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1. OVERVIEW OF WORKSHOP AND BUDGETS RESULTS

Key objectives of the Land-Ocean Interactions in the Coastal Zone (LOICZ core project
of the International Biosphere-Geosphere Programme (IGBP) are to:

e gain a better understanding of the global cycles of the key nutrient elements carbon
(C), nitrogen (N) and phosphorus (P);

» understand how the coastal zone affects material fluxes through biogeochemical
processes; and

» characterise the relationship of these fluxes to environmental change, including
human intervention (Pernetta and Milliman 1995).

To achieve these objectives, the LOICZ programme of activities has two major thrusts.
The first is the development of horizontal and, to a lesser extent, vertical material flux
models and their dynamics from continental basins through regional seas to continental
oceanic margins, based on our understanding of biogeochemical processes and data for
coastal ecosystems and habitats, and the human dimension. The second is the scaling of
the material flux models to evaluate coastal changes at spatial scales to global levels and,
eventually, across temporal scales.

It is recognised that there is a large amount of existing and recorded data and work in
progress around the world on coastal habitats at a variety of scales. LOICZ is developing
the scientific networks to integrate the expertise and information at these levels in order
to deliver science knowledge that addresses our regional and global goals.

The Workshop on Australasian Estuarine Systems: Carbon, Nitrogen and Phosphorus
Fluxes provided an important piece in the matrix of regional assessments being carried
out by LOICZ. The Australasian region has in excess of 50 000 km of coastline (about
8% of the global coastline) and more than 750 estuaries and embayments, spanning about
35 degrees of latititude from the tropics to sub-temperate areas. In addition to the
climatic gradient, there is a diversity of river flows (controlled and uncontrolled), human
pressures and modifications in the drainage basins and coastal fringe, and a diversity of
estuarine morphologies. This extensive coastal margin with its broad latitudinal range
and diverse human influences backed by a recent history of sustained coastal science
enterprise (hence, a rich database) provided an opportunity to:

a) evaluate comparatively regional biogeochemical budgets in the region; and

b) gain a picture of changes and variability in coastal biogeochemical processes in
response to both natural and anthropogenic forcing functions.

The Workshop was held at the Commonwealth Scientific and Industrial Research
Organisation (CSIRO) Land & Water laboratories in Canberra, Australia, on 12-14
October 1998. The objectives of the Workshop (Appendix VIII) and the activities
(Appendix V) are provided in this report. Two resource persons (Prof Steve Smith and
Dr Chris Crossland) worked with 19 scientists from a number of Australasian coastal



Figure 1.1 Location of LOICZ Australasian sites used for biogeochemical
budgeting. (The numbered circles identify site locations identified in Tables 1.1-1.3 and
in the text. Note: because of space, not all of the circles are individually numbered.
However, the numbering sequence is clear.)

science agencies and universities (Appendix V1) to consider, develop and assess
biogeochemical budgets for more than 30 estuaries in the region. The participating
scientists contributed necessary data and knowledge about the estuarine systems, and
identified additional sites for budget work based on existing databases. The outstanding
success of the Workshop derived not only from the budget contributions to the LOICZ
programme, but also from the opportunities to explore and discuss conceptual and
methodological issues (Appendices | and 111), to consider patterns of biogeochemical
processes and to expand the network of researchers relating to LOICZ in the region.

The initial session of the Workshop dealt with the LOICZ approach to the global
questions of horizontal fluxes of materials. An overview of the special nature of
estuarine systems in Australia and a number of unifying concepts was presented by Dr
Graham Harris (Appendix I) and supported by a description and discussion about the
classification system that could be applied to the Australasian coastal systems (Appendix

).



Table 1.1 Budgeted Australasian sites, numerical designations, locations, sizes,
water exchange times. (Class designations as follows: I--wet tropical; 11--wet/dry
tropical; 111--wet/dry subtropical, IV--transitional; V--wet temperate; VI--dry temperate;
VI1--Mediterranean; VI1I--dry tropical-subtropical; (S)--open shelf.)

Site | Class Name Long. Lat. Area | Depth | Exchange
no. (E=+) (N=+) time
(km?) | (m) (days)
111 Fly River 143.50 -8.50 500 5 13
2|1 Jardine 142.20 -11.15 5.6 1.4 8
3|1 Annan 145.27 -15.53 2.2 1.2 15
4111 Daintree 145.43 -16.28 5.0 5.1 20
511 Moresby 146.12 -17.60 5.3 3.0 13
6 | 11 (S) | Central Great 147.00 -18.00 | 14 000 37 nd
Barrier Reef #
711 Caboolture 153.03 -27.15 2.1 2.2 410
811 Brisbane 153.17 -27.37 13 10.2 295
9|1 Logan 153.33 -27.68 3.6 4.9 412
10 | 1N Tweed 153.55 -28.17 6.3 3.4 115
111 Brunswick 153.55 -28.53 1.3 0.7 43
12 | 111 Richmond 153.58 -28.88 10.1 5.7 85
13| 1 Clarence 153.35 -29.43 26.2 6.1 125
14 | 11 Bellinger 153.03 -30.65 1.8 2.6 16
15| I Nambucca 153.02 -30.65 4.6 2.6 55
16 | I Hastings 152.87 -31.42 4.9 4.1 26
17 | 1 Macleay 153.05 -30.90 6.9 4.1 41
18 | I Manning 152.50 -31.87 14.5 5.1 88
19 | IV Hawkesbury- 151.80 -32.90 34 3 15
Nepean

20 | IV Lake Illawarra 150.80 -34.00 35 2 55
21 | V (S) | Hauraki Gulf 175.00 -36.50 5800 16 58
22 |V Manukau 174.30 -37.00 317 4 16
23|V Derwent 147.30 -42.90 172 16 10
24 |V Lake Victoria 147.00 -38.00 100 5 47
25|V Port Phillip 145.00 -38.00 1900 13 290
26 | VI Spencer Gulf # 137.00 -34.30 | 21700 21 246
27 | VII Wilson Inlet  # 117.30 -35.00 48 2.5 142
28 | VII Cockburn Sound 115.80 -32.20 114 12 150
29 | VII Swan Canning 115.90 -32.00 33 5 17
30 | VIII | Shark Bay # 114.00 -26.00 4300 7 360

# = existing site budgets on LOICZ website
nd = not determined




Table 1.2 Budgeted Australasian site numbers, class designations, and land

(including atmosphere) nutrient loads.

Site Class DIP | DIN ADIP ADIN ADOP ADON
no. load | load
mmol m™ yr!
111 13 1577 39 -60 -4 409
21 21 595 33 -329 -29 -913
311 17 355 -5 9 -5 -1400
4|11 19 815 -2 -43 10 -1894
511 13 1567 -15 -456 0 0
6|1l (S) 2 51 -4 -64
71 201 2077 -83 366 14 620
8 | I 927 7973 -136 922 -59 -755
9|1 1169 5759 -525 -1126 -75 6
10 | 11 166 712 -63 1137 -10 72
11 | 11 101 1612 -46 -225 -30 -15
12 | 11 531 3420 -26 -1194 -81 912
13 | 1 119 2396 -27 -38 -33 -188
14 | 1l 319 3723 148 1038 47 2260
15 | I 218 3355 -96 -536 -171 -404
16 | 1 325 7777 -153 -1501 -49 -1722
17 | I 440 7110 -4 322 -176 -475
18 | Il 117 1120 -40 -161 -9 -135
19| IV 6 329 -44 -252
20| IV 8 86 7 120
21 | V (S) 1 13 9 -91
22 |V 47 623 -33 524
23 |V 25 223 10 -159
24 |V 5 36 -6 -50
25|V 28 173 -3 -172
26 | VI 0 0 -2 -1 0 -18
27 | VI 3 65 -3 -33
28 | VII 202 1035 -193 1018
29 | VII 77 2585 4 843
30 | VI 0 0 -1 -1
mean 171 1905 -42 -6 -37 -202
std dev 278 2382 111 623 59 974
median 38 925 -6 -47 -20 =77
min 0 0 -525 -1501 -176 -1894
max 1169 7973 148 1137 47 2260




Table 1.3 Budgeted site numbers, class designations and estimated (nfix-denit)
(based on both total dissolved nutrients and dissolved inorganic nutrients, if
available) and (p-r). (All stoichiometric flux calculations are based on an assumed
Redfield C:N:P ratio of reacting particles.)

Site Class (nfix-denit) (nfix-denit) (p-1)
no. with DIN, DIP with total N, P
mmol m™ yr™

111 -684 -211 -4134
2 |1l -857 -1306 -3498
311 89 -1231 530
4111 -11 -2065 212
511 -216 -216 1590
6| 11 (S) 0 424
7 (1 1694 2090 8798
8|l 3098 3287 14 416
9 Il 7274 8480 55 650
10| 1N 2145 2377 6678
11 | Hl 511 976 4876
12 | 1 -778 1430 2756
131 1 394 734 2862
14 1 1 -1330 178 -15 688
15 | I 1000 3332 10 176
16 | 1 947 9 16 218
17 1 1 386 2727 424
18 | 1 479 488 4240
19| IV 452 4664
20 | IV 8 =742
21|V (S) -235 -954
22 |V 1052 3498
23|V -319 -1060
24 |V 46 636
25|V -124 318
26 | VI 31 13 212
27 | VI 15 318
28 | VII 4106 20 458
29 | VII 779 -424
30 | VII 15 106
mean 666 1172 4452

std dev 1681 2400 11731
median 68 611 583

min -1330 -2065 -15 688
max 7274 8480 55 650




Participants briefly outlined the estuarine systems and the status of constructed budgets
for their contributing sites. The implications of any special conditions, such as episodic
river flows and flushing, the rigour of supporting databases, and problems in deriving the
budgets following the LOICZ approach were highlighted and discussed. Two systems
(Richmond estuary in New South Wales, Swan Canning in Western Australia; see
Appendix V) were described and budgets derived using non-LOICZ approaches. These
provided a comparison with companion evaluations which used the LOICZ approach and
which are described in the body of the report.

The group moved from plenary to further develop the site budgets individually and in
small working groups, returning to plenary sessions to discuss the budget developments
and to debate points of approach and interpretation. Through this process, valuable
contributions resulted which will assist the LOICZ methodology, including a
consideration of limitations to the stoichiometric approach to interpretation of budgets
and a cautionary note on the handling of spatial and temporal variations in systems
(Appendix I11).

Some 25 budgets were developed during the Workshop (Figure 1.1, Table 1.1); further
advances were discussed for the budget assessments represented in four sites already
posted on the LOICZ website (Central Great Barrier Reef, Spencer Gulf, Wilson Inlet
and Shark Bay). In the subsequent three weeks, the detailed budgets and written
descriptions were fine-tuned and provided for this report and for posting to the LOICZ
Biogeochemical Budgets website (www. nioz.nl/loicz). Also, an additional site budget
(for the Manukau Harbour, New Zealand) was developed and contributed.

The biogeochemical budgets reported here have been prepared usually by a group whose
full authorship is duly acknowledged. The common element in the budget descriptions is
the use of the LOICZ approach to budget development, which allows for global
comparisons. The differences in the descriptive presentations reflect the variability in
richness of site data, the complexity of the site and its processes, and the extent of
detailed process understanding for the site. In some instances, the researchers have
second-order and third-order details for the system and its biogeochemical functioning
e.g., Port Phillip Bay, Victoria. Additional budgets are being developed for other
estuarine systems in the region. It is anticipated that these, and the ones reported here,
will be available from LOICZ in CD-ROM form by mid-1999. Support information for
the various estuarine locations, describing the physical environmental conditions and
related forcing functions including the history and potential anthropogenic pressure, is an
important part of the budget information for each site. These data and their wider
availability in electronic form (CD-ROM, LOICZ website) will provide opportunity for
further assessment and comparisons, and potential use in consideration of wider scales of
patterns in system response and human pressures.

The budget information for each site is discussed individually and reported in units that
are convenient for that system (either as daily or annual rates). To provide for an
overview and ease of comparison, the key data are presented in an “annualised” form and
non-conservative fluxes are reported per unit area (Tables 1.2 and 1.3).



The budgeted Australasian sites occupy and represent a broad range of locations, size,
and water exchange times (Table 1.1). The 35 degree latitudinal range covers tropical
and sub-temperate climates (especially along the east coast of Australia), an east-west
trend in aridity, and different states (continuous, ephemeral, monsoon-driven) and
seasons of river flow. System sizes range from around 1 km? to thousands of km? in
large gulf and open coastal shelf. All the systems are relatively shallow — a characteristic
of the region (see Appendix I), and have water exchange times extending between about
a week and a year.

This diversity of physical attributes provides opportunity for assessment of trends in
patterns of estuarine performance and response to key forcing function, both natural and
anthropogenic. Preliminary inspection of the budget and site data suggests some
apparent trends:

1. A relationship between DIN and DIP loadings which is close to the Redfield ratio
(16:1), and a latitudinal gradient in water column DIN:DIP ratios; higher in the
tropical sites than the temperate sites.

2. A negative relationship between DIP loading and ADIP is apparent, such that the
estuaries may be trapping, on average, about 30% of the DIP load. While the
loading also forces sorption, the relationship strongly suggests that the elevation
of inorganic P loading may be driving systems towards net autotrophy.

3. An apparent latitudinal trend wherein ADIP (or its stoichiometrically converted
form, [p-r]) tends to show extreme values at mid-latitudes (between 25°S and
35°S). While these systems tend to be relatively dry, compared with both the
lower and higher latitude systems, these latitudes are also the region of most of
the heavy land use in the Australasian coastal region.

4. The majority of the temperate systems seem to be apparent net nitrogen fixers
(according to the stoichiometric conversions used in the LOICZ budgets).
Interestingly, the lack of a clear pattern in DIN suggests that it is too closely
controlled by internal process of nitrogen fixation and denitrification to show
much response to external load i.e., biotic aspects of the ecosystem type may
prove far more important.

A larger data set for this region, in combination with other global data, will allow further
testing and evaluation of these trend indicators and hypotheses. This work is in progress.

The Workshop was co-sponsored and hosted by CSIRO Land & Water which is the
leading national scientific research agency in Australia addressing whole system, land-
water interrelationships. LOICZ is grateful for this support and the opportunity to
collaborate in working to mutual goals, and is indebted to Dr Graham Harris and staff for
their contributions to the success of the Workshop. Dr Bradley Opdyke (and family) did
sterling work as the local organiser for LOICZ, bringing together the group and ensuring
that the daily interaction extended well into the evenings in conducive environments.



Cynthia Pattiruhu, LOICZ IPO, and Jan Marshall Crossland have contributed greatly to
the preparation of this report. Finally, thanks are due to the participating scientists who
made the effort to meet deadlines and to continue to interact beyond the meeting
activities in order to ensure that the Workshop sum is greater than the individual
products.



2. BUDGETS FOR AUSTRALIAN ESTUARINE SYSTEMS

2.1 QUEENSLAND AND NEW SOUTH WALES TROPICAL AND SUB-
TROPICAL SYSTEMS

The following two sections represent parts of a general comparison among estuaries in
tropical and subtropical Australia, under the direction of Bradley Eyre. Most of these
estuaries are very small. However, they typify the river mouths of many tropical and
subtropical Australian rivers, and the collection of numerous sites relatively close to one
another provides an unusual opportunity for detailed comparison. Therefore, rather than
present each estuary individually, the sites are grouped into Tropical and Sub-tropical
systems. The data are summarised, within these two groups, in tabular form.

2.1.1 Tropical Systems
Bradley Eyre, Peter Pepperell and Peter Davies

Study Area Descriptions

The four tropical estuaries (Site No. 2. Jardine [142.20E, 11.15S]; 3. Annan [145.27E,
15.53S]; 4. Daintree [145.43E, 16.28S]; and 5. Moresby [146.12E, 17.60S]) are in north
Queensland, Australia (see Figure 1.1). This region experiences a wet and dry tropical
climate, with a pronounced wet season between December and May (summer) and a dry
season for the remainder of the year. These tropical estuaries do not receive sewage
treatment plant (STP) inputs. The physical characteristics of each catchment and estuary
are summarised in Table 2.1. Further details can be found in Eyre (1994) and Eyre and
Balls (in press).

Table 2.1 General characteristics of the tropical estuarine systems and their
catchments.

System | Catchment | Ann. Runof Ann. Length Area | Mean Vol % %
Area Rain | Coeff. | Runoff km km? | depth | 10°m® | nat. | other
km? mm 10° m? m veg. | veg.

Jardine 2900 1740 0.35 1769 9 5.6 1.4 7.8 100 0
Annan 750 1820 0.48 653 16 2.2 1.2 2.7 90 10
Daintree 2125 2020 0.57 2444 26 5.0 5.1 25.6 74 26
Moreshy 125 3700 0.54 250 20 5.3 3.0 15.9 48 52
Methods

Although the general methodology used here generally accords with the LOICZ
methodology (Gordon et al. 1996), the details differ as described in Section 2.1.2 Sub-

tropical Systems (Eyre and Pepperell).

Results

Table 2.2 summarises the water exchange times in these systems, and Table 2.3

summarises the fluxes of dissolved inorganic and organic phosphorus and nitrogen. Most

of the nonconservative TDP and TDN flux represents DIP and DIN. It should be noted




that both the exchange times and the nonconservative fluxes are somewhat deceptive.
Because of the way in which data for the budgets are collected, these represent samples
between major runoff events, which rapidly flush the systems and wash particulate
materials out of the systems. Even with this caveat, all of these systems tend to exhibit
very short exchange times (1-3 weeks).

Table 2.2 Exchange time estimates for the tropical estuaries.

System Estuary Exchange Time
Volume
(10° m®) (Days)

Jardine 7.8 8

Annan 2.7 15

Daintree 25.6 20

Moresby 15.9 13

The data summarised in Table 2.3 can be used according to the LOICZ Guidelines to
calculate estimates of nitrogen fixation minus denitrification (nfix-denit) and primary
production minus respiration (p-r). These estimates are summarised in Table 2.4. In the
case of (nfix-denit), the calculations using total dissolved N and P are compared with
calculations using only DIN and DIP.

Table 2.3 Inputs, oceanic exchange and nonconservative flux of dissolved inorganic
and organic P and N for the tropical estuaries.

DIP
Estuary Faiffuse Fatmos Furban Fstp Focean ADIP ADIP
kmol yr* | kmol yr* | kmol yr* | kmol yr* | kmol yr! | kmol yr* | mmol m?d*
Jardine 116 0 0 0 -296 180 0.09
Annan 38 0 0 0 -28 -10 -0.01
Daintree 93 0 0 0 -82 -11 -0.01
Moreshy 65 6 0 0 11 -82 -0.04
DOP
m\[ Fdiffuse I:atmos I:urban I:STP Focean ADOP ADOP
kmol yr* | kmol yr® | kmolyr* | kmol yr* | kmolyr® | kmol yr® | mmol m?d™
Jardine 139 0 0 0 13 -152 -0.08
Annan 16 0 0 0 -6 -10 -0.01
Daintree 121 0 0 0 -168 48 0.03
Moreshy 0 0 0 0 0 0 0.00
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DIN
Estuary Faiffuse Fatmos Furban Fstp Focean ADIN ADIN
kmol yr® | kmol yr® | kmolyr® | kmolyr? | kmolyr! | kmol yr* | mmol m?d™
Jardine 3334 0 0 0 -1555 -1779 -0.9
Annan 781 0 0 0 -800 19 0.0
Daintree 4074 0 0 0 -3859 -215 -0.1
Moreshy 8305 173 0 0 -6061 -2417 -1.2
DON
Estuary Faiffuse Fatmos Furban Fstp Focean ADON ADON
kmol yr™ | kmol yr* | kmolyr® | kmol yr* | kmol yr' | kmol yr* | mmol m?d*
Jardine 17917 0 0 0 -12 650 -5268 -2.5
Annan 5558 0 0 0 -2478 -3081 -3.8
Daintree 11 322 0 0 0 -1852 -9469 -5.2
Moresby 0 0 0 0 0 0 0.0

Table 2.4 Calculations of (nfix-denit) and (p-r) for the tropical systems. [For (nfix-

denit) calculations are based on both dissolved inorganic N and P and total dissolved N
and P, assuming a Redfield N:P ratio of 16:1 for the reacting organic matter. For (p-r),

calculations assume a Redfield C:P ratio of 106:1 for the reacting organic matter])

System (nfix-denit) (nfix-denit) (p-1)

inorganic N, P total dissolved N, P

mmol m?d* mmol m?2d* mmol m? d*
Jardine -2.3 -3.7 -9.3
Annan 0.2 -3.4 1.3
Daintree 0.0 -5.6 0.6
Moresby -0.6 -0.6 4.5
mean % s. d. -0.7+1.1 -3.3+2.1 -0.7+6.0
median -0.3 -3.6 +1.0

There is a suggestion of weak net denitrification, whether dissolved inorganic nutrients or
total dissolved nutrients are used for the calculation. The trend is somewhat more
consistent with the total dissolved nutrients. Calculated (p-r) is near 0.
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2.1.2 Sub-tropical Systems
Bradley Eyre and Peter Pepperell

Study Area Descriptions

The twelve sub-tropical estuaries (Site No. 7. Caboolture [153.03E, 27.15S]; 8. Brisbane
[153.17E, 27.37S]; 9. Logan [153.33E, 27.68S]; 10. Tweed [153.55E, 28.17S]; 11.
Brunswick [153.55E, 28.53S]; 12. Richmond [153.58E, 28.88S]; 13. Clarence [153.35E,
29.43S]; 14. Bellinger [153.03E, 30.65S]; 15. Nambucca [153.02E, 30.65S]; 16. Macleay
[153.05E, 30.90S]; 17. Hastings [152.87E, 31.42S]; 18. Manning [152.50E, 31.87S]) are
in south-east Queensland and northern New South Wales, Australia. The locations of the
sites are shown on Figure 1.1. This region experiences a wet and dry sub-tropical
climate. During the summer months (October - April), moist unstable sub-tropical
maritime airflows prevail, bringing heavy rainfalls and thunderstorms. During winter
months (May - September) relatively stable anticyclonic air pressure systems with clear
skies and light winds predominate. The physical characteristics of each catchment and
estuary are summarised in Table 2.5, and further details can be found in Pont (1998).

Table 2.5 General characteristics of the sub-tropical estuarine systems and their
catchments.

System Catch. Ann. | Runoff | Ann. | Length | Area | Mean | Vol % %
Area Rain | Coeff. | Runoff depth nat. | other
km? mm 10°m®* | km | km® | m 10°m® | veg. | veg.

Caboolture 401 | 1210 0.24 116 19| 21 2.2 4.7 31 69
Brisbane 13560 | 1152 0.09| 1410 75| 13.0| 10.2| 1325 21 79
Logan 3540 | 1534 0.12 651 39| 3.6 49| 17.8 25 75
Tweed 1068 | 1716 0.29 532 33| 6.3 34| 216 30 70
Brunswick 213 | 1777 0.30 114 11] 13 0.7 0.9 10 90
Richmond 6861 | 1849 0.23| 2916 41| 10.1 57| 574 41 59
Clarence 22446 | 1075 0.20 | 4826 62 | 26.2 6.1 | 158.7 55 45
Bellinger 1128 | 1471 0.26 431 17| 1.8 2.6 4.7 54 46
Nambucca 1326 | 1354 0.25 450 29| 46 26| 118 25 75
Hastings 10686 | 1217 0.26 | 3377 30| 6.9 41| 284 48 52
Macleay 3715| 1310 0.14 680 30| 4.9 41| 20.1 55 45
Manning 8195 | 1276 026 | 2721 41| 14.5 51| 740 76 24

Methods

Nutrient delivery to the estuary was split into two categories, during floods and other
times of the year, and these two categories were treated differently. During floods, the
estuarine basins are completely flushed with freshwater or at least rapidly flushed and as
such, dissolved nutrients behave conservatively and are most probably completely
flushed through the estuarine basin to the continental shelf (see Eyre and Twigg 1997;
Eyre 1998). The flood event intervals (1) were separated using the formula | = A%? days
after the peak of the hydrograph, where A is the area above the gauging stations.

12




A proportion of dissolved nutrients delivered during other times of the year (i.e. not in
floods) are retained and transformed within the estuary with the remaining nutrients
transported to the ocean. The transport, retention and transformation flux of nutrients
was quantified as:

I:diﬁ‘use + I:point + I:urban + I:atmosphere + I:input + I:removal = I:ocean
where: Fgitruse = diffuse loading

Fooint point source loading

Furban urban loading

F atmosphere atmospheric loading

Finput input flux within the estuary

Fremoval removal flux within the estuary

Focean = flux out of the estuary to the ocean

Each estuary was sub-divided into 15 to 30 boxes depending on the homogeneity of the

estuarine sections. Water, salt and material budgets were calculated for each box using

the LOICZ Biogeochemical Modelling Guidelines (Gordon et al. 1996). The salinity of
each box was calculated from salinity profiles taken along the estuaries and the average
material concentrations were obtained from a 4th order polynomial fitted to the material
data (see below, Estuarine Sampling program) plotted as a function of salinity. The

(Finput T Fremovar ) 1S €quivalent to AY in Gordon et al. (1996) and is given as:

input

Fiou t F +F i+ Fupan + F F

input removal — I:dif'fuse point urban atmosphere ~ ' ocean

F is equivalent to the sum [VRYRr + Vx(Yoen -Ysyst)] in Gordon et al. (1996). This term

ocean
was calculated from the water, salt and material budgets.

Estuarine Sampling Program

Six sampling runs were undertaken in the sub-tropical estuaries (January, April/May,
May, July/August, September and December) and two sampling runs were undertaken in
the tropical estuaries (wet and dry seasons). Samples were collected at intervals of
approximately 2 psu from seawater to freshwater along the axial salinity gradient in the
estuary. Salinity profiles were also undertaken at each sample location.

Nutrient Loadings to the Estuary
Four major nutrient sources to the estuaries were quantified (diffuse source loading, point
source loading as urban runoff and sewage effluent and atmospheric deposition).

Diffuse Source Loading (F ) t0 the estuary was calculated by integrating the product

of flow-weighted concentrations and daily flows. The hydrographic response of floods in
the catchments typically spans several days. Daily sampling was carried out during
floods, with samples collected on rising and falling stages being considered sufficient to
characterise loads. Fortnightly to monthly samples were collected during base flow
conditions.
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Point-Source Loading (F,;.,) of nutrients from sewage effluent discharges was calculated

for the sewage treatment plants (STPs) discharging into each estuary by dividing annual
STP loads by 365 (or 366) and multiplying by the number of days associated with each
time period. The annual STP loads for these NSW estuaries had been previously
estimated by Manly Hydraulics Laboratory (MHL) as part of a review of estuarine
sewage outfalls in NSW (Phil Anderson, personal communication 1997). The annual STP
loads for the sub-tropical south-east Queensland estuaries had been previously estimated
as part of the Brisbane River and Moreton Bay Wastewater Management Study
(Anonymous 1998). DIN and DIP loads were estimated by assuming that 75% of the TN
and TP loads consisted of dissolved inorganic forms.

Urban runoff (Fyman) Was calculated as monthly nutrient loading to the nine northern
NSW estuaries using the formula:

Aua*R*X*Cyr
where: Aya = the urban area ;
R = monthly rainfall;
X = an average runoff coefficient for urban areas of similar density,0.4;
Cur = an average nutrient concentration (TN: 1.4 mg I-1; TP: 0.4 mg I-1;

NO,: 0.5 mg I-1; NH4: 0.6 mg I1) adapted from other relevant urban
runoff studies.

Urban runoff concentrations were estimated for Lismore, Mullumbimby and the lower
Tweed area, as they are adjacent regional urban centres with similar rainfall patterns,
total impervious surfaces, and traffic and population densities similar to the study
systems. The monthly nutrient loading to the three south-east Queensland estuaries from
urban runoff was derived from Anonymous (1998).

Atmospheric Deposition (F ) was calculated as monthly nutrient loading using the

atmosphere.
formula:
Ae*R*Cyd
where: Ae = the surface area of the estuary ;
R = rainfall;
Cad = the average monthly nutrient concentrations in rainfall collected at
Lismore.

The use of atmospheric concentrations for Lismore was considered appropriate because it
is in the lower Richmond catchment, which has similar land uses, population densities
and climatic variables to the study systems. Atmospheric loadings to the tropical
estuaries were derived from Eyre (1995).
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Results

Table 2.6 summarises the water exchange times in these systems, and Table 2.7
summarises the fluxes of total dissolved phosphorus and nitrogen. Note the cautionary

remarks made in the previous section (2.1.1) about the nature of the data collection as

well as exchange times and nonconservative flux calculations. The exchange times for

these systems during low flow periods tend to be very long.

Table 2.6 Exchange time estimates for the sub-tropical estuaries.

System Estuary Exchange

Volume Time

(10° m®) (Days)
Caboolture 4.7 410
Brisbane 132.5 295
Logan 17.8 412
Tweed 21.6 115
Brunswick 0.9 43
Richmond 57.4 85
Clarence 158.7 125
Bellinger 4.7 16
Nambucca 11.8 55
Hastings 28.4 41
Macleay 20.1 26
Manning 74.0 88

Table 2.7 Inputs, oceanic exchange and nonconservative flux of dissolved inorganic
and organic P and N in the sub-tropical estuaries.

DIP
Estuary Faiffuse Fatmos Furban Fstp Focean ADIP ADIP
kmol yr* | kmol yr™ | kmol yr" | kmol yr™ | kmol yr* | kmol yr* | mmol m?d™*
Caboolture 203 1 0 218 -247 -175 -0.23
Brisbane 1858 3 1647 8548 | -10 286 -1770 -0.37
Logan 1320 2 412 2475 -2318 -1891 -1.44
Tweed 499 2 19 523 -649 -394 -0.17
Brunswick 80 1 13 37 -71 -60 -0.13
Richmond 5050 6 177 130 -5103 -260 -0.07
Clarence 2847 11 35 232 -2422 -703 -0.07
Bellinger 526 1 7 41 -841 266 0.40
Nambucca 757 2 33 213 -564 -441 -0.26
Hastings 1035 2 8 547 -840 -752 -0.42
Macleay 2586 3 23 425 -3010 -27 -0.01
Manning 1199 6 75 415 -1115 -580 -0.11
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DOP

Estuary Faiffuse Fatmos Furban Fstp Focean ADOP ATDOP
kmol yr* | kmol yr™ | kmol yr" | kmol yr™ | kmol yr* | kmol yr* | mmol m?d™*
Caboolture 274 0 0 0 -303 30 0.04
Brisbane 5758 1 0 0 -4986 =772 -0.17
Logan 2820 1 0 0 -2551 -270 -0.20
Tweed 3054 1 -2 0 -2988 -64 -0.03
Brunswick 58 0 2 0 -21 -39 -0.08
Richmond 2684 2 25 0 -1896 -817 -0.22
Clarence 8963 3 5 0 -8096 -875 -0.10
Bellinger 296 0 1 0 -381 84 0.13
Nambucca 2195 0 5 0 -1414 -786 -0.47
Hastings 1917 0 1 0 -1678 -241 -0.14
Macleay 4425 1 3 0 -3215 -1213 -0.48
Manning 2258 1 10 0 -2142 -127 -0.02
DIN
M Fdiffuse I:atmos I:urban I:STP Focean ADIN ADIN
kmol yr™ | kmol yr™ | kmol yr* | kmol yr* | kmol yr* | kmol yr* | mmol m?d™*
Caboolture 3621 44 0 696 -5129 769 1.0
Brisbane 36 547 325 18 098 48 673 -115 629 11 986 2.5
Logan 11 251 99 4498 4886 -16 681 -4053 -3.1
Tweed 3922 182 254 129 -11 648 7161 3.1
Brunswick 1575 39 182 299 -1803 -292 -0.6
Richmond 30992 420 2391 739 -22 483 -12 059 -3.3
Clarence 60 592 655 468 1065 -61 788 -992 -0.1
Bellinger 6118 50 93 441 -8569 1868 +2.8
Nambucca 14 373 115 203 740 -12 965 -2466 -1.5
Hastings 35725 265 110 2007 -30 701 -7406 -4.1
Macleay 47 639 178 304 940 -51 281 2220 0.9
Manning 14 117 351 457 1315 -13 904 -2336 -04
DON
Estuary Faiffuse Fatmos Furban Fstp Focean ADON ADON
kmol yr* | kmol yr* | kmol yr* | kmol yr* | kmol yr* | kmol yr® | mmol m?d™*
Caboolture 14 215 10 0 0| -15228 1303 1.7
Brisbane 65 467 75 0 0 -55 723 -9819 -2.0
Logan 50 143 22 0 0 -50 188 23 0.0
Tweed 38 826 39 65 0 -39 385 454 0.2
Brunswick 1717 10 46 0 -1753 -19 -0.1
Richmond 86 647 107 611 0 -96 573 9208 2.5
Clarence 265 665 -73 120 0| -260773 -4938 -0.5
Bellinger 14 081 10 24 0| -18183 4068 6.2
Nambucca 17 051 26 52 0 -15 270 -1858 -1.1
Hastings 55410 62 28 0 -47 060 -8440 -4.8
Macleay 145 052 39 78 0| -141947 -3223 -1.3
Manning 39 820 70 117 0 -38 043 -1963 -04
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The data summarised in Table 2.7 can be used according to the LOICZ Guidelines to
calculate estimates of nitrogen fixation minus denitrification (nfix-denit) and primary
production minus respiration (p-r). These estimates are summarised in Table 2.8. In the
case of (nfix-denit), the calculations using total dissolved N and P are compared with
calculations using only DIN and DIP.

These estimates indicate that most of the systems are slight net nitrogen fixers and net
autotrophic. Additional inter-annual estimates for the Richmond River are given in
Appendix IVA, using a non-LOICZ (but adapted) approach.

Table 2.8 Calculations of (nfix-denit) and (p-r) for the subtropical systems. [For
(nfix-denit), calculations are based on both dissolved inorganic N and P and total
dissolved N and P, assuming a Redfield N:P ratio of 16:1 for the reacting organic matter.
For (p-r) calculations assume a Redfield C:P ratio of 106:1 for the reacting organic
matter.]

System (nfix-denit) (nfix-denit) (p-1)

inorganic N, P total dissolved N, P

mmol m?2d™ mmol m?2d* mmol m?d*
Caboolture 4.7 5.7 24.2
Brisbane 8.5 9.0 39.5
Logan 19.9 23.2 152.5
Tweed 5.9 6.5 18.2
Brunswick 1.4 2.7 13.4
Richmond -2.1 3.9 75
Clarence 1.1 2.0 7.8
Bellinger -3.6 0.5 -42.9
Nambucca 2.7 9.1 27.8
Hastings 2.6 0.0 44.6
Macleay 1.1 7.5 1.1
Manning 1.3 1.3 11.6
mean * s.d. +3.6+6.1 +6.0+6.3 +25.4+45.7
median +2.0 +4.8 +19.7
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2.2 HAWKESBURY-NEPEAN RIVER, NEW SOUTH WALES
G.P. Bickford and S.V. Smith

A nutrient budget has been prepared for the Hawkesbury-Nepean River using the LOICZ
methodology (http://data.ecology.su.se/MNODE/Methods/STOCH.HTM). The
significant diversion from that methodology is that conductivity is used as the surrogate
tracer for the salinity budget. Otherwise the methodology was followed. The budgets are
divided into ‘financial year’ (July 1-June 30), for 1995-1996 and 1996-1997, because that
is how the data are tabulated. The two years are reported separately to give some sense
of interannual variability.

Site Area Description

The Hawkesbury-Nepean River system [Site No. 19.; 151.80E, 32.90S] is about 300 km
long and drains a catchment area of approximately 22 000 km? (Figure 2.1; see Figure
1.1). The Hawkesbury-Nepean system can be divided into a fluvial and an estuarine
section, with the mainstream receiving inflows from 14 large tributaries (SPCC 1983).
Many of the tributary watersheds to the north and west are undeveloped, rugged and
forested, whereas the flatter terrain to the west and south-west of Sydney, originally
pastoral and agricultural land, is now generally urbanised.

The Nepean River, the fluvial section of the river, flows in a northerly direction from its
headwaters in the Illawarra Range and is joined by the Avon, Cordeaux and Cataract
rivers. Flowing north-west, it is joined by the Warragamba River and further
downstream by Erskine and Glenbrook creeks before joining the Hawkesbury River at
the Grose River junction near North Richmond.

The Hawkesbury River, the estuarine section of the river system, extends 140 km from
the confluence of the mainstream of the Nepean and the Grose River to its outlet at
Broken Bay. The Hawkesbury River is the largest section of water within the catchment.
Saline intrusion occurs in the Hawkesbury River, but it is limited to reaches downstream
of the Colo River junction (83 km from the coast) (SPCC 1983). Tidal movement in the
Hawkesbury River is apparent upstream as far as its junction with the Grose River. A
number of major tributaries, including the MacDonald and Colo Rivers and Mangrove,
Cattai, Berowra and Cowan creeks flow into the Hawkesbury River between Windsor
and Brooklyn.

Flow within the Hawkesbury-Nepean River system is significantly greater than the flow
from the combined sewage treatment plant (STP) discharges. Based on average flow
conditions, the contribution of STP discharges to the net flow of the Hawkesbury River
ranges from approximately seven percent just below the confluence with the Grose River
to 18 percent just below the junction with Eastern Creek. The contribution of STP
discharge to flows in the Nepean River ranges from one percent at Penrith Weir, just
above the junction with Boundary Creek, to eight percent just below the confluence with
the unnamed creek into which the Winmalee STP discharges. Two STPs discharge into
the upper reaches of Berowra Creek. This arm of the Hawkesbury-Nepean system can be
separately budgeted, but that budget is not presented here.
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Figure 2.1 Hawkesbury-Nepean River system.
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Flow in some tributary streams to the Hawkesbury-Nepean River, such as South, Eastern,
Cattai and Matahil creeks, is dominated by STP effluent under dry weather conditions.
The effluent contribution to flow ranges from a low of approximately six percent in the
Warragamba River (below the dam) to a high of nearly 100 percent at Matahil Creek and
Eastern Creek (downstream of the Riverstone and Quakers Hill STP discharges). Under
wet weather conditions flow in these streams increases dramatically, and often the stream
flow greatly exceeds the STP discharges.

The Hawkesbury-Nepean River system catchment can be divided into five different
physiographic regions:

(1) the Blue Mountains Plateau;

(2) the Cumberland Lowlands;

(3) the Woronora Plateau;

(4) the MacDonald Ranges; and

(5) the Hornsby Plateau (Sydney Water 1991).

The Blue Mountains Plateau comprises most of the western side of the Hawkesbury-
Nepean River from the Nepean Dam to Wisemans Ferry. It consists of a deeply incised,
Hawkesbury sandstone surface that overlies Narrabeen sandstone. Numerous creeks
draining the area flow into two of the primary tributaries to the Hawkesbury-Nepean
River system, specifically the Grose and Coxs rivers. The vegetation consists mainly of
open forest and woodland and is dominated by a variety of Eucalyptus species. Areas of
heath occur on the exposed clifftops and areas of closed forest may be found in the deep
valleys and protected slopes.

The Cumberland Lowlands extend eastward from the Blue Mountains Plateau and, with
the exception of the Razorback Range, consist of low-lying, gently undulating plains and
low hills on Wianamatta Group shales and sandstones. Stretching east of the
Hawkesbury-Nepean River system, the Cumberland Lowlands are flanked by the
Woronora Plateau in the south, the Hornsby Plateau in the north-east and MacDonald
Ranges in the north-west. It is an extensive floodplain area that includes the drainage
catchment of South and Eastern creeks.

The region is comprised of creeks and their associated floodplains, alluvial terraces, and
some intermediate slopes and undulating land. Very little original vegetation remains as
a result of land clearing for agricultural and/or residential use. Open forest, woodland,
riverine and pasture are the primary vegetation types found in the region.

The Woronora Plateau lies east and south of the Cumberland Lowlands. It is a deeply
dissected sandstone plateau with Wianamatta Group shales occurring as thin lenses.
Upland swamps are a common feature towards the coast. The major vegetation
formation found in the Woronora Plateau, which occupies most the Sydney Water
catchment areas at Nepean, Avon, Cordeaux and Cataract dams, is woodland and open
forests. Heaths, including paroo lily, snake grass, and fuller shrubs (she-oak and heath
banksia) also grow on the Woronora Plateau.
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The MacDonald Ranges are located in the north-east and consist of steep, rugged hills
with narrow crests and valleys on Hawkesbury sandstone. Low, open forests of Sydney
peppermint, Eucalyptus piperita and smooth-barked apple, Angophora costata, inhabit
the steeper slopes of the MacDonald Ranges, whilst the drier ridges support a low
woodland dominated by red bloodwood, scribbly gum and narrow-leaved stringy bark
gum.

The Hornsby Plateau, which is similar in form to the Woronora Plateau, is dominated by
undulating to rolling plateau surfaces on Hawkesbury sandstone with Wianamatta Group
shale caps on some crests. Areas of natural vegetation are generally represented by either
national parks or Sydney Water catchment areas.

The Hawkesbury-Nepean River system is used for a variety of agricultural, industrial and
recreational activities. The upper river reaches have been dammed and supply much of
Sydney’s drinking water, plus lesser amounts used for agriculture, industry and other
needs. The river is also used for both primary (e.g., swimming) and secondary (e.qg.,
boating) recreation. The number of people participating in these activities is likely to
increase with additional future urban development.

Over 60 percent of the Hawkesbury-Nepean River system catchment is forested; it
includes parts of nine national parks. Agricultural land comprises approximately 30
percent of the area, supporting activities such as cattle and sheep grazing, dairying,
irrigated horticultural crops and intensive pig and poultry production; less than 10 percent
is developed for urban and industrial use (Sydney Water 1991).

Industrial development within the Hawkesbury-Nepean River system is limited and
generally located within sewage catchments served by the West Camden, Penrith and St
Marys STPs (NSW EPA 1994). Industrial discharges to the sewer system are regulated
by Sydney Water’s Trade Waste Policy. The primary industries in the region include
textiles, paint production, electroplating and metal finishing and the manufacture of
pharmaceuticals and organic chemicals. A few industries between Menangle and
Spencer are involved with the extraction of sand, gravel and other materials. Extraction
of sand and gravel is concentrated in the Agnes Banks/ Londonderry and Penrith Lakes
areas, while extraction from the river bed material is currently only undertaken at
Windsor, Freemans Reach and Menangle. Coal mining also occurs in the upstream areas.

The climate of the Hawkesbury-Nepean catchment is strongly influenced by the Tasman
Sea to the east and the Blue Mountains to the west (Sydney Water 1991). The
headwaters of the Cox, Grose, Nepean and Nattai rivers and the coastal area near Broken
Bay receive the highest rainfalls (annual rainfall ranges from 1000 to 1600 mm). Most of
the remaining catchment is located within a rain shadow created by the higher coastal
plateau; here annual rainfall ranges from 650 to 750 mm (Sydney Water 1991).

Throughout the region, rainfall occurs primarily in the summer with an average summer
maximum of 261 mm at Penrith, ranging to a winter low of 154 mm at Richmond. Rain
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falls over the region about 10-11 days per month throughout the spring and summer, but
decreases to about 6 days per month in winter.

Diurnal and seasonal temperature ranges within the area vary considerably. Maximum
summer temperatures average between 26-28°C (maximum 40°C), while minimum
winter temperature averages between 2.6-5.9°C (minimum -5°C). Prevailing winds
originate from the north-east in spring and summer and from the south-west in autumn
and winter (Sydney Water 1991).

Sewage Treatment Plants

In the late 1980s a strategy was developed to reduce the impacts of STPs by reducing the
phosphorus levels, oxygen demand and ammonia levels of the effluent. Upgrades to
treatment processes ensured that the levels of phosphorus were lowered, thereby reducing
eutrophication of the receiving waters. Nitrification processes were installed at the STPs,
which meant that the effluent was oxygenated and ammonia was transformed to oxidised
nitrogen (mostly as nitrate) (NSW EPA 1994). More recent, additional upgrades at the
STPs further reduce phosphorus and nitrogen levels in the effluent.

Data Sources

Monthly data are collected at a number of sites along the Hawkesbury-Nepean River and
its tributaries. These data are for a range of dissolved nutrients and physico-chemical
parameters. The averages of these data have been used to calculate the nutrient fluxes.
Inflows from streams to the main river are gauged and daily flows have been used to
calculate an average daily flow. Similarly, flows from sewage treatment plants are
gauged each day. The loads of nutrients from the STPs have been calculated using these
flows and the average annual nutrient concentrations obtained from daily nutrient
monitoring data. A complete series of water, salt and nutrient budgets, including the
stoichiometric analysis, is presented for financial year 1995-1996 (July 1-June 30). To
give a sense of interannual variation in the budget results, a summary table is also
presented for N and P fluxes in the year 1996-1997.

The river has been divided into several reaches representing the freshwater, fresh tidal
and estuarine sections (see Figure 2.2). The fluxes from each reach of the river have been
presented and it has been assumed that the river is well mixed in each reach.

Results

Complete budgetary data are presented for the 1995-1996 financial year, using annual
mean data (Figures 2.3-2.5). There has been no attempt to determine the errors about
these means. A summary table of non-conservative fluxes is presented for that year
(Table 2.9), as well as 1996-1997 (Table 2.10). The DIP and DIN budgets for the two
years are summarised in Tables 2.9 and 2.10.
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Schematic of Hawkesbury-Nepean River
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Figure 2.2 Schematic diagram for the Hawkesbury-Nepean River system.
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Water Exchange - Conductivity (mS/m) and Fow (10% m>/d)
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Figure 2.3 Summary of the water and salt balance during 1995-1996, for the
Hawkesbury-Nepean River system.
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