steadily decreasing in the river. A sharp increase in craten was observed in
February 2002 at all sites, this being most prominent at sitéh4 lower River Test.
Concentrations declined sharply in spring 2002 to reach the lomesentrations in April.
DOC increased from these low levels in April to a maximamovember 2002 during the
peak flow, which was followed by a sharp decline in Decemib@e patterns of DOC
concentration are most similar between sites 11 and 15hawekd little correlation with

river flow.

Saline water nutrient observationsWater samples collected from freshwater and
brackish environments were subject to different environmeatalitons, which

influenced the nutrient concentrations. Data presented ind=&jRrhave shown that saline
samples contain a different range of nitrate and ammoniuneotatons to freshwater
samples. Seasonal nutrient variations in the saline sarapt expected to reflect the
different processes occurring in the estuary. Therefouenangiry of the nutrient data is
presented (Figure 3.8 to Figure 3.10) to show monthly contenisaf nitrate,

ammonium, DON, DOC, POC, PON, chlorophyll a, POC: PON an@ DN from sites
1, 2, 6, 6a, 16, 17 and 18.

Nitrate in the saline samples collected from the upperdstgary and lower River Test
had a wide range of concentrations from 21 to 490 uM (Fig8e8,3vhich was higher
than in the freshwater samples. Prior to June 2002, onlyHe af listed sites were
accessible; after this date samples were also collgoedsites 17 and 18. The median
nitrate concentrations showed low values in August and Septe2B1 with increasing
concentrations in the autumn and winter months. Concentratichsadjsadeclined after a
peak was measured in January 2002. The exception to this degteaisd was July and
September, which had the lowest flow conditions. These texhganations were similar
to those seen in the freshwater samples, although the peatkswgits occurred a month

or two later than in the freshwater samples.
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Figure 3.8. Temporal variations in (@) nitrate, (b) ammoniumand (c) DON in
saltwater samples from sites 1, 2, 6, 6a, 16, 17 and 18.eTupper box boundary
represents the 75 percentile and lower, the 258. The whiskers above and below the
box indicate the 108 and 90" percentiles. The line within the box represents the
median. Computations of whisker percentiles and mediarequire > 5 data points.
On the x axis, (hnumber) represents the number of data vaés for each plot. ND = no
data (loss of sample through bottle breakage or failure of analytal procedure to
produce results of acceptable reliability). Ammonium neasurements < limit of
detection (0.4 uM) are indicated with a concentration ofero.
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Figure 3.10. Temporal variations in (a) chlorophyll a, (b) DOCDOC and (c) POC:
PON measured in saltwater samples from sites 1, 2, 6, @&, 17 and 18. The upper
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plot. ND = no data (loss of sample through bottle breakage éailure of analytical
procedure to produce results of acceptable reliability).
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Ammonium concentrations in the upper estuary are presenkedure 3.8b. A wider
range of concentrations was measured at these salinéhaitest freshwater sites, with
concentrations ranging from the 0.3 uM to a maximum of 23.1ru®kcitober 2002.
Although no seasonal trend was apparent, similarities were oddsetieeen July and
December in both years, i.e. an increase in ammoniumentmations was observed until
September or October, proceeded by a decline. Fluctuatingnt@tz®s of ammonium

were measured between January and June 2002 with no consistent trend

Concentrations of DON in the saline samples (Figure 3.80¢ wiuch higher than in
freshwater samples (Figure 3.4c). The highest concenti@®®npuM) was measured in
June 2002. Although there was no apparent seasonal variati@Nnfm July 2001 to
February 2002 a steady increase in DON was measured withsalthe samples. DON
fluctuated throughout 2002, with a particularly wide range of coretgmts being
measured in January and February 2002. The gradual increaseentrations measured
in 2001 was not observed in 2002.

The measured concentrations of DOC in saline samples wevedre62 and 645 uM,
although the majority of samples were below 300 uM (Figur&) 3.Bxceptionally high
DOC concentrations were measured in October and November 2p@#t from these
months, the rest of the 18 month survey showed some seasoatibnavith DOC
increasing from July to December 2001 and then fallingléavan April 2002, with a
second peak in autumn 2002. There was a high degree ofrgimileDOC at all sites and
a particularly narrow range of concentrations was measusdiire samples collected in
December 2002.

A clear seasonal pattern in POC was observed (Figure 3.9t whas similar to that seen
in the freshwater samples (Figure 3.5). A gradual incri@eaB®C concentrations was
measured from September 2001 to March 2002 reaching a peantration of 243 pM.
This peak was lower than that measured in the freshwateples (300 uM). The seasonal
pattern continued with a decline in concentrations during summer 200%ed by an
increase in November and December 2002. August 2002 was an anomatbiis m
compared to the general decline in concentrations in springuancher 2002, this was due
to high POC concentrations at sites 6 (Testwood Lane) andet®iidge station deep
sample at high tide).
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A lower range of concentrations was measured for PON (2u+M)&han POC (Figure
3.9c). The peak PON concentrations in March 2002 were carisigt those measured
in the River Test, but the second peak measured in Dec@®@2mvas lower. The lowest
concentrations of PON were measured in November 2001 and July 2@BGugh clear

temporal changes in POC concentrations were evident, aafyleleN was not evident.

Concentrations of chlorophyll a measured in the upper Testgstese of a similar range
to that seen in the freshwater samples (Figure 3.I0a&pughout the year the
concentrations were fairly stable, with the exception of s@@0Gf when a marked
increase in the median concentration was measured. The chld@pbylcentrations in
March 2002 reached 19 pigwhich was earlier than the peak recorded in freshwater
samples in April. Another contrast with freshwater chloropayilas the absence of

elevated concentrations in August and September 2001.

The range of DOC: DON was 0 to 51 (Figure 3.10b), with eardemporal variation.
Some months (April and December 2002) had consistently low edtadksites, whereas
other months had a wide degree of variation between sitagethber 2001 and January
2002). The high values during these months could be attributed to@dwddncentrations
relative to high DOC; and the inverse was likely froprifto December 2002.

Figure 3.10c shows a clear temporal change in POC: P@i\ wétth similar
concentrations to those measured in freshwater samples. Téw lavos (< 10) were
observed between September and December 2002 when the P@bpeeaislly high. The
peak POC: PON ratio occurred in November 2001, which was édé i that in
freshwater. The variation in POC: PON was not seasasautumn 2002 did not repeat

the increase observed in 2001.

3.3.3 Total nitrogen and total organic carbon composition

The sum of PON, dissolved inorganic nitrogen (DIN) and DO&gisal to total nitrogen
(TN) and total organic carbon (TOC) is the sum of POC and D&@nthly mean
concentrations of both TN and TOC and the percentage composéipnegented in

Figure 3.11 to Figure 3.14. The freshwater and salinplearhave been separated using
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the same sites as §3.22. The six sites used to chamtherigver were 4, 9, 10, 11, 13

and 15 and the seven saline sites were 1, 2, 6, 6a, 16d11Ba

Total nitrogen composition TN concentrations in the River Test during the 18 month
survey were between 424 and 641 pM (Figure 3.11a). Concensraaried little
throughout the study period with the exception of December 2002, wh&adtahigher
TN was measured. Elevated concentrations of TN were measane November 2001 to
April 2002 compared to the following six months. It is appafiemh Figure 3.11a that the
River Test is a nitrate dominated system throughout the y@@N was the second largest
form of nitrogen, followed by PON, with ammonium forming the deslfraction of the

TN composition.

Lower TN concentrations were measured in the saline sanfipigure 3.11b) and the TN
concentration was more variable in saline than in thédvater samples. Some temporal
variation was apparent in the TN concentrations, which denginated by nitrate, with
peaks occurring in winter 2001 and 2002. The lowest TN was retordaigust 2001,
although this was preceded by higher concentrations of TN ir00ly. DON
concentrations were higher in the saline than freshwater eangithough the PON and
ammonium concentrations were comparable with freshwater sangalrticularly in June
2002 when DON was the dominant fraction of TN. There wadaaw temporal change in

DON, PON or ammonium concentrations.

Figure 3.12a shows the nitrogen species as a percentagstof/ater TN. Nitrate is the
dominant species in the river Test ranging from 80 to 95 #teofotal nitrogen. DON
(with a range of 2 — 12 %) was the second largest fraptioviding a mean composition
of 7 % of freshwater TN, with ammonium and PON contributirfgg% and 2.4 %
respectively. No seasonal variation in the percentagediosition from freshwater

samples was apparent.
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Figure 3.11. Total nitrogen (TN) composition in the (a) Riveiest (sites 4, 9, 10, 11, 13, 15) and (b) estuary (sites 1,
2,6, 6a, 16, 17, 18) (July 2001 — December 2002).
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At the saline sampling sites, DON was a larger proportioi\bthan had been seen in the
River Test (Figure 3.12b). DON contributed 16.8 % of the Tithd¢agh the range was 3 —
59 %), this was almost 50% higher than at freshwater dgeth ammonium and
particulate organic nitrogen also comprised a larger proportidiNoh the saline samples
(2.6 % and 3.1 % respectively). Therefore the percemfa@hl as nitrate was smaller
than in the freshwater samples and had a mean of 77T&6e appears to be little
temporal variation in the proportion of nitrogen species in ettiefresh or saline

samples.

Total organic carboncomposition DOC and POC concentrations were measured each
month in the River Test and upper estuary to determine the citiopas TOC. The

mean freshwater TOC concentration ranged from 163 to 373 jgur€=3.13a). A

gradual decline in DOC concentration occurred between autumn 8804pail 2002,

while the POC concentration increased. The inverse was elsewards the later half of

the sampling period, when the dominant component of TOC was DOC.

TOC in saline samples had similar concentrations téréshwater sites, ranging from 158
to 484 uM (Figure 3.13b). Although less apparent, a similarrpdtighe freshwater
samples could be observed, with POC being the dominant fofi@©@fin March and

April 2002 and DOC for the rest of the year. This decline fp@ak DOC in the winter to
lowest concentrations in spring and summer was less gradudhttaseen in the
freshwater samples. The largest fraction of TOC for thprity of the sampling period
was DOC.

Temporal variations in the composition of TOC were most app&i@m the percentage
composition shown in Figure 3.14a. A clear decrease indifteptage of DOC in
freshwater samples in the spring was followed by an autumeraase in DOC and vice

versa for POC.

The saline samples (Figure 3.14b) were characterisedroyerstable composition of
TOC with approximately 60 % DOC to 40 % POC. However, sioiieation of a similar
temporal variation was seen as in the freshwater samplescompositional change in the

saline samples was more erratic with less of a gracaradition from the high proportion
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of DOC in August 2001 to a low in March and April 2002. DOC again dominant in
October 2002.

3.34 Nitrogen loading of the Test estuary

The riverine nutrient inputs to estuaries are determined ussagumements of river flow
and nutrient concentration. ldeally, daily nutrient measergs would allow
characterisation of the full range of flow conditions, bumglng practicalities usually
result in the use of monthly nutrient concentrations. Dailgrrilow data are available for
many UK rivers from the Environment Agency. However, thetraosurate calculations
of nutrient load use flow data from the gauging station clogleettidal limit (Wright,
1980). In the case of the River Test, the anastomosed oéatiheelower reaches meant
that the closest gauging station that measured theltmtedvas located at Broadlands (SU
3541 1886), 4 km above the tidal limit (Appendix G). Gauging stati@ns also located
in the lower reaches of the River Test near Testwood@raeof the parallel channels
and on the River Blackwater tributary (Appendix H). The s@ithese flows remains an
underestimate of the total flow of the River Test at ith& timit, as additional water enters
the river below the gauging stations from a fish farm anktiseaccretion of flow below
the gauging station at Ower on the River Blackwater, bef@ereanfluence with the River
Test. Therefore the best approximation of total river flowttierRiver Test is to correct
the flow at Broadlands to accommodate the flow accretion bélewgauging station. The
total area of the Test catchment based on the interaftijitel terrain model at the Centre
for Ecology and Hydrology, Wallingford is 1196 kmvhereas the gauging station at
Broadlands only drains 1040 krfMorris and Flavin, 1990).

River Test daily flow Daily river flow data at Broadlands from January 1985 to
February 2003 are presented in Appendix |. A prolonged periodesfflow in excess of
30 m° s* was measured in early 2001, which was associated with floaulihe i
catchment. For the period of the sampling programme (frop2D@1 to December 2002)
the mean daily flow was 1178*. However following the high flows in winter 2001, flow
in excess of 15 ts* was only measured between February and April 2002 as well as
November 2002 to January 2003.

Figure 3.15a shows the river flow at Testwood and Broadlandsdaturation of the

monthly sampling survey. The lowest river flows were measatr@roadlands, as the
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gauging station was further upstream than Testwood, thedfairéng a smaller area of
the catchment. The peak flow (in February and November 200Zhes@gore higher and
more prolonged at Testwood, and marginally later than Broadldtolsever the gauging
stations at Testwood also received inputs from the Rivek®@ier, which responds
rapidly to precipitation inputs, as the underlying geology ig ated sand in contrast to the
permeable chalk bedrock in the majority of the Test cagett (Figure 1.5). Figure 3.15b
shows that during the low flow conditions the two areas of tteho®nt have similar river
flow, however at higher flows, the river channels near Testlhmaintain a higher water

flow for longer than at Broadlands.

Nitrogen load at Broadlands Daily flow data for the duration of the sampling
survey (July 2001 — December 2002) in combination with monthly geerancentrations
of nitrate, ammonium and DON were used to determine thageit load at Broadlands
(Walling and Webb, 1985). There are numerous methods for catguhaitrient loads,
although many are criticised for averaging the flow datavatyearly stage and therefore
underestimating the nutrient concentrations at periods of high(¥éailing and Webb,
1981; De Vries and Klavers, 1994; Bukaveckaal, 1998; Nedwelkt al, 2002). The
main issue when calculating the load is lack of frequentemitmeasurements in
comparison with river flow. Nutrient samples were caéeloon a monthly basis by the
Environment Agency during this study, whereas flow measuremiebfsrainute intervals
were available from the gauging station at Broadlands. ditherefore necessary to use
linear interpolation to estimate the nutrient concentratietsden sample collection days.
The mean daily nutrient concentration was then estimated wuaings from 20 days prior
and post that calendar day. The daily nutrient load was ceddulaing the daily mean

nutrient concentrations and the mean river flow (Equation 3.1).
The addition of 30 daily nutrient load values gave the totaithly load, and the addition
of these monthly load estimates from 12 months of datathavennual nutrient load for

2002.

Load = daily mean flow x [nutrient] (Equation 3.1)
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Figure 3.15. (a) Temporal changes in daily mean flow betweeihine 2001 and
December 2002 at Testwood and Broadlands gauging stations (b) Dailgam flow at
Testwood plotted against Broadlands from June 2001 to December 200@&ource:
Environment Agency). The diagonal line in panel (b) indicads a 1:1 ratio.

80



Chapter Three — Temporal variations

Land access constraints prevented the collection of nutriepiessimmediately adjacent
to the flow gauging station at Broadlands, therefore nutrenpkes were collected from
site 10 at Longbridge (SU 3547 1786), which was 1.3 km downstrehare Were no
major inputs of water to the river between these two locafrons tributaries or other

discharges (Appendix G).

The estimated mean monthly nitrate load at Broadlands wasédm 9.5 and 30.7 Mmol
mnth’ (Figure 3.16a). Temporal changes in nitrate load closdlyaet the river flow,
with the lowest monthly load being recorded in September df 2@@1 and 2002 and also
a spring peak was measured in February 2002. The highest peaka®aecorded in
December 2002, which coincided with the peak river flows obdgsee Figure 3.15).
The annual load of nitrate to the Test estuary in 2002s@mated to be 206 Mmol'y

To make comparisons with other catchments, nutrient loads aiedated per unit area
kilometre of the catchment. The area-normalised nitratkftmathe River Test / estuary
based on nutrient samples collected in 2002 and river flowcstdBands was 1.7 x 10
mol km? yr* (Table 3.1).

Table 3.1. Annual nitrogen load and area-normalised load at Broadiads. NA = data
not available.

Annual load Area — normalised load
(Mmol yr ™) (mol km2yr™)
Nitrate Ammonium | DON Nitrate Ammonium | DON
This study 206 2.1 23 1.7x10| 1.8x10 | 1.9x10
EA 212 2.2 NA 1.8x10| 1.9x10 NA
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Figure 3.16. Monthly nitrate, ammonium and DON loads calculaté using daily flow
data from Broadlands gauging station and nutrient concentrations fom site 10 at
Longbridge.
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The ammonium mean monthly load increased more graduallytibanittate load from
September 2001, reaching a peak in March 2002 (Figure 3.16k).thWiexception of
April 2002, a gradual decline in ammonium load was observedSeyptember 2001,
suggesting a seasonal pattern in monthly ammonium lo&e iRitver Test. A marked
increase was measured in November 2002, reaching a maxoadrof 0.35 Mmol mnth
in December 2002. In 2002, the annual ammonium load was 2dl Mﬁ1and the area-
normalised load was 1.8 x ol kmi? yr, which was two orders of magnitude lower
than the nitrate load (Table 3.1).

Temporal variations between DON and flow were similar toskan with DIN, but the
relationship between mean monthly DON load and river flowlessclear (Figure 3.16c).
The spring/early summer peak in DON was recorded in June @0@ was later than
the spring peak observed in both the nitrate and ammonium loadshil# semporal
pattern was apparent to that seen in nitrate and ammonad®s &though the DON load
was more variable from month to month. The lowest monthly DfaN was measured in
August of both years (0.32 Mmol mtin 2001 and 0.49 Mmol mnthin 2002). This
occurred a month before the lowest DIN loads observed in Sept&®0l1 and 2002. The
highest monthly DON loads occurred in November and December @823 maximum
of 3.55 Mmol mntH in December. The difference in nutrient load between Noezmand
December 2002 was markedly smaller for DON in comparisonib Dhe annual DON
load in 2002 was 23 Mmol yrand the area-normalised load was 1.9 %6l km? yr™,

which was only one order of magnitude lower than the nitrate load.

Nutrient load from Environment Agency (EA) samples The calculation of nutrient load
from EA samples was performed in an identical way tes#mples collected during this
study. The routine collection of nutrient samples as paheoHarmonised Monitoring
Scheme (HMS) included measurements of nitrate, nitriteaamdonium concentrations in
the River Test (Appendix J). Samples were collected fhensame location as this study
at Longbridge (site 10), downstream of Broadlands gaugingrstathese monthly
measurements provide information on the DIN composition; howegss trave been no
measurements of total dissolved nitrogen (TDN), thereby prexgtite determination of
DON load.

83



Chapter Three — Temporal variations

35
(a)
30
25

20

15

Nitrate (Mmol mnth™)

10

0 T T T T T T T T T T T

OIS 0'\’ I I 0”/ v 0"/ NN

S0

5\) vpo) 6®Q OO é0 0 Sb'

0

0.4

(b)

0.3

0.2

0.1

Ammonium (Mmol mnth™)

0.0 T T T T T T T T T T T

RN NG NN NN ARG 0”/ v v 0"/ g

)
N PR S P 8 S S D PR F S

(¢]
2

Figure 3.17. Monthly nitrate and ammonium loads calculated usig daily flow data
from Broadlands gauging station and nutrient concentrations from he Environment

Agency collected at Longbridge (SU 3547 1782).
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The variation in monthly mean nitrate load from the Environmgy@ncy nutrient samples
was virtually identical to that calculated from the nuttéemeasured in this study (Figure
3.17a). A sustained peak in mean monthly nitrate load wasdext between February and
April, followed by a low in September 2002. A large differem@es observed between the
monthly nitrate load in November and December 2002. The Environngemici nutrient
samples produced an annual nitrate load of 212 Mnioagd area-normalised nitrate load

of 1.8 x 18 mol km? yr?, both of which were marginally higher than those measured using

nutrient data from this study.

The mean monthly ammonium load (Figure 3.17b) was betweemfdl®.35 Mmol yr*
and was more responsive to changes in river flow than theenlitid. For example the
peak load increased three fold between October and Nov&02, whereas the nitrate
monthly load only doubled. The annual ammonium load in 2002 was 2.2 ol
which was higher than that calculated from ammonium cond&mtsameasured in this
study. The area-normalised ammonium load was 1.9 mbOkmi? yr*, which was two

orders of magnitude lower than that for nitrate.

Nutrient concentration versus river flow The plot of nutrient concentration and river
flow presented in Figure 3.18 shows no real relationships for nitnab@onium and DON
concentrations measured at site 10 at Longbridge. Eighteen nodminsient samples
from this study (nitrate, ammonium and DON) and from January tOBDécember 2002
from Environment Agency sampling programme (nitrate and ammortihgngbridge
(site 10) and Testwood (site 4) were plotted against tlee flw on each sampling date.
The increase in nitrate concentration with flow was gréataeger low flow conditions, and
reached a plateau above 15 st (Figure 3.18a). The Environment Agency samples
collected over a longer period measured nitrate concemtsatinder a wider range of flow
conditions than observed during this study. The plot of the influeintew on

ammonium concentrations shows no clear relationship. Af 8'rammonium
concentrations were measured between 3 andVL(Figure 3.18b). Above 25 ths® the
concentrations of ammonium stabilised at about 7 pM. Althougk #rerno Environment
Agency data available for DON, it is interesting to seectheas no obvious relationship
between DON concentration and flow (Figure 3.18c). DON shoimsiths characteristics

to ammonium as a wide range of concentrations were meadwey given flow.
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Figure 3.18. River flow at Broadlands and Testwood plotted agaihsiutrient
concentrations from site 10 (a) nitrate, (b) ammonium and (cDON. Environment
Agency data was plotted from site 10 (July 2001 to December 2002) asité 4
(January 1997 to December 2002). Note non zero intercept for yisxon panel (a).
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3.4 DISCUSSION

3.4.1 Concentrations and proportions of DON and DOC

The River Test is an aquifer fed, nitrate dominatedesystnd, similar to many other
lowland British catchments, it is sensitive to changewtnient loads. The Test estuary
receives a large load of nitrate from the River Best it is this high flux of nutrients that
is believed to contribute to the frequent occurrence ofided tn Southampton Water
(Crawfordet al, 1997). DON is not routinely measured in the River Tesswraey and
few other studies of DON have been carried out in UK tiverstuary systems. The
second largest dissolved component of TN was DON, measuringragh& % in the
river and 17 % in the Test estuary. This was smiitive to the 20 to 50 % received by
estuaries, reported in the literature (Seitzinger amdi&a, 1997b) but influenced by the
high nitrate concentrations in the river. Despite thisND®mains an important fraction
of TN, which is rarely accounted for in nitrogen budgets tfaete and riverine systems
(Seitzinger and Sanders, 1997b).

Mean DON concentrations of 40 uM were measured in therRiest. These are of a
similar range to those measured in other UK catchmentdgBa2), although slightly
higher than those recorded in upland regions of Scotland and Walgso(gs and
Edwards, 1995; Chapmaat al, 2001). The areas drained by these catchments are less
fertile and have lower population densities than the Taashment (Nedwelkt al, 2002).
DON concentrations in the River Test are in good agreewitinthe review of DON in 32
worldwide studies carried out by Broekal. (2002) (Table 3.2). Other studies have
shown the highest UK riverine DON concentrations were meagutbd River Avon

(flowing into the River Severn) (Russeli al, 1998).

Marginally higher mean concentrations of DON (47 uM) were oredsin the saline
samples compared to the freshwater samples. These catioaistivere lower than the
mean DON concentrations measured previously in Southamptom,\Al&teugh this
study only measured DON in the upper Test estuary and not downsifelae confluence
with the Itchen estuary (Hydes and Wright, 1999; Vigus, 2000 highest percentages
were observed in saline samples, although there did not apgesaatpositive correlation

between DON and salinity (see data presented in Chapter 4)
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Study Area Analysis Year of DON (uM) DOC (uM) Reference
method study
Estuarine Riverine Estuarine Riverine
UK
River Beaulieu, UK uv 1976 - 1977 142 - 283 (Meol1977)
River Test, UK uv 1976 - 1977 575 - 683 (Moot8,/7)
River Itchen, UK uv 1974 153 - 180 (Collins, BY7
River Test, UK uv 1974 162 - 184 (Collins, 1978)
Welsh upland streams, UK NK NK 4-5 (Reynolds and Edwards, 1995)
River Dee, UK PO 1994 14 (Edwaretsal, 1996)
River Don, UK PO 1994 23 (Edwardsal, 1996)
Great Ouse River, UK uv 1993 21-43 (Reneelal, 1997)
River Avon, UK HR 1995 106 (Russedi al, 1998)
River Exe, UK HR 1995 29 (Russeli al, 1998)
River Dart, UK HR 1995 61 (Russedi al, 1998)
River Severn, UK HR 1995 55 (Russetllal, 1998)
River Swale, UK NK 1995 - 1996 250 - 1917 (Eaditieet al, 2000)
River Trent, UK NK 1993 - 1997 408 (Jarved al, 2000)
River Tweed, UK NK 1993 - 1997 392 (Jarved al, 2000)
River Ouse, UK NK 1993 - 1997 458 (Jarvé al, 2000)
River Derwent, UK NK 1993 — 1997 408 (Jarvé al, 2000)
River Aire, UK NK 1993 - 1997 458 (Jarved al, 2000)
28 Scottish streams. UK PO 1997 - 1998 13+9 haf@haret al, 2001)
Southampton Water, UK uv 1976 - 1977 92 - 458 ofkk, 1977)
Severn Estuary, UK uv 1976 - 1979 58-183 2588 65| (Mantoura and Woodward, 1983)
Tamar Estuary, UK HTCO 1990 100 - 220 (Milkgral, 1993)
Humber estuary, UK HTCO 1993 - 1995 83 - 1250 ipgihg et al, 1997)
Itchen & Test estuaries & UV 1995 - 1996 0-125 (Hydes and Wright, 1999)
Southampton Water
Tamar estuary, UK HTCO 1990 - 1991 110 - 478 [1Ev1i 1999)
Itchen & Test estuaries & HTCO 2000 0-186 (Vigus, 2000)
Southampton Water

Table 3.2 Summary of DON and DOC concentrations measured nivers and estuaries. Where UV = ultraviolet oxidation, HT@ =
high — temperature catalytic oxidation, C = chemiluminescen¢é®O = persulphate oxidation, HR = hydrazine reduction and K = not
known. Data are given as maximum and minimum or mean concentrains + standard deviation. (Adapted and expanded from Bronk

et al. 2002)




Study Area Analysis Year of DON (uM) DOC (uM) Reference
method study
Estuarine Riverine Estuarine Riverine
Itchen & Test estuaries & HTCO 2000 0-186 (Vigus, 2000)
Southampton Water
Yealm estuary, UK HTCO 2002 2-58 100 225 (Baihal, 2003)
Tyne estuary, UK HTCO 2002 - 2003 427 - 142 21375 (Baker and Spencer, 2004)
Ouse — Humber estuary,HTCO 1995 10- 110 394 — 474%  (Alvarez-Salgadd Kfiller, 1998)
UK
This study (River Test andHTCO 2001 - 2002 0-199 0-98 62 - 645 20 - 575
estuary
Europe
Summary of 15 EuropeanNK NK 117 - 967 (Thurman, 1985)
Rivers
Tagliamento River, Italy HTCO 1999 - 2000 343- 8 | (Kaiseret al, 2003)
Boreal streams, SwedgnUrea 1998 16.6 — 36.4 (Stepanausitaal, 2000)
(in spring flood)
Three wetlands, Sweden PO 1996 13- 180 (Stesaset al, 1999)
Elbe estuary, Germany PO 1996 49 -79 (KerndrSpitzy, 2001)
USA
Delaware River HTCO 1992 4.7 —46.5 (Seitzirgyed Sanders, 1997)
Hudson River HTCO 1992 27.8-33.5 (Seitzinget Sanders, 1997)
Altamaha River NK 1974 - 1993 25 668 (Alberts and Takacs, 1999)
Black River NK 1974 — 1993 46 1056 (Alberts and Takacs, 1999)
Edisto River NK 1974 — 1993 29 7709 (Alberts and Takacs, 1999)
Ogeechee-Eden River NK 1974 — 1993 37 747 (Alberts and Takacs, 1999)
Ogeechee-Oliver River NK 1974 — 1993 28 716 (Alberts and Takacs, 1999)
Peedee River NK 1974 — 1993 33 493 (Alberts and Takacs, 1999)
Satilla River NK 1974 — 1993 54 1588 (Alberts and Takacs, 1999)
Savannah River NK 1974 — 1993 24 419 (Alberts and Takacs, 1999)
St Marys River NK 1974 - 1993 47 2328 (Alberts and Takacs, 1999)
White Mountain streamg,HTCO & C 1996 - 1997 14 500 (Goodaeal, 2000)
New Hampshire

Table 3.2. Continued.* means measured during aAureococcus anophagefferens bloom




Study Area Analysis Year of DON (uM) DOC (uM) Reference
method study
Estuarine Riverine Estuarine Riverine
Delaware River HTCO 1996 218 (Mannino and Haya800)
Mississippi and HTCO July 1993 8-22 13-27 (Pakulskial, 2000)
Atchafalaya River plumes
Paine Run, Virginia HTCO 1997 23+ 1.4 105 + 49 (Buffamet al, 2001)
Apalachicola River PO 1994 - 1995 13 1-14 (Mpaviet al, 2001)
Saddle stream, Colorado PO 1996 - 1998 0-15 - 2590 (Williamset al, 2001)
Pine Barrens, NJ. HTCO 1999 2500 (Maurice arffl 602)
Neversink River, Catskill PO 1997 807 (Sobczek al, 2002)
Mountains
Cascade Mountains Kjeldahl 1969 - 2001 1-3 n@éabiltet al, 2002)
Chena River, Alaska HTCO 2001 148 (Gatal, 2003)
Rocky Mountain streams PO & HTCQ 1999 - 2001 8-9 458 (Kaushal and Lewis Jr., 2003)
Tomales Bay uv 1987 - 1989 48-12.6 3.9-17.9 (Smithet al, 1991)
Chesapeake Bay PO 1990 22 (Bronk, D. A. and e@&libP. M.,
1993)
Chesapeake Bay PO 1990 26 (Bronk, D. A. and e@&libP.M.,
1993)

Ocklockonee estuary HTCO 1994 189 - 1570 (Poetedl, 1996)
Galveston Bay HTCO 1993 & 1995 160 - 495 (Guad 8antschi, 1997)
Chesapeake Bay HTCO 1994 118 - 215% (Guo and&anfl997)
Chesapeake Bay PO 1989 - 1991 292 + 18 (Fisthegl, 1998)
Columbia estuary HTCO 1995 160 (Hopkinstral, 1998)
Susquehanna estuary HTCO 1995 23 213 (Hopkiatah 1998)
Santilla estuary HTCO 1995 59 1700 (Hopkinstml, 1998)
Parker estuary HTCO 1995 26 594 (Hopkinsbal, 1998)
Waquoit estuary HTCO 1995 40 630 (Hopkingbrl, 1998)
San Francisco Bay uv 1996 52-172 (Murrel amdlinbaugh, 2000)
Inter laboratory study, PO, uv, | 2000 235 (Sharet al, 2002)
Lewes Harbour, DelawareHTCO,
Bay

Table 3.2 Continued




Study Area Analysis Year of DON (uM) DOC (uM) Reference
method study
Estuarine Riverine Estuarine Riverine
Winyah Bay HTCO 1998 - 1999 325 - 1147 708 - 1808(Gofiiet al, 2003)
Pawcatuck River estuary PO 1993 - 1995 270-796 113 -210 (McKenna, 2004)
Worldwide
Summary of unpolluted NK NK 83-700 (Meybeck, 1982)
rivers and streams
Summary of unpolluted NK NK 4-79 (Meybeck, 1982)
rivers and streams
Summary of polluted NK NK 30-106 (Meybeck, 1982)
rivers and streams
Summary of 15 rivers NK NK 250 - 3333 (ThurmaBags)
Summary of 20 rivers NK NK 83 - 2083 (Spitzy and Leenheer, 1991)
Unpolluted rivers and NK NK 4-71 (Meybeck, 1993)
streams
Rivers affected by humahNK NK 150 - 567 (Meybeck, 1993)
activities
Amazon River, Brazil HTCO 1990 231 - 647 (Amardaenner, 1996)
Rio Negro, Brazil HTO 1993 801 (Amon and Benri€96)
Rio Solimoes, Brazil HTO 1993 378 (Amon and Banri996)
Lena River, Siberia HTCO 1989 — 1991 830 850 (@dwand Sidorov, 1996)
Canadian Rivers uv 1983 - 1989 250 - 2500 (Glaml, 1996)
Lena river, Siberia PO 1994 9-28 300-1000 rédled al, 1998)
Amazon River, Brazil HTCO 1994 78 - 346 (Hedgesl, 2000)
Furo do Meio mangrove PO & HTCO | 1996 - 1997 20 360 (Dittmar and Lai@QP)
creek, Brazil
Review of 32 riverind PO, HTCO,| 1987-1999 22.5+17.3 34.7+20.7 (Bronk, 2002)
studies NK
Rio Negro, Brazil HTCO 1997 704 (Moreira-Turegal, 2003)
Rio Solimoes, Brazil HTCO 1997 278 (Moreira-Taet al, 2003)

Table 3.2 Continued
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A study of nutrients in Southampton Water showed spatial vamiatithe percentage of
DON, with up to 40 % TDN at Dockhead at the confluence ofwioeriver estuary (Hydes
and Wright, 1999). As the present study only included the tidahes these spatial
variations in the lower estuary were not apparent. Few sthdie been carried out to
determine DON concentrations in other UK estuaries asagaither estuaries worldwide
(Table 3.2)(Bronk, 2002; Balat al, 2003). At present the author is aware of only one
other published study of DON concentrations in a UK estuary (&add; 2003). This
investigation was carried out on the Yealm and measuralhisioncentrations to those
observed in this study.

A higher proportion of TOC as DOC was measured in salineithimashwater samples
(62 % and 51 % respectively). This was also reflectdiigher concentrations of DOC in
the saline (62 — 645 pM) than in freshwater samples (8 — 575 Ebmpared to other
riverine studies of DOC concentrations, the range wasasitailthat measured in the River
Severn, and lower than the River Tyne which drains carborpdahuplands (Table 3.2)
(Mantoura and Woodward, 1983; Baker and Spencer, 2@dncentrations of DOC in
the River Test were towards the lower end of the rangeurehin worldwide rivers,
which may be associated with the geology and land use @laly 1996; Buffamet al,
2001). The highest concentrations worldwide were from rivers draioiagted and
agricultural catchments, suggesting that terrigenous inputs meetant (Clairet al,
1996; Alberts and Takacs, 1999). A study of the River Swaleikshire, however,
found that high soil organic carbon content did not necessasiyjtrin high DOC loads
(Eatherallet al, 2000).

The saline samples in the Test contained higher concentrafi@@C than freshwater
samples. Higher concentrations of DOC also occur in the Tstnarg than in the Tyne
river (Table 3.2) (Baker and Spencer, 2004). The Tyne egteegjves large
anthropogenic inputs from sewage treatment works, which afg lkencrease the DOC
concentrations (Baker and Spencer, 2004). The Test estuarnyrtilad soncentrations of

DOC compared to other studies of estuarine DOC.
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3.4.2 Temporal variations in dissolved organic matter

The concentrations of DON and the proportion of DON as a pegeentfdotal nitrogen
showed no consistent seasonal trends. In addition there wasdad tawisistent temporal
variation between DOC and DON. Similar observations have teg®rted in a high

elevation catchment in Colorado, USA in a study of riveDl@N (Williams et al, 2001).

Nitrate was the dominant nitrogen species in both the Riestrand estuary. A strong
seasonal variation was apparent with peak concentrationsregsgured during the
winter months, coinciding with high rainfall and resulting in dapinoff and so a transfer
of terrestrially derived nitrate to surface waters (begket al, 1990; Goodalet al,
2000). The lowest concentration occurred in the spring to summehsreomd was
associated with phytoplankton production during the growing seasongtdypdeNright,
1999; Goodalet al, 2000). Even though DON was the second largest dissolved nitrogen
component, no similarities in temporal variations were sd@n compared with nitrate.
Previous studies of Southampton Water have observed large sedsges in nutrient
concentrations (Kifle and Purdie, 1993; Iriarte and Purdie, 1994). edtatons of DON,
DOC and ammonium were higher in saline than freshwateplsa but no obvious

seasonality was observed.

The first research to suggest seasonal variations in W&:\carried out using data
collected over an 11 year period in the English ChannelgBettal, 1979). An increase
in concentrations was observed from January to August, followadstsady decline until
December. The long-term aspect of this dataset providesrnee of seasonal patterns in
DON concentrations. Although this study was not carried outiveaor estuarine
environment, other studies have shown either a presence af lseisonal variation in
DON concentrations (Table 3.3). This distribution of studieklights the lack of
worldwide research into DON seasonal variation with mothi@fesearch focusing on

systems in temperate latitudes of the northern hemisphere.

The lack of seasonal variation in DON concentrations instiidy aligns with other
studies (Bronk, 2002). The cycling of DON on a temporal seatearly more complex
than for dissolved inorganic nitrogen species. Once a betdeaaterisation of the
chemical composition of DON has been determined this should beauskshtify

seasonality in components of DON such as amino acids and hulpsiasces. Thurman
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(1986), for example, observed increases in amino acid conbemsrassociated with
spring snow melt. Further investigations of this kind may ifékespecific DON sources
that influence bulk DON concentrations (Neakl, 2000c).

Table 3.3. Investigations of seasonal variations in DON conceations

Temporal variation present

Study area Reference
Chesapeake Bay, USA McCarthatyal, 1977; Keil and
Kirchman, 1991; Bronlet al, 1998
Tomales Bay, USA Smitat al, 1991
Field studies of subsurface flow Heathwaiteal, 2000
North Inlet, USA Lewituset al, 2000
Streams in the Scottish uplands Chapmetaal, 2001
Rivers draining into the Baltic Sea Stepanaushasd, 2002
Temporal variation absent
Rivers in SE USA Alberts and Takacs, 1999
Riverine inputs to the Gulf of Riga, Baltic Sea  Lazeilal, 1999
White Mountain streams, USA Goodateal, 2000
Appalachian streams, USA Buffamt al, 2001
Rocky Mountain streams, USA Kaushal and Lewis, 2003
SE Carolina estuaries, USA Wheeal, 2004

Temporal variation was apparent from DOC concentrations in beghviater and saline
samples, even though none had been observed for DON. This indicattdifferent
processes influence the breakdown of DOC and DON in rivetleatuarine environments
(Russellet al, 1998). The high DOC: DON ratio observed in both winters atd&
carbon rich DOM and supports this idea, particularly in thieesaaters as high
concentrations of DOC relative to DON were recorded in teasgles (Williams, 1995).
Possibly an additional source of DOC enters the river andrgstueng these months, or
there is more breakdown and removal of DON (Willisehal, 2001). The highest DOC:
DON ratio was recorded at Redbridge immediately downst#dhe salt marshes, in
November and January 2001, suggesting that this area was impar2aN removal.

The timing of this decoupling between DOC and DON was edhlgr expected as it was

94



Chapter Three — Temporal variations

prior to spring increases in biological growth and summer low flehish are associated
with high rates of decomposition (Russstlal, 1998).

Despite the lack of seasonal variation in DON concentraiiotie River Test and estuary,
temporal changes were apparent in DOC. Minimum DOC wasded in the spring
(April), suggesting high rates of removal with concentratem@imulating through the
summer until reaching a maximum in the autumn. This seasonehgecin DOC
throughout the summer has been observed in other studies (V818%;, Goodalet al,
2000; Cauwet, 2002) and has been associated with lower flow cond@ilamnset al,

1996; Stepanauskas$ al, 1999b) and higher rates of leaf litter decay (Tipphgl, 1997;
Hessen, 1999) as well as the increase in DOM releaseiaesl with low bacterial uptake

due to low concentrations of inorganic nutrients (Williams, 1995).

A close relationship has been observed throughout this study IpeB@@ and flow.
However, during the higher flows of autumn 2002 concentrations & DEreased with
flow. Similar patterns have been associated with difieeeces of DOC in the River

Wear (Neakt al, 2000b) and Mississippi (Benner and Opsahl, 2001). The seasomality i
this relationship suggests that these diffuse sources of @@©garticularly important

during high flow conditions (Buffarat al, 2001).

Some seasonal variation was apparent in the DOC: DONimdtieshwater samples with
more carbon-rich DOM occurring in April and more nitrogen-ricddNDin the winter.
However, this pattern was not consistent between the yeapaated in saline samples.
In fact the temporal variation was quite erratic with @iléne samples containing markedly
more carbon-rich DOM in the winter. Although higher DOC: D@Nd to be associated
with terrestrially derived DOM (Claiet al, 1996), these higher values were observed in
saline samples. It is suggested therefore that the Hid&:. DON from this study were
probably associated with the small number of samples consifigredch month, which
meant that small differences in concentration of DONR@C resulted in large changes
in DOC: DON (Goodalet al, 2000). No covariation was observed between DOC and
DON throughout the 18 month study, with the exception of winter 200ithvsuggests
that the production and utilisation of DON is not strongly coupligd DOC (Wheeler and
Kirchman, 1986; Hopkinsoat al, 1993).
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3.4.3 Nitrogen load entering the Test estuary

The annual DON load was an order of magnitude greatertieaantmonium and an order
of magnitude less than nitrate load; DON comprises about 10tBé ¢dtal dissolved
nitrogen load. The relationship between monthly DON load wamrsaich close
agreement with flow as seen for DIN, although the peakdoattided in December 2002

for all dissolved constituents of nitrogen.

The study of total dissolved nitrogen load for the Rivers Testtahdn between 1974 and
1997 suggest a much lower load compared with this study (Tah)@des and Wright,
1999). Although the study by Hydes and Wright (1999) includes the Riven (which
also drains into Southampton Water), there was no allowandesf@ON load which

could account for a ten percent increase in the total ld&d. reasons for the discrepancy
in TDN load between the two studies may be associatértidtmethods used to calculate
the nutrient load. The earlier study calculated the TDN i@t conservative mixing
relationships and freshwater endmembers from the estuary,anable to identify a large
nitrate sink in the upper estuary which may account for thelenTdDN load from this

study.

Despite this, there still appears to have been a mamkeghase in the TDN loads entering
Southampton Water from the River Test since 1998. Some wvatlaion may be
accounted for by variations in river flow, which can vary sutighy from year to year.
However, closer investigations of annual changes in the maatergoncentration show a
long term increase in the major component of TDN. Theinearitrate concentration
increased from an average of 342 uM between 1974-1979, to 422wedn 1990 and
1997 (Hydes and Wright, 1999). This study has shown a further inéneaiseate
concentrations to 462 pM between 2001 and 2002. This was aase@emore than

25 % over the last 25 years and appears to be continuing.

The pollutant load of the River Test in 1994 was also calautateHR Wallingford in
their report EX 3253 (1995), given in Shi (2000). The nutrient loads egtireated using
water quality concentrations and daily discharge in July 1994 (Re$s#] 1998). The

ammonium load has apparently changed very little between 19%20Daad
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Study area Year of study TDN Nitrate Ammonium DON Reference
Load AN Load AN Load AN Load AN
load load load load
(x 10 (x 10°) (x 10°) (x 10%
UK
Southampton 1971 - 1973 - - 220 - 5.2 - - - (Wright, 1980)
Water
Upland Not known - - - 0.25 - - - 1.4-2.1 (Edwarelsal, 1996)
catchments
Great Ouse 1992 - - 372 - - - - - (Rend#lbl, 1997)
River Severn 1995 - 1.3 - 1.1 - 1.5 - 2.0 (Russedl, 1998)
River Avon 1995 - 1.6 - 1.4 - 0.6 - 2.2 (Russlbl, 1998)
River Exe 1995 - 1.6 - 1.3 - 14 - 2.4 (Russelal, 1998)
River Dart 1995 - 2.3 - 1.9 - 14 - 3.9 (Russtlhl, 1998)
Rivers Test and 1974 -1998 1317 - - - - - - - (Hydes and Wrig
Itchen 1999)
River Test 1998 - 115 - 2 - 28 - (Shi, 2000)
River Itchen 1998 - - 10 - 1 - 51 - (Shi, 2000)
Severn estuary 1995 — 1996 - - 1996 1.3 285 1.8 - - (Nedwedt al, 2002)
Mersey estuary 1995 — 1996 - - 2667 7.8 1295 38 - - (Nedwelt al, 2002)
Morecambe Bay 1995 — 1996 - - 210 0.8 75 2.7 - - (Nedwedt al, 2002)
Garnock estuary 1995 — 1996 - - 66 0.9 5 0.6 - - (Nedwedt al, 2002)
Tyne estuary 1995 — 1996 - - 309 1.1 236 8.0 - - (Nedwadt al, 2002)
Wear estuary 1995 — 1996 - - 95 0.8 23 2.0 - - (Nedwedlt al, 2002)
Tees estuary 1995 - 1996 - - 226 1.2 100 5.2 - - (Nedwadt al, 2002)
Humber estuary 1995 — 1996 - - 2971 15 252 1.3 - - (Nedwaedt al, 2002)
Wash estuary 1995 — 1996 - - 426 0.7 69 1.1 - - (Nedwedt al, 2002)
Stour estuary 1995 — 1996 - - 46 0.8 0.3 0.1 - - (Nedwedtt al, 2002)

Table 3.4. Summary of nutrient loads (Mmol ¥) and area-normalised (AN) (mol kni* y) loads for TDN, nitrate, ammonium and
DON. Values in brackets indicate total load including terestrial inputs from sewage treatment works. * Indicats DON and PON and’

mean nitrate and nitrite.



Study area Year of study TDN Nitrate Ammonium DON Reference
Load AN Load AN Load AN Load AN
load load load load
(x 10 (x 10°) (x 10°) (x 10%
Colne estuary 1995 — 1996 - - 43 1.7 21 8.2 - - (Nedwetit al, 2002)
Blackwater 1995 — 1996 - - 177 15 2 0.2 - - (Nedwetit al, 2002)
estuary
Thames estuary 1995 — 1996 - - 2306 2.0 483 4.3 - - (Nedwaedt al, 2002)
Medway estuary 1995 — 1996 - - 225 1.6 86 6.2 - - (Nedwedt al, 2002)
Pegwell estuary 1995 — 1996 - - 36 1.0 0.4 0.1 - - (Nedwedtt al, 2002)
Rother estuary 1995 — 1996 - - 23 0.4 0.4 0.1 - - (Nedwedtt al, 2002)
Arun estuary 1995 — 1996 - - 156 2.9 2 0.4 - - (Nedwedlt al, 2002)
Christchurch Hbr | 1995 — 1996 - - 469 1.7 5 0.2 - - (Nedwedlt al, 2002)
Plymouth Sound 1995 — 1996 - - 150 1.1 3 0.2 - - (Nedwedlt al, 2002)
Southampton 1995 — 1996 - - 210 1.8 6.1 5.1 - - (Nedwellet al, 2002)
Water (228) (1.9) (54.9) | (45.9)
River Test, UK 2002 231 1.9 206 1.7 2.1 1.8 23 1.9| This study
Worldwide
7 rivers, Australia 1995 - 1996 125 1.1-4 14 -2®.03-0.1 7 0-2.9 14-207 6.4-31 (Eyre Rowt, 2003)
Global load - 1.0x 10 - 2.ng - 3.6x10 - 7.1x18 - (Meybeck, 1982)
1
European Not known - - 0.1-25 - <0.1 - - - - (Kempeet al, 1991)
summary 5.3
26 rivers, Canada 1983 - 1989 - - - - - < 2] 54 9*5. | (Clair et al, 1996)
Rivers  entering 1977 -1995 236 - 4807 05— 11- 0.2-0.5 8-209 - - - (Lazni&t al, 1999)
Gulf of Riga 0.7 1386
Lemon Bay, USA 1995 9.3 0.6 - - - - - - (Tomaskal, 2001)
34 estuaries, USA Not known 0.7-35 (Castral, 2003)

Table 3.4 Continued ” indicates DIN only.
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A marked increase in the nitrate load was observed overybar8, which is in agreement
with the measured increases in nitrate concentrationsesAmate was also made in this
report of the organic nitrogen load, although it is not known whetrents the
dissolved, particulate or total organic nitrogen load. The ocgatibgen load in 1994 was
calculated as 29 Mmolywhich was slightly higher than the DON load of 23 Mmdl y
estimated in 2002 from this study. Without further information ablwiform of organic
nitrogen it is not possible to comment on changes to the nutrahbketween the two

studies.

The area-normalised total dissolved nitrogen load of the Riestrwas in good agreement
with other UK river catchments and was only exceeded bRRiver Dart. It has been
suggested that the River Dart has a larger load than athey UK catchments, as large
amounts of fertiliser are applied to sustain high grazing anthmse silage production
(Russellet al, 1998). The importance of using area-normalised loads to draet di
comparisons between catchments independent of their size vasigltiied from the study
of the Rivers Avon (which flows into the River Severn) and wkech had identical area-
normalised loads despite the catchment area of the Avon beirggthan four times that of
the Exe (Russe#t al, 1998).

Investigations into the constituents of the dissolved nitrogehtesae been far more
extensive for DIN than DON. Summaries of nitrate loadsfUK estuaries show annual
loads between 0.4 and 7.8 x° 1ol km? yr* (Russellet al, 1998; Nedwelkt al, 2002).
The loads from UK upland catchments (Edwaetlal, 1996) and rivers draining into the
Gulf of Riga (Baltic Sea) appear to be much lower (Lasi&l, 1999). This study is in
good agreement with other UK studies of nitrate loads and termstowards the upper
range of estimated loads (Nedwetlal, 2002). This is probably associated with the fact
that the River Test is fed from aquifers containing storagabér that have been held
underground for many years. Recent changes in legislatioittiagtthe use of fertilisers
in nitrate sensitive areas are likely not to impacte¢hichment for many years due to the

long storage time of water entering the River Test fronathefer.

Extensive studies have been carried out on the ammonium lozdsg UK estuaries
from riverine sources. The highest loads were observed entieeingavily industrialised

Mersey estuary, probably associated with the high populatiositgeand therefore
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discharge of sewage effluent inputs to the catchment (Nedival] 2002). The
ammonium load calculated for the Test estuary from thidyss relatively low compared
to other UK estuaries (Table 3.4). This riverine load doeagumunt for effluent inputs
entering the estuary below the tidal limit gauging statidhe significance of this input
into Southampton Water is highlighted in the study by Nedstedl. (2002) as only 3 % of
the total (riverine plus sewage effluent) load is derivechfriverine sources. As neither
study by Wright (1980) or Nedwedt al. (2002) differentiates between the loads entering
Southampton Water from the Test and Itchen rivers it iscdiffio interpolate the input
solely from the River Test. However, since the ammonaads in those studies are two
to three fold larger than seen in this study, it does sugfststhe STW inputs from the
Itchen are either larger, or the total load entering Soyphan Water in 2002 decreased
relative to the previous studies (Wright, 1980; NedweHll, 2002). The River Test
appears to have an average input of area-normalised ammaaidraritering the estuary

comparable to other UK river systems.

There have been relatively few attempts to comparmatgs of DIN load to DON in

rivers on a worldwide basis. At present the author was natea®f any other estimates of
DON loads or area-normalised loads from UK rivers. Howetere were studies
investigating area-normalised DON loads in UK rivers (Ediwat al, 1996; Russekt

al., 1998). The River Test appears to have a low annual load ipacmon with other
worldwide studies (Claiet al, 1996; Eyre and Pont, 2003). The annual area-normalised

load was in good agreement with most lowland UK studies (Ruetsa, 1998).

3.5 CHAPTER SUMMARY

This report represents the first estimate of riverine D@ and area-normalised load
from a UK river system and is in good agreement with othueliess of DON worldwide.
DON is an important component of both the total dissolved nitrogerposition and
nutrient load entering the Test estuary. DON accounts faebend largest fraction of
dissolved nitrogen and comprises up to 26 % of total nitrogealimessamples collected
in the upper estuary. The higher concentrations were medswsalihe compared to

freshwater samples although no correlation was observed eB@d and salinity.

Clearly identifiable temporal variations were not apparent thes18 month survey in

either the DON concentration or composition of TDN, which inantrast to the clear
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seasonal variation in DOC concentrations. This observatigestey a decoupling of the
carbon and nitrogen in dissolved organic matter, which wasplarly evident from the

carbon rich DOM measurements in the winter months.

DON measured in the River Test and estuary was foundda baportant fraction of the
total nitrogen composition. DON represents the second largetibh of nitrogen and
accounts for up to 26 % of the total nitrogen entering the est@ogcentrations of DON
were higher in the estuary than in the River Test, alththugie was no clear relationship
between DON and salinity. The DON load entering the @stsiary was an order of
magnitude higher than ammonium, and an order of magnitude lessittiaé®. The
monthly DON load showed different temporal variation to thi Bpecies, suggesting a
weaker relationship between DON concentration and flow. gaoed to other previous
studies of DIN in the Test river there appears to be lemg &n increase in nitrate
concentration, which cannot be accounted for by inter-annual flumbsdti the river flow.
The riverine ammonium load was lower than many other UK andiwaté studies,

although no account was made for estuarine sewage effluent inputs.
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4 CHAPTER FOUR. SPATIAL VARIATIONS IN INORGANIC AND ORGANIC
FORMS OF NITROGEN AND CARBON IN THE RIVER TEST - ES TUARY

4.1 INTRODUCTION

The waters of the River Test are characterised byravmder clarity and low sediment
load, which can be attributed to filtering of water by ¢halk-bed aquifer. These
properties are exploited in the upper catchment for washing baeg a®ivell as cress
farming (Environment Agency, 2002). The area is famous foiighjffig and has become
an EC designated freshwater salmonid fishery. Fishing isportant industry as well as
sport on the river with numerous fish farms scattered alsrigngth, as well as fish passes

and counters located downstream of Romsey (Environment Agency, 1999)

There are additional demands on the resources of the RiveasTé® lower catchment is
urbanised and therefore requires abstraction of large volunvester as well as effluent
disposal via both public and private sewage treatment works ($Hiddre 4.1). The
largest of these public STW are located at Andover, RoaseMillbrook the latter being
on the upper Test estuary (Wright, 1980; Hydes, 2000). These ffhiehesources are
regulated by the Environment Agency to ensure compliance witlirtsen Waste Water
Treatment Directive (UWWT). This is particularly importas the area south of Andover
is considered at risk of becoming eutrophic (Environment Agency, 1%98jjuent
chemical monitoring asserts whether effluents entering therawealin within consented
limits. However, monitoring of DON and DOC concentrations dokeast of these

effluents input is not carried out.

The intertidal reaches of the lower Test include salt neardiat are protected as a nature
reserve (Appendix H). Salt marshes are known to influenegenutoncentrations and
specifically act as a nitrogen store (Stepanauekat 1999b). Few studies have been
carried out on the impact of salt marshes on DOM and nitsése have focused on DOC
rather than DON (Nedwedt al, 1999).

The aim of this part of the study was to assess sphigiges in DON and DOC along the
Test river / estuary continuum in order to quantify the magnitdigh®int source inputs

and the influence of salt marshes on nutrient concentrations tid# reaches.
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4.2 METHODOLOGY

A sampling regime was designed to determine the influehgeiot source inputs on
nutrient concentrations in certain reaches of the rivar eXensive spatial sampling
programme was established to characterise fully thati@ms in nutrient concentrations
along the mid to lower river and head of the estuary. Fdmspling area was located
between Mottisfont upstream of Romsey, to Redbridge raistatjon on the upper Test
estuary. Samples were collected from several padiéeinels wherever the River Test

was anastomosed (divided into several channels).

In the lower River Test and upper estuary, restrictedsaciimited the number of sampling
locations. From June 2002 the estuarine site at Redbridgd&aine accessible to the
public and this sampling site was included in later surva@y®re are numerous channels
of the River Test entering the estuary through the salthasust Totton with the
freshwater flow and tidal inundation being greater in some @isautiman others. For
example, on the eastern channel of the lower Test thiediraaline inundation was around
1.6 km upstream of Redbridge, which was 0.3 km higher than onetsten channel.
Sampling of sites within the area of tidal inundation (sitasd 6a) was only possible on
the eastern channel, since limited access prevented samipéingnge of tidal conditions
on the western channel between site 3 and Redbridge. MNugaimples were analysed

using a standard suite of analytical procedures (see 8§2.3).

4.3 RESULTS

4.3.1 Nutrient observations

Nutrient data Nitrate, ammonium and chlorophyll a concentrations were
determined at all sites and their positions indicated on figwlative to their distance
upstream from Redbridge. To assess only spatial variatidhg inutrient concentrations,
all freshwater samples (salinity values < 0.1) are predentFigure 4.2. The clustering of
data indicates samples collected on parallel channelsieeg 4 and 5 at 1.5 km, sites 7
and 8 at 3.5 km and sites 12, 13 and 14 between 15.3 ankiribigstream of Redbridge.
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Nitrate concentrations decreased gradually from the upper tovtbe reaches of the study
area (Figure 4.2a), despite a slight increase at 3.5 kireapsfrom Redbridge (sites 7 and
8). In the upper reaches of the study area between 400 and 50ifratiel was measured,
whereas, in the lower reaches a much wider range of coatiens were observed with

< 300 uM being measured in October 2001 and November 2002.

Ammonium concentrations were consistent throughout the Rivemwiisthe majority of
measured values between 0.4 uM (limit of detection)7api (Figure 4.2b). In the lower
Test a wider range of ammonium values was recorded up to anoraof 6 pM in
November 2002. The ammonium concentration measured at site dilu@skream of

Redbridge) was notably always greater than 2 pM.

No clear spatial variation was apparent in the chlorophgdirecentrations (Figure 4.2c).
The majority of sites had concentrations ranging from 1 tegli3. Concentrations in
excess of 1g I were recorded at most sites in February and March 2002 wigire
markedly higher than the concentrations measured in other martteshighest

chlorophyll values were measured between 1.3 and 3.5 km upsifézaabridge.

Small variations in the nutrient concentrations were appastweln sites on parallel
channels of the River Test (Figure 4.2), therefore imeéhwinder of this section data from
sites 5, 8, 12 and 14 are omitted in favour of sites 4, 7L@nahich had the highest river
flow. No further data will be presented from site 3iaslar concentrations were

measured at site 4, which is located only 200 m upstreamré2j1).

Nutrient changes along the river - estuary continuum Monthly sampling between
July 2001 and December 2002 was used to characterise spatiatlytrieat
concentrations throughout the river to estuary continuum. The datenped in Figure 4.3
to Figure 4.5 show the spatial distribution of nutrient conedintrs focussing on main
channel freshwater sites (sites 2, 4, 7, 9, 10, 11, 13%)nith samples with salinity values
< 0.1. Where parallel channels were located, thengitethe highest river flow was
selected to represent the main channel site. Eighteatheof nutrient concentrations at
each sampling site have been summarised using box and whistsawith the number in

brackets above the x-axis indicating the number of monthly sahaduded for each site.
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Median nitrate concentrations gradually decreased downstreansiteofd to site 4 (1.5
km north of Redbridge), with a range of 100 uM measured at eaghie site (Figure
4.3a). A marked decline in the median concentration waenads at site 4 and 2 relative
to the mid and upper reaches of the study area, and adanger of concentrations was
measured than further upstream. The widest range of mivattens was recorded at site 7

where nitrate concentrations <310 uM were measured in Septenth@ctober 2002.

Ammonium concentrations measured in the River Test warsistently <7.5 uM (Figure
4.3b). When a concentration less than the limit of dete¢0.4 uM) was recorded, this
was represented as zero. Although there was no consistensaoredecrease in
concentrations throughout the study area, a similar range ofrtcatiens was measured
at all sites. The range of median ammonium concentratisrOwla— 7.41M and

fluctuated between sample sites along the length of the rive

An increase in median dissolved organic nitrogen (DON) concemtratis observed from
26 to 42 uM downstream, although there was a decrease at thdawostream point, site
2 at Redbridge (Figure 4.3c). Two exceptions to this trend sia® 7 and 13, although
data from site 7 do not represent the full 18 month survey agwolglata values were
collected. A marked increase in DON was observed at3itelative to site 15, despite
being only 600 m downstream. This site was located in aroarstense fish farming and

data from a parallel channel (site 12) will be discussetdulg4.3.3).

A wide range of dissolved organic carbon (DOC) concentration®hbseyved, particularly
in the lower Test at site 2 (Figure 4.4a). A gradual dowastrincrease in median DOC

(from 100 to 175 pM) was observed, similar to that seeD€N (Figure 4.3c), as well as
elevated median concentrations at site 13. Median DOGntmations at site 2 were only

slightly lower than at site 4.
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Figure 4.3. Spatial variations in (a) nitrate, (b) ammonium andc) DON measured in
freshwater samples from sites 2, 4, 7, 9, 10, 11, 13 and(4%e number indicated at
top of panel (a)). The upper box boundary represents #5percentile and lower, 28'.
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the number of monthly values included for each site.

109



Chapter Four — Spatial variations

DOC: DON Chlorophyll a (ug L™)

POC: PON

N
o

=
(6)]

[y
o

ol

o

25

20

15

10

30

25

20

15

10

N 2 4 79 10 11 1315 (a)
7 (14) (18) (18Y18) (18) (18) (18) (18)
0 2 4 6 8 10 12 14 16 18
Distance upstream from Redbridge (km)
2 4 79 10 11 1315
(b)
. é Eé é
(l|2) (13) | (2)(1|3) (15)I | (16) | | | (9) (|13) |
0 2 4 6 8 10 12 14 16 18
Distance upstream from Redbridge (km)
2 4 79 10 11 1315
1 (c)
(1|2) (14) (1)(1|7) (17)I | (16) | | | (11) (|15) |
0 2 4 6 8 10 12 14 16 18

Distance upstream from Redbridge (km)

Figure 4.5. Spatial variations in (a) chlorophyll a, (b) POCPON and (c) DOC: DON
measured in freshwater samples from sites 2, 4, 7, 9,, 1, 13 and 15 (site number

indicated at top of panel (a)). The upper box boundary reprsents 7%
lower, 25" The whiskers above and below the box indicate #Gnd 9

Eercentile and
d

percentiles.

The line within the box represents the median. Compations of whisker percentiles
and median require > 5 data points. The number in brackis above the x-axis
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Similar concentrations of particulate organic carbon (POCY#D@ were measured
during the 18 month survey period (Figure 4.4b). Median concemtsani POC up to 10
km upstream of Redbridge were @dl. 115 uM. Lower median POC of 75 and 90 uM
were recorded at sites 13 and 15 respectively. The loaege of concentrations was

measured at Redbridge (site 2).

Concentrations of particulate organic nitrogen (PON) in tlverRrest and estuary were
much lower than the POC concentrations (Figure 4.4c). Hukam PON concentration in
the freshwater samples wea. 8 uM. The spatial variation in PON was similar ©d
with the marginally highest concentrations being measuree imiti-reaches of the study
area. The largest range of concentrations was recorded &8siThis was particularly

due to high measurements of PON in October and December 2002.

Median chlorophyll a concentration gradually increased downstreamdrto 4 pgt
(Figure 4.5a). Concentrations at site 4 were slightlyagézl relative to the other sites.
The median in the box and whisker plots lay closer to tietidh the 98 percentiles,

suggesting a skew in the data, possibly due to seasonalossiati

The median ratio of DOC: DON was. 2.5 in the mid-reaches of the study area but
increased very slightly at the upper (site 15) and lowerdifsite 2). There was a high
degree of temporal variation in the freshwater samples inditstéhe elevated 80
percentile. This was particularly pronounced at sites 2 aifBigdre 4.5b). The
narrowest range of DOC: DON was observed at site 7, althoughvemidata values were

available at this site.

The ratio of POC: PON was similar to DOC: DON in ttreg median concentrations were
highest at sites 2 and 15 and lowest in the mid-reachas¢Fgsc). The 90percentiles
were also highest at sites 2 and 15. The median ratio mitheeaches was between 13
and 14, although the low $@ercentile at these sites indicated that lower rate®w

observed during the 18 month survey.

Nutrient concentrations at the source of the River TestSpatial sampling along the
16.5 km transect from Kimbridge (site 15) on the River T@#hé estuary did not

encompass the entire fluvial system from the river soufterefore water samples were
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collected to characterise concentrations at the source Bfitke Test on one occasion in
February 2003. The location of the source is near the villagsha# near Overton (Grid
reference SU 532 498), however the precise location of thegsprhich rises from upper
chalk, can vary depending on the groundwater levels (Environment BdEIR9).
Triplicate water samples were collected and analygseBiN, DON and DOC, POC and

PON and mean concentrations are presented in Table 4.1.

Table 4.1. Nutrient concentrations and other variables at th source of the River Test,
4™ February 2003. Nitrate errors are one standard deviation ofriplicate
measurements, TDN and DOC were based on four replicatedyplicate filters were
measured for particulate analyses. Measurement units areMiwhen not specified.

Nitrate 600 + 2| DOC | 163 + 3| Chlorophylla (ug I'") [ 0.6 £0.1
Ammonium | <0.7 | POC | 12 +2 | Temperature (°C) 8.6
DON 0+12 |PON | 2+1 | Conductivity (pS cm?) | 573

Mean nitrate concentration was higher at the source tigamaximum nitrate measured
throughout the river during winter 2001 and 2002, which was 568 uM iu&gh2002.
DOC concentration in the spring sample was also higher ligaméan DOC concentration
of 104 uM measured at site 15 in winter 2001 and 2002. Markaabrlconcentrations of
POC were recorded at the source of the river Test thmdSiof 137 uM, whereas the
PON was within a similar range. Chlorophyll a concentratioer®wnarkedly lower than
those measured downstream. The water temperaturéC(8aid conductivity (573 uS
cm™) of the stream rising from the chalk aquifer in winter 2008vi®th higher than

measurements taken at site 15 (at the upper limit of tidy strea) the previous winter.

4.3.2 Total nitrogen and total organic carbon composition

The percentage composition of TN (comprising PON, DON nitradeaanmonium) and
TOC (comprising of DOC and POC) at 8 main saline and fretginsdes (sites, 17, 16, 6,
9, 10, 11, 13 and 15) is presented on a monthly basis in Figute Bigure 4.9. These are
the same sites as referred to in 84.3.1, although sised®aitted due to limited DON,

DOC and particulate data for this site.

The composition of TN is presented in Figure 4.6 and FigureMifrate dominates TN at
all sites in this aquifer fed system, comprising 80 — 90 %d\bf However, a lower

proportion of the TN comprised nitrate in the saline samplée. smallest percentage of
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nitrate was measured at a salinity of 3.9 (site 16) in June&Gsi 16, when only 48 %
of the TN at this site comprised nitrate (Figure 4. 7DNDwas the second largest
component of TN and the highest percentages of DON were recarttetisaline

samples, measuring 39 % and 28 % in September 2001 and Octobee}iidively.

The two highest tides during the sampling survey occurred sia@sgling days. The range
of TN as DON was between 0 and 50 %, although the mean DR@Nasition was closer
to 10 %.

The smallest fraction of TN was composed of ammonium, oftenlo#dy(Figure 4.7).
Similarities were observed between DON and ammonium compqssdhey both
comprised a higher proportion of TN in the saline compared tivedhbwater samples. No
obvious spatial variation in the proportion of ammonium was appaRatticulate organic
nitrogen comprised the second smallest fraction of thenitagen measured in the
freshwater and saline samples. There was little spatigtion throughout the continuum
with PON comprising only a marginally higher proportion of TN ia saline samples in

September of both years. The mean proportion of PON in thelsawas 3 %.

The River Test to estuary continuum was established @asgerdominated system with
fractions of ammonium and DON being a larger component of Theisaline samples.
Apart from these contrasts between saline and freshvaatgias, there was little spatial

variation in the total nitrogen composition throughout the figestuary continuum.

The composition of total organic carbon is presented in Figg@rand Figure 4.9. Some
spatial variation was also apparent, although the seasorativadiscussed in Chapter 3

appears to have more influence on the TOC composition.
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Chapter Four — Spatial variations

On most dates a gradual transition was observed from POCtheidgminant fraction of
TOC in the upper reaches of the study area, to DOC ddngnatthe saline samples. This
was particularly prominent in the latter half of 2002 with élkeeption of October 2002
(Figure 4.9). The highest tide of the sampling period oedurr October 2002, when the
particulate organic carbon was the dominant fraction of TO@ehawer part of the study
area. Slightly higher percentages of DOC were recordsitbal3 between July and
September 2001 compared to the rest of the freshwater sqfiglee 4.8); this pattern
was repeated in November and December 2002. In spring andes 2082 an increase in
the proportion of DOC was observed at site 10 relative td iteThis may be because site

10 is located downstream of the sewage treatment worksnasey .

4.3.3 Impacts of nutrient sources from (i) a fish farm,i{) a sewage treatment

works and (iii) a salt marsh on the River Test

Some spatial variation in nutrient concentrations was obsemnvedghout the riverine
system. Several potential freshwater nutrient point sourees identified along the
section of river surveyed including a fish farm at Kimbridgesewage outfall at Romsey,
and salt marshes between Redbridge and Testwood. Locatiptirgpsites immediately
upstream and downstream of each potential nutrient point sourcedliowassessment of
the impact of these inputs on the nutrient concentrations ofvtre Some results of this
work have been published in Homewaetdal. (2004) (Appendix K)

Kimbridge fish farm The River Test is renowned for its high quality trout fisteeand
numerous fish farms are located within the study area, ggdlyifnorth of Romsey at
Kimbridge, at Broadlands Lake and in the Testwood area (Appenidiesd L.). The Test
River was sampled both immediately downstream of the efftugtfell from the trout
fishery at Kimbridge (site 12) and 0.8 km upstream at Motiig(site 15). At Kimbridge
the river is divided into three channels (Appendix L). The erasthannel flow (site 13)
was considered to be the highest and therefore has beeim gsedious figures to
represent the main channel. The eastern channel (stea$4he smallest flow and
drained disused fish runs, which have subsequently become unusegl fidigis. The
middle channel (site 12) flowed around the fish farm and redeffeient inputs directly

draining from the fish pens. It was anticipated that the oiatce effluents derived from
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fish food, waste products and pest control drugs (Wu, 1995) would adatamonium,
DON and DOC to the system.

The eighteen-month survey from July 2001 to December 2002 wasdoaut at locations
above and below the fish farm outfall and concentrations aft@jtammonium, DON and
DOC were measured. No POC / PON analysis was camieon samples from site 12,

therefore only comparisons of the dissolved nutrients are pegsent

Nitrate concentrations at sites 12 and 15 are presented ire Hidida for the locations
below and above the fish farm effluent outfall. The changpitiate concentration
between the two sites is presented in Figure 4.10b withizdicating no change in
concentrations downstream, positive values indicating an incdeasgstream between
sites 15 and 12, and negative values indicating a decrBlaseonsistent increase or
decrease in nitrate concentrations downstream of the fish fa€imaridge was observed.
This was confirmed by a one sample t-test of the datalge-ws27) that showed that there
was no statistically significant difference (at thed®®onfidence level) between the nitrate
concentrations at the two sites (Table 4.2). The chang&atenconcentrations in
December 2002 appeared anomalous although this may be rela@itutma effect from

the very high flow conditions at the time of sampling.

Ammonium concentrations measured at sites 12 and 15 variex dinei period of the
survey (Figure 4.10c). The concentrations in late sumearly autumn of both years
were very low, at points below the detection limit of thelyital technique. This meant
that the change in ammonium concentrations downstream wassaoftdl or on some
occasions no change was recorded. This was apparent from 4&itde from which it
was observed that there was no consistent downstream change oniamm
concentrations. The p-value of 0.74 from the one sample ¢ageBtmed no statistically

significant difference between ammonium concentrations amheites (Table 4.2).

Concentrations of DON measured at sites 12 and 15 were dgtesalthan 50 uM,
although concentrations in excess of 100 uM were recorded on fouromscésgure
4.11a). The changes in DON between sites upstream and dasmstiréhe fish farm
showed no consistent increase or decrease (Figure 4.11b). Jéwt lacrease coincided
with the high DON measured at site 12 in September and ece2602. One sample t-
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test with a p-value of 0.98 showed no statistically sigaift change in DON concentration
between sites 12 and 15 at Kimbridge fish farm (Table 4.2).

Table 4.2. Results from one sample t-test. Increase oectease signifies a statistically
significant change at 95 % confidence level in nutrient carentration downstream.

No change indicates no statistically significant differencbetween the up and
downstream sites. ND = no data (loss of sample through bottheeakage or failure of
analytical procedure to produce results of acceptable relbility). Number of sample
data compared indicated in brackets. The number in eachox is the p-value. High p
values indicate a low probability of a statistically significantdifference between the
two sites, and the inverse for low p values. * = Signgfant increase if one date
removed, p-value <0.01.

Fish farm Sewage treatment Salt marsh
(Kimbridge) works (Romsey) (lower Test)
(Sites 12 and 15) (Sites 10 and 11 (Sites 2 and 4
Nitrate No change (17) Decrease (17) No change (16)
0.27 <0.01 0.29
Ammonium No change (14) No change (14) No change (18)
0.74 0.83 0.63
DON No change (14) No change (14) Decrease (13)
0.98 0.06 0.01
DOC No change (14) No change (15)* No change (14)
0.06 0.37 0.57
PON ND No change (16) No change (16)
0.69 0.24
POC ND No change (17) No change
0.79 0.56

Figure 4.11c shows the DOC concentrations on each samplinglatate and immediately
downstream of the fish farm at Kimbridge. The DOC concgatrsiwere usually less
than 150 uM with the highest concentrations being measured on mysingpdates at
site 12. This was particularly apparent from April to J2@62. Figure 4.11d confirms
that a downstream increase in DOC is apparent for the tyagdisampling days as only 3
values had a marked decrease and had no error bars overlafihingre. However, the
one sample t-test shows that this relationship was not stalligsignificant at the 95 %

confidence level.
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Sewage treatment works at Romsey The Greenhill sewage treatment works (STW)
at Romsey has a consented daily discharge of 6,4d% of secondary treated sewage
(Environment Agency, 1999; Hydes, 2000). This enters the Ristrvigean under water
pipe, immediately downstream of sample site 11. It wasipated that this large effluent
outfall would be detected in the nutrient concentrations meadoradstream of the input,
and influence the spatial variation in nutrients (partidylammonium, DON and DOC).
Water sampling was carried out both immediately above thalbatfthe bridge at

Romsey, site 11 and downstream at Longbridge, site 10 (Appendi®@) to restricted
access, this second sampling site ea3.2 km downstream of the effluent input on the
Test.

Concentrations of nitrate at site 10 showed a decrease dowmstisée 11 on almost
every sampling date (Figure 4.12a). This spatial variationtrate concentration was
commented on previously in 84.3.1. and is confirmed from the ehargpncentrations
shown in Figure 4.12b. A statistically significant decraaggtrate concentration (p-value
<0.01 at the 95 % confidence level) was measured downstretm séwage effluent
outfall (Table 4.2). This downstream change in nitrate wagkelplto be a direct result of

sewage effluent input but reflects decreasing levels aftaialong the river.

It was anticipated that ammonium concentrations would beegrdatvnstream of the
STW input in comparison with site 11 immediately above th&athutHowever, no
consistent change in the ammonium concentration was apparene(#i@jac). The
downstream change showed some temporal variation, with the stanchautumn months
of both years showing a decrease in ammonium (Figure 4.12dpntrast during winter
months 2001-2002 consistent increases in ammonium concentrations teetedlat site
10. There was no statistically significant change (p-valQe83) in the ammonium
concentrations downstream from the STW (Table 4.2). Biologécabval of ammonium
may occur, as there was a distance of 3.2 km betweepwlzgs effluent outfall and the

sampling site.
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DON concentrations above and below the input from Greenhill Singed from 6 to

100 pM (Figure 4.13a). An increase in concentration was meghatisite 10 compared to
site 11 on almost every sampling occasion. This was pkntig pronounced in spring and
summer 2002 (Figure 4.13b), when the increase in DON concentdatiorstream of the
effluent input was up to 40 uM. However, the increase iN@IOwnstream of the STW
was not significant (p-value = 0.06) at the 95 % confidéene using one sample t-test
(Table 4.2).

A temporal variation in DOC at sites 10 and 11 was app&m@ntFigure 4.13c, with
higher concentrations being measured in late summer/ autubatioyears and the lowest
concentrations in April and May 2002. Figure 4.13d shows thalhéomijority of
sampling dates there was an increase in DOC concentragbnsen the two sites.
However, concentrations of DOC were not statistically ckffé (Table 4.2) at the 95 %
confidence level, with a p-value of 0.37. The large deere&¥5 pM between sites 10
and 11 in November 2002 had a marked influence on this statiatialysis. If this data
point is removed as an ‘anomaly’ (may be influenced byidiutffects related to the high
river flow on this sampling date), the increase in DOC kiveam of Greenhill STW
would be statistically significant (p-value = <0.01) usingn@ sample t-test at the 95%

confidence level.

The highest concentration of PON was measured in March eocehtber 2002 (Figure
4.14a), and it was in these months that the largest indre®€&N was recorded between
sites 10 and 11 (Figure 4.14b). An increase in PON was mdasutbe majority of
sampling dates, with the exception being June 2002 when a nde&exhse in PON was
observed downstream of the STW. There was no statistiogtiifisant relationship (p-
value = 0.69) between the concentrations of PON above and tredaifluent input from
the STW (Table 4.2).
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Figure 4.13 DON concentrations (a) upstream (site 11) and dowresam (site 10) of Romsey sewage treatment works (SU 2060 3495).
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Figure 4.14 PON concentrations (a) upstream (site 11) and dostream (site 10) of Romsey sewage treatment works (SU 2060 3495)
Error bars represent one standard deviation of 3 or 4 analyticemeasurements. Change in PON concentrations betweenesitl5 and 12
(b). Error bars represent compounded standard deviationfrom measurements taken at the two sites. Zero markedonchange in
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The POC concentrations above and below the Greenhill STW effiymiitto the River
Test showed a similar pattern of temporal variation to PEure 4.14c). The main
difference was that POC did not show such a marked incre@seember 2002 as
observed for PON. In March 2002 peak POC concentrations wesreumed and the
highest downstream increase in POC was observed. A markedsken POC and PON
was measured in June 2002 (Figure 4.14d). On the majoritynpilieg dates the POC
increased downstream of the STW, however when tested witk aample t-test this
relationship was not statistically significant (Table 4.@Jhen the large negative change

recorded in June 2002 was omitted the relationship was statatigtically significant.

Lower Test salt marshes Downstream of Testwood on the lower Test (near Totton),
there are extensive tidal salt marshes that stretcledbriRrige at the head of the Test
estuary (Appendix H). This area has been designated as a resterve and access to
possible sampling sites within the salt marsh was restiieind use of a boat denied.
Samples were collected on each sampling date at lovirtideRedbridge (site 2) and

1.5 km upstream at Testwood (site 4). The River Test s@mased in the lower reaches,
therefore site 4 was located on a divided channel. Althosggnéally a freshwater site,
salinity has occasionally been measured at this site dexingme spring high tides
(Testwood Fisheries manager; Pers. Comm.). With thepgien of samples collected in
July and August 2001, salinities measured at site 2 were th@refore the influence of
salinity on any changes in nutrient concentrations was expedbedninimal. It was
anticipated that changes in nutrient concentrations would be obskwedtream of the

salt marshes as rates of biological production and utilisatiarid be high in this area.

Nitrate concentrations at sites 2 and 4 had a range of 311 -Ml90Ia consistent change
in concentrations between the two sites is apparent from Hgla. The change in
nitrate concentrations between sites 2 and 4 is shownume=g15b and a one sample t-
test showed there was no consistent, statistically signifinarease or decrease (p-value =
0.29) in the nitrate concentrations below the salt marshes (F&)leHowever temporal
variation in the sign of change between the two sitggessts that concentration changes
may be important on a seasonal basis. A decrease in waatmeasured between July
and October in both years, on most sampling dates. An g&reaitrate concentrations

downstream of the salt marshes was recorded between Nov@tlieand June 2002.
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The range of ammonium concentrations measured at sites 2nard #etween 0.4 and
7.4 uM (Figure 4.15c). No consistent increase or decreasamonium concentrations
downstream of the salt marshes is apparent from Figure 4H&dever, the changes in
nitrate and ammonium concentrations showed some indication of t@mpdation. The
change in ammonium concentrations was opposite to that of niEateptionally large
downstream changes occurred in July and August 2001 (when salrbtyvas recorded);
the main increases were measured downstream of theasahes between November
2001 and February 2002 and repeated in autumn 2002. Spring and sumniea® 092
largest decreases in ammonium concentrations downstreara 4f 9 his temporal signal
in the concentration changes meant that no consistent antcstiyisignificant
difference was observed between the upstream and downstreafp-sitdue =
0.63)(Table 4.2).

Figure 4.16a presents the DON concentrations at sites £ addower concentration of
DON was observed on most sampling dates at site 2, downstfghmsalt marshes,
compared to site 4 upstream. This decrease was even ikaofeebruary 2002 when
DON concentrations in excess of 150 uM were measured asibesh The decrease in
DON at site 2, downstream of the salt marshes (Figure 4.\Mals)statistically significant
(p-value = 0.01). Therefore the decrease in DON concemtsalietween sites 4 and 2,
above and below the salt marshes tested using one sampledtielsnot be attributed

solely to random sampling variability (Table 4.2).

The DOC concentrations at sites 2 and 4 ranged from 56 tpM4¥igure 4.16c).
However, on the majority of sampling dates, concentrations lees than 200 uM. The
change in DOC concentrations between the two sites waty/mdd00 uM (Figure 4.16d).
However, in December 2001 and October 2002 a downstream ingrddS€ in excess
of 130 uM was observed. No statistically significant défece (p-value = 0.57) was
observed between the DOC concentrations at these two sites.

Figure 4.17a shows no consistent increase or decrease ind»O&htrations between sites
4 and 2. The change in concentration between these sitésmsrally variable (Figure
4.17b). An increase in particulate organic nitrogen concentratiaasngasured

downstream of site 4 in autumn 2001.
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This change between sites decreased until a maximum gecnreBRON downstream of the
salt marshes was observed in March 2001. The pattern contnwedughly six monthly
cycle, with an increase in PON downstream of site Agogieasured between June and
August 2002. Despite this clear temporal variation in the chaihg®N downstream of

the salt marshes, the change was not statistically signif{p-value = 0.24)(Table 4.2).

POC at sites 2 and 4 also showed a trend of change downssd&¥dNa(Figure 4.17¢ and
d). A downstream increase in POC between sites 4 an@ theasured in autumn 2002
and summer 2002, but the largest downstream decrease waseddadviarch 2002.
This temporal pattern, with decrease in POC downstreanteot & spring and summer,
was opposite in the autumn and winter when concentrationagst@lownstream of site
4. Using a one sample t-test the difference between thsitegowas not statistically
significant (p-value = 0.56)(Table 4.2).

4.3.4 Nutrient - salinity relationship in the lower Testand upper estuary

Test estuary nutrient mixing The combination of freshwater and saline water
masses in the tidal reaches of the estuary mixes wamgaining different concentrations
of nutrients. Nutrient mixing diagrams were produced on a monthdnth basis
illustrating the change in nutrient concentration with saliattgites 18, 17, 16, 1, 2, 6 and
6a (Figure 4.18 to Figure 4.21). By presenting the datasmihy it was anticipated that
relationships between nutrient concentrations and salinity woulshie apparent. Figure
4.18 to Figure 4.21 present nutrient data from July 2001 to Desre2002 for nitrate,

ammonium, DON and DOC concentrations in the upper estuary v foxee region.

Linear mixing lines on the figures were estimated udieghighest and lowest salinity
samples in each month (where there are three or more datg.pdimy indicate the
expected change in nutrient concentration assuming linear narithgndicate whether the
nutrient mixes with salinity conservatively. A wintemxing line was estimated for nitrate
and ammonium to represent a benchmark of mixing when rateslagibal processes
were expected to be at a minimum. These benchmarks aletdated from the mean
winter freshwater and saline (salinity >30) endmember condiemisausing data from

November 2001 to January 2002 and November and December 2002.
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Nitrate concentrations on most sampling dates in the lower Riest and estuary varied
linearly with salinity (Figure 4.18). In September 2002 theimg at seven sampling sites
was highly significant (p-value = < 0.001) when compared to theemmixing line. The
highest spring tides occurred in September 2001 and October 2002vasdn these
months that the widest range of nitrate concentrations weaisured (Appendix A). The
lowest neap tides were July 2001 and March 2002; the mixing diada these months
clearly show a narrow range of salinity in the samplesspide the apparently linear
relationship between nitrate concentration and salinity and gooenagne with the winter
mixing line on most sampling days, nitrate concentrations at sample sites did not fit
this pattern. Nitrate measurements did not conform to tharlmeing of the two water
bodies, suggesting that removal of nitrate was occurring s gites. For example
concentrations of nitrate at site 6 were lower than tleatimixing line in August,
November and December 2002. This was also observed at gitdurte, August and
November 2002. The winter mixing line lay below the dotted lineutrfient mixing
between September 2001 and February 2002, whereas between Magtaimer 2002 the

winter mixing line overestimated the actual nutrient concentrations

Concentrations of ammonium in the inter-tidal reaches of ther Hest and estuary are
presented in Figure 4.19. Ammonium concentrations showed apasiationship with
salinity, indicating that higher concentrations existed irstiime samples than in the
freshwater samples. The clearest increases in ammoniimnsatinity could be observed
when nutrients were sampled on the highest tides (Septemberr&DQctber 2002).
Ammonium concentrations tended to lie below the winter miximg for most months,
with the exception of July to October 2002 when the highest ammoniuce mivations
were measured. The most linear change in ammonium coait@msrwas observed in
November 2001 and December 2002. The relationship between ammawiwaliaity in

December 2002 was statistically significant with a p-valu@.046.

Salinity mixing diagrams for DON in Figure 4.20 show littieno relationship between
DON concentration and salinity. A weak relationship was eleseduring the summer
and autumn months, particularly in August and November 20023 @pehred to be

independent of the tidal range.
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When a relationship was observed, generally higher concentrafi@@N were measured
in the freshwater than in the saline samples. From Octoli2ecember 2002, site 6 had

consistently higher concentrations of DON than expected fnertirtear mixing line.

DOC concentrations plotted against salinity are presentejime 4.21. A weak
relationship between DOC concentrations and salinity was olaserveeveral sampling
days. This indicated that higher concentrations of DOC me®ent in the freshwater
samples and mixed with saline water containing lower condemsaof DOC. This
relationship was strongest in late autumn and winter monthee(Bleer 2001, January and
November 2002). However, mixing between the freshwater andagattan other
sampling dates that suggested that this trend was tempaaeibyple. For example in
August 2002 a gradual increase in DOC concentrations was meastir@tcreasing
salinity. The remaining months had fairly uniform concentrattbnsughout the salinity

gradient, for example in September 2002.

Tidal surveys at Redbridge, Summer 2001

During the summer of 2001, two twelve-hour tidal surveys waneex! out at Redbridge,
both on spring tides, one with a midday low tide and the othranmidday high tide
(Figure 2.1) (Appendix M). The aim of these surveys waetermine the influence of
tidal variations on nutrient concentrations in the River Testuary interface. Samples
were collected at Redbridge on a half-hourly basis for the darafithe survey and
synchronous freshwater samples were collected at two hourlyatgdrom site 9 on the
main channel (adjacent to Broadlands Lake), 4 km upstre&tadiiridge (Appendix H).
This continuous monitoring of freshwater inputs was conducted tofidanty freshwater

nutrient changes during the course of the tidal surveys.

Environmental variables 24" July 2001 The first tidal survey was carried out between
07:30 (GMT) and 18:00 on $4July 2001, with the first high tide at 13:23. A YSI 6600
multi-probe was placed towards the base of the water caitiiRedbridge to give
continuous readings of environmental parameters on a 30 second lzagibithrt the
survey. A calibration was not carried out for chlorophyll agfege nominal values (i.e.

raw fluorometry data) rather than concentrations are represerttad section.
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At a stable salinity of O there was a very gradual incregasamperature until 11:15 when
a marked increase in both parameters was recorded (Bigi2& and b). A prolonged
period of high tide occurred between 11:30 and 17:15, (the “hitgr wtand”) and
coincided with elevated water temperatures and a denlisainity at 14:15. Towards the
end of the survey a slight decline in temperature followednidwked decline in salinity at
17:00 as the tide ebbed.

The depth of water throughout the tidal survey was also recosied the YSI 6600
multi-probe (Figure 4.22c). A gradual increase in depth wasrodd throughout the
morning during the low tide until about 13:30. There was a slighiedse in depth at
13:45, coinciding with the temporary decrease in salinitys Wais followed by the second
high water at 15:30. The water depth then proceeded tcadecderring the ebb until the

end of the survey.

The dissolved oxygen (%) was above 100 % saturation during thadetgure 4.22d).
There was a marked decline in dissolved oxygen at 11:00, wiisthalf an hour after the
sharp increase in temperature and salinity. An apparent énkedegionship between the
dissolved oxygen saturation (%) and salinity is observed and eragecto almost 100 %
was detected at the mid point of the high water. The dis$aolxggen (%) increased to
170 % on the ebb of the high tide, which was much higher tle@suned during the

previous low tide.

The pH throughout the tidal survey was between 7.8 and 8.4 (Fi@2e)4 A steady
increase in pH up to 8.4 was observed until 11:00 when a magkeelede was recorded
down to 7.8 coinciding with a marked decrease in dissolved ox$genThe pH
remained fairly steady around 8 for the majority of the syrwéth a gradual increase

towards the end of the day, coinciding with a fall in salinity.

Turbidity measurements made during the tidal survey varied aneother
environmental variables (Figure 4.22f). Initially followittie low tide, the turbidity was
about 5 NTU. There was a stepped increase at 11:30, coinciding marked change in
many other parameters. However, the turbidity then ledeiff for the following 45
minutes before sharply increasing to a maximum turbidity dbug# NTU at 12:20.
Throughout the high water the turbidity declined and then remainedtorisat about 8
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NTU. Towards the end of the high water, as the salinityedsed, a second marked

increase in turbidity was recorded with measurements up tor27 N

Relative chlorophyll a concentrations were quite stable throughedidal survey (Figure
4.22g). The YSI 6600 was not calibrated for chlorophyll therefererélues are nominal
units. A rapid increase in chlorophyll a was observed before 2it86h coincided with
the flood of the high tide. Elevated concentrations were mahsuarewo other occasions
at 16:45 and 17:45 during the ebb.

Nutrient measurements 24' July 2001 Prior to high tide the flow was dominated by
freshwater and nitrate concentrations were in excess of [dQEFigure 4.23a). As the
salinity increased, the concentrations of nitrate decrestsagly to a minimum
concentration of 96 UM measured at 13:30. After the highttidenitrate concentrations
increased gradually to >300 uM. However, nitrate concentradidnsot return to their
previous low tide concentrations when the salinity returneeéto. Samples collected
from the river at the Broadlands Lake site were consistantiynd 500 uM and did not
vary throughout the day. Therefore there was no change iregtenater input in terms of

nitrate concentration to the upper estuary.

Ammonium concentrations at the Broadlands Lake site werestentyca.5.5 uM
throughout the day (Figure 4.23b). Further downstream at Redbridgent@tions in

the non-saline samples were much lower,1.5 uM. During the flood of the high tide,
concentrations at Redbridge increased sharply and reached of 4€ak uM at 13:30
(Figure 4.23b). Ammonium concentrations then decreased graduatilthe ebbing tide.
A clear similarity was observed between the decliremimonium concentrations and the

salinity.

A wide range of DON concentrations (0 to 84 uM) was recofaded samples collected at
Broadlands Lake (site 9) during™duly 2001 (Figure 4.23c). This suggested that the
riverine input to the estuary was variable during the sdaley. The DON concentrations
on the rising tide were <60 puM, then peaked at 186 uM at 1403 peak in DON
occurred half an hour later than the maximum concentrationgrafe and ammonium.
During the receding high tide, measurements of DON weliallni70 uM and gradually
declined as the salinity decreased. The DON throughoutdlestirvey fluctuated in a

similar manner to the concentrations recorded at Broadlands Lake
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Figure 4.23. Concentrations of (a) nitrate, (b) ammonium angc) DON during a tidal
survey at Redbridge on 24 July 2001. The first low tide was at 06:58 (0.4 m), the
first high water at 13:23 (4.7 m) and second low tide was 4©:21 (0.7 m). Open
symbols indicate freshwater samples collected from sitee 2 hour intervals during
the sampling day. The dashed line indicates salinity. Egsrs are one standard
deviation of replicate analyses. ND = no data (loss of sampleough bottle breakage
or failure of analytical procedure to produce results of aceptable reliability).
Underlined letters apply to samples from site 9 (Broadlandkake).
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Figure 4.24. Concentrations of (a) DOC and (b) chlorophyll awting a tidal survey at
Redbridge on 24" July 2001. The first low water was 06:58 (0.4 m), the fir$tigh
water at 13:23 (4.7 m) and later low water was 19:21 (0.7 m). @&p symbols indicate
freshwater samples collected from site 9 at 2 hour intgals during the sampling day.
Errors are one standard deviation of replicate analyses. The diasd line indicates
salinity. ND = no data (loss of sample through bottle breakager failure of analytical
procedure to produce results of acceptable reliability).Underlined letters apply to

samples from site 9 (Broadlands Lake).
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Concentrations of DOC at Broadlands Lake during the tidal eyete between 212 and
598 uM (Figure 4.24a). During high tide, the DOC concentrati@r@adlands Lake was
higher than in the saline sample. Towards the latter hiiedidal cycle the two sites had
similar concentrations of DOC and concentrations were only mélygioaer at
Broadlands Lake. During the tidal survey, little temporaiateom in the DOC
concentrations was observed; the range of DOC in most sawgde325 to 707 pM.
However, following the high tide stand, the DOC concentratioreased to 937 uM. This
peak in DOC coincided with a peak in DON at 14:00 and wasahdtiour later than the

peak nitrate and ammonium concentrations.

Chlorophyll a concentrations during most of the tidal survey weredeet 1.3 and 3.5 uM
(Figure 4.24b). There was close agreement between the chldragloyicentrations taken
at Redbridge and Broadlands Lake. Following the sharp incireaaénity there was a
slight decrease in the chlorophyll a concentrations, and tlsi®bserved at both
Redbridge and Broadlands sites. Chlorophyll a concentrations skaomaedl increase to
5 and 7 pgt during the ebb of the high tide, when the salinity was betwesm Z.

Nutrient measurements 18 August 2001 A second tidal survey was carried out off' 15
August 2001. The survey was again carried out from 07:30 to,1810With low tide
falling at mid-day. The UK Hydrographic Office tide tableredicted that the first high
water would be at 06:44 (3.8 m), followed by low water at 12148 ifn) and the second
water tide at 19:23 (4.0 m) (UK Hydrographic Office, 2000). YB& 6600 multi-probe

was not available for deployment during this tidal survey.

Nitrate concentrations measured during the tidal survey at Redbweige between 356
and 468 pM (Figure 4.25a). During the initial high tide, cotregions were <400 pM but
as the salinity decreased during the ebb tide, the nitoaieentrations initially fluctuated
but then steadily increased after 13:00. Concentrations weessgly >450 uM before the
flood of the second high tide at 16:00, after which the nit@teentrations further
decreased. The riverine nitrate concentrations collectéceapsfrom site 9 at two hourly
intervals (although two samples were lost) had an averageroation of 430 + 35 uM.

A similar nitrate concentration was recorded in samples Reatbridge during low tide

(salinity <1).
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Figure 4.25. Concentrations of (a) nitrate, (b) ammonium angc) DON during a tidal
cycle at Redbridge on 1% August 2001. The first high water was at 06:44 (3.8 m),
first low water at 12:44 (1.8 m) and the later high water at 19:234(0 m). Dotted line
indicates salinity. Open symbols indicate freshwater sampdecollected from site 9 at 2
hour intervals during the sampling day. Errors are one standad deviation of
replicate analyses. The dashed line indicates salinith\D = no data (loss of sample
through bottle breakage or failure of analytical procedure toproduce results of
acceptable reliability). Underlined letters apply to samps from site 9 (Broadlands

Lake).
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The concentrations of ammonium measured at Redbridge varkedaliitity during the
tidal survey (Figure 4.25b). The highest concentrations (uputdywere recorded during
the initial high tide and gradually declined during the ebb phAsemonium
concentrations stabilised during low water with an average otatien of 1.3 puM. The
rise in the salinity during the flood of the second high tideaided with an increase in the
ammonium concentrations. Throughout the tidal survey, ammonisite & wereca. 3

MM, which was within the range of concentrations observeddtirRige.

During the tidal survey, concentrations of DON were variabteshowed no clear
relationship with salinity (Figure 4.25c). Concentrationsengenerally less than 100 uM,
with the exception of the sample collected at 08:00 whicraHa®N concentration of 159
HM. The measurements on samples collected upstreara tvgdre also variable,

ranging from 9 to 49 uM.

Concentrations of DOC measured at Redbridge 8hALfust 2001 were between 121 and
178 uM (Figure 4.26a). The highest concentrations of DOC mgemgded in the most
saline samples, concentrations falling to an average of ¥45M prior to and during the
low tide. Two lower DOC values were measured at 10:00 and #8180 the salinity was
29 and 25 respectively. The average concentration and sladelaation of DOC
measured in the freshwater samples collected at siBs94.30 + 9 uM, which was lower

than most samples collected at Redbridge during the tidal survey

Chlorophyll a concentrations measured at Redbridge during the ycalshowed some
varied with salinity changes (Figure 4.26b). Initially cemirations of 1.5 ug'lwere
measured prior to the decrease in salinity. During thetBblgoncentrations increased to
between 2.0 and 3.7 pg.| The chlorophyll a concentrations at Redbridge did not
immediately decrease when the tide turned. Chlorophyll a ntratiens at site 9 were

consistent (1.7 + 0.1 pg) throughout the tidal cycle survey.
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Figure 4.26. Concentrations of (a) DOC and (b) chlorophyll awting a tidal cycle at
Redbridge on 18" August 2001. The first high water was at 06:44 (3.8 m), firtow
water at 12:44 (1.8 m) and the later high water at 19:23 (4.0 mPDotted line indicates
salinity. Open symbols indicate freshwater samples collectdrom site 9 at 2 hour
intervals during the sampling day. The dashed line indic&s salinity. ND = no data
(loss of sample through bottle breakage or failure of analyticgbrocedure to produce
results of acceptable reliability). Underlined lettersapply to samples from site 9
(Broadlands Lake). Error are one standard deviation of replica¢ analyses.
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Nutrient salinity relationships during the tidal surveys In 84.3.4 nutrient-salinity plots
were presented for the 18 month sampling survey. The nutdeoéotrations on each
sampling day were determined at a variety of sampling isitd® lower Test river and
upper estuary and plotted against salinity. A more rigorous appto&stablish whether
linear mixing of nutrients is occurring between freshwater estuarine water is to use
data from an entire tidal cycle, collected from a singlagging point. The tidal cycle
surveys at Redbridge during summer 2001 on two dates with oppaihgyities
provided the data for this analysis. Figure 4.27 to Figut@ gresent the tidal data in
nutrient-salinity plots with dotted lines to represent tHeutated mixing line. This
benchmark line is derived from the extrapolation of the conseevanixing line, obtained
by linear regression analysis and can be used to interploéatalculated freshwater and

saltwater endmembers.

Figure 4.27a presents the data collected 8hJ2dy 2001 with each nutrient plotted against
salinity. Nitrate concentrations during this tidal surweiti{ a mid-day high tide), showed
some degree of nutrient mixing. The p-value of 0.01 suggastahificant linear
relationship, although nitrate was not strictly conservatigeming to the calculated

mixing line. The majority of samples with nitrate concenbraibelow the line were
collected on the ebb tide. This is in agreement wittctheulated freshwater end member
of 388 uM, which was considerably lower than the nitrate corat@ms entering the area

upstream from site 9 at 495 + 8 uM.

Ammonium concentrations measured during the July tidal sutseysaggested that
mixing was occurring between the freshwater and estuarirer iadies (Figure 4.27b).
An inverse relationship to that seen for nitrate was obser/dteahighest ammonium
concentrations were measured in the most saline samplesaldgeof <0.01 indicated a
significant linear relationship and suggested that the incoméatgr contained high
concentrations of ammonium possibly from effluent inputs from thageweatment
works located at Millborook and Slowhill Copse. There was edédence of ammonium
removal in the lower Test as a large discrepancy waswausbetween expected
ammonium concentration from the calculated freshwater encbere(h.8 uM) the mean

concentration of 6 uM at freshwater site 9.
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DON and salinity presented in Figure 4.27c shows a non-conisersattter. However,
some indication of a gradual increase in DON with salwig observed, with the
exception of the outlier collected at the highest salinitpweéler, it could be that there is
no relationship between salinity and DON concentrations. DONeotrations recorded
throughout the sampling day were 40 = 39 uM. This concentration emcgenpasses all
but the highest DON measurements taken at Redbridge durirdaheycle.

DOC concentrations during the tidal survey off 2dly 2001 showed non-conservative
scatter with salinity (Figure 4.27d). Although slightly high€d® concentrations were
recorded at mid-salinities there was no consistent trendnatbasing salinity.
Concentrations ranged from 325 to 937 uM, the majority of whiete Wigher than the

mean DOC measured at site 9 (Broadlands) during the same day

The nutrient concentrations from the tidal survey carried out 8r\li§ust 2001 were

also plotted against salinity to investigate whether mixinfp@nhutrients was conservative
during the mixing of freshwater and saline water at the fsa#tlivater interface. The
nitrate concentrations measured during this mid-day low tideguwvere much higher and
of a narrower range than those observed in July 2001 during the ynidgthetide survey
(Figure 4.28a). The nitrate concentrations varied in daimmanner to that seen in the
tidal survey in July in that during the ebb tide, concentratiensg generally lower than
the calculated mixing line and suggesting that removal wdteitvas occurring. The mean
nitrate concentration measured during the tidal survey on threraar channel at
Broadlands was slightly lower than estimated by the cakudlatixing line, although the
range of concentrations encompassed most of those recorded atBed@die mean

concentration measured at site 9 was some 70 pM lower ttandleel on 2% July 2001.

Ammonium concentrations were much lower in the samples tadlet Redbridge during
the mid-day low tide, 1 August 2001 in comparison to the survey off 2dly 2001
(Figure 4.28b). This may have been due to the July 2001 sanhgling carried out
during higher tides than August 2001. A gradual decrease in ammouoing@ntrations
was observed with salinity during the ebb of the first hida.tiThis suggested a near
conservative relationship between ammonium concentrations mtysahich was

confirmed by a calculated mixing line with a p-value of <0.01
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Similar to the trend seen in July 2001, higher ammonium comtemts were measured at
site 9 (3 uM) than estimated from the calculated frestiveatdmember (1.2 uM). This
suggested removal of ammonium between site 9 at Broadlandsahdkeedbridge.
During the flood of the second high tide, the ammonium concentratiamgy fell below
the calculated mixing line, suggesting that the greagestval of ammonium occurred

during this stage of the tidal cycle.

A limited number of DON measurements were availabledbaggjainst salinity from the
August 2001 tidal survey (Figure 4.28c). Despite this, dasipattern was observed as
for 24" July 2001 as there appeared to be a non-conservative relatibesiigen DON
and salinity. The concentrations in the more saline sam@eshigher than in the
freshwater samples, although few mid-salinity values for @xe available. The mean
concentration of DON at site 9 was 29 + 28 uM, similar @N\Dconcentrations measured

at both low and high salinities.

DOC concentrations measured at Redbridge during the tidalstyoveed little variation
with salinity (Figure 4.28d). Concentrations were fairlyoktat around 150 pM
throughout the day and there was little deviation from this avéigher salinities. Mean
DOC concentrations recorded at site 9 were towards the &wvdeof the range of values

measured at Redbridge during the tidal cycle.

Summary of nutrient salinity mixing during 18 month survey The relationship
between nutrient concentrations at sites 18, 17, 16, 1, 6aaand salinity was
investigated over the 18 month sampling period. The salsjyasented in Figure 4.29

and Figure 4.30 against nitrate, ammonium, DON and DOC.

Nitrate concentrations had a quasi conservative scattesalitiity with most data values
lying either on or below the calculated mixing line (Figu294). The relationship
between nitrate concentration and salinity was highly sicamti with a p-value < 0.01.
The concentrations were highest and of widest range in fegshsamples. Nitrate
concentrations measured in August of both years as well asriidev€2002 show the

largest deviation from the calculated mixing line.
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There was considerably more scatter in the relationshipeleatammonium concentrations
and salinity than for nitrate (Figure 4.29b). The highest agratons of ammonium were
observed in the most saline samples (in October 2002) andnt@tmns usually <5 uM
were measured at the calculated freshwater endmemberel&henship between

ammonium and salinity was not significant (p-value = 0.09).

There was no statistically significant relationship (p-vau®50) between DON
concentrations and salinity (Figure 4.30a), although concentrati@®Nf>100 uM were
only measured in samples with salinity <17. The highestezarations of DON were
recorded in June 2002 at site 16 at a salinity of 3.9. nidjerity of DON samples had a

concentration of <100 pM.

The relationship between DOC concentrations and salinitysinakar to that of DON as
the majority of concentrations were below 250 uM and had nist&tally significant
relationship with salinity (p-value = 0.33) (Figure 4.30b). e highest concentrations
of DOC were both recorded at zero salinity at Redbridge 23iin October and November
2002.

4.3.5 Multiple linear regression of spatial variations

Statistical tests were applied to data collected attbites in the study area (sites, 4, 11
and 15) to determine which parameters contributed to the abilgsedict concentrations
of DON. The sites were selected to represent the umppeéand lower study area to
identify spatial differentiation. Multiple linear regsisn analysis was undertaken with
SigmasStat software using a forward selection procedurénddamet al, 1998). Pearson
product moment correlation tests were used to determine the paranost highly
correlated (i.e. highest correlation coefficient) with DCaw and Purdie, 2001). Each
parameter was then added in turn to the multiple lineaessmgm equation according to
decreasing correlation coefficient from the Pearson product marogetation (Table
4.3). After the addition of each parameter the resultasasssed to determine the
cumulative ability to predict concentrations of DON. The midtiinear regression at all
three sites showed that neither on an individual basis ndsinethdo these parameters
have a statistically significant ability to predict concatibns of DON.
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Table 4.3. Ranked parameters of decreasing correlation cdfieient from multiple
linear regression of data at sites 4, 11 and 15. Value induokets indicates Pearson
product moment correlation coefficient (F).

Site 4 Site 11 Site 15
Highest DOC (0.465) Conductivity (0.424 POC (-0.498)
Ammonium (0.430) Temperature (0.358 Conductivity (-0.426)
Flow (0.374) PON (0.311) Nitrate (0.398)
POC (-0.225) Ammonium (0.277) DOC (-0.322)
Conductivity (0.200) Chlorophyll a (-0.204 Chlorophyll a (0.308)
Chlorophyll a (-0.170) Nitrate (-0.194) Flow (0.285)
PON (-0.163) POC (-0.133) Temperature (-0.199)
Nitrate (-0.161) Flow (0.036) PON (0.192)
Lowest Temperature (0.055) DOC (0.017) Ammonium (0.06})

4.4 DISCUSSION

Spatial variations in nutrient concentrations have been id=htifong the River Test to
estuary continuum. Some downstream nutrient changes may be esbadil terrestrial
variations such as land use and geology as well as aquatgibalprocesses of nutrient
production and consumption (Eyre and Pepperell, 1999). Effluent poinesdorthe
river include those from anthropogenic activities such as setreaenent works and
industry. In the case of the River Test, fish farming imaye the potential to input
effluents to the river. The importance of nutrient changadicularly DON and DOC,
downstream of these inputs will be considered as well asflnemce of salt marshes on

nutrient concentrations in the tidal reaches.

4.4.1 Longitudinal changes in nutrients and environmental paramters

Relatively stable water temperatures are an importanacteaistic of chalk-bed river
systems (Mainstone, 1999). The presence of cress farming upper Test catchment
confirms the dependence of industry on the relatively wartarwesing from the spring
during the winter and relatively cools during the summer. Thér&ment Agency
estimates the mean temperature of the Test to besLC #Environment Agency , 2002).

This study found the mean water temperature during the 18 montysarbe 11.8C. A
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gradual downstream increase in temperature was observed throtighd8tmonth survey
(data not presented). This is a characteristic of flomiater exposed to solaring heat as
well as larger water masses downstream having a gezgiacity to retain heat (Balbi,
2000; Arbuthnott, 2001).

An assessment of the downstream changes in nitrate catemmrin the study area in the
River Test in Hampshire indicates strong spatial variatibimere was a clear decrease in
nitrate from high concentrations (600 pM) at the source to 400 i ddwest freshwater
limit at Redbridge. High nitrate concentrations such asethave been associated with the
highly populated and intensively farmed lowland regions (Obetré, 1980; Hornung,
1999). The geology of the Test catchment, which is predomynamlk, influences
nitrate concentrations as the percolation of rainwater itathlk aquifer produces
springs of nitrate rich groundwater (Arbuthnott, 2001). Despitelthenstream decrease
in concentration, nitrate remained the dominant component of DNghout the study
area. Several processes are thought to explain this downsteeagase in nitrate
concentration (a) dilution of ambient nitrate from river trérigs, groundwater and
agricultural runoff (Blaclket al, 1993; Heathwaite and Johnes, 1996; Neal, 2001) and (b)
biological consumption of nitrate for example by biofilms, algad macrophytes
(Chapman, 1996; Pattinse al, 1998). The first process is likely to have the greatest
influence during high flow conditions, particularly in the wintehereas consumption is
likely to increase during periods of higher biological productiwitgpring and summer.
The third potential nitrate removal process is denitrifarativhich is more dependent
upon environmental conditions and requires sufficient organic carlsoitable pH and a
depleted oxygen supply (Chapman, 1996; Patties@h, 1998). A previous study carried
out on the Test between 1998 and 2000 did not observe any sigriiegitiidinal
decrease in nitrate concentration, although the rivers sourcewageamonsidered to be
nitrate rich (Arbuthnott, 2001).

Ammonium accounted for about 1 % of TN in both freshwater aimessamples, which
is within the range reported in the UK rivers (Russell, 1998). No consistent spatial
variations in ammonium concentrations were apparent along theaiestuary
continuum. Research suggests that ammonium is the mosti@amiabent in rivers and
its spatial distribution remains poorly understood (Meybeck, 1988jnt inputs (e.g.
sewage treatment works) are reported to be the most impsoiarte of ammonium

(Nedwellet al, 2002), although rapid denitrification occurs downstream of thesé¢ poi
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source discharges (Russetlal, 1998). No consistently significant input of ammonium
was detected downstream of the sewage effluent outfabbasBy (Greenhill STW). This

will be discussed further in 84.4.3.

A downstream trend of increasing DON concentration was olzb@ntbe study area with
the exception of site 2. There is an absence of studreied out on the spatial variation in
DON in freshwater environments, although there have been iamse/e investigations
of the relationship between DON and salinity in estuanmé&enments (e.g. Cauwet and
Sidorov, 1996). Accumulation of DON was observed from the goarce to the estuary.
The absence of DON at the aquifer fed source of the Riveistiggests that ground water
and run off are potential diffuse sources, with biological prodadieing an additional
internal source. The decrease in DON between sites 2 apstream and downstream of
the marsh were substantiated using a one sample t-tedi@ms that DON decrease

occurs with in the salt marshes.

A similar longitudinal increase in DOC was observed in theRTest between July 2001
and December 2002 as observed for DON. Once again site Ageam of the salt
marshes) did not conform, suggesting that DON assimilatiomoramification processes
were important in this area. Hedgssal (2000) observed downstream increases in DOC
during a longitudinal study of the Bolivian tributaries of the AoraRiver. Admittedly

the altitudinal change from the first order streams tcAtimazon was marked, but
groundwater inputs were important in this same region (Spitzy.eedheer, 1991) and
the increase was most abrupt as the river flowed ontodbd filains and was joined by
tributaries (Hedgest al, 2000). Other studies have suggested that microbial processes
release soil and plant derived DOC into run off via flushinggsses (Spitzy and
Leenheer, 1991; Tippingt al, 1997). Interestingly DOC concentrations at the river
source were higher than those measured at site 15 at theioppef the sampling area.
This suggests a ground water source of DOC is diluted inpgper catchment and further
downstream other DOC point source inputs such as sewage teatarks and fish farms

become important (Tippingt al, 1997).

POC gradually increased from 12 uM concentrations at the stauaceedian of 50 —
75 uM at sites 13 and 15. This increased further to a metizm 115 pM throughout the
rest of the study area. The geology of the catchment is predotlyi Cretaceous chalk,

but from Mottisfont southwards (i.e. the most southern extemeo$tudy area) there is a
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change to younger Tertiary deposits (Bracklesham beds) nzaimiposed of sand, silts
and clay, which are up to 400 m thick by the time the rgaches the estuary at Totton
(Figure 1.5) (Environment Agency, 1999; 2002). It is likely thattdube permeability of
Cretaceous chalk, there were only small amounts of reductp@iorsubstances at the
river source, which increases downstream to a maximurteat gPattinsoret al, 1998).
A study on the Swale-Ouse system observed similar downstteamges in POC
associated with a change from coarse sand and gravelhedlevaters to a higher
proportion of silt at the downstream sites (Pattinsal, 1998). It is not possible to
confirm whether this was the case in the Test as no dataellected on the amount of
suspended particulate matter (SPM). Site 13 had sligivlgrl POC than site 15, which
may be associated with the input from the River Dun about 100 treapsof this
sampling site. The geology of the River Dun catchmentisliyn Tertiary London clays
and Reading and Woolwich beds, which are less permeable th@retheeous chalk
(Environment Agency, 1999). The decrease in POC downstredns afiput suggests

lower concentrations of POC were present in the River Dun aado the River Test.

An increase in PON has also been observed downstream fuda2 the source to a
median concentration of 15 pM in the main study area. This deeans increase in PON
is probably associated with increased chlorophyll a and henagiial productivity. A
small decrease in median PON was observed at site ) wiaig be related to the influx
of salinity and hence a wide range of processes occurrthggaite. The lower velocities
through the salt marshes below this site may account for iecteleposition of particulate
matter (Nedwelkt al, 1999).

Negligible concentrations of chlorophyll a were measurdldeasource of the River Test,
although concentrations increased gradually downstream to a mé8iag 6" at site 4.
This indicates increasing plant biomass being measured downstveah may be
associated with changes in water temperature and watmityel The larger water masses
downstream are able to maintain a more stable temperatudeaddones also provide

opportunities for algal accumulation (Balbi, 2000).

No downstream variation in DOC: DON ratio was apparent. niéan DOC: DON was
2.5 which was lower than the stoichoimetric molar relationfiripew production defined
in marine systems by Redfield as 6.6 (Redfield, 1958; ®taal, 2001). The results from
the 18 month survey suggest that the River Test contains luigheentrations of DON
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relative to DOC than predicted for marine systems byRreéwfield ratio (Pakulslet al,

2000). Although the application of the Redfield ratio to DO& been questioned as there
is no simple or linear relationship between DON and DOC (Hopkiasah 1993; Kahler
and Koeve, 2001).

In contrast to DOC: DON the ratio of POC: PON (betwg&8mand 14) was higher than the
Redfield ratio of 6.6, suggesting that the particutag@anic matter (POM) in the River
Test was more carbon rich than originally proposed (Redfield, 19583. may have been
associated with higher atmospheric losses and solubility bboaelative to nitrogen
(Meybeck, 1982). The POC: PON may be higher than the Reéddigo because a
stronger influence of terrestrial over aquatic originateédlP Soil detritus has a C:N
between 8 and 12 and terrestrial plants are often irsexafeb0, compared with 6.6 for
aquatic plants (Redfield, 1958; Meybeck, 1982). The POC: PONIligasly lower in the
mid reaches of the study area than at the upper and lowts déihthe study area. This
suggested that water entering the river in the mid reanhgontain higher
concentrations of POC compared to PONgLal, 2005).

4.4.2 Upper study area — Fish farming

Aquaculture can be an effluent source to riverine and caastabnments as feed
wastage, fish excretion and faeces can cause nutriecheremt (Gowen and Bradbury,
1987; Wu, 1995; Lin and Yi, 2003). There is also potential for vitgnamsbiotics,
pigments and therapeutants to impact water quality (Wu, 199%).fish farm located at
Kimbridge rears both brown trous@lmo truttd and rainbow trout@ncorhynchus mykigs
in flow through tanks and raceways which are particularly intereguaculture systems
(Dosdatet al, 1997; Tacon and Forster, 2003).

This study found no statistically significant change in nitratemonium, DON or DOC
downstream of the fish farm at Kimbridge (site 12) compariéd site 15 immediately
upstream of the farm. It is likely that a downstream chamgérate was not observed
between sites 15 and 12 as 800 m was an insufficient didtamdiéution or biological
consumption of nitrate to occur (Chapman, 1996; Pattiesah 1998). Studies have
reported increased concentrations of ammonium and DON in veligetsarging from fish
farms derived from feed wastage and feed metabolismdtiéet al, 1998; Sakamét al,

2003; Tacon and Forster, 2003). Although this study observed no downstraage in
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DON it is likely that transformation to PON occurred andehmay have been high
sedimentation within the flow through tanks (Heatllal, 1992; Wu, 1995; Burford and
Williams, 2001; Trottet al, 2004). In mariculture the released nutrients from caghd fis
farms often accumulate in the sediments and are releasedbng periods of time (Hadit
al., 1990; Hallet al, 1992), although no measurements of PON or POC were taken to
confirm whether this occurred in this study. The highest exp@Qif from the fish farm
was during winter 2002 when the greatest river flows were dedorThe overflow
volume from the flow through tanks probably increased and may thehefeeeincreased
the concentrations of DON entering the river (Tuckieal, 1996).

The elevated concentrations of DOC observed downstream contpanestream of the
fish farm on most sample dates were probably associatbdoed wastage, fish excretion
and faeces (Gowen and Bradbury, 1987; Wu, 1995; Lin and Yi, 2003)larfjest
increases occurred between April and June 2002 when the fishwis full as a large
influx of roe enters the farm at this time of year. Theas decoupling of processes
affecting DOC and DON in this area, as DON concentratiemained unchanged

downstream of the fish farm.

The most important component of point source effluent input to thebyEimbridge

fish farm was DOC. The absence of measurable dissolvedeitinputs may depend on
the small volume of effluent relative to river flow, whiclowd dilute the effluent inputs.
Physical and biological processes within the river d&edylito cause settling of

particulates, as well as rapid grazing and transformatibnstrients (Trotiet al, 2004).

4.4.3 Mid-study area — Sewage treatment works

Nitrate concentrations were lower downstream than upstredéme effluent input from the
sewage treatment works at Romsey. The decrease i mitnatentration downstream in
the Test was likely to be due to a combination of processkgling uptake by riverine
flora, sediment denitrification (Pattinsehal, 1998) and dilution, as shown in UK east
coast rivers (Neal, 2001). Contributions of nitrate to therrikom sewage effluent were
probably only high during low flow conditions (Neetl al, 2000a), although during the
summer months when these conditions were most likely to pi@veilthe greatest
downstream decreases in nitrate were observed), there mapéav either high
denitrification or algal uptake or both (Hessen, 1999; Nedstell, 2002).
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Changes in ammonium concentrations above and below the secondad/devege
input at Romsey were less consistent than for nitrate.oflygperiod when consecutive
months showed a downstream increase in ammonium was Decembéo 20&xth 2002.
During these winter months the rates of biological removal oh@anium were most likely
at a minimum, therefore a downstream increase in ammoniurappasent. Other studies
have shown that sewage treatment works are an important poioef ammonium to
rivers (Balls, 1994; Servagt al, 1999; Pereira-Filhet al, 2001). The lack of an
apparent increase in ammonium concentrations downstream ofithgeseffluent input
for every month was probably influenced by the 3.2 km distbateeen the up and
downstream sampling locations (sites 10 and 11). This is aieuaffdistance for
appreciable nitrification of the ammonium to occur (Sreitlal, 1995; Russelkt al,

1998; Nedwelkt al, 2002).

A statistically significant increase in DOC, but not DAMas measured downstream of the
sewage treatment works at Romsey. Elevated DOC contensrdownstream of STW
have been observed in other studies as the effluents corghindncentrations of organic
matter (Miller, 1999). However, limited research has lmerned out on downstream
changes in DON above and below point source sewage effluent {Bpuisiset al,

1999; Eatheralét al, 2000). Most pronounced increases were in the summer months
during low flow conditions which was also observed on parts dRibher Swale

(Yorkshire, UK) and its tributaries (Eatheratlial, 2000)

Concentrations of PON and POC increased downstream of thedtssatage input during
most of the sampling period. This was probably associatedmnpithis of organic matter

as well as elevated biological productivity associated igher nutrient loads
downstream of the point effluent source (Seredial, 1999). The largest downstream
increases occurred in spring, coinciding with peak DOC and b@igdentrations. These
changes were not statistically significant, as a sharpngeiclithe downstream change was
observed in the summer with rapid removal of both POC and PONsti@am of the
effluent input in June 2002.
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4.4.4 Lower study area — Salt marshes

In the lower Test and upper estuary the use of nutrient ggtiloits are useful to
understand nutrient cycling as well as removal and addition peséSanderst al,

1997). Areas of low salinity are noted to be areas of iglogical productivity and
involve rapid transformations between dissolved and parteplasases (Powetit al,

1996; Rendelét al, 1997). The upper Test Estuary contains an area of sahesars
which are likely to affect the nutrient regimes and stera§alt marshes are important for
nitrogen recycling through rapid uptake and bacterial fixation, exsinn and release,
therefore contributing to nutrient export and production of organic n(&t#diela and

Teal, 1979). Sediments in salt marshes are important as biatarbah release nutrients,
and high concentrations of dissolved output from the sediments maleheed
immediately following the low tide (Malcolm and Sivyer, 199Qonversely, dissolved
nutrients from the water are consumed and depleted during lesvuitil replenished by
the next flood of tide (Malcolm and Sivyer, 1997).

Spatial variations of nitrate in freshwater samples shaferdifit behaviour in the lower
Test compared to the rest of the river. Lower medittate concentrations were measured
at sites 2 and 4 (above and below the salt marsh) retatthhe general downstream
increase throughout the study area. Between these two sifesr&e variation was
apparent from the magnitude and direction of downstream changensBeam increases
in nitrate concentrations were recorded in winter and spring maufggesting

nitrification was an important process in the nitrogen oggin this salt marsh area. In the
summer, a downstream decrease in nitrate was observedrigfiigre was nitrate
removal due to high biological production (Anonymous, 1983; Samdeds 1997). This
consumption of nitrate in the summer was apparent from thpasition of TN in June
2002, which had the smallest fraction of TN as nitrate #tany other time or site during

the 18 month survey.

Conservative behaviour of nitrate with salinity was observethfomajority of sampling
dates, which is common in UK estuaries (Ficheal, 1992; Balls, 1994; Shaet al,
1998). This relationship has been observed in Southampton waterlSi98 when the
first nutrient analyses were carried out on the estudnjliff?, 1980). There does not
appear to be any addition of nitrate from sewage effluentsxi@msive denitrification

process is carried out at the sewage treatment worketboatthe estuary, prior to

164



Chapter Four — Spatial variations

effluent disposal (Phillips, 1980; Hydes and Wright, 1999). Thestichnge of salinities
and most conservative behaviour was observed during the highesttsges of the study
period (September 2001 and October 2002). During spring tidesigénty time of the
Test estuary is about 26 hours (compared to 75 hours for deajp thereby reducing the
time available for modification of nutrient concentrations byrimdébiological processes
(Balls, 1994; Rendekt al, 1997; Wrightet al, 1997). The linear mixing line (derived
from winter marine and freshwater end members) overessroateentrations of nitrate
in the summer months. This indicates possible removal ofeitia denitrification during
periods of high biological productivity. The reverse is frugZinter months (e.qg.
November 2001 to January 2002) when higher concentrations of nitnateneasured
than predicted from the linear mixing line. This is aksiteccted in the higher freshwater
end member concentrations measured in winter comparedusitimar, and has been

observed in other studies of the Test estuary (Hydes, 2000)

The cycling of ammonium in the lower Test and upper estganore complex than
nitrate as it is probable that a high proportion of ammonium igedefrom anthropogenic
sources. A close relationship between ammonium and saliagyobserved during the
July 2001 tidal cycle with higher concentrations being measurediime samples. Also a
higher percentage of TN was composed of ammonium in salindrdshwater samples.
This indicated there was a major source of ammonium to thargstTwo large sewage
treatment works located at Marchwood (Slow Hill Copse) antbMibk, about 3 km
downstream from Redbridge contribute to the 0.1%m0day* consented sewage
discharge received by Southampton Water (Phillips, 1980; Hyde#/agHtt, 1999). The
observation of higher ammonium concentrations in estuaries k&sngiated with STW
effluent inputs has been previously noted in the Rivers TayaerdBalls, 1994). Sewage
effluent is likely to be the reason for elevated ammoniunceatnations at high salinities

during the high spring tide in October 2002.

Ammonium varied quasi-conservatively with salinity in most therexcept summer and
autumn 2002 when removal of ammonium was evident from the mixing; ppsome
concentrations were lower than predicted by the linear mikeg(Figure 4.19). This
suggested that other processes were occurring to alteraztiigrine water other than just
mixing and diffusion (Thurman, 1997). This observation differedstudy conducted on
the Great Ouse, UK where the greatest nutrient uptake wiag doe spring and summer

and more conservative behaviour was observed in the winter m@ithezet al, 1992).
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More conservative behaviour was expected in the winter Wimdngical processes have
less influence on nutrient cycling due to high freshwaterglozducing residence times
and lower levels of biological activity (Rendelial, 1997; Alvarez-Salgado and Miller,
1998). This was reflected in the freshwater endmember condemsrérom this study that
showed lower ammonium concentrations during the summer months whendablogi
removal was greatest, and higher concentrations in therwiBtmilar observations have
been made by previous studies on the Test (Hydes and Wright, TR@9summer
removal of ammonium downstream from site 9 to 1 was appfcentthe 15 August
2001 tidal cycle carried out at Redbridge.

Generally higher concentrations of DON were recorded in freshaaeples relative to
saline samples. This has been observed in other rivetuaries studies of DON on the
Yealm UK (Bahret al, 2003) and Atchafalaya, USA (Pakulsgkial, 2000). The nutrient-
salinity mixing behaviour was non-conservative in all but a @aopmonths. The surveys
carried out in September of both years had the most conserwaitting of DON with the
highest concentrations at low salinities. In September 200inthjshave been associated
with the particularly high spring tide, which may haveutes] in a rapid flushing of the
estuary and less time for biological removal to takecefi@ppendix A). However, this
was not the case in September 2002 when the tide was eotadlyphigh. Non-
conservative mixing of DON was observed on the majority mipdiag dates, including
during the summer 2001 tidal surveys. At lower salinities coretgoms of DON were
frequently higher than the linear mixing line suggestingititatnal production of DON
was possible due to the transformation of PON to DON itidaéreaches of the salt
marshes. There was also evidence of a significant downstteenesase in DON between
sites 4 and 2, above and below the salt marshes, suggestitigethemoval of riverine
DON in the salt marshes was also important. Removalaifl may also be associated
with physical processes such as adsorption, flocculation amdd#gipn (Mantoura and
Woodward, 1983; Libes, 1992; Mannino and Harvey, 2000; Bhal, 2001; Cauwet,
2002; Moreira-Turceet al, 2003).

Conservative mixing of DOC with salinity has been obsemedany estuarine studies. In
the UK the study of the Severn Estuary by Mantoura and Woodd883) suggested that
the DOC was predominantly of terrigenous origin. It was probalalghed from soil and
consequently was composed of relatively stable humic ntadewas resistant to

biological transformation in the estuary (Mantoura and Woodward, ¥388peet al,
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1991). Similar conservative behaviour of DOC was observdeeihena River (Siberia)
(Cauwet and Sidorov, 1996) and Winyah Bay (South Carolina, USA) @@ 2003).
However, this mixing behaviour of DOC is inconsistent betvesstnaries, as many studies
have also observed non-conservative mixing of DOC with saliiiijer, 1996; Guo and
Santschi, 1997; Balat al, 2003). Results from this study agree with the non-conservative
mixing observed in the Tamar, UK (Miller, 1996) and Yealr, (Bahret al, 2003),

which indicated that DOC was either biologically reactveccurring due to abiotic
factors in these areas. The highest concentrationsgeeerally observed at mid salinities
although the two highest DOC measurements were taken festmviater samples.

Similar high DOC concentrations in freshwater samples was\aabse the Yealm, UK
(Bahret al, 2003) and Mississippi, USA (Pakulsitial, 2000).

Losses and additions of DOC (representing non-conservative behawith&)upper Test
Estuary can be associated with the development of thesdgje (Gofiet al, 2003) and
the lower flushing rates compared with well-mixed estuafiesiyet, 2002). Certainly
removal of DOC, possibly by the salt marshes, occurred onsaosgtling dates between
sites 4 and 2 in the lower Test. Also lower concentratdm¥OC were measured during
the ebb of the 5August 2001 tidal cycle than during the flood of the high tide,
suggesting DOC removal. Similar removal processes as profppd@@N such as
adsorption, flocculation and degradation are likely to occun{dMaa and Woodward,
1983; Mannino and Harvey, 2000; Uhadral, 2001; Moreira-Turcet al, 2003). Further
investigations are required of DOM and particulates partigulassalt marsh areas where
the settlement of particulates is likely to be importargdiMellet al, 1999). The
decoupling of processes affecting concentrations of DOC and D@i¢ iower reaches of
the Test and upper estuary suggests preferential breakdowrogenicontaining

compounds within these salt marsh areas.

No consistent variation in POC and PON was observed betitesr¥ and 2, above and
below the salt marshes. This variation maybe due to sdiéggaméhe magnitude and
direction of downstream change, with removal of particulatenicgaatter occurring in
the late winter and spring and addition of POM in the sunmuerths (Nedwell and
Trimmer, 1996). Similar temporal variation was observed byd€tset al. (1993) which
occurred in the salt marshes of the North Inlet estuary, &arlina.

Other variables in the lower Test and estuary have shpatrabvariations. Chlorophyll a

concentrations were highest immediately following the ebbeohibh tide, which is
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consistent with high biological productivity occurring upstrearRedbridge in the salt
marsh areas. DOC: DON ratio was highest during the fdghsuggesting that higher
concentrations of DOC relative to DON were present irs#tiee samples. This carbon-
rich organic matter was likely to originate from algal enatl rather than terrigenous
organic matter (Pakulslit al, 2000; Gobler and Sanudo-Wilhelmy, 2003).

4.5 CHAPTER SUMMARY

This intensive study of spatial variations of inorganic andracg@rms of nitrogen and
carbon in the River Test — estuary have identified sontkedalownstream changes.
These changes were predominantly related to external inputgiifoise sources such as
ground water and agricultural run off and point sources alongtimse of the river. In
the lower Test and upper estuary internal production and remonatr@nts was of more

importance, particularly in the salt marsh area.

Throughout the river system gradual downstream increases in BEOBD@N were
observed in freshwater samples, from the source to lowds lohthe River Test. The
intensive fish farming was neither a consistent sourceinkio$ DON or DOC. Sewage
effluent inputs south of Romsey proved to be an important point soUR@C to the

river, unlike ammonium that showed no appreciable change 3dbwmstream.

The lower Test and estuary were influenced by the saltnsansimediately upstream of
Redbridge. This area acted as a sink for riverine DONetthection of DON
concentration was particularly high during the spring and sumroaths. Non-
conservative behaviour was observed for both DON and DOC dunaggmvith saline
water, suggesting that the DOM was biologically availabtefcling through production
and consumption processes. The sewage treatment worksllooétee Test estuary were
not identified as sources for DON and DOC to the upper esteraen though they
contributed to elevated ammonium concentrations in saline eampl

In conclusion although there are important point sources and siik3Nfand DOC
through the River Test-estuary, diffuse sources of DOM aremksent. Further
investigation of these sources is required to understandlifiglgycling of DOM in these

river to estuarine systems.
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5 CHAPTER FIVE. ASSESSING THE CHEMICAL CHARACTERISA TION
AND BIOAVAILABILITY OF RIVERINE DON AND DOC

5.1 INTRODUCTION

Studies of dissolved organic matter (DOM) have establigiachbt all DOM is
biologically available to phytoplankton and bacteria (e.g. Sekziegal, 2002b). The
timescales over which it becomes available may vary fronutes to years (Carlson,
2002; Cauwet, 2002). Bioavailability may depend on the chentieahcteristics of the
DOM and one approach is to investigate bioavailability ugiegnolecular size
composition of DON and DOC. Since DOM is composed of a bg¢@eous mixture of
compounds, bioavailability may depend on the molecular sizgosition (Bronk, 2002).
In this study, attempts were made to characterise chdyniical DOM using ultrafiltration
techniques to separate the fractions according to molecedar The ultrafiltration
technique used two Millipore Prep/Sdale TFF filters at 1 and 30 kDa cut-offs to
fractionate low (<1 kDa), high (>1 and <30 kDa) and very hig® &Da) molecular
weight material. The ultrafiltered water was thendueassess the degree to which

different molecular size fractions of DOM might be assateitl using a bacterial bioassay.

Although research into the chemical characterisation@¥Dn many aquatic
environments is ongoing, investigations into dissolved organic cf0€) compounds
are more advanced than that of DON (Perdue and Ritchie, 2068).is mainly due to the
relative analytical simplicity of measuring DOC compa@®ON. Despite this, nitrogen
is an important nutrient for aquatic biological production and regjfun¢her attention
(Hedgeset al, 1997). A better understanding of the chemical composition oflbOth
and DON is needed to assess their bioavailability to baciad micro algae in surface

waters.

This chapter focuses on the calibration of the ultrafiltrat@ntridges followed by the use

of bacterial bioassays for assessing DOC and DON bioaildiia

5.2 METHODOLOGY

Several techniques such as reverse osmosis and dialyaigdadble for the separation of

DOM according to molecular size. Ultrafiltration wasesééd for this research as it is able
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to process large volumes of feed solution, over a wide rangeletular sizes and at
lower pressures than many other techniques (Cheryan, 1986; Buet386). A

Millipore Prep/Scalgl - TFF system was used to separate molecules under pressure
according to molecular size to produce fractions of DOM (Odi83a4; Cheryan, 1986).
The terminology “molecular size” rather than weight isduas the tertiary shape and
orientation of molecules determines whether they are ablenwepée the filter (Buesseler
et al, 1996). River water entered the ultrafiltration cartridgenfthe feed solution
(Figure 5.1a) which was composed of a spiral wound membranedFdily). Smaller
molecules were able to permeate the membrane and theraotgmules were retained and
returned to the feed solution (Buesseler, 1996). This resoltéd removal of molecules
that were smaller than the molecular weight cut-off efrtftembrane from the original
solution. The larger molecules returned to the feed solutidrgeadually produced a
more concentrated solution as the smaller molecules we@vezl. The degree of
concentrating of the feed solution can be calculated as therdoskon factor (CF) and
indicates the volume reduction from the initial solution (Equation(Gug and Santschi,
1996). The higher the concentration factor, the more concenthatéeled solution

relative to the initial solution.

Concentrabn factor% (CF) = % (Equation 5.1)

r

V, = the volume of the original solution

V; = the volume of retentate

In order to assess the retention of macromoledydbe membrane it is necessary to

calculate the proportion of solute retained byuhifiltration membrane (Equation 5.2).

Retention coefficient % (R¥ 1—[%%} x100 (Equation 5.2)
r

R = retention coefficient
[p] = concentration of permeate

[r] = concentration of retentate.
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Figure 5.1. Ultrafiltration equipment used to separate D®1 according to molecular
size. (a) shows filter cartridge, holder and pump set ufMillipore) and (b) is a
schematic of a spiral wound ultrafiltration cartridge as used in the Millipore
Prep/Scdlé&] -TFF ultrafiltration system (Cheryan, 1986) .
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Filters are manufactured to a nominal molecular weight (NM¥4 the actual cut-off of
the filter may vary, it is important to verify the sizeroblecules retained by the filters

using a series of macromolecules of various molecular we(Ghts and Santschi, 1996).

5.2.1 Calibration of ultrafiltration cartridges

Before fractionating river water according to moleculag sizwas important to define
clearly the nominal molecular weight cut-offs associatdtl thie 1 kDa and 30 kDa
ultrafiltration cartridges. A series of macromoleculainsgances were used as calibration
standards and were selected to provide a range of moleaisr §he macromolecules
selected were raffinose (0.59 kDa), vitamin B-12 (1.33 kBahchrome C (12 kDa) and
albumin (66 kDa). All these macromolecules (except raffinosetain nitrogen, therefore
only DOC data are presented for calibrations involving raffindsgo solutions of each
macromolecule were prepared in milli-Q water and each pdrtirough either the 1 kDa
or 30 kDa filter cartridge. Concentrations of DON betweear®60 uM were used to
replicate concentrations measured in freshwater samplespefimeate and retentate were

collected for later determination of dissolved organic cagb@hnitrogen concentrations.

The procedure for calibrating the filters is detailed in AppehdixTable 5.1 indicates
which macromolecules were expected to permeate or be retairibd filter as an
idealised outcome. Figure 5.2 to Figure 5.5 present caatiens of DOC and DON
measured in the permeate and retentate at concentratiorsfa, 4, 10 and 20 from both
the 1 and 30 kDa filters.

Table 5.1. Idealised outcomes from the ultrafiltration of slutions of macromolecules.

Cartridge nominal molecular size cut-off
1 kDa 30 kDa
Raffinose (0.59 kDa) Permeate Permeate
Vitamin B-12 (1.33 kDa) Retentate Permeate
Cytochrome C (12 kDa) Retentate Permeate
Albumin (66 kDa) Retentate Retentate
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Albumin was the largest macromolecule used to charactbask kDa filter. The DON
concentrations in the permeate were less thgivL,Ovhich was low compared with the
initial concentration of 4pM (Figure 5.2a). A similar trend was seen in theclitome

C, with an initial concentration of 62 uM and the concentradtidhe permeate not
exceeding 8 puM (Figure 5.2c). This indicated that the 1fki@a was retaining the largest
macromolecules and only a very small amount was able satipamigh into the permeate.
This was confirmed from measurements of DON in the retemthich indicated for both
albumin (Figure 5.2b) and cytochrome C (Figure 5.2d) that a capicentrating of the

macromolecules occurred as the concentration factor imcteas

The smallest nitrogen containing molecule used to calibrate kB filter was vitamin B-
12 with a NMW of 1.33 kDa. The DON concentration in theypsate increased as the
concentration factor of the retentate increased. At a coatientfactor of 20 vitamin B-
12 in the permeate fraction was almost equal to thaliitincentration of vitamin B-12
prior to ultrafiltration (Figure 5.2e). A gradual increaséON concentration was
observed in the retentate when vitamin B-12 was passed througytkBeefilter, however
concentrations were markedly lower than measured in thetagdor the larger

macromolecules (Figure 5.2f).

Retention of the largest macromolecules was apparent freméasurements of DOC in
the retentate and permeates from the 1 kDa filter. TWwes®very similar to that observed
for DON. The concentrations of DOC in the permeate fromltheran (Figure 5.3a) and
cytochrome C (Figure 5.3b) standards were generally less thavi.23he exception was
the albumin sample collected from the permeate at a coatientfactor of 2. This was
ten fold higher than the other permeate values, but iowlysa third of the DOC
concentration measured in the retentate at that time. dffeectrations of DOC in the
retentate showed a marked increase between the concentaatians # and 10 with both

albumin (Figure 5.3b) and cytochrome (Figure 5.3d).

Concentrations of vitamin B-12 in the 1 kDa permeate werehrhigher than for albumin
and cytochrome C (Figure 5.3e). As observed with the DGND®C concentrations in
the permeate at a concentration factor of 20 were 166 pM9quh less than the initial
concentration of vitamin B-12 in the initial solution. Concatims in the retentate were

much lower than measured in the retentate of albumin andhogime C (note the
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different scale on the y-axis). However, a marked inerea®OC concentrations was

observed even in the retentate at a concentration factor of 4.

The raffinose molecular size (0.59 kDa) was less than i/Nut-off of the 1 kDa filter.
It was anticipated therefore that raffinose would pass thrthg 1 kDa filter even at a low
concentration factor. Figure 5.3g shows that even at a coatientfactor of 2, the
permeate concentrations were equal to those in the ingidldelution. The concentration
of DOC in the retentate remained higher than in the pater@ven at a concentration
factor of 20 (Figure 5.3h). A stable concentration betvathand 290 uM was obtained

between the concentration factors of 10 and 20 in both thespée and retentate fractions.

The same macromolecules were used to characterise the &Nt of the 30 kDa filter.
Albumin concentrations in the permeate fraction were less1Bai1M, even at the highest
concentration factors (Figure 5.4a), whereas the concentadtid®N in the retentate
increased very gradually to a plateau between concentratitmndd 0 and 20 (Figure
5.4b). The albumin appears to have been retained in tmeatetéy the 30 kDa filter,
although concentrating of the albumin in the retentate wassragi@arent as in the 1 kDa

retentate.

The cytochrome C was similar to albumin as the permeateotmations were ten fold
lower than the initial solution, even at a concentration fawit@0 (Figure 5.4c). However,
the concentration in the retentate displayed different cterstics to any trends seen
previously as the concentration of DON decreased as the cateanfactor increased
(Figure 5.4d). This suggests that the cytochrome C was nertie=ing the filter and
entering the permeate, nor being retained and concentrateslnetentate fraction. It can
only be assumed that the cytochrome C molecules were retaitterd30 kDa filter

cartridge.

Vitamin B-12 was the smallest nitrogen containing macronutgeased to calibrate the
30 kDa filter cartridge. Concentrations of DON in the permeate generally greater
than the initial solution (Figure 5.4e). Similar concatitns were measured in the
retentate fraction (Figure 5.4f), which suggested that witd¥l2 permeated the 30 kDa

filter well.
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The 30 kDa filter was characterised a second time using D€dsurements from all 4
macromolecules. Concentrations of the largest macromoledilanin (66 kDa) in the
permeate were less than 5 % of the initial solution (Figua). The concentration of
DOC in the permeate increased slightly with increasedertration factor. The
concentrations of DOC in the retentate increased more rapittiijthe concentration
factor (Figure 5.5b). Albumin was unable to cross the 30 Ki2a ihto the permeate, and

it therefore became more concentrated in the retentat®fract

The cytochrome C concentrations of DOC showed a high degreeilafrgynwith the
trends seen in the DON concentrations. The permeate conicerstiramained low
compared to the initial solution concentrations, even at tjteeshiconcentration factors
(Figure 5.5c). In contrast the DOC concentrations in ttentate fraction decreased
gradually with increasing concentration factor from the in@ttacentration (Figure 5.5d).
The cytochrome C concentration in the retentate fractionlisebat the higher
concentration factors to two thirds of the initial concentratidhis decrease in initial

concentration in the retentate was observed from concentrationthdOC and DON.

It is immediately apparent from Figure 5.5e that vitamih2Bwvas not retained by the

30 kDa filter and therefore entered the permeate. The coatiens in the permeate
(170uM) even at the lowest concentration factor of 2 were grdhain in the initial
solution (158uM). The concentrations of vitamin B-12 in the retentateevi@irly stable
even as the concentration factor increased (Figure 5.58.cd@ncentrating of the
macromolecule as observed for albumin was not observed forini2:12 in the retentate

fraction.

Raffinose was the smallest macromolecule used to charadieeiS0 kDa filter. The
concentrations in the permeate were generally equal foitla concentrations in the
initial solution (Figure 5.5g). The exception was at concgatrdactor 4 when a higher
concentration of raffinose was measured in the permeatedbarded in the initial
solution. The concentrations of raffinose in the retentate didhastge with concentration
factor (Figure 5.5h).
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The data presented in Figure 5.2 to Figure 5.5 are sunedaniable 5.2. The retention
characteristics of the filter were assessed at edWNising a retention coefficient
(Equation 5.2), to assess the concentration of the permedatige to the concentration of
the initial solution. The 1 kDa filter had a high retentionficient for the two largest
macromolecules which had NMWs of 12 and 66 kDa. The ieteaf vitamin B-12 by
the 1 kDa filter was negligible, even though the NMW was 1.38¢hlwwas higher than
that of the 1 kDa filter. As vitamin B-12 was able tepthrough the filter into the
permeate, this suggests that 1 kDa was an underestintatearftual NMW cut-off of the
filter. The smaller molecular size of the raffinose male meant that it had no difficulty

passing through the 1 kDa filter.

Table 5.2. Retention coefficients for albumin, cytochromé€, vitamin B-12 and
raffinose when pumped through a Prep/Scalé TFF ultrafiltration cartridge. CF is
concentration factor (Equation 5.1) and R is the retention @efficient (Equation 5.2).
Raffinose contains no nitrogen.

NMW DON DOC
(kDa) | Concentration | CF R Concentration | CF R
(M) (%) (M) (%)

1 kDa filter
Albumin 66 47 20 81 193 20  10d
Cytochrome § 12 62 20 87 253 20 92
Vitamin B-12 | 1.33 40 20 <1 175 20 5
Raffinose 0.59 - - - 184 20 0
30 kDa filter
Albumin 66 68 20 93 275 20 96
Cytochrome G 12 72 20 94 298 2( 94
Vitamin B-12 1.33 41 20 <1l 158 20 0
Raffinose 0.59 - - - 196 20 <1

The retention coefficient of the 30 kDa filter using DON W8s- 94 % when albumin
(NMW 66 kDa) and cytochrome C (NMW 12 kDa) were used as stdsdd his was not
surprising for albumin, which had a NMW of 66 kDa, which \gesater than twice the

size of the 30 kDa filter. However, cytochrome C had a NDA¥2 and appeared to be
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Chapter Five — Chemical characterisation and biitehiéity

retained by the 30 kDa filter just as efficiently as theiain. This suggested that the 30
kDa filter had a lower NMW cut-off than suggested by tlanuafacturers (i.e. < 12 kDa).
Vitamin B-12 had retention coefficients of <1 %, it seehat the majority of these

macromolecules were able to pass through the 30 kDa filtethiatpermeate fraction.

A graphical representation of the retention coefficients framld 5.2 is presented in
Figure 5.6. Retention coefficients for the 1 kDa filteow a sharp increase between the
1.33 and 12 kDa NMW cut-offs (Figure 5.6a). This increasatidufor DOC and
decreased slightly for DON at the 66 kDa NMW. The DONnti&e coefficient was
consistently lower than the DOC, particularly at the higheNcut-offs. The 30 kDa
filter showed a pattern, with carbon again having the hightsitren coefficient at the
highest NMW cut-off. Again the nitrogen retention coefficidatreased slightly with the
66 kDa molecules whereas the carbon increased marginallyred$en why a higher
retention coefficient was observed for DOC relative to D®MNnclear. Although the
retention coefficient for DOC was consistently higher, thiedehce was more distinct
from the 1 kDa than 30 kDa filter, indicating that the 1 kib&off was less clearly defined
using a combination of DOC and DON than the 30 kDa filterofiut

It cannot be assumed, therefore, that the NMW cut-off indidayehe manufacturers are
exact for a specific ultrafiltration cartridge. It letefore important to carry out these
calibration experiments with a range of macromoleculebaoacterise fully the filters.
The conclusion from these experiments is that the 1 kDaditteerally has a cut-off
>1.33 kDa and the 30 kDa has a cut-off <12 kDa. Further chasatien would be
required to define these further. As itis not possible tioel¢he filter cut-offs more
precisely, procedural consistency has been obtained thereforamgyhessame filters
throughout the experiments, making the approach repeatable. Femtai@der of this
study it will be assumed that the two filters have d¢yeseparate NMW cut-offs between
1.33 and 12 kDa, therefore enabling the separation of low\)LK1 kDa, high (HMW) 1
— 30 kDa and very high (VHMW) >30 kDa molecular weight fractiohBOM.
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182



Chapter Five — Chemical characterisation and biitehiéity

5.2.2 Ultrafiltration and incubation procedure

A series of acid washed polycarbonate carbuoys were fill@ffohNovember 2003,"
December 2003, 14 22" and 28" January 2004 with water from the freshwater site on the
River Test immediately upstream of the tidal limitést; see Appendix H). These were
returned to the laboratory for ultrafiltration and additionathe 3 samples collected in
January 2004 were prepared for bacterial bioassay experinteitigly a subsample of

100 ml was removed to a separate glass bottle. Thiilteasd through a 2 um
polycarbonate filter to remove detrital material and lagyazers then used as the bacterial
inoculum after filtration (Tranvik, 1998). The river watersifdtered using a Millipore all
glass filtration system and vacuum pump. The GF/F fil#&rsitm) had been combusted at
500°C for 4 hours and were replaced when the filter becaméeériocA second filtration
was then carried out using 47 mm 0.2 um (Isopore membrétees fo remove bacteria

from the water (Benner, 1991).

The filtrate from 0.2 pum filtration was sub-sampled teedmine the original nitrate and
TDN concentrations. An aliquot of 10 ml was removed to diplaapped vial for nitrate
analysis and 50 ml to a pre-combusted (85@or 4 hours) 100 ml glass bottle for TDN
and DOC analysis. Finally, 90 ml of the filtrate was atlileeach of the three separate
conical polycarbonate incubation flasks. These flasks conttieee30 kDa (VHMW),
<30 kDa (HMW and LMW) and <1 kDa (LMW) fractions. To eatadsk 10 ml of the
bacterial inoculum (unfiltered water) was added and agitdieahyik, 1998). The

samples were stored in a dark, sealed box in a temperaturated room at 1%.

The incubation flasks were sampled on days 0, 1, 3 and 6 toniletethe bacterial
abundance. The technique used to enumerate the bacteria wast&ARg and
epifluorescent microscopy (Porter and Feig, 1980). A gldsatiiin system was
assembled with a 0.45 pm, 25 mm white cellulose acelteldeneath a 0.2 um black
polycarbonate filter and the filters were dampened using . &ltered milli-Q water.
Samples were removed from the dark and 1 ml pipettedhatglass filtration system.
Formalin (50ul of 37 % which had been filtered through a 0.2 um filkeas added to the
sub-sample and agitated. Finally 10®f 1,2-phthalic dicarboxaldehyde (DAPI) stain
was added to the filtration system. The solution wasdand left to stain the bacteria for

10 minutes, after which the stained solution was drawn throudfitéreusing a hand
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vacuum pump. The ratio of incubation sample volume to fomaald DAPI stain
remained identical for all samples. However, when tlutelbial numbers were low, the
volume of incubation sample was often increased to ® mbtain a more precise bacterial

count.

The black filter was mounted using immersion oil on a larggancope slide and cover
slip. Three DAPI stained filters were produced froroheiacubation flask on each
sampling date. A Fluorosepec Leitz microscope fitted wib & mercury vapour burner
UV lamp was used to count the bacteria in 10 fields af\de1000x magnification. The
mean number of cells in a field of view was used temeine the bacterial abundance
(Equation 5.3).

Bacteriakbundancécellsml™) =C x [ij X (%) (Equation 5.3)

C = cells per field of view
f = filter area (mrf)
f = field area (mrf)

v = the volume filtered (ml)

The remaining 0.2 um filtered river water was procedisexigh a series of Millipore
Prep/Scale THE spiral wound filters contained within cartridges at the nomira@éoular
size cut-offs of 1 and 30 kDa. Cartridges were stored @vithiM NaOH and in the filter
holder (or alternatively the fridge for longer-term storage)e storage solution was
removed and the cartridges flushed with volumes of Milli-Qewxin excess of 9 L until a
pH > 5 was obtained. Cleaning procedures were verifiedlbylating the normalised
water permeability prior to each use of the cartridge foafion. Blanks were measured
from permeate samples collected after filtering UV iragetl Milli-Q water. These gave
concentrations of DON and DOC <10 pM. The 0.2 um filtered gaenple was initially
processed through the 30 kDa filter, removing and concentratingalleeutes >30 kDa in
the retentate and thereby producing the VHMW fraction. Thegmmcontained the
DOM <30 kDa and was therefore sub-sampled for nitrate, DO®@&n analyses and 90
ml placed in each of three conical incubation flasks. imbtebation flasks containing the
30 kDa permeate were composed of LMW and HMW DOM. Thesbatinoculation,

incubation and cell counting was identical to that describedeatmothe 0.2 um filtrate.
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The remaining 30 kDa permeate was passed through the 1 tddafitl the permeate
collected and treated in an identical manner to the othdrdingc The permeate from the
1 kDa filter contained LMW DOM <1 kDa. The retentate corgd a concentrated
fraction of HMW DOM. A schematic diagram of the fisséps of the procedure is

presented in Figure 5.7.

5.3 RESULTS

5.3.1 Environmental sampling conditions November 2003 - January 2004

Water was collected on #0November 2003, 4December 2003, 422" and 28'
January 2004 respectively and returned to the laboratory forcgudrgeultrafiltration and
incubation of bacteria over 6 days. The environmental paranatdrs time of sample
collection are listed in Table 5.3. The conductivity oftiver water on 1% January 2004
was lower than the other sampling dates. During the exparitme range of flows
measured at Testwood gauging station at (Appendix H) 15 mimtetgals was between 3
and 33 it s* (Figure 5.8). Therefore the river samples were coliefrtem a wide range
of flow conditions. The flow was fairly low in November andcBmber 2003 with only a
couple of peak flows probably caused by precipitation eventsfl@keluring January
2004 was much higher, although betweeli 48d 22¢ January several rapid changes in
flow were observed which resulted in a wide range of flow begogrded during the 22
January. lItis also worth noting that the water temperatasemuch lower on the last
sampling date, which was probably caused by the cold weatbeand snow on the

ground.

Table 5.3. Environmental parameters measured during sampleoiection at site 4
from November 2003 to January 2004. * ice and snow on the ground

Sampling date
20/11/03 | 04/12/03  14/01/04 22/01/04 29/01/04*
Time 09:00 09:30 10:30 09:00 09:00
Salinity 0 0 0 0 0
Temperature (°C) 11.4 9.0 8.1 8.8 4.2
Conductivity (pS cmi’) 574 566 381 508 585
River flow (m®s?) 3 9 17 11.5 11.5
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Flow (m'3 s'l)

Figure 5.8. River flow at Testwood (SU 3539 1526) at 15 minutgervals from
November 2003 to January 2004. Dotted lines indicate collection fer water for
incubation of samples on 28 November 2003 (3 it s%), 4" December 2003 (9 i s?),
14" (17 m® s%), 22" (11.5 m® s?) and 29" January 2004 (11.5 i sb).
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5.3.2 Ultrafiltration

Ultrafiltration permeate nutrient concentrations Samples for determination of nitrate,
dissolved organic nitrogen (DON) and dissolved organic carb@tC{Dvere collected
during the course of the ultrafiltration process. Triplicatefgas were collected from the
0.2uM filtered water (VHMW + HMW + LMW) prior to ultrafiltation as well as from the
permeate fraction from the 30 kDa (HMW + LMW) and 1 kDa Wfilter (Figure 5.9a—
0).

The nitrate concentration in the River Test at site 4 Sh\&fvember 2003 was 443 uM
(Figure 5.9a). Similar concentrations were measured ipgheeate from the 30 kDa
filter, although concentrations were lowest in the 1 kDa pelenebhe observation of a
decrease in the nitrate concentration as the sample phassagh the 1 kDa filter cartridge
will be discussed later in this section. The concewimati DON in the water sample
collected on 26 November 2003 was 17 pM (Figure 5.9b). There was little ehagn
filtered through the 30 kDa filter, but there was a conceatratecrease to 6 UM when
filtered through the 1 kDa filter. A similar pattern wasserved from the concentration of
DOC, with 152 uM being recorded in the original river wékégure 5.9c). After

filtration through the 30 kDa filter, 147 uM DOC was measur€lde final filtration
through the 1 kDa membrane resulted in a permeate with tlesi@ancentration of DOC

measuring 125 pM.

A nitrate concentration of 395 uM was recorded in the originai sample collected on
4™ December 2003 (Figure 5.9d). This was only 2 pM higherttrenoncentration
measured in the 1 kDa permeate. A slightly higher coretgmtrwas recorded in the

30 kDa permeate (403 pM). DON concentrations decreased iagitlieiver water was
passed through the ultrafiltration filters (Figure 5.9¢e)e iHitial DON concentration was
43 uM, of which 33 pM passed through the 30 kDa filter and onlyM as of a smaller
molecular size than 1 kDa. The DOC showed a similar tneti27 uM difference being
measured between the initial (374 uM) and 30 kDa permeateu(@j{Figure 5.9f). Less
than half the 30 kDa DOC concentration was recorded in the b&baeate (156 uM).

On 14" January 2004 the nitrate concentrations in the water sanepée307uM (Figure

5.9g). Permeate from the 30 kDa filter contained a sligfiglger nitrate concentration of
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312 uM; although the lowest concentrations of nitrate were redtamdbe 1 kDa
permeate. The concentration of DON off Jdnuary determined from measurements of
total dissolved nitrogen (TDN) and nitrate was.®T (Figure 5.9h). The lowest
concentration of DON was recorded in the 1 kDa permeate. DUN in the 0.2uM

filtered, 30 kDa and 1 kDa permeate wagu®%, 22 uM and 20uM respectively. A

similar trend was seen in the concentrations of DOC harge difference of 18@M was
observed between the concentrations in the 30 and 1 kDa pesmdée concentrations
of DOC in the 0.2uM filtered, 30 kDa and 1 kDa permeate were A0¥, 594uM and 411
UM respectively (Figure 5.9i).

Nitrate concentrations measured ofi®2Z&nuary 2004 were much higher than seen the
previous week (Figure 5.9j). The nitrate concentration in tiggnal river water that
passed through the Qu&/ filter was 522uM. Permeate from the 30 kDa filter which
contained HMW and LMW material had a nitrate concentratiof88{uM. The
concentration in the 1 kDa permeate containing LMW material2@aM lower than the
30 kDa permeate. Concentrations of DON in the sample teden 22¢ January 2004
showed a high degree of variation with large errors fromdhgpounded standard
deviation associated with the nitrate and TDN measuren(eigisre 5.9k). The DON was
highest in the 30 kDa permeate and similar concentrationsreeeded in the 0.2 pm
filtered and 1 kDa permeate samples. All DON valuesevderived by difference and a
negative value of DON was recorded in the 0.2 pm akidalpermeate samples collected
on 22" September. This was an analytical problem that occwitbdow concentrations
of DON that were close to the detection limit as thevéerDON value was dependant on
the accuracy of the TDN and nitrate measurements (Hansell, #89Rinsonet al, 1993;
Hedgeset al, 1994a; Bronlket al, 2000). DOC concentrations of 188! were recorded
after the water sample passed through thei® 2ilter (Figure 5.91). A lower
concentration of 15dM was recorded in the permeate from the 30 kDa filldrere was a
DOC concentration of 68 kDa in the LMW material from the 1 kier.

Concentrations of nitrate, DOC and DON in the water saogilected on 28 January
2004 were similar to those measured a week earlier. Tiagen@oncentrations in the 0.2
pm filtered and 30 kDa permeate were identical, with cainagons of 512 uM (Figure
5.9m). The nitrate concentration in permeate fraction frami.tkDa filter was much

lower at 455 pM. DON in the water sample was negligilote no apparent variation
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between the different molecular size fractions (Figure 5.9he concentrations of DOC
were comparable with those measured dii 22nuary, and were generally less than 200
MM (Figure 5.90). The permeate from the 1 kDa filter daitg LMW material contained
50 % of the total DOC in the 0.2 um filtered sample.

Retention of nitrate by ultrafiltration cartridges Measurements of nitrate from the
permeate fractions were carried out for the determinati@Qi in river water
(ammonium concentrations were considered negligible). Nhade simple, small
molecular structure and therefore was expected to be undftecthbe ultrafiltration
process. However, clear decreases in nitrate concentratioa®bserved particularly
after the final filtration through the smallest 1 kDa fil(Eigure 5.10). This decrease
between nitrate concentrations in the 30 and 1 kDa permeatd|as between the 0.2 pm
filtered and 1 kDa permeate was consistent on all sampditeg.d A slight increase was
observed on some sampling dates indicating increased concentadtiinate in the

30 kDa permeate. This was usually a negligible increatends within the errors of the

analysis.

Characterisation of molecular size fractions The measurement of nitrate, TDN and
DOC in the original river water and the water that pasisexigh the 30 and 1 kDa filters
can be used to determine the concentration of these nuirierash of the molecular size
fractions. The 30 kDa filter removed molecules greater 3@akDa therefore leaving
permeate only containing LMW and HMW material. The ddfere between the nitrate,
DON and DOC concentrations in the original river water (daimtg all molecular size
fractions) and the 30 kDa permeate gave the concentratitims wery high molecular size
fraction (VHMW). Subtraction of the nutrient concentrationthimm 1 kDa permeate
(containing LMW material) from the 30 kDa permeate (comtg HMW and LMW
material) gave an indication of the nutrient concentrationisarHMW fraction (>1 kDa
and <30 kDa). An assumption was made that nitrate was naliseanilar in all flasks

although a small amount was retained during ultrafiltration.
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Figure 5.10. Change in nitrate concentrations between theDum filtered fraction
and 30 kDa and 1 kDa permeates. Samples were collected off 2mvember 2003, %
December 2003, 19, 22" and 29" January 2004. Errors represent one standard
deviation of 3 replicate samples, each analysed up to threengs.
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The nutrient concentrations in molecular size fractionsettimples collected from
November 2003 to January 2004 are presented in Figure 5.11a —goridentrations in
each molecular weight fraction are shown in Table 5.4 abte a5 as a percentage of the
total DON or DOC. The DON concentration at site 4 ofi BBvember 2003 was 17 pM
(Figure 5.11a), of which 10 uM (60 %) was composed of HMW nateThe second
largest fraction (36 %) was the LMW material compriséngM, and the smallest
component, comprising only 3 % of the total was 1 uM VHMW DQJdrge errors were
associated with the determination of DON in theseifsast which were a product of
subtracting large values for nitrate and TDN. The total @oination of DOC was 152 uM
in the river water collected at site 4 orf"20ovember 2003 (Figure 5.11b). The smallest
fraction of this was 3 % VHMW DOC, which comprised 4 uMMW material was the
largest fraction of DOC (82 %), with a much smaller praparof the total (15 %) being
composed of HMW material.

Table 5.4. Percentage composition of DON comprised of LM\{1 kDa), HMW (>1
kDa and <30 kDa) and VHMW (> 30 kDa). Lack of data for 22 January 2004
reflects a lack of data not an absence of DON.

LMW HMW VHMW
% % %
20/11/03 36 60 3
04/12/03 40 37 23
14/01/04 74 7 19
22/01/04 - - -
29/01/04 0 50 50

Table 5.5. Percentage composition of DOC comprised of LM\{k1 kDa), HMW (>1
kDa and <30 kDa) and VHMW (> 30 kDa).

LMW HMW VHMW
% % %
20/11/03 82 15 3
04/12/03 42 51 7
14/01/04 68 30 2
22/01/04 43 51 7
29/01/04 51 48 1

On 4" December there was 43 pM DON in the river watertat4si This was composed of
almost equal concentrations of 40 % HMW (16 pM) and 37 % L{@wWuM) DON
(Figure 5.11c). The remaining 23 % (10 pM) was composed of VHMIN. The DOC
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concentration ontDecember 2003 was 374 pM. Some 51 % was composed of HMW
(192 uM) and 42 % LMW material (156 pM). The VHMW DOC magethe smallest
fraction comprising only 26 uM which was 7 % of the total (Fég5.11d).

The DON concentration at site 4 orfl#anuary was 27 uM (Figure 5.11e). This was
composed of 20 uM LMW which was the largest fraction (7434M VHMW (19 %)

and the smallest fraction (7 %) was HMW composed of 2 u i DDhe DOC
concentration in the sample collected off Jdnuary 2004 was 607 pM, of which 411 pm
(68 %) was composed of LMW material (Figure 5.11f). Simieahe molecular size
composition of the DON, the highest concentration was in this Lik&tion. The HMW
fraction contained 183 uM DOC (30 %). The smallest molesida fraction of DOC

(2 %) was the VHMW material; this had a concentration of 14 uM.

Molecular size fractions of the DON in the sample coliécte 22¢ January 2004 could

not be properly determined due to the error of the calculatethod; the concentrations of
DON appeared to be negative (Figure 5.11g). Although analesesrepeated as
indicated in Chapter 2 the concentrations for DON appearsgimain negative. The
concentration of DOC in the water sample collected at sitas4168 p M (Figure 5.11h).
The composition of the DOC when separated according to matesiné fractions was
different to the sample collected on™3anuary 2004. The highest concentration of DOC
(89 uM) was measured in the HMW fraction (51 %) and thesbwoncentration was in
the VHMW fraction (7 %).

The DON in the river sample collected orf"2Bnuary was also negligible and little
difference was apparent in the concentrations of DON in thevHivid VHMW size
fractions (Figure 5.11i). The total concentration of DO@imsample collected on 29
January was 18{1M. This was similar to that collected a week earkad a third of that
measured on f4January (Figure 5.11j). The lowest concentration of DOCreesded
in the VHMW fraction (1 %) and the concentrations in thd\WM (48 %) and LMW (51 %)

fractions were similar at 87 and 93 uM respectively.
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5.3.3 Bacterial Bioassay incubations

Bacterial bioassays commenced off,120" and 28' January 2004 using molecular size
fractionated river water. Bacterial counts were caroiidon days 0, 1, 3 and 6 and one
DAPI stained filter was produced per day from each of the mcubation flasks (triplicate
flasks of 0.2 um, 30 kDa and 1 kDa filtered river watdifl)e mean bacterial abundance
from ten fields of view on each of the DAPI stainetkfis were converted to cells Tl

using equation 5.3. It was observed that the longer the flasksincubated, the more
similarly the bacteria behaved, therefore data from Gags3 are presented for each set of
flasks (Figure 5.12). Lines were used to link the bacteoahts from the same set of

incubation flasks throughout the incubation period.

The original abundance of natural bacteria in the river wateulum, prior to
ultrafiltration, changed markedly between sampling da@s.14" January 1.2 x fells
ml™ were recorded which was much higher than the bacterial coutts other two
sampling dates which were ten fold lower. Bacterial abureifor 23° and 28' January
was 1.5 x 10and 1.1 x 1drespectively. The highest original bacterial abundance

coincided with the highest river flow at the time of sampbingl4" January 2003.

The first bacterial bioassay commenced ofi d@nuary and had a rapid increase in
bacterial abundance between days 0 and 1, when the peak abundameeorded (Figure
5.12a). The abundance had declined by day 3 to similaslagedeen on day 0. The only

flask to grow bacteria closest to the original abundancerwmd the 1 kDa permeate.

There was good agreement between bacterial abundancestfmethenolecular size
fractions, although some patterns were observed. The lowestibbabundances on each
day of the incubation were recorded in the flasks containing thk®&@ermeate fraction.
There was, however, a large difference in the bacteriabatsrbetween the replicate
flasks, particularly on day 3. The highest and also the widage of bacterial
abundances on days 1 and 3 were recorded for the 1 kDa permbate was

considerable overlap between the three molecular size fractioalt days.

The second incubation, commencing ofi*2anuary, behaved very differently to that on

14" January (Figure 5.12b). The majority of incubation flasksve@d a decline in
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bacterial abundance to virtually no bacteria on day 1, amdthigebacterial abundance
proceeded to increase gradually from day 1 to a peak on dsgrée of the nine flasks

during the 6 day incubation grew bacteria back to the initial anewdin the inoculum.

There was a high degree of consistency between the bhatarielances measured in
replicate flasks throughout the incubation. On days 0 and/dsinot possible to
differentiate clearly which molecular size fractions contaditie highest bacterial
abundances. The separation became clearer by day 3 atid@alyr high bacterial
abundance was recorded in the 0.2 um replicate 3 flaskugh this was not replicated in

the two other incubation flasks of the same molecular sizédra

The last bacterial bioassay using water collected 8hiauary 2004 was once again very
different to the other two sampling dates (Figure 5.12c).reThas an increase in the
bacterial abundance in the 0.2 and 1 kDa flasks from betdagen0 and 1, although a
slight decrease was observed in the 30 kDa flasks. By dagp@d increase in bacterial
abundance had been recorded to a peak bacterial abundand&sgks|iwhich had not

been observed in the other two incubation experiments.

The third bacterial bioassay had the greatest degreeiafiearbetween the replicate
bacterial abundances from the same molecular size fractidresbacterial abundances on
day 0 had a high degree of agreement despite a large esoaradsd with bacterial
abundance in individual flasks (Figure 5.12c). However, by dag gjrdatest bacterial
abundances were recorded in the 0.2 um filtered river wthtewas also observed on day
3. There was no clear separation between these and kedtadaining the other two
molecular size fractions, as there was a high degreendésty between the range of

bacterial abundances in the replicate flasks containing the 30ekida permeate.
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Figure 5.12. Bacterial counts on days 0, 1 and 3 of incubati experiments started on
(a) 14", (b) 22" and (c) 19" January 2004. Error bars represent one standard
deviation of bacterial counts in 10 fields of view on a DAP$tained slide from three
replicate vessels. The dotted line represents the oingl bacterial abundance in the
natural river water inoculum.
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5.4 DISCUSSION

Quantification of the proportion of freshwater DOM that isaviailable for biological
production is necessary to produce accurate budgets for nitrogengestuaries that
contribute to biological production. The use solely of DIN inghst has perhaps
underestimated the potential nitrogen inputs to these dynanénsy/$Seitzinger and
Sanders, 1997b). Although previous work has focused on DOC (Catlabnl985;
Cauwet, 2002) and since it is not possible to separate pobl@©fand DON, these have
been considered together in terms of the bioavailabiliy@M. Bacterial bioassays were
used to assess bioavailability as DOM is considerethportant carbon and energy source
for bacteria (Fuhrman, 1992; Benreral, 1997; Goldman and Dennett, 2000). The
microbial degradation of DOM is also considered one of the mmgsirtant removal
mechanisms in river and estuarine systems (Wiegner anih8eitzZ2001), for which rates
of biological removal are greater than those from photochenmecmhdation of DOM
(Wiegner and Seitzinger, 2001; Benner, 2002). The majority aimdioavailability
work has focused on specific chemical groups such as the duraiphhumic substances
in riverine DOM (Carlsson and Graneli, 1993; Cauwet, 2002). Mey{d®83) states that
the chemical characterisation of riverine DOM using siaetionation of organic matter

has been overlooked.

54.1 Defining ultrafiltration cartridge NMW cut-off

To define clearly the size of molecules that an ultrafion cartridge is able to retain it is
necessary to determine the molecular size cut-off. @hedges were selected with
nominal molecular weight cut-offs to coincide with the deifams of low, high and very
high molecular weight fractions. Although 1 kDa is widely ated as the upper size
range for LMW material regardless of the aquatic environntleatlifferentiation between
HMW and VHMW on the basis of a 30 kDa cut-off is only recogdim freshwater and

coastal literature (Amon and Benner, 1996).

The ability of a cartridge to retain macromolecules specified molecular size was
assessed using the retention coefficient of both DOC and Dibise were often in good
agreement with a high retention coefficient indicating aiiity for a molecule to pass
through the membrane into the permeate. The retention ¢eeffior DON was generally
consistently lower than DOC, particularly for the 1 kDa filt&his may be related to the
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higher concentrations of DOC prepared in the calibratiordatals thereby causing a
larger concentration gradient across the filter membraareftr DON. Although other
factors may be involved such as physio-chemical interactidm@be macromolecules
and the filter, membrane adsorptive losses or breakthrough ofiahé#tat is greater than
the NMW cut-off (Mannino and Harvey, 2000).

The two ultrafiltration cartridges showed a similar retentbmacromolecules despite
their apparently different nominal molecular weight cut-offstamin B-12 (1.33 kDa)
which should have been close to the cut-off of the 1 kDa narebshowed a distinct
difference in retention between the two filters. The D@t@ntion of vitamin B-12 was
higher for the 1 kDa than 30 kDa filter. Further tests ugintacromolecule with a MW
between 1.33 and 12 kDa would have shown a clearer distirmgiareen NMW of the
two filters. Without this it can be established that therfivith the 1 kDa NMW was not
able to retain vitamin B-12 and therefore had a cut-off >a. kBimilarly the filter with
the 30 kDa NMW was able to retain cytochrome C and therefare faver cut-off 12
kDa.

5.4.2 Nitrate retention

Molecules that are smaller than the molecular weight cutfdfie filter membrane were
expected to pass through the filter membrane (Hollibaagth, 1991). This meant that all
the bacterial bioassays, regardless of DOM content, wouldthaw&ame concentration of
nitrate in both the permeate and retentate. However, kethdecrease in the nitrate
concentration was consistently observed after filtration throughh #Da membrane. This
indicated that nitrate was being retained by the ultrafitin process. Although this hasn’t
previously been observed for nitrate, adsorption of molecules orbrares has been
observed in other investigations and can result in unreprasergae fractions (Mannino
and Harvey, 2000). Other research has found sulphate, calogitmagnesium retention
by ultrafiltration cartridges which could be attributed liecé&rostatic differences between
the ions and the cartridge membrane causing repulsion of theiorgdiGuoet al, 2001).

The retention of nitrate by the 1 kDa filter may be caussitbjlar charge differences.
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543 Molecular size fractions of DOM

There is good agreement in the literature that HMW plus VHM#&V ¥1 kDa) are the
dominant molecular size fractions of DOC in freshwater samf@enner and Hedges,
1993; Hedgest al, 1994b; Amon and Benner, 1996; Perdue and Ritchie, 2003). In
contrast there has been little work on the ultrafiltratioDON compounds (Stepanauskas
et al, 1999b). The author found only two studies on fractionation ofviratgn DON.

The first was based on wetlands in Sweden where LMW axagifto be the dominant
fraction of DON (Stepanauskasal, 1999b) and the second had similar conclusions from
water collected in the Elbe estuary, Germany (Kerner pitdyS2001). Better
characterisation of the size fractions of DOM and thieénaical composition are needed to

determine the bioavailability of these fractions.

There was no consistently higher concentration of DON or DCHRy of the molecular
size fractions from the ultrafiltration experiments. LMMs found to be both the
dominant DOC and DON fraction on only one sampling dat& {&tuary 2004), when the
highest river flow was recorded, although concentrations of D@k anly just higher
than measured on other sampling dates. It is possible éhahémical composition of
river water varies temporally, although these experimemgest that the changes may be

more frequent than on a seasonal basis.

There was also a lack of agreement between the pegesctanposition of DOC and
DON. This suggests that there was a high degree of decobgliwgen carbon and
nitrogen in the DOM. The composition tended to be dominatezitbgr LMW or HMW
material on the majority of sampling dates. It was noticethlaiethe DOC VHMW
fraction was < 10 % on all sampling dates, which wa®mrast with DON which had a
mean VHMW of 24 %.

5.4.4 Bacterial bioavailability

Conventionally LMW was believed to be the most biologicallgilable to bacteria and
phytoplankton due to its simple small molecular structure (Saurid##8). Recently
there has been a change of opinion since LMW was found to cengnifisa small
proportion of DOM in natural waters. Instead the newer ancdetgally younger HMW
DOM appears to be more bioavailable (Amon and Benner, 19963. was the basis of

the size-reactivity continuum model proposed to explain DOM bilzdoiity (Tranvik,
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1990; Benneet al, 1992; Amon and Benner, 1994, 1996; Kerner and Spitzy, 2001).
Therefore by identifying the molecular size composition of DiDdhould be possible to
test the bioavailability of the various fractions (Meybet®93; Kirchman, 1994), at least

to a first approximation

The results from these bioassay experiments show an ovettapbacterial abundances
associated with each molecular size fraction. Thereneasatistical difference between
the bacterial growth in the Oifn filtered, LMW (<1 kDa) or LMW plus HMW (<30 kDa)
fractions. One possible reason may be the low concentratfi@@C and DON in the
original freshwater samples after fractionation using uiltration. This may have resulted
in insufficient DOM to support appreciable bacterial growtlep&ating the experiments
during the late summer months may give higher concentration®ifanhd DOC for
ultrafiltration and bacterial bioassay experiments. Asjids reason for the low bacterial
abundances are that chemical characteristics of DOM havedixserved to change
downstream (Sust al, 1997). The compounds in the lower reaches of the Ogeechee
River, Georgia (USA) were more degraded than further wpstend had a lower aliphatic

carbon content which may reflect a lower bioavailability ofNDCsunet al, 1997).

The first incubation experiment carried out off' Bdnuary 2004 was the only bacterial
incubation to almost reach the original bacterial abundance.eXp&iment experienced
the highest flow conditions suggesting that the higher flow rasedt i@ higher amounts
of bioavailable DOM, therefore producing the highest bacterial abuesdBenneet al,
1995), although, experiments with similar high flow conditions didshow the same

trends.

5.5 CHAPTER SUMMARY

This study has shown the importance of calibrating ultrafittnatartridges to verify the
nominal molecular weight cut-off of the membrane. The flterfcartridges (1 and 30
kDa) used in this research were expected to have vegyeatitf MW cut-offs. Instead it
was shown that vitamin B-12 with a molecular weight of 1.33 W2a able to permeate
the 1 kDa filter and cytochrome C (NMW of 12 kDa) was retdiby the 30 kDa filter.
This suggests that the ultrafiltration cartridges hadecl®N cut-off than anticipated and

it may have been useful to use an intermediate macromolstaietard.
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The small size of the nitrate molecule suggests thataheentration should not change
during the filtration process. Instead a reduction of nitrateentration was observed in
the 1 kDa permeate, relative to the concentration of igenal solution. This suggests
that some nitrate is retained by the filter. A similacrdase was not observed from the
retentate of the 30 kDa filter. It is thought that either im@me adsorption or electrostatic
membrane — ion repulsion may have been stronger in the 1 kBfiltudtion cartridge due
to the smaller pore size than that of the 30 kDa filter (ManaimbHarvey, 2000; Guet

al., 2001).

The molecular size fractionation of River Test DOM haarable composition in terms of
LMW, HMW and VHMW fractions. None of these fractions wassistently larger than
the others. It is possible that the molecular size compnosifi the river is dependent upon
the river flow (Benneet al, 1995), although this was not clearly apparent from these

experiments.

The bacterial bioassay experiments showed that there wstatistical difference in
bacterial abundance in the three molecular size fractibhs. may be dependant on the
molecular size composition of the DOM and lack of dominantfsizgion. The original
concentrations of DOM in the river water in January 2004 were lbthe experiments
were performed with a higher DOM concentration then chaimgescterial abundance

may have been more apparent.
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6 CHAPTER SIX. CONCLUSIONS AND SUGGESTIONS FOR FURTHER
WORK

6.1 GENERAL CONCLUSIONS

The overall aim of this research was to determine temparhkpatial changes in
dissolved organic matter (DOM) in a high nitrate river/estgasystem and in addition to
investigate the bioavailability of riverine DOM relagito its molecular size distribution.
Data from an intensive 18 month study of the River Test andmgswas compiled to
determine the temporal and spatial variation in DOM (DAQON) in relation to
dissolved inorganic nitrogen concentrations (nitrate, ammoniumyplate organic
nitrogen and carbon in the lower reaches of the Riveraresthe upper estuary. Few
other studies have attempted to assess spatial variatidissolved organic nitrogen
(DON) and carbon (DOC) along a river / estuary continuum anmdifgé€i) the importance
of point source inputs along the river and (ii) the influence efiiolal salt marshes on
nutrient concentrations. The contribution of DON to riverine nitndgads entering UK
estuaries remain largely unknown even though it is becomingm®tvihat DON has an
important role in estuarine productivity (Seitzinger and Sand®&7b). There has been a
lack of research into the bioavailability of DON and itsgotial to contribute to

eutrophication.

No other investigations into seasonal variations in DON coratéis have been carried
out in UK river and estuarine systems. A clear seasmarad tvas not apparent in either
the concentration of DON nor the percentage of total nitrog&@Oasin the River Test or
its estuary. Despite DON being the second largest tataben component contributing
up to 7 % in the river and 13 % of the total dissolvedg#én (TDN) in the Test estuary,
there were no similarities in temporal variations when amegh with nitrate as the
dominant fraction of dissolved nitrogen (Anonymous, 1983; Samdeis 1997). The
processes affecting DON concentrations on a temporal scaleaeecomplex than those
influencing the inorganic nitrogen species. The lack of seasanation in DON
concentrations in this system was in contrast to that@€ Dwhich showed a clear
temporal variation in both freshwater and saline samplesppkars that DOC and DON in
the river and estuary are not correlated and are influemcddferent processes such as

the preferential breakdown of DON and the removal of DOC ispine@g months.
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The annual DON load from the River Test entering the gstuas approximately 10 % of
the total dissolved nitrogen load. The majority of the digsbhitrogen load was
composed of nitrate, with only 1 % being ammonium. There waeao relationship
between flow and the monthly DON load, although the peak Igadall dissolved
constituents of nitrogen) coincided in December 2002 during highréites. This
represents the first study of DON load (23 Mmét)yand area-normalised load (1.9 ¥ 10
mol km? yr) in a chalk river and was in good agreement with otheties worldwide (14
to 207 Mmol yr-1 DON load; 5.9 to 31.4 mol Knyr? area-normalised DON load),
although the DON load was fairly low compared to most lowldKdstudies (28 to 51
Mmol yr-1 DON load; 1.4 to 3.9 x #@nol km? yr? area-normalised load)(Edwaresal,
1996). This study has shown mean nitrate concentrations withiRiver Test to be

462 pM between 2001 and 2002 which suggests an increase of mo2& Waover the
last 25 years (Hydes and Wright, 1999).

This was the first UK study of spatial variations in DOQdhcentrations from a river to
estuary system. These spatial variations in DON and BIO@) the Test river - estuary
continuum indicate a general downstream trend of increasing &@NDOC
concentrations. This was in contrast to a clear decreastate from high concentrations
at the source to lower values at the freshwater linReatbridge. A downstream increase
in ammonium was only apparent during the winter months when fabésdagical

removal were likely to be at a minimum. The undetectBIad levels at the aquifer fed
source of the River Test suggests that ground water andfraregiotential diffuse
sources, with biological production being an additional intermadc® and in some months
sewage treatment works provided a point source of DON. DO€entmations at the river
source were higher than those measured at the upper lihé shtpling area. This
suggests a ground water source of DOC is diluted in the upigclneent and, further
downstream, other DOC point source inputs become important as sidwsping et al.
(1997) for the Humber catchment.

Concentrations of DON measured downstream of salt marshedomear than those
determined immediately upstream, suggesting that DON #a&san or ammonification
processes were important in this area. DON may alséidxted by other physical
removal processes including adsorption, flocculation and degraddiantoura and
Woodward, 1983; Libes, 1992; Mannino and Harvey, 2000; Cauwet, 2002; MOteoq-
et al, 2003). Generally, higher concentrations of both DON and DQ€ meeorded in
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freshwater samples relative to saline samples and themttgalinity mixing behaviour
was non-conservative in all but a couple of months, indicatin§I@s biologically
reactive in these areas and that losses and additionswithin the estuary (Goigt al,
2003). This to be expected in the stratified upper Tésass which has longer mixing
times than well-mixed estuaries (Cauwet, 2002). Elevaiadentrations of DOC were
observed downstream compared to upstream of a fish farm amajbaty of sampling
dates. These increases were probably associated with fetabeafish excretion and
faeces (Gowen and Bradbury, 1987; Wu, 1995; Lin and Yi, 2003), natlkatgest
increases occurring in the late spring and early summewelktr, DON concentrations
remained unchanged downstream of the fish farm suggestiegoaipling of the processes
influencing DON and DOC in this area.

A further aim of this work was to investigate the bioavality of molecular size
fractionated freshwater DON and DOC from the River Tssig bacterial bioassays.
Initially the calibration of the filters indicated thitwe difference in nominal molecular
weight cut-offs of the filters were closer than expectedcamipounds 12 kDa were being
retained by the 30 kDa filter. There was also the addauslgm that some nitrate was
retained by the 1 kDa filter membrane. This work estaddighat the chemical
composition of the river water during winter 2003 — 2004 in theddRixeer Test varied
over time. On the majority of sampling dates DOM was doradhay either low (LMW)
or high (HMW) molecular weight material. The very high emilar weight (VHMW)
material was a larger fraction of the DON composition coegbarith <10 % of the DOC
of the VHMW material.

An attempt was made to assess the biological availabflityolecular size fractions of
DOM using a bacterial bioassay approach. Preliminary eeBaln this research showed
that bacterial growth was not affected by the various mtdesize fractionated DON and
DOC. The three bacterial bioassay experiments showedtrstictdly significant
difference between bacterial growth in the @2 filtered water (total DON and DOC),
LMW (< 1 kDa) or LMW plus HMW (< 30 kDa) fractions. This ynhe dependant on the

molecular size composition of the DOM and lack of consigizet fraction composition.

This research has shown that DON is an important fractitimedtal nitrogen budget of a

UK south coast river contributing up to 10 % of the dissolvadgen load. There was no
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apparent seasonal variation in DON concentrations withiarémee surveyed over the 18
months, although in some months sewage treatment works provide atscineeiver

and the salt marshes in the lower Test remove DON fromvbewater.

6.2 SUGGESTIONS FOR FURTHER WORK

This study has produced the first comprehensive data setfdd@centrations measured
on a monthly basis at a number of positions along the course ofrevéfkand upper
estuarine system. The research has investigated tdrapdrapatial variations in
concentrations but directly linking these variations to speciticgsses affecting
concentrations of DON in the lower river or upper estuaryphaged more challenging.
The multiple linear regression analysis identified thatvtiriables measured in this study
do not contribute to the ability to predict DON, therefore othetors must be of
importance. Several point source inputs to the river werstigeted in this study but
determining the importance of diffuse sources of nutrientglifiault task. Further
investigation into diffuse DON sources such as precipitatéai, litter decomposition and
soil run off sources may identify whether these processes aeertrolling DON

concentrations in the River Test.

In addition, the study has revealed that the salt marseesarea of importance to
nutrient cycling and a potential site of DON removal. An extenef the investigation in
this intertidal area would be to monitor DON concentrations ol taikescale, sampling
on both high and low tides over a period of several days. Timesgtigations may

constrain further the nitrogen load entering the estuary and @©Ikhg in this area.

Most studies of nutrient inputs to rivers and estuaries haventrated on measuring
dissolved inorganic nitrogen, although this represents an inconaplafysis of the total
nitrogen (TN) sources to these systems. UK monitoring agemeasure DIN to ensure
compliance with international obligations and legislation but ét&momposition or total
concentration of DON in rivers and estuaries is mostly unknd¥avances in the
analytical determination and characterisation of DON hav#ifde that it is potentially
biologically available to phytoplankton and bacteria and it has lodesd to the increased
occurrence of harmful algal blooms. Since total quantitiestrogen entering sensitive
estuarine waters from UK rivers is currently an underes®, it is recommended that

routine monitoring of DON concentrations is carried out to obtaine accurate estimates
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of inputs to estuaries. It is also advised that internatagedements are amended to

acknowledge the importance of DON to the total nitrogen lo&erieg coastal areas.

Finally it has been shown from this study that temporal vanstare observed in the
molecular size composition of DON and DOC in the River.T@$ke current research was
limited to an investigating of the composition in winter mont@fianges in DOC and
DON molecular size composition may be apparent from monthlyfrsizéonation
experiments, which could be used to investigate temporal esanghe bioavailability of
DOM to bacteria and micro algae in the river and estuagiatem.
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Appendix A. — Predicted tidal heights

Appendix A. Predicted tidal heights in Southampton watelon sampling dates July
2001 — December 2002. N.B. all times are given as GMT. Tideights are relative to
chart datum. (UK Hydrographic Office, 2000, 2001)

18/07/2001 16/01/2002 11/07/2002
01:51 (1.4 m) 00:13 (4.4 m) 04:53 (0.8 m)
08:20 (4.0 m) 06:06 (1.0 m) 11:17 (4.4 m)
14:14 (1.3 m) 12:24 (4.4 m) 17:12 (0.9 m)
20:47 (4.3 m) 18:24 (0.8 m) 23:32 (4.5 m)
21/08/2001 15/02/2002 09/08/2002
05:58 (0.2 m) 00:24 (4.4 m) 04:40 (0.6 m)
12:17 (4.8 m) 06:20 (0.8 m) 11:02 (4.5 m)
18:20 (0.4 m) 12:35 (4.3 m) 17.01 (0.8 m)
18:33 (0.7 m) 23:18 (4.6 m)
19/09/2001 18/03/2002 06/09/2002
05:38 (0.1 m) 00:55 (4.3 m) 03:37 (0.8 m)
11:55 (4.9 m) 06:45 (0.8 m) 10:00 (4.5 m)
18:00 (0.3 m) 13:09 (4.2 m) 15:59 (0.9 m)
18:56 (0.9 m) 22:16 (4.7 m)
19/10/2001 15/04/2002 08/10/2002
05:53 (0.3 m) 05:53 (0.6 m) 05:29 (0.1 m)
12:10 (4.8 m) 12:10 (4.3 m) 11:45 (5.0 m)
18:15 (0.4 m) 18:05 (0.7 m) 17:51 (0.3 m)
16/11/2001 14/05/2002 07/11/2002
04:47 (0.5 m) 05:28 (0.7 m) 05:46 (0.4 m)
11:05 (4.8 m) 11:47 (4.3 m) 12:05 (4.9 m)
17.11 (0.5 m) 17:42 (0.9 m) 18:10 (0.5 m)
23:25 (4.7 m)
17/12/2001 14/06/2002 06/12/2002
05:45 (0.9 m) 00:26 (4.4 m) 05:27 (0.7 m)
12:04 (4.5 m) 06:26 (0.8 m) 11:47 (4.7 m)
18:07 (0.8 m) 12:55 (4.4 m) 17:52 (0.6 m)
18:47 (1.1 m)
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Appendix B. — Temperature field measurements

Appendix B. Temperature (C) measurements at all sampling sites, July 2001 —
December 2002. ND indicates no data.

Site [18/07/01| 21/08/01 | 19/09/01 | 19/10/01 | 16/11/01 | 17/12/01 | 16/01/02 | 15/02/02 | 18/03/02

1 14.9 ND 15.7 ND 9.9 8.2 6.0 6.9 10.0
2 14.9 17.1 11.2 13.1 7.3 4.6 6.7 6.6 11.0
3 14.5 16.2 11.8 13.1 7.2 4.7 6.7 6.6 9.9
4 14.6 16.2 11.8 13.1 7.2 4.6 6.0 6.6 12.6
5 14.8 16.2 11.6 13.1 7.2 4.7 6.7 6.6 11.7
6 ND 19.2 15.2 12.2 8.4 6.5 6.7 7.1 10.0
6a ND 17.2 12.2 11.0 7.5 5.0 6.9 7.1 10.0
7 15.2 17.0 12.3 11.5 7.6 5.0 6.8 7.0 10.0
8 15.4 17.1 12.2 10.9 7.7 5.0 6.8 7.1 10.0
9 14.9 16.4 11.7 12.9 7.4 4.9 6.7 6.7 12.1
10 15.1 16.7 12.1 12.0 7.6 5.1 6.8 7.0 10.0
11 14.6 15.9 11.8 12.6 7.7 5.1 6.9 6.8 12.9
12 15.0 16.0 11.5 12.2 8.3 5.6 7.0 7.0 10.9
13 15.0 16.1 11.7 12.0 8.2 5.4 6.9 7.0 10.6
14 15.2 16.4 11.6 12.4 8.3 5.4 7.2 7.0 10.0
15 14.9 16.0 11.7 12.4 8.4 5.6 7.2 7.0 12.1
16 15.7 19.8 15.7 13.8 9.0 5.6 6.8 7.5 10.0
17 ND ND ND ND ND ND ND ND ND
18 ND ND ND ND ND ND ND ND ND

Site |15/04/02| 14/05/02 | 14/06/02 | 11/07/02 | 09/08/02 | 06/09/02 | 08/10/02 | 07/11/02 | 06/12/02

1 10.7 13.4 5.8 ND 18.9 19.6 16.4 12.5 9.1
2 10.0 12.4 14.9 16.0 16.8 17.6 12.6 10.3 8.2
3 9.8 12.3 14.8 15.9 16.8 16.2 12.6 10.4 8.1
4 9.9 12.2 14.8 ND 16.8 16.3 12.6 10.3 8.2
5 9.8 12.2 14.8 ND 16.7 16.2 12.6 10.3 8.2
6 11.2 13.2 15.4 ND 18.7 17.7 14.5 12.1 8.8
63 11.0 12.9 15.3 ND 16.8 16.6 12.7 10.5 8.5
7 10.8 12.4 15.2 ND 18.6 16.6 12.6 104 8.5
8 10.9 125 15.3 ND 16.6 16.5 12.6 104 8.5
9 10.2 12.2 14.8 ND 16.6 16.3 12.4 10.3 8.3
10 10.6 12.2 14.9 ND 16.4 16.3 12,5 10.3 8.5
11 10.2 12.2 14.5 ND 16.1 16.0 12.4 9.9 8.5
12 10.6 12.2 14.6 ND 15.5 15.5 12.2 10.1 8.7
13 10.3 12.2 14.5 ND 15.4 15.6 12.2 10.1 8.7
14 10.6 12.2 14.8 ND 15.4 15.7 12.3 10.2 8.7
15 10.2 12.2 14.5 ND 15.5 15.4 12.2 10.1 8.8
16 11.6 13.4 6.0 ND 18.0 17.7 16.4 11.5 9.0
17 ND ND 8.1 17.5 18.2 19.3 15.7 12,5 10.3
18 ND ND ND ND 19.6 19.7 16.3 13.0 10.7
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Appendix C. - Conductivity field measurements

Appendix C. Conductivity (uS crmi') measurements at all sampling sites, July 2001 —
December 2002. ND indicates no data.

Site | 18/07/01 | 21/08/01 | 19/09/01 | 19/10/01 | 16/11/01 | 17/12/01 | 16/01/02 | 15/02/02 | 18/03/02

1 3850 ND 40100 ND 22900 31200 31500 3300 2560
2 3850 3960 757 1054 443 345 432 378 400
3 435 548 419 516 373 347 354 346 379
4 437 513 403 497 370 345 361 305 360
5 439 548 404 497 370 347 361 354 358
6 ND 34000 35300 1506 10690 193 9680 796 375
6a ND 5830 443 566 384 353 379 796 370
7 458 565 429 522 385 357 376 378 379
8 458 565 427 521 379 356 376 379 380
9 454 556 408 523 382 357 377 375 383
10 457 561 432 523 387 359 377 377 372
11 453 565 422 523 388 362 378 378 380
12 460 566 414 519 394 365 380 379 396
13 459 565 426 522 382 362 379 380 383
14 460 567 414 522 395 363 381 387 396
15 460 566 430 523 396 366 381 387 390
16 551 38700 40000 16060 13800 9140 5300 7430 2640
17 ND ND ND ND ND ND ND ND ND
18 ND ND ND ND ND ND ND ND ND

Site | 15/04/02 | 14/05/02 | 14/06/02 | 11/07/02 | 09/08/02 | 06/09/02 | 08/10/02 | 07/11/02 | 06/12/02

1 34900 35400 36100 36300 36700 44300 48000 39000 17300
2 447 426 356 648 608 16700 1285 720 599
3 400 370 365 533 460 564 584 403 570
4 399 370 432 532 460 565 561 439 568
5 399 370 435 534 459 564 567 460 570
6 7850 2180 460 2400 27200 17220 27700 32100 15530
6a 413 403 424 553 560 944 620 770 588
7 411 406 456 572 456 561 580 565 592
8 412 409 458 567 458 562 581 571 592
9 406 407 450 564 457 564 580 510 590
10 411 366 465 569 461 566 583 565 547
11 406 412 456 570 517 566 584 580 596
12 409 410 466 578 457 572 587 568 601
13 408 414 466 576 456 571 586 592 600
14 412 414 462 574 460 570 584 579 602
15 409 413 456 561 456 572 587 575 602
16 17640 6730 6120 12570 20600 14060 48000 21300 13480
17 ND ND 3670 13310 14310 36600 42900 39000 41800
18 ND ND ND ND 43300 44500 38100 47900 47900
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Appendix D — Salinity field measurements

Appendix D. Salinity measurements at all sampling sites, Ju2001 — December 2002.
ND indicates no data.

Site | 18/07/01 | 21/08/01 | 19/09/01 | 19/10/01 | 16/11/01 | 17/12/01 | 16/01/02 | 15/02/02 | 18/03/02

1 1.7 16 31.0 0.0 21.9 28.3 20.2 16.0 15.7
2 1.7 0.0 0.3 0.0 0.1 0.0 0.1 0.2 0.3
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5 0.0 ND 0.7 0.0 0.4 0.0 0.1 0.0 0.0
6 ND| 0.8 26.8 0.7 9.7 0.0 3.9 0.7 0.0
6a ND| 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0
7 0.0 ND ND 0.0 0.0 0.0 0.0 0.0 0.0
8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 ND
9 0.0 ND 0.0 0.1 0.0 0.0 0.0 0.0 0.0
10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
11 0.0 ND ND 0.0 0.0 0.0 0.0 0.0 0.0
12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
13 0.0 ND 0.0 0.0 0.0 0.0 0.0 0.0 0.0
14 0.0 ND 0.0 0.0 0.0 0.0 0.0 0.0 0.0
15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
16 0.0 24.2 31.0 10.4 16.0 6.8 3.1 5.5 2.2
17 ND ND ND ND ND ND ND ND ND
18 ND ND ND ND ND ND ND ND ND

Site | 15/04/02 | 14/05/02 | 14/06/02 | 11/07/02 | 09/08/02 | 06/09/02 | 08/10/02 | 07/11/02 | 06/12/02

1 30.5 24.6 27.0 223 19.7 17.8 30.2 19.2 10.6
2 0.1 0.0 0.0 0.1 0.1 3.0 0.4 0.1 0.0
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6 3.7 0.5 0.0 11 9.5 10.0 16.5 17.9 4.4
63 0.0 0.0 0.0 0.0 0.5 0.1 0.0 0.1 0.0
7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
14 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
16 13.2 4.2 3.9 7.1 11.2 111 28.0 14.2 6.8
17 ND| ND 0.0 7.6 13.0 21.7 26.4 25.5 12.0
18 ND| ND ND ND 27.9 31.4 31.6 32.4 30.4
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Appendix E. — HTCO instrument conditions

Appendix E. Shimadzu 5000A and Antek 705E instrumental conditios

Blank water

UV cleaned (4 hr) Milli-Q water

Acidification of samples

5@l of 10 % HCI made in blank water

Cleaning of sample vials

10 %®, and combusted (4 hr at 580)

Shimadzu 5000A settings (TOC)

Carrier gas

Oxygen (ultra pure 99.999 %)

Gas flow rate through TOC 5000A

150 ml min

TC catalyst

Normal sensitivity

Detector

Infra red gas analyser detects CO

Furnace temperature

680

Syringe volume 25Ql
Injection volume 10Qul

No. washes 4

No. injections 4

Injection interval 240 seconds
TOC range 1

Antek 705 E settings (TDN)

Furnace temperature 960

TDN sensitivity 10

Detector

Chemiluminescent detection of NO
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Appendix F. — HTCO analysis sequence

Appendix F. Sequence of analysis of standards, blanks and saegpfor HTCO
determination of DOC and TDN. Nitrogen concentrations aregiven for the caffeine
standards, there is a 1:2 ratio of N:C in caffeine therefa carbon concentrations are
twice that of nitrogen.

Blank (UV irradiated Milli-Q water)

Blank

500 uM caffeine (mid range standard to check for drift throughatehip

700 puM caffeine (high standard)

200 uM caffeine (medium-low standard)

100 uM caffeine (low standard)

Blank

500 uM caffeine

500 pM potassium nitrate (identical concentration to previousicaftandard to check
oxidation efficiency)

A. Set of samples

B. Blank

C. 500 pM caffeine

D. 500 puM potassium nitrate (identical concentration to prewgatfeine standard to
check oxidation efficiency)

Repeat A, B, C and D as many times as necessary
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Appendix G. — Romsey to Longbridge map

Appendix G. Map of Romsey to Longbridge. Location of Broadlandsléw gauging
station (SU 3541 1886) and input from Greenhill STW relative to nmient sampling

sites 10 and 11. Filled dots indicate sampling sites and étl crosses are Environment
Agency flow gauging stations.
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Appendix H- Lower Test

Appendix H. Map of lower Test (Broadlands Lake to Redbridje); channel pattern
and location of gauging stations. Filled dots indicate samplingjtes and filled crosses

are Environment Agency flow gauging stations.
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Appendix | — River flow at Broadlands

Appendix I. Daily mean river flow at Broadlands (SU 3541 1886) on thRiver Test
from January 1985 to May 2003. The section between the dotteddis indicates the
duration of the 18-month sampling programme from July 2001 to Decembe&002.
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Appendix K— Research outputs

Appendix J. Environment Agency nutrients measured at Longbride (SU 3550 1780)
during the Harmonised Monitoring Scheme (HMS).

Date Nitrate |Ammonium
(LM) (HM)
19/06/2001 499 4.4
06/08/2001 454 5.0
30/08/2001 464 5.1
02/10/2001 432 4.1
06/11/2001 480 4.3
29/11/2001 492 6.0
10/12/2001 527 5.6
17/12/2001 526 7.1
21/01/2002 494 7.7
25/02/2002 514 51
19/03/2002 471 51
16/04/2002 511 2.6
31/05/2002 469 4.6
04/07/2002 475 4.9
31/07/2002 448 2.5
29/08/2002 462 6.2
02/10/2002 445 4.9
29/10/2002 453 3.8
23/11/2002 426 6.8
18/12/2002 536 5.4
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Appendix K— Research outputs

Appendix K. Research outputs

Conference oral presentations:

Liverpool workshop on dissolved organic matter, “Temporal and sghtages in
DOC and DON in a river / estuarine system”, Liverpool, 2094

American Society of Limnology and Oceanography (ASLO) / Thea@ography
Society (TOS) at the Ocean Research Conference, “Cakoomposition and
bioavailability of DOM in a river / estuarine systemJ'SA, February 2004
GANE thematic programme annual meeting, “Behaviour of DOtienower
reaches of a chalk-bed river”, Edinburgh, September 2003

Postgraduate Research in Marine Sciences (PRMES), “Béskorganic nitrogen
in the Upper Test estuary and River Test”, Southampton, April 2003

GANE thematic programme annual meeting, “Dissolved inorgardaaganic
nitrogen; spatial and temporal distribution in an aquifer fedkcriver”,
Nottingham, September 2002

Conference poster presentations:

GANE - too much of a good thing? Programme finale, “Dissobrgénic nitrogen
in the Test river and estuary”, London, February 2004 (co-author)

Challenger Society UK Marine Science Centenary Conferébéssolved
inorganic and organic nitrogen, spatial and temporal distributioas aquifer fed
chalk river”, Plymouth, September 2002

First GANE thematic programme annual meeting, “Spatiatidigton of
ammonium, nitrate and dissolved organic nitrogen in the Rigst, Hampshire,
UK”, Bangor, September 2001

Publications:

Homewood, J. M., Purdie, D. A and Shaw, P. J., 2004, Influensewadge inputs and fish
farm effluents on dissolved nitrogen species in a chalk, Weater, Air and Soil Pollution;
Focus4, 117-125
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Appendix L — Kimbridge fish farm

Appendix L. Map of Kimbridge fish farm relative to sites 12and 15
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Appendix M— Photos of tidal survey sites

Appendix M. River Test at (a) Broadlands Lake (site 9) and Ri#bridge (sites 1, 2 and
16) during (b) low and (c) high tide on 2% July 2001.

(A)

©
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Appendix N — Calibration of UF cartridges

Appendix N. Procedure for calibration of ultrafiltration car tridges

» Assemble ultrafiltration cartridge in cartridge holder #ndh out 0.1 N NaOH
cleaning solution using fresh Milli Q water. Initiallyuih 2 L through the retentate
line, followed by 6 L through the permeate line and the final Araugh the
retentate line.

* Check the pH of the permeate line is > pH 5 and proceedsteh3. If not > pH
5, return to flushing procedure step 1.

* Give the system a final flush with 1 L UV cleaned waparssing 200 ml through
the retentate line, 600 ml through the permeate and the finahR@Bough the
retentate line.

* Weigh out calibration solution to produce a volume of 5 L.

* Sub-sample from the calibration solution to determine thelicitiacentration

» Set aside 4 L of the calibration solution in a separatkfl

» Use the remaining calibration solution to initially flush th&afiltration system
(using similar flush ratios to step 1.). Then drain pettem@nd retentate lines as
well as ultrafiltration cartridge.

* Place the feed tube into the container of 4 L calibrationisalut

* Ata flow rate of 1 L/min turn the retentate screw thiave a pressure of 1.3 psi.

» Collect duplicate samples from the permeate and reterdatesfat the following
concentration factors 2, 4, 10 and 20 and store frozen forTIBfdrand DOC
determination.

* Flush the cartridge as in step 1 and pump through 0.1 N NaOH satition

highest flow rate before sealing ends and storing in the fridge.
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