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Introduction

Cultural eutrophication stimulated by anthropogenic-derived
nutrients represents one of the most common forms of com-
promised surface water quality in many developed and devel-
oping countries (Schindler 2012). In fresh water, both nitrogen
(N) and phosphorus (P) can potentially contribute to eutrophi-
cation (Carpenter et al. 1998). In lakes it is more common that
excessive P inputs are the primary cause of eutrophication
(Schindler 1977) although both global (Elser et al. 2007) and
national surveys (Abell et al. 201la) have increasingly
highlighted excessive N inputs as an equal or more important
cause. Debate on the relative roles of N and P limitation of lake
phytoplankton is highly contentious, with a P-limitation para-
digm (Schindler et al. 2008) challenged by those who contend
that both P and N control are key elements of eutrophication
management in freshwater systems (e.g. Conley er al. 2009;
Scott and McCarthy 2010). Eutrophication of temperate estu-
aries and coastal waters is also common, but in contrast to fresh
water, N is more commonly the controlling nutrient (Carpenter
et al. 1998).

Problems associated with eutrophication include a decrease
in the ability of water to support aquatic life (including fish kills)
due to oxygen shortages after the senescence and decomposition
of aquatic plants, a loss of biodiversity, and the impairment of
water use for recreation, industry (including agriculture) and
drinking (Schindler and Vallentyne 2008). The proliferation of
harmful algal blooms has increased in association with the
prevalence of eutrophication (Hallegraeff 1993). Blooms of
cyanobacteria (CyanoHABS) are a particular problem in fresh
water associated with fish kills, taste and odour compounds, and
the formation of carcinogens (e.g. trihalomethane) during chlo-
rination of potable water (Codd et al. 2005). Water-soluble
hepatic or neurotoxins arising from CyanoHABS can also kill
livestock and harm humans (Dietrich et al. 2008).

While representing both a nuisance and a potential health
concern, there is also a financial cost from eutrophication.
Dodds et al. (2009) estimated that for fresh water in the US
the economic cost in lost recreational water use, devaluation
of waterfront real estate, protection of endangered or threat-
ened species and treatment for drinking water was US$2.2
billion annually. Similar estimates in England and Wales put
the figure at £75—114 million annually (Pretty et al. 2003).
However, costs vary widely; Lovik (2009) estimated it took
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€110 million to decrease the discharge of P into one
Norwegian lake (Mjosa).

The sources of nutrients causing eutrophication are many and
varied. While point sources (e.g. industrial effluent or waste-
water discharges) still occur, even in agricultural catchments
(Withers and Jarvie 2008), they tend to be more easily identified
and managed or mitigated than diffuse sources. By their varied
nature, mitigation of diffuse sources requires a deeper under-
standing of the sources and transmission pathways involved.
Processing and transformations may also lead to lag times
between the initiation of mitigation practices and a decrease in
the nutrient concentration of fresh water is realised (Jarvie et al.
2013).

Most diffuse sources of N and P are agricultural in origin
(McDowell et al. 2008). This means that the aforementioned
sources and pathways will also be subject to decisions made
on-farm, primarily around land use and profitability. Environ-
mental considerations may be included in the decision-making
mix, but tend to be acted upon only if there is a clear driver
(Abell et al. 2011b). Legislation commonly forms the main
driver, but voluntary actions can also be effective if the mitiga-
tion strategies are not onerous in terms of time and cost and they
are used at ‘leak points’ (Bewsell and Drake 2008).

Tracing and accounting for actions close to the source of
diffuse nutrient loss have become active areas of water-quality
policy and advocacy. Linking action at ‘the farm gate’ to an
effect in the receiving environment (e.g. in-stream or in a lake)
via fundamental science, modelling and decision support tools
enables land owners to make economic and environmentally
sustainable decisions and plan for future expansion or, for
example, land use change. However, surprisingly little research
has successfully achieved this integration, largely as it requires
mixing multiple disciplines and requires experiments that work
across a range of temporal and spatial scales.

Recognising this gap in the literature, this special issue has
brought together several papers whose collective aim is to
demonstrate efforts in linking strategies to mitigate N and P
losses from agricultural systems to effects or trends in receiving
water bodies. The studies were carried out in a context of water-
quality objectives and limits and their potential financial impli-
cations. Wider issues also address data quality and examine
tools being used to collate and examine fate and transport
pathways of nutrients and sediments, and their predicted effects.
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It is hoped that these papers will provide exemplary methods of
how to approach the measurement, monitoring and improve-
ment of freshwater quality in agricultural catchments and
thereby inform good management and policy.

Linking nutrient losses to effects and management
across scales

The definition of water-quality reference conditions in streams
and rivers enables determination of anthropogenic effects as the
difference of present state from reference state. The con-
centrations or loads of water-quality indicators under reference
conditions does not guarantee that a stream or river is therefore
‘clean’, however, as this is defined by an assessor’s value set.
However, it is important that reference conditions are estimated
as accurately as possible. This avoids the setting of limits within
a water-quality objective that is either not achievable because
background levels are naturally high, or is insufficiently pro-
tective of the environment. By identifying the anthropogenic
proportion we can also identify when management and mitiga-
tion strategies can have a large effect without excessive cost or
be too restrictive as to result unnecessarily in land-use change.
McDowell et al. (2013) compared two models to estimate
median concentrations of water-quality indicators under refer-
ence conditions and anthropogenic inputs (by difference from
current medians) for streams and rivers in New Zealand that
were classified according to the River Environment Classifi-
cation (REC) system. Use of the REC within the models enabled
natural variation in climate, topography and geology to be taken
into account to refine estimates of reference conditions across
the country.

The setting of water-quality objectives and limits invariably
includes some assessment of concentrations or loads. Accuracy
is required in yield estimates not only spatially but also
temporally so that sudden influxes of contaminants (e.g. storm
flows) can be accounted for. Defew et al. (2013) examined the
P load in a tributary of Loch Leven, Scotland, estimated from
sampling intervals ranging from 2-hourly to weekly. The loads
estimated via seven different methods were up to an order of
magnitude different from the ‘true’ load estimated from
sampling at high temporal resolution. A combination of finer
temporal-resolution sampling and the selection of a suitable
load estimation method is required if loads are to be deter-
mined accurately for use in nutrient management programmes
and policy development.

While it is important to consider nutrient loads within
management plans whose objective is to decrease nutrient yields
from agricultural land, it is also necessary to consider temporal
changes and their likely effect. For instance, Jennings et al.
(2013) showed that strategies to improve the management of P
and decrease the load entering Lough Leane, south-west Ireland,
were effective in decreasing the point source contribution from
41% in the mid-1980s to <10% at present. However, during
summer, up to 60% of the P load to the lake was from a local
wastewater treatment plant. Due to longer hydraulic residence
times in the lake in summer compared with other times of year
these inputs were likely to have a significant impact on lake
productivity, highlighting the need to consider seasonal varia-
tion and not just annual loads in regulatory responses.
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In an effort to detect the influence of best management
practices over the long-term, Wilcock ef al. (2013a) examined
trends in water-quality indicators within streams of five dairy
farm catchments across New Zealand. Although only infer-
ences could be made (i.e. not direct cause and effect) mitiga-
tion efforts, including stream fencing and the greater use of
land treatment for dairy shed effluent disposal, were highlighted
as possible causes of improved stream clarity and decreased
E. coli concentrations. Further examination of the potential
sediment, nutrient and microbial sources and transport path-
ways within each catchment led to the development of both
generic and catchment-specific mitigation strategies. Some
strategies were heralded as being successful; however, the
authors noted that a 3—7-year periodicity in climate cycles in
addition to voluntary adoption and market forces, resulted in a
slow rate of uptake. The inference is therefore that for many of
these catchments a monitoring period of greater than 10 years
may be required to see improvements in water quality asso-
ciated with mitigation efforts.

Even if longer monitoring periods were to occur, there is no
guarantee that the right indicators are being measured or that
mitigation strategies will result in the required water-quality
target. This can be due to an incomplete understanding of both
the pathways and processes involved, their scales and how they
interact with management actions. To encapsulate this complex-
ity, Quinn et al. (2013) developed a catchment-specific
Bayesian belief network to link different land management
and mitigation scenarios to key socio-economic and aquatic
values. The model predicted substantial increase in farm earn-
ings and regional economic benefits but with a range of positive
and negative water-quality impacts depending on the extent and
location of mitigations in place. The results of this study
highlighted the value in collating data and developing models
of complex inter-disciplinary systems in order to focus on the
water-quality objective and avoid unintended consequences
(i.e. inefficient mitigation strategies).

The science of understanding the complexity of improving
water quality was examined in two studies. The study by Wilcock
et al. (2013bh) examined catchment sources and pathways for
water-quality contaminants. The study by Verburg et al. (2013)
assessed the relative of these contaminants on an oligotrophic
lake (Brunner). Wilcock et al. (2013b) found that while trends
were decreasing (i.e. improving) for some water-quality con-
taminants, much of the load of suspended sediment, N and P
came from storm flows or was from groundwater that was not
encaptured in surface water inflows into the lake. Moreover, at
the farm scale the measured loads closely matched modelled
loads, indicating that attenuation in the stream network was
limited and that mitigation should be directed mostly at the
source. Verburg et al. (2013) then went onto assess the relative
impact of the loads of N and P, finding that the Vollenweider
model predicted a mean P concentration close to the observed con-
centration and that algal productivity was most strongly stimulat-
ed by additional inputs of P to the lake. They indicated using the
Vollenweider model that at the present rate of increasing agricul-
tural intensification and P loading from the catchment, Lake
Brunner would likely change from oligotrophic to mesotrophic.

Lake management was also the subject of modelling work
done to mitigate P loads and maintain drinking water quality in
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the subtropical Kaiping (Dashahe) reservoir in China (Nielsen
et al. 2013). By adapting a surface water catchment model,
a powerful scenario analysis was conducted of different mitiga-
tion technologies and practices. It was estimated that with the
removal of sewage discharges and the installation of buffer
zones along rivers, substantial gains could be made in reaching
the targeted 13% load decrease. However, the authors noted that
further research was required into the hydrological pathways
involved in such a complex and artificially altered water
infrastructure that included ditches, channels and ponds. In such
a monsoon-influenced subtropical catchment the hydrological
assessment would also certainly be affected by climate change,
and hence knowledge about to how to adapt to changes in the
frequency and intensity of rainfall was considered to be
imperative.

Climate change was the subject of the final paper in this
special issue (Hatfield es al. 2013). Using the Midwestern
United States as an example, the authors highlighted the effects
of climate change on food production, but also the delivery of
nutrients to the Gulf of Mexico. They emphasised that under
current trends, soil degradation is likely to impair future food
production. Halting further soil degradation and minimising
losses of nutrients into the region’s waterways (and ultimately
the Gulf) should be achieved by concentrating on the mainte-
nance of soil hydrologic and plant-growth functions. Hatfield
et al. (2013) considered that good soil management not only
reduced losses of sediments and nutrients from agricultural land
already under intensive production but that it could reduce
pressure to expand into environmentally sensitive areas. As a
whole, the papers in this special issue of Marine and Freshwater
Research span many of the key scientific issues that were
identified by participants of the 15th International Water Asso-
ciation Diffuse Pollution Conference in Rotorua, New Zealand,
in 2011. A summary of those issues included that: (1) many
ecological processes do not necessarily follow linear trajectories
corresponding to changes in external forcings (e.g. catchment
nutrient loads); (2) reductions in external nutrient loading are
fundamental to effective control of eutrophication; (3) accurately
quantifying storm loads of sediments and nutrients remains a
major challenge; and (4) better interdisciplinary communication
linkages are required to fully capitalise on technological
advances that will enable improved management of diffuse
nutrient sources. These themes are repeated throughout the
special issue and demonstrate the global challenges of environ-
mental services and change, human population growth, food
supply and agricultural productivity in the 21st century.

Acknowledgements

The contributions for this special issue were sourced from several of the
presenters at the 15th International Water Association Diffuse Pollution
Conference (DIPCON) held in Rotorua, New Zealand in 2011. This special
issue was part-funded from collaboration between two New Zealand Ministry
of Business, Innovation and Employment contracts (Clean Water, Productive
Land C10X1006 and Lake Biodiversity Restoration UOWXO0505).

References

Abell, J. M., Ozkundakci, D., Hamilton, D. P., and Miller, S. D. (2011a).
Relationships between land use and nitrogen and phosphorus in New
Zealand lakes. Marine and Freshwater Research 62, 162—175.

Marine and Freshwater Research v

Abell, J. M., Hamilton, D. P., and Paterson, J. (20115). Reducing the external
environmental costs of pastoral farming in New Zealand: experiences
from the Te Arawa lakes, Rotorua. Australasian Journal of Environ-
mental Management 18, 139—154. doi:10.1080/14486563.2011.591520

Bewsell, D., and Drake, C. (2008). Socio-economic issues in pasture-based
farming. In ‘Environmental Impacts of Pasture-based Farming’.
(Ed. R. W. McDowell.) pp. 98-121. (CAB International: Oxon, UK.).

Carpenter, S. R., Caraco, N. F., Correll, D. L., Howarth, R. W., Sharpley,
A. N., and Smith, V. H. (1998). Nonpoint pollution of surface waters
with phosphorus and nitrogen. Ecological Applications 8, 559-568.
doi:10.1890/1051-0761(1998)008[0559:NPOSWW]2.0.CO;2

Codd, G. A., Azevedo, S. M. F. O., Bagchi, S. N., Burch, M. D., Carmichael,
W.W., Harding, R., Kaya, K., and Utkilen, H. C. (2005). CYANONET, a
Global Network for Cyanobacterial Bloom and Toxin Risk Manage-
ment: Initial Situation Assessment and Recommendations. UN IHP-VI,
Technical Documents in Hydrology No. 76, UNESCO, Paris.

Conley, D. J., Paerl, H. W., Howarth, R. W., Boesch, D. F., Seitzinger, S. P.,
Havens, K. E., Lancelot, C., and Likens, G. E. (2009). Controlling
eutrophication: nitrogen and phosphorus. Science 323, 1014-1015.
doi:10.1126/SCIENCE.1167755

Defew, L. H., May, L., and Heal, K. V. (2013). Uncertainties in estimated
phosphorus loads as a function of different sampling frequencies and
common calculation methods. Marine and Freshwater Research 64,
373-386. doi:10.1071/MF12097

Dietrich, D. R., Fischer, A., Michel, C., and Hoger, S. J. (2008). Toxin
mixture in cyanobacterial blooms - a critical comparison of reality with
current procedures employed in human health risk assessment. Advances
in Experimental Medicine and Biology 619, 885-912. doi:10.1007/978-
0-387-75865-7_39

Dodds, W. K., Bouska, W. W., Eitzmann, J. L., Pilger, T. J., Pitts, K. L.,
Riley, A. J., Schloesser, J. T., and Thornbrugh, D. J. (2009). Eutrophica-
tion of U.S. freshwaters: analysis of potential economic damages.
Environmental Science & Technology 43, 12-19. doi:10.1021/
ES801217Q

Elser, J. J., Bracken, M. E. S., Cleland, E. E., Gruner, D. S., Harpole, W. S.,
Hullebrand, H., Ngai, J. T., Seabloom, E. W., Shurin, J. B., and Smith,
J. E. (2007). Global analysis of nitrogen and phosphorus limitation of
primary producers in freshwater, marine and terrestrial ecosystems.
Ecology Letters 10, 1135-1142. doi:10.1111/J.1461-0248.2007.
01113.X

Hallegraeff, G. M. (1993). A review of harmful algal blooms and their
apparent global increase. Phycologia 32, 79-99. doi:10.2216/10031-
8884-32-2-79.1

Hatfield, J. L., Cruse, R. M., and Tomer, M. D. (2013). Convergence of
agricultural intensification and climate change in the midwestern United
States. Marine and Freshwater Research 64, 423-435. doi:10.1071/
MF12164

Jarvie, H. P., Sharpley, A. N., Withers, P. J. A., Scott, J. T., Haggard, B. E.,
and Neal, C. (2013). Phosphorus mitigation to control river eutrophica-
tion: murky waters, inconvenient truths and “post-norma” science.
Journal of Environmental Quality 42, In press. doi:10.2134/JEQ2012.
0085

Jennings, E., Allot, N., Lenihan, D., Quirke, B., Taylor, D., and Twomey, H.
(2013). Drivers of long-term trends and seasonal changes in total
phosphorus loads to a mesotrophic lake in the west of Ireland. Marine
and Freshwater Research 64, 413-422. doi:10.1071/MF12166

Lovik, J. E. (2009). Operational monitoring of Lake Mjesa and tributaries
(in Norwegian). Annual report for 2008. NIVA report 5758.

McDowell, R. W., Houlbrooke, D. J., Muirhead, R. W., Miiller, K.,
Shepherd, M., and Cuttle, S. P. (2008). ‘Grazed Pastures and Surface
Water Quality.” (NOVA Science Publishers: NY.)

McDowell, R. W., Snelder, T. H., Cox, N., Booker, D. J., and Wilcock, R. J.
(2013). Establishment of reference or baseline conditions of chemical
indicators in New Zealand streams and rivers relative to present


http://dx.doi.org/10.1080/14486563.2011.591520
http://dx.doi.org/10.1890/1051-0761(1998)008[0559:NPOSWW]2.0.CO;2
http://dx.doi.org/10.1126/SCIENCE.1167755
http://dx.doi.org/10.1071/MF12097
http://dx.doi.org/10.1007/978-0-387-75865-7_39
http://dx.doi.org/10.1007/978-0-387-75865-7_39
http://dx.doi.org/10.1021/ES801217Q
http://dx.doi.org/10.1021/ES801217Q
http://dx.doi.org/10.1111/J.1461-0248.2007.01113.X
http://dx.doi.org/10.1111/J.1461-0248.2007.01113.X
http://dx.doi.org/10.2216/I0031-8884-32-2-79.1
http://dx.doi.org/10.2216/I0031-8884-32-2-79.1
http://dx.doi.org/10.1071/MF12164
http://dx.doi.org/10.1071/MF12164
http://dx.doi.org/10.2134/JEQ2012.0085
http://dx.doi.org/10.2134/JEQ2012.0085
http://dx.doi.org/10.1071/MF12166

vi Marine and Freshwater Research

conditions. Marine and Freshwater Research 64,387-400. doi:10.1071/
MF12153

Nielsen, A., Trolle, D., Me, W., Luo, L., Han, B.-P., Liu, Z., Olesen, J. E., and
Jeppesen, E. (2013). Assessing ways to combat eutrophication in a
Chinese drinking water reservoir using SWAT. Marine and Freshwater
Research 64, 475-492. doi:10.1071/MF12106

Pretty, J. N., Mason, C. F., Nedwell, D. B., Hine, R. E., Leaf, S., and Dils, R.
(2003). Environmental costs of freshwater eutrophication in England
and Wales. Environmental Science & Technology 37, 201-208.

Quinn, J. M., Monaghan, R. M., Bidwell, V. J., and Harris, S. R. (2013).
A Bayesian Belief Network approach to evaluating complex effects of
irrigation-driven agricultural intensification scenarios on future aquatic
environmental and economic values in a New Zealand catchment.
Marine and Freshwater Research 64, 460-474. doi:10.1071/MF12141

Schindler, D. W. (1977). Evolution of phosphorus limitation in lakes: natural
mechanisms compensate for deficiencies of nitrogen and carbon in
eutrophied lakes. Science 195, 260-262. doi:10.1126/SCIENCE.195.
4275.260

Schindler, D. W. (2012). The dilemma of controlling cultural eutrophication
of lakes. Proceedings. Biological Sciences 279, 4322-4333.
doi:10.1098/RSPB.2012.1032

Schindler, D. W., and Vallentyne, J. R. (2008). ‘The Algal Bowl: Overfer-
tilization of the World’s Freshwaters and Estuaries.” (University of
Alberta Press: Edmonton, AB, Canada.)

Schindler, D. W., Hecky, R. E., Findlay, D. L., Stainton, M. P., Parker, B.R.,
Paterson, M., Beaty, K. G., Lyng, M., and Kasian, S. (2008).

R. W. McDowell and D. P. Hamilton

Eutrophication of lakes cannot be controlled by reducing nitrogen
inputs: Results of a 37-year whole-ecosystem experiment. Proceedings
of the National Academy of Sciences of the United States of America 105,
11254-11258. doi:10.1073/PNAS.0805108105

Scott, J. T., and McCarthy, M. J. (2010). Nitrogen fixation may not balance
the nitrogen pool in lakes over timescales relevant to eutrophication
management. Limnology and Oceanography 55, 1265—1270.

Verburg, P., Horrox, J., Chaney, E., Rutherford, J. C., Quinn, J. M., Wilcock,
R.J., and Howard-Williams, C. W. (2013). Effects of nutrient loading on
the trophic state of Lake Brunner. Marine and Freshwater Research 64,
436-446. doi:10.1071/MF12128

Wilcock, R. J., Monaghan, R. M., Quinn, J. M., Srinivasan, M. S.,
Houlbrooke, D. J., Duncan, M. J., Wright-Stow, A. E., and Scarsbrook,
M. R. (2013a). Trends in water quality of five dairy farming streams in
response to adoption of best practice and benefits of long-term monitor-
ing at the catchment scale. Marine and Freshwater Research 64,
401-412. doi:10.1071/MF12155

Wilcock, R. J., Monaghan, R. M., McDowell, R. W., Verburg, P., Horrox, J.,
Chagué-Goff, C., Duncan, M. J., Rutherford, A., Zemansky, G.,
Scarsbrook, M. R., Wright-Stow, A. E., Howard-Williams, C., and
Cotton, S. (2013bh). Managing pollutant inputs from pastoral dairy
farming to maintain water quality of a lake in a high-rainfall catchment.
Marine and Freshwater Research 64, 447-459. doi:10.1071/MF12296

Withers, P. J. A., and Jarvie, H. P. (2008). Delivery and cycling of
phosphorus in UK rivers: a review. Science of the Total Environment
400, 379-395. doi:10.1016/J.SCITOTENV.2008.08.002

www.publish.csiro.au/journals/mfr


http://dx.doi.org/10.1071/MF12153
http://dx.doi.org/10.1071/MF12153
http://dx.doi.org/10.1071/MF12106
http://dx.doi.org/10.1071/MF12141
http://dx.doi.org/10.1126/SCIENCE.195.4275.260
http://dx.doi.org/10.1126/SCIENCE.195.4275.260
http://dx.doi.org/10.1098/RSPB.2012.1032
http://dx.doi.org/10.1073/PNAS.0805108105
http://dx.doi.org/10.1071/MF12128
http://dx.doi.org/10.1071/MF12155
http://dx.doi.org/10.1071/MF12296
http://dx.doi.org/10.1016/J.SCITOTENV.2008.08.002

