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H I G H L I G H T S

• Optical water quality in rivers can be re-
lated to sediment loads.

• Improved optical water quality may be
predicted from soil conservation.

• In the Wairua River, visual clarity will
increase 0.5 m after soil conservation.
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Deforestation in New Zealand has led to increased soil erosion and sediment loads in rivers. Increased suspended
fine sediment inwater reduces visual clarity for humans and aquatic animals and reduces penetration of photosyn-
thetically available radiation to aquatic plants. To mitigate fine-sediment impacts in rivers, catchment-wide ap-
proaches to reducing soil erosion are required. Targeting soil conservation for reducing sediment loads in rivers
is possible through existing models; however, relationships between sediment loads and sediment-related attri-
butes of water that affect both ecology and human uses of water are poorly understood. We present methods
for relating sediment loads to sediment concentration, visual clarity, and euphotic depth. Themethods require up-
wards of twenty concurrent samples of sediment concentration, visual clarity, and euphotic depth at a river site
where discharge is measured continuously. The sediment-related attributes are related to sediment concentration
through regressions. When sediment loads are reduced by soil conservation action, percentiles of sediment con-
centration are necessarily reduced, and the corresponding percentiles of visual clarity and euphotic depth are in-
creased. The approach is demonstrated on theWairua River in the Northland region of New Zealand. For this river
we show that visual claritywould increase relatively by approximately 1.4 times the relative reduction of sediment
load. Median visual clarity would increase from 0.75 m to 1.25 m (making the river more often suitable for swim-
ming) after a sediment load reduction of 50% associated with widespread soil conservation on pastoral land. Like-
wise euphotic depthwould increase relatively by approximately 0.7 times the relative reduction of sediment load,
and the median euphotic depth would increase from 1.5 m to 2.0 m with a 50% sediment load reduction.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

There is widespread recognition of the extent and significance of
changes in land use and land cover on river ecosystems worldwide
(Allan, 2004; Jones et al., 2012; Kemp et al., 2011; Wood and Armitage,
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1997; Meade, 1988). Since European settlement in New Zealand (c.
1840), large-scale catchment disturbance (e.g., forest clearance, establish-
ment of agricultural land uses and stream channel modification) has led
to increased erosion rates and delivery of fine sediment to rivers, lakes
and estuaries (Glade, 2003; Page and Trustrum, 1997). Although the de-
livery of sediment to waters is likely to have reduced since the initial Eu-
ropean settlement period due to reduction in agricultural land (Dymond
et al., 2010), the sediment loads in some New Zealand rivers remain
very high, even by global comparison (Jansson, 1988).

Increased sediment loads can adversely affect downstream aquatic
ecosystems. River beds and benthic habitat may be smothered (Conroy
et al., 2016; Thrush et al., 2004; Wood and Armitage, 1997). Increased
suspended sediment can damage the gills of fish, which can limit fish
growth and make them more susceptible to disease (Waters, 1995). In-
creased suspended sediment can also reduce visual clarity (i.e. the dis-
tance objects can be seen through water) and light penetration into
water (Davies-Colley and Smith, 2001; Newcombe and MacDonald,
1991). Degraded visual clarity in rivers, lakes, and estuaries can reduce
feeding opportunities for birds and fish (Davies-Colley et al., 2014;
Julian et al., 2013), can cause certainmigratory fish species to avoid tur-
bid rivers (Boubée et al., 1997; Rowe and Dean, 1998), and can increase
drift rates of benthic invertebrates (Bond andDownes, 2003; Larsen and
Ormerod, 2010; Shaw and Richardson, 2001). Reduced light penetra-
tion can result in the decline of benthic plants (Davies-Colley and
Smith, 2001; Julian et al., 2013), and can negatively affect the growth
of periphyton and macrophytes on the river bed (Davies-Colley et al.,
2014; Julian et al., 2013).

To reduce the amount of sediment being delivered to streams and
their downstream receiving environments, catchment-wide approaches
for reducing soil erosion are required. In recent decades, catchment reha-
bilitation measures, such as land use change, riparian management, and
erosion control planting, have been used to improve the water quality
andmanage suspended sediment contributions to downstream environ-
ments (Alexander and Allan, 2007; Shah et al., 2007; Shields, 2009).
These measures are costly to implement across whole catchments and
so need to be targeted to achieve cost-effectiveness.

Spatially-distributed models such as SedNetNZ have been devel-
oped for relating land use change and soil conservation actions to sedi-
ment loads in rivers (Dymond et al., 2016; Kinsey-Henderson et al.,
2005; Wilkinson et al., 2009). Such models enable specific targeting of
soil conservation for reducing sediment loads. A range of sediment-
source-tracing techniques are also available to identify important catch-
ment sources, both in terms of key erosion processes (He and Owens,
1995; Olley et al., 2012) and spatial provenance (Collins et al., 1998;
Vale et al., 2016), and these techniques are becoming more widely ap-
plied as catchment management tools (Mukundan et al., 2012).

However, the relationships between sediment loads and important
sediment-related attributes of water in rivers, such as suspended sedi-
ment concentration, deposited sediment, visual clarity, and light penetra-
tion, are not well understood. Some researchers (Asselman, 2000; Lloyd
et al., 2016; Thomas, 1988; Warrick, 2015; Williams, 1989) have
attempted to explain the behaviour of sediment rating curves (i.e. the re-
lationship of suspended sediment concentration to discharge), including
hysteresis, but direct relationships between sediment loads and optical
water quality are not well described. Other authors have interrelated vi-
sual clarity, suspended sediment concentration, and turbidity (West and
Scott, 2016; Davies-Colley and Nagels, 2008), but also have not consid-
ered sediment loads. Without a knowledge of how sediment loads relate
directly to opticalwater quality, it is difficult to target soil conservation ac-
tions for water-quality improvement.

In this paper, we present methods for relating sediment loads to
sediment-related attributes of importance to freshwater values
(Environment Foundation, 2015): suspended sediment concentration,
visual clarity, and euphotic depth. These attributes relate strongly to
water discharge (e.g., Smith et al., 1997), which varies in time, so we
characterise themby percentiles of statistical distributions of occurrence.

The attributes are linked to suspended sediment concentration
through regressions. When sediment loads are reduced by soil con-
servation action, the percentiles of sediment concentration are nec-
essarily reduced, and the corresponding percentiles of visual clarity
and euphotic depth are increased. The methods are demonstrated
on the Wairua River in the Northland region, New Zealand, where
soil conservation action is being undertaken by the Northland Re-
gional Council to improve water quality in the river and of the
Kaipara Harbour downstream.

2. Methods

2.1. Study area

The Wairua River drains a catchment of 75,000 ha in the upper
North Island of New Zealand (Fig. 1). Headwaters drain hill country
comprising either greywacke/argillite, crushed argillite, which is sus-
ceptible to gully erosion, or crushed mudstone, which is susceptible to
earthflow erosion. There are also pockets of volcanic rocks that are com-
paratively resistant to erosion. The middle reaches flow through low-
land areas and drained peat swamps. Fishing and other contact
recreation (swimming, kayaking) is common. Mean annual rainfall in
theWairua catchment is relatively high at 1700mm,with somemonths
experiencing over 500 mm of rainfall, and the mean discharge at Purua
is 20 m3 s−1. Sediment loads in New Zealand are driven primarily by
rainfall and geology (Hicks et al., 2004), so monthly sediment loads in
theWairua are higher in the winter and early spring (June–September)
when water discharges are greater (Duncan and Woods, 2004).
Flooding of the Wairua floodplain is common (~3 yrs) due to high
storm rainfalls combined with a low channel gradient.

Land use is predominantly pastoral farming, with sheep and beef
farmsbeing commonon thehill country, andwithdairy farmsbeing com-
monon the lowlands,floodplains, and rolling hill country.Where pastoral
farming occurs on crushed-rock geology, high storm rainfalls cause high
rates of soil erosion and consequently high sediment loads in streams.
The mean annual sediment load of the Wairua River is 130,000 t yr−1

(modelled from SedNetNZ, Dymond et al., 2016), much of which makes
its way to the largest estuary in New Zealand, the Kaipara Harbour,
which has important habitats for fish and benthic plants and
invertebrates.

Measurements of optical water quality (i.e. suspended particulate
matter, visual clarity) were obtained from water samples collected
from the Wairua River at Purua flow monitoring site operated by the
Northland Regional Council, a local government agency responsible
for catchment soil and water management. The Purua monitoring site
is located in themiddle to lower reaches of theWairua River catchment
and has an upstream catchment area of 54,000 ha.

2.2. Inference of suspended sediment attributes

Our approach is to infer statistical distributions of sediment-related
attributes from a statistical distribution of discharge,which is calculated
from the continuous measurements of discharge. The approach de-
pends critically on establishing a relationship between sediment con-
centration and discharge. This relationship between sediment
concentration, s, and discharge, q, is derived from measurement pairs
obtained at times of sediment concentrationmeasurement, particularly
during hydrological events. This relationship is referred to as the sedi-
ment rating curve (Asselman, 2000; Warrick, 2015). This relationship
is typically linear after a log transformation. Denoting log(q) as Q and
log(s) as S, where log is the natural log, then the sediment rating
curve may be expressed as:

S ¼ a Q þ b ð1Þ

where a and b are site-specific constants.
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