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Abstract
Intermittent streams and flat sandy catchments are common throughout the world. In south
Western Australia, Ellen Brook provides a model landscape for the study of water quality
issues associated with managing flat sandy coastal catchments, where the highly permeable
sands have limited capacity to intercept and store nutrients arising from agricultural activity.
Revegetating riparian zones is universally used as a best-management practice to intercept
nutrients and improve stream condition. However, the riparian zone can only be effective in
nutrient removal if there is interaction between runoff and riparian vegetation. Key elements
driving this interaction are slope, providing flow through the riparian zone and a mechanism
for uptake and storage of nutrients (e.g. reactive soils). In addition, riparian vegetation is
known to provide a suite of environmental benefits, however, there is little information on the
influence of riparian vegetation on in-stream biota of intermittent streams.
The questions posed in this thesis are 1) can vegetated riparian zones effectively ameliorate
nutrient inputs in flat sandy catchments (no slope and unreactive soils) and 2) do riparian
zones on intermittent streams in flat sandy catchments influence in-stream biological
communities?
This thesis compares hydrology and nutrient dynamics between an intermittent stream in a
flat sandy landscape (Bingham Creek) and a perennial stream in a nearby landscape with
slope and reactive soils (Lennard Brook). Nutrient stores within groundwater, soil and
vegetation were analysed. A column experiment was undertaken to determine how the
vertical rise and fall of groundwater affected nutrient dynamics in paddock and riparian soils
and compared the effect of nutrient addition from fertiliser and cow manure. The thesis also
examined the ecological condition of riparian vegetation and its influence on in-stream biota
amongst a wider range of intermittent and perennial streams in this catchment.
In flat sandy catchments, the lack of slope and unreactive soils reduced the capacity for
riparian vegetation to intercept and store nutrients. The dominant flow path was the vertical
rise and fall of groundwater in response to rainfall, which limited the interaction of
groundwater with the active root zone of riparian soils, reducing the potential for nutrient
assimilation. However, slow (0.23-0.3 m/day) horizontal groundwater flow through riparian
zone, results in extended residence times (106-141 days), allowed nutrient transformations to
occur. Riparian and paddock soils at Bingham Creek had a poor nutrient holding capacity,
resulting in nutrients being stored in the groundwater (e.g. filterable reactive phosphorus
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(FRP) 48-600 µg/L-1) and not the soil (e.g. 4-510 mg.P/kg). Whereas at Lennard Brook the
improved soil characteristics (increased iron oxides and clay) provided a greater opportunity
for nutrient interception and storage by the soils (e.g. 29-1037 mg.P/kg) and groundwater
flow to the stream was low in phosphate (e.g. FRP 10-74 µg/L-1).
The riparian vegetation had a similar community structure at both sites and contributed
comparable amounts of litterfall (369 and 404 g/m2) and nutrients per unit area (0.8-1.5 and
0.5-1 mg.P/m2) at Bingham Creek and Lennard Brook, respectively. This enhanced the
organic matter content of underlying riparian soils that in turn slowed the rate of water
movement (paddock 0.08-0.7 L/hr, riparian 0.04-0.24 L/hr), improved the phosphorus
binding capacity of the soil and promoted loss of mineral nitrogen, probably by
denitrification. However, the increased carbon content also supported a greater microbial
community and the input of extra nutrients (including labile carbon) increased microbial
respiration, leading to release of iron-bound phosphorus into groundwater.
In the Ellen Brook catchment, flow regime (Global R = 0.444, P < 0.001) and the
presence/absence of riparian vegetation (Global R = 0.407, P < 0.001) were the most
influential factors associated with invertebrate assemblage composition. On average there
were more invertebrate families in vegetated (30 ± 1.4) streams than unvegetated (27 ± 3.2)
streams. Riparian vegetation helped shape and improve in-stream biological communities
through the provision of organic matter for food and habitat and by limiting algal growth in
stream water through shading. This was illustrated by a higher proportion of algal grazers
(Chironominae and Physidae) in unvegetated streams and more detrital feeders
(Leptoceridae, Gripopterygidae, Ceinidae) in vegetated streams.
A conceptual model of hydrology and nutrient dynamics for riparian zones in flat sandy
catchments was developed, which describes the key points of difference to the hydrological
and nutrient dynamics in sloped catchments with reactive soils. Riparian vegetation appears
to be acting similarly between catchment types but the capacity for riparian zones to remove
nutrients in flat sandy catchments is limited due to soil type and hydrology. However, in
these catchments, riparian zones are also the only sink contributing to a reduction in nutrient
export from the catchment and so still have value in regulating nutrient dynamics. Clearly,
riparian vegetation alone across the catchment alone cannot stem the flow of nutrients in flat
sandy catchments. Instead, a multi-pronged approach is required to reduce nutrient export and
improve the nutrient holding capacity of soils. Furthermore, riparian vegetation helps
vi

maintain and improve in-stream biological communities in intermittent and perennial streams
in sandy catchments with low relief. Overall, riparian vegetation increased the retention of
nutrients, improved soils and in-stream biodiversity, warranting the protection and
rehabilitation of riparian zones in flat sandy catchments.
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Chapter 1 General Introduction
Riparian vegetation, by definition, is vegetation adjacent to streams or rivers. It is comprised
of a combination of trees, shrubs, grasses and herbs, which serve to moderate environmental
processes between the catchment and stream (Naiman and Decamps 1997; Herron and
Hairsine 1998; Verry et al. 2004; Hoffmann et al. 2009). Riparian zones are the interface
between terrestrial and aquatic ecosystems, which includes soil, plants (riparian vegetation),
animal and microbial communities (Gregory et al. 1991; Naiman et al 2005). For this study
the width of the riparian zone was distinguished by the presence of plants associated with
waterlogged soils (i.e. Eucalyptus rudis).The effectiveness of riparian zone in moderating
environmental processes between the catchment and stream is a function of the physical,
chemical and ecological properties of riparian zone including the soil substrate. Riparian
zones are believed to provide a wide range of environmental benefits (Naiman and Decamps
1997; Herron and Hairsine 1998; Verry et al. 2004; Hladyz et al. 2011b). In particular,
conservation or restoration of riparian vegetation is used world-wide as a best-management
strategy for nutrient reduction in streams (Narumalani et al. 1997; Lyons et al. 2000; Brian et
al. 2004; Hoffmann et al. 2009; Dosskey et al. 2010). However, it also planted to improve
stream condition (e.g. lower water temperature) and to provide food and habitat for the
associated in-stream communities (Naiman and Decamps 1997; Parkyn et al. 2003).
The capacity for riparian zones to reduce nutrients is strongly dependent on a range of
factors, which include soil type, slope and flow (Tabacchi et al. 1998; Dosskey 2001; Sovik
and Syversen 2008; Hoffmann et al. 2009; Dosskey et al. 2010; Heinin et al. 2012). The
widespread use of riparian vegetation as a nutrient reduction tool assumes that it is effective
across all environments. Yet many of the studies that have underpinned the effectiveness of
riparian zones as a nutrient reduction tool are based on systems in the northern hemisphere,
which have soils with a good nutrient-holding capacity, a marked slope towards the stream
channel and mostly perennial streams (Verry et al. 2004; Montreuil et al. 2010). This thesis
questions whether riparian zones can be effective in environments that do not share these
characteristics. For example, riparian vegetation also occurs along intermittent streams in flat
landscapes and on sandy coastal plain soils. Indeed the combination of intermittent streams,
flat landforms and sandy soils are common throughout the world and have been associated
with high nutrient export in Australia (McPharlin et al. 1990; Peters and Donohue 2001) and
the south-eastern sandy coastal plain of the United States of America (Sims et al. 1998;
Novak and Watts 2004; Butler and Coale 2005) because the soils have a low capacity to
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retain nutrients. Furthermore, this thesis assesses how riparian vegetation affects in-stream
biological communities in coloured and intermittent streams. Intermittent and coloured
(blackwater) streams can be associated with sandy catchments but there is little literature
about the interaction between the riparian zones and streams of these types. In flat sandy
catchments flow can be restricted to the below the surface (Heinin et al. 2012), which when
coupled with a Mediterranean climate of wet winters and hot dry summers, can result in
streams being intermittent (Gasith and Ress 1999). Sands are also prone to leaching carbon
due to poor binding capacity, which can contribute to coloured streams (Meyer 1990;
Dosskey and Bertsch 1997).
Eutrophication of freshwater bodies is a global issue (Conley et al. 2009), which also affects
many water bodies across Australia. In Perth, Western Australia, eutrophication of the Swan Canning estuary is a key environmental issue affecting the health and human amenity of the
system (Swan River Trust, 2009a). As in similar systems around the world, eutrophication is
being driven by nitrogen and phosphorus enrichment, resulting from human activities such as
agriculture and to a lesser extent urbanisation (Swan River Trust, 2009a). These high nutrient
inputs have led to algal blooms, deoxygenation events, fish kills and poor water quality.
Riparian vegetation has been conserved and restored in such catchments on the presumption
that it will decrease nutrient export and improve water quality. For example riparian
vegetation is advocated for the flat, sandy Ellen Brook catchment, which has a particularly
high contribution of nutrients to the Swan Canning Estuary, but based on the above
discussion there are grounds for questioning the assumption that it will be an effective
nutrient filter.
To be effective as a nutrient filter, riparian zones need to intercept the main pollution
transport pathways (Dosskey 2001; Dosskey et al. 2010). Nutrients are primarily transported
in water, so the relative proportions of water flowing above and below the ground and their
rate of flow determine riparian nutrient removal performance (Figure 1-1;Vought et al. 1994;
Narumalani et al. 1997; Dosskey 2001; Dosskey et al. 2010). Surface flow from the paddock
through the riparian zone (termed runoff throughout this thesis) facilitates the removal of
particulate-bound nutrients, whereas subsurface flow through the root zone facilitates plant
uptake of dissolved nutrients and chemical transformations in groundwater and soil (Vought
et al. 1994; Narumalani et al. 1997; Tabacchi et al. 2000; Dosskey 2001; Hoffmann et al.
2009).
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Typically, stream banks with sufficient slope, reactive soils and an impermeable layer result
in surface and subsurface flow through the riparian zone (Figure 1-1). Without these
conditions flow through riparian zones can be limited (Ward and Robinson 2000; Heinin et
al. 2012). Weaver (2010) pointed out that sandy sites with and without slope can result in
flow being restricted to below the surface, which can bypass the riparian root zone and limit
nutrient uptake. Furthermore Weaver and Summers (2014) argue that riparian zones with
sandy soils and limited slope may not be an effective tool for phosphorus interception, due to
limited surface flow and groundwater bypassing the active root zone of riparian vegetation.
Soil plays an integral role in the hydrology and chemistry of riparian zones. The movement of
water through the riparian zone can be dictated by soil type, with sands dominated by
subsurface flow (Heinen et al. 2012) and soils with a greater proportion of clay associated
with greater surface flow (Ward and Robinson 2000; Coyne and Thompson 2006); a factor
which influences particulate phosphorus removal (Fennessy and Cronk 1997; Hoffmann et al.
2009; Heinin et al. 2012). Soil profile type also plays an integral role. Subsurface
impermeable layers are uncommon in deep sands but can occur in duplex sands. The
presence of this layer slows or prevent loss of water deeper into the soil profile promoting
surface and subsurface flow and ensuring water remains in the active root zone of riparian
vegetation (Vidon and Hill 2006; Heinin et al. 2012).
Soil type not only affects the physical nature of soils but also their chemical and microbial
properties, particularly in relation to nutrient dynamics (Tabacchi et al. 2000; Daly et al.
2001; Fuchs et al. 2009; Kang et al. 2011; Obour et al. 2011). Soil type governs nutrient
uptake and release (Daly et al. 2001). Soils that are rich in organic matter, iron and clay are
typically classified as better soils for P removal due to their ability to adsorb and store
phosphorus (Daly et al. 2001; Obour et al. 2011). Sands, with a larger grain and pore size,
often have a reduced capacity to bind and store phosphorus (Ritchie and Weaver 1993; Zhang
2008) and are prone to leaching. Nitrogen uptake, transformation and storage in soils is
somewhat limited (Hoffmann et al. 2009) and is strongly governed by soil organic matter and
carbon (Adair et al. 2004). Therefore the ability of soil in riparian zones to intercept nitrogen
is determined by its ability to accumulate organic matter (Jobbagy and Jackson 2000; Coyne
and Thompson 2006).
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Figure 1-1- Conceptual model highlighting the importance of flow in nutrient removal for vegetated
and unvegetated riparian zones

Riparian zones can strongly affect the chemistry of underlying soil and water, which dictates
nutrient uptake and release. Brian et al. (2004) demonstrated riparian vegetation can reduce
phosphorus loads by up to 90% and nitrogen by up to 99%, through trapping, assimilation
and nutrient transformations. Riparian vegetation actively contributes to nutrient reduction by
plant assimilation and by altering the underlying physical and chemical conditions of riparian
soils and groundwater (Dosskey et al. 2010; Naiman and Decamps 1997; Narumalani et al.
1997; Verry et al. 2004). The contribution of carbon from riparian vegetation to soils can
slow water movement (Rawls et al. 2003) and fuel microbial respiration (Reddy and
DeLaune 2008), which is responsible for phosphorus and nitrogen uptake and release in
riparian zones (Griffiths et al. 1997; Chen et al. 2003). Nitrogen is primarily removed
through microbial denitrification and to a lesser extent plant uptake (Brian et al. 2004;
Dhondt et al. 2006; Mander et al. 1997; Montreuil et al. 2010; Tabacchi et al. 1998; Vidon et
al. 2010; Vought et al. 1994), which generally occurs in subsurface waters (Reddy and
DeLaune 2008; Rivett et al. 2008; Woodward et al. 2009). By contrast, phosphorus is
primarily removed from surface flows through sediment trapping, soil sorption and to a lesser
extent plant assimilation (Vought et al. 1994; Brian et al. 2004; Hoffmann et al. 2009).
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Conservation and restoration of riparian vegetation is a common best-management practice
used to intercept incoming nutrients (Narumalani et al. 1997; Lyons et al. 2000; Brian et al.
2004), however, it is also used to improve stream condition (Webb and Erksine 2003; Hughes
et al. 2005; Naiman et al. 2005). It has been shown that revegetating riparian zones can
improve stream water quality (Harding et al. 2006), regulate water temperature (Davies
2010), improve channel characteristics (Vondracek et al. 2005) and provide in-stream habitat
(Robertson and Rowling 2000). Furthermore, replanting and rehabilitating riparian vegetation
has shown to improve in-stream biological assemblages including fish (Howson et al. 2012;
Pettit et al. 2013) and macroinvertebrates (Sponseller et al. 2001; Burcher et al. 2007).
Finally, riparian vegetation can moderate stream productivity by contributing organic matter
to fuel food webs, reduce bank erosion and overland flow and provide aesthetic qualities
(Mander et al. 1997; Naiman and Decamps 1997; Tabacchi et al. 1998, 2000; Brian et al.
2004; Verry et al. 2004; Francis 2006; Pettit et al. 2011). When riparian vegetation is
removed, its absence can have deleterious effects on stream processes (Naiman et al. 2005).
It can lead to erosion, the release of nutrients stored in riparian zone soils, as well as
decreasing organic matter input to streams (Sabater et al. 2000). Furthermore, removing
riparian vegetation increases light availability, which can increase the potential for algal
blooms to occur (Hill 1996; Bunn et al. 1998; Mosisch et al. 2001) and lead to increases in
stream temperature beyond the tolerances of aquatic fauna (Davies 2010; Stewart et al.
2013).
The majority of research in this area has focussed on perennial streams and there is limited
information on the efficacy of riparian vegetation in improving in-stream biological
communities in intermittent streams. There is likely to be differences in the functionality of
riparian vegetation between intermittent and perennial streams, which is driven by the
interaction of water and riparian vegetation (Lewis et al. 2006; Larned et al. 2010). There is
greater interaction of riparian vegetation with perennial streams, allowing riparian vegetation
to influence in-stream biological communities continuously, whereas as flows in intermittent
streams may only last for weeks not months (Lewis et al. 2006; Larned et al. 2010).
Therefore, it is imperative to determine what effect riparian vegetation has on communities in
both stream types.
Riparian zones are known to provide a number of benefits, which primarily relate to
ecosystem benefits and nutrient interception. However, these processes are normally studied
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separately and management typically focusses on improving just one element, which may be
detrimental to the other. By studying both processes in the same system it enables us to
identify the key drivers for each process and how they interact and provides managers a
holistic management strategy, which benefits both processes. This approach to riparian zones
has not been undertaken before and presents a unique opportunity to increase our
understanding of how riparian zones function.
Ellen Brook catchment
Ellen Brook provides an excellent example of a flat sandy coastal catchment, with large
portions of the catchment covered by flat terrain and deep sands, which are coupled with
intermittent streams. However, in the north of the catchment there are sites which are more
consistent with those found more commonly in the literature. They are characterised by
having slope, reactive soils and perennial streams (Verry et al. 2004; Montreuil et al. 2010).
Therefore, two riparian zones within the Ellen Brook catchment were chosen to provide a
comparison of locations with differing slopes and soil types: Bingham Creek and Lennard
Brook (Figure 1-2).
Ellen Brook is a relatively large sub-catchment (716km2) of the Swan-Canning River system,
north east of the city of Perth, Western Australia. The climate is Mediterranean, with hot, dry
summers and mild, wet winters, with most rainfall occurring from May through to October.
Streams within the catchment are mainly intermittent, with 40 % of the discharge arising
from groundwater-fed baseflow (Barron et al. 2008). Stream flow occurs mainly in late
winter through to spring.
Ellen Brook contributes 7% of the total flow into the Swan Canning estuary, yet it contributes
upwards of 39% of total phosphorus and 28% of total nitrogen annually (Swan River Trust,
2009a). The main nutrient sources identified in the catchment are fertilisers, animal waste and
soil-bound nutrients (Swan River Trust, 2009b). Land use in the catchment is dominated by
agriculture, particularly extensive livestock production (cattle). Much of the Ellen Brook
catchment is characterised by poor, nutrient deficient soils; so fertiliser is required to achieve
agricultural production. Unfortunately, the soils have low phosphorus retention and high
leaching capacity (Barron et al. 2008). As a consequence nutrient release and loss into
waterways is high where fertilisers are used.
Ellen Brook is predominantly underlain by highly permeable sands of the Bassendean Dune
System, although there are also regions with duplex soils (sands over clays and loams over
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clays). As a result there is a limited capacity for soils to intercept and store nutrients
throughout much of the catchment (Barron et al. 2008). The topography of the catchment
varies markedly, with the west side of the catchment being predominantly flat (mainly
comprising of coastal dunes) whereas in the east it slopes down from an escarpment. A
consequence of the flat topography and sandy soils is the limited surface flow throughout the
catchment, with the majority of flow occurring below the surface. As a result, the movement
of water through the riparian zone is limited, which is likely to affect the nutrient removal
capacity of riparian vegetation. To determine whether this was the case, two riparian zones
within the Ellen Brook catchment were chosen to provide a comparison of locations with
differing slopes and soil types: Bingham Creek and Lennard Brook (Figure 1-2).
Another role of riparian vegetation is its ability to improve the condition of streams and their
associated biological communities (Webb and Erksine 2003; Hughes et al. 2005). Riparian
vegetation has been planted in the Ellen Brook catchment with the aim of reducing nutrient
transport but how this revegetation affects in-stream biological communities is not known.
Much of the existing riparian vegetation in the catchment has been cleared or degraded and
the majority of streams in the catchment are intermittent and coloured (blackwater) streams
(which is a result of soil type). There are large knowledge gaps in the literature relating to
how riparian vegetation affects biological communities in intermittent streams and the
ecology of coloured intermittent streams.
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Figure 1-2- Map illustrating the location of Bingham Creek and Lennard Brook within the Ellen
Brook catchment

Bingham Creek is located within the south-west of the Ellen Brook catchment (Figure 1-2)
where the landscape is flat and soils are dominated by deep Bassendean sands (Table 1-1).
The Creek is a coloured intermittent stream which flows from the west of the catchment
directly into the main channel of Ellen Brook. Within this sub-catchment there has been
extensive clearing and the existing riparian vegetation is patchy along the stream. Cattle
farming and horticulture are the main nutrient contributors within this sub-catchment.
Lennard Brook is at the northern end of the catchment (Figure 1-2). The landscape is
characterised by rolling hills, strongly sloped riparian zones and sandy soils rich in iron
(Table 1-1). Lennard Brook is a spring-fed, non-coloured perennial stream flowing east
towards Ellen Brook. There has been considerable vegetation clearing, however, there are
also extensive stands of riparian vegetation along the majority of the stream. Horticulture and
livestock grazing are the main land use practices within this sub-catchment.
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Table 1-1- Site descriptions of Bingham Creek and Lennard Brook

Characteristic

Bingham Creek

Lennard Brook

Location

West side of catchment

North east corner of catchment

Geology

Coastal dunes

Escarpment

Terrain

Flat terrain

Sloped, rolling hill terrain

Soils

Deep dune sands; nutrient poor;

Sands underlain by clay and laterite;

high leaching capacity

sands rich in iron; “reactive soils”

Intermittent stream; coloured

Perennial stream; spring fed stream;

water

non-coloured water

Vegetation intact;

Vegetation intact;

some cattle grazing

some sheep grazing

Cattle grazing and horticulture;

Sheep grazing and horticulture;

Paddock not fertilised

Paddock not fertilised

Stream

Riparian zone

Paddock
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The aim of this thesis is to address the question:
Are riparian zones effective at removing nutrients from catchment runoff and do they
provide ecological benefits to streams in flat sandy catchments, in comparison to sites
with slope and reactive soils?
Answering this question helps to determine whether planting riparian vegetation can be
justified as a best management practice for streams draining flat sandy catchments. The first
step in addressing this question was the development of conceptual models. This is because
the attributes known to control riparian zone efficacy are not present in flat sandy systems
and therefore their functionality is poorly understood. The conceptual models were used to
develop hypotheses about the function of flat sandy systems. These conceptual models could
then be used to test the functionality put forward by this thesis (Underwood 1997).
The following objectives outline how these conceptual models were developed and reflect the
structure of this thesis.
Chapter Two- Compare how hydrology influences the movement of water and nutrients
through riparian zones in flat and sloped catchments.
A key factor governing the effectiveness of riparian zones for interception of nutrients
is whether flow passes through the riparian zone. The interaction of water with
riparian vegetation and riparian soils is imperative for nutrient removal to occur.
However, does this occur in flat sandy soils? This chapter explores how water
movement differs between flat and sloped catchments and how this affects nutrient
dynamics.
Chapter Three- Determine where nutrients are being stored in the landscape and how riparian
vegetation affects the underlying soils.
Reactive soils are essential for nutrient interception and storage in riparian zones and
have a marked effect on hydrology. Flat sandy systems typically have soils with poor
nutrient holding capacity, which can greatly limit the nutrient storage of riparian
zones. Therefore it is imperative to assess the nutrient interception and storage
capacity of flat sandy soils as this has a strong bearing on nutrient removal capacity of
riparian zones.
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Chapter Four- Determine how vegetation composition and nutrient storage differs between
flat and sloped catchments and how this affects nutrient uptake and release in riparian zones.
The composition of riparian vegetation can affect nutrient uptake and storage and this
can strongly influence the capacity of riparian vegetation to intercept nutrients. This
chapter examines how vegetation structure differs and how this is likely to alter the
nutrient dynamics of flat and sloped riparian zones. Furthermore rates of litterfall and
their nutrient concentrations are quantified to help calculate nutrient uptake and loss
from riparian zones.
Chapter Five- Assess whether different types of water movement affects the capacity for
nutrient removal in paddock and riparian soils.
Chapter Two determined that flow in riparian zones in flat sandy systems was typified
by the vertical rise and fall of groundwater and limited horizontal flow. This chapter
investigates how the vertical rise and fall of water affects nutrient dynamics in
paddock and riparian soils and what this means for nutrient dynamics in riparian
zones and export to adjacent streams.
Chapter Six- Provides an assessment of the ecological benefits of riparian vegetation, with
particular reference to perennial, intermittent and coloured streams.
Riparian vegetation is most commonly used as a best management practice for
nutrient interception, however, riparian vegetation provides a wide range of ecological
benefits. Furthermore, there has been little focus on the benefits of riparian vegetation
in intermittent and coloured streams. Therefore, this chapter explores how in-stream
macroinvertebrate communities are affected by the riparian vegetation, flow and
stream colour.
Chapter Seven- Provide critical analysis of the results, suggest management strategies,
highlight limitations and future work and conclude the thesis.
This chapter critically analyses the results from the previous chapters and presents
conceptual models to provide a greater understanding of the efficacy of riparian zones
in flat sandy catchments. This chapter also proposes and discusses relevant
management strategies to improve nutrient retention and the ecological benefits of
riparian zones in flat sandy catchments.
11
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Chapter 2 An assessment of how water movement through riparian
zones affects nutrient dynamics

Introduction
To be effective as a nutrient filter, riparian zones need to intercept the main pollution
transport pathways (Dosskey 2001; Dosskey et al. 2010). Nutrients are primarily transported
in water, so the relative proportions of water flowing above and below the ground and their
rate of flow determine riparian nutrient removal performance (Vought et al. 1994;
Narumalani et al. 1997; Vidon and Hill 2004a; Dosskey et al. 2010). Surface flow through
the riparian zone primarily facilitates the removal of particulate-bound nutrients, whereas
subsurface flow through the root zone primarily facilitates uptake of dissolved nutrients
(Vought et al. 1994; Narumalani et al. 1997; Tabacchi et al. 2000; Hoffmann et al. 2009;
Figure 2-1) or the discharge of gaseous nutrient forms into the atmosphere.

Figure 2-1- Pathways of surface and subsurface flow and nutrient transport through a riparian zone.

The key elements that drive the effectiveness of riparian zones have been shown to be slope,
soil type and the presence of a subsurface impermeable layer, which affect flow patterns and
nutrient removal processes (Dosskey 2001; Sovin and Syversen 2008). Slope strongly
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influences water movement, and determines the partitioning of flow between surface and
subsurface flow from the paddock to the stream (Ward and Robinson 2000; Dosskey 2001;
Vidon and Hill 2004b; Hoffmann et al. 2009). Dosskey (2001) reviewed studies with varying
degrees of slope, which identified slope affected flow and nutrient interception in riparian
zones, however, an optimal degree of slope was not stipulated. Where there is limited slope,
there can be a lack of horizontal water movement, decreasing the interaction of water with the
active root zone of riparian vegetation (Burt et al. 2002; Schoonover and Willard 2003; Sovik
and Syversen 2008; Hoffmann et al. 2009). For example, Weaver (2011) and Weaver and
Summers (2014) showed that in deep sand terrain in south-western Australia, water bypassed
the riparian zone and entered the stream from directly beneath the streambed from deep
groundwater flow.
Soil type, particularly soil texture, affects the hydrology of soils (Coyne and Thompson 2006;
Hoffmann et al. 2009). Soil texture describes the relative proportions of sand, silt and clay
within a soil (Coyne and Thompson 2006) and influences porosity, pore size distribution,
water holding capacity and permeability (Ward and Robinson 2000; Brutsaert 2005; Coyne
and Thompson 2006; Stutter and Richards 2012). For example, sands have a large grain size
and are usually more loosely packed than clays, and so have higher infiltration rates. This can
dictate whether water moves across the surface (clay) or beneath it (sand) and the rate that it
flows (Coyne and Thompson 2006). Highly permeable sands are synonymous with rapid
subsurface flow, whereas clays can be nearly impermeable, leading to very slow vertical
flows (Ward and Robinson 2000; Coyne and Thompson 2006). The rate of vertical flow,
together with soil water holding capacity, determines the residence time of water in the soil
(Rawls et al. 2003). Fast flow or limited water holding capacity limits the opportunity for
nutrient uptake or nutrient transformation processes such as denitrification (Reddy and
DeLaune 2008; Wohlfart et al. 2012). The depth of the water table, which is defined as the
level below which the ground is saturated with water, can dictate groundwater interaction
with plant roots (Hill 1996; Vidon and Hill 2004a, 2006; Sovik and Syversen 2008).
A subsurface impermeable layer (clay, bedrock etc.) is a characteristic of a duplex soil, for
example where clay underlies a sand or loam or a shallow profile. The presence of this layer
restricts the downward passage of water (Heinin et al. 2012). Being unable to penetrate (or
penetrate very slowly) the lower layer, water preferentially travels horizontally through the
highly permeable upper layer (Vidon and Hill 2006). This flow, known as throughflow, can
enhance the proportion of flow through the root zone of the riparian vegetation and may also
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promote surface flow (Bohlke and Denver 1995; Schoonover and Williard 2003; Vidon and
Hill 2006). However, the degree to which an impermeable layer keeps groundwater within
the root zone depends on the depth to the impermeable layer and depth of the root zone
(Vidon and Hill 2006). In soil types lacking this impermeable layer, like deep sands, water
often infiltrates the soil profile to beneath the active root zone of riparian vegetation and
vertically rises and falls over time rather than exhibiting horizontal flow (Bohlke and Denver
1995; Heinen et al. 2012).
Riparian zones improve water quality through physical, chemical and biological processes
(Naiman and Decamps 1997; Narumalani et al. 1997; Verry et al. 2004; Dosskey et al. 2010).
Physically, vegetation increases hydraulic roughness, decreasing surface flow and in turn
increasing sediment and nutrient deposition in riparian zones (Vought et al. 1994; Vigiak et
al. 2008). Verry et al. (2004) reported that bank stability is increased by riparian vegetation,
which reduces erosion and sediment transport. Plant cover increases infiltration rates of
underlying soils, as the network of roots provide preferential flow pathways into the soil,
decreasing surface runoff (Greene et al. 1994, Figure 2-2). The reduction of overland flow
velocity also improves infiltration rates as there is greater interaction allowing more time for
infiltration to occur (Brutsaert 2005). Chemically, riparian vegetation modifies redox
potential and facilitates transformation of nutrients (Tabacchi et al. 1998; Dwire et al. 2006).
This can result in nutrient loss (Dosskey 2001; Hoffmann et al. 2009), nutrient release
(Scalenghe et al. 2002) or render nutrients less available for plant growth (e.g. binding of
phosphates by iron compounds in the soil; Ruttenberg and Heinrich 2003; Hoffman et al.
2009). Biologically, riparian zones reduce nutrient concentrations through the assimilation of
nutrients into plant material or through microbial immobilisation (Narumalani et al. 1997).
These are however only temporary stores from which nitrogen and phosphorus may be
released (Hoffmann et al. 2009). Nitrogen can be permanently removed through
denitrification, particularly in slow flowing subsurface water with high organic matter loads
and low oxygen (Jordan et al. 1993; Dosskey 2001; Dosskey et al. 2010; Wohlfart et al.
2012).
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Figure 2-2- Conceptual model highlighting the benefits of riparian vegetation on surface and
subsurface water quality and how it influences in-stream water quality

Riparian zones can be sinks or sources of nutrients. Riparian vegetation areas can adsorb
nutrients in runoff through infiltration, particularly in regions with permeable soils, such as
floodplains or alluvial pans (Puigdefabregas et al. 1998; Herron and Wilson 2001). This
reduces delivery of nutrients to streams by filtering particulate matter and reducing surface
runoff, thereby decreasing sediment and dissolved nutrient movement (Vought et al. 1994;
Narumalani et al. 1997; Tabacchi et al. 1998, 2000; Knight et al. 2010). However, riparian
zones can be sources of nutrients when saturated soils lead to subsurface flows dissolving soil
nutrients and conveying high nutrient flows to streams (Huang and Laften 1996; Roberts et
al. 2012).
This chapter determines whether the riparian zone intercepts the main transport pathway of
nutrients, the passage of water from the paddock to the stream. The hydrology of two sites
with different slope and soil type is compared: the Bingham Creek site on flat, deep sands
and the Lennard Brook site, also on sands but with greater slope and soils with higher iron
and clay content. This chapter also investigates how nutrient concentrations vary spatially
and temporally in groundwater. The key questions addressed in this chapter are:
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How do nutrient and flow dynamics differ between an intermittent stream in a flat
sandy landscape (Bingham Creek) and a perennial stream in a nearby landscape with
slope and reactive soils (Lennard Brook)?



How does hydrology in sandy soils influence the movement of nutrients to the
stream?



What effect do riparian zones have on groundwater nutrient concentrations?



Are nutrients moving through the groundwater and bypassing riparian buffers?
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Methods
Piezometers
In April 2011, 39 piezometers were installed at the Bingham Creek site, in the paddock and
riparian zone, using a hand auger. Piezometers were all 50 mm diameter PVC pipe, slotted
through the bottom 1m. Two piezometer nests were installed (three replicates at each depth),
at 1.5 and 2.5 m depth, at 1, 2, 4, 8, 16, 32 and 64 m distance from the stream. At 64 m the
2.5 m piezometers could not be installed due to saturation of the soil. In April 2012, an
additional depth of 0.5 m was added (three replicates at each distance), together with a full
nest of piezometers (0.5, 1.5, 2.5 m) at 96 m. One piezometer was installed at 2.5 m depth at
96 m but no others could be installed due to soil saturation. With difficulty, due to soil
saturation, two piezometers (no replicates) were installed at 0.5 and 1.5 m depths in the
streambed, to compare groundwater in the riparian zone and underlying the stream.
An equal number of piezometers were planned at the Lennard Brook site, however, due to the
saturated soil profile, installation was not always possible. Piezometers were installed in
April, 2012. All three replicates of the 0.5 m depth piezometers were installed at 1, 2, 4, 8,
16, 32, 64 and 96 m from the stream. Only four 1.5 m piezometers were installed, one
replicate at 16m and three replicates at 32 m due to saturated soil profile and the proliferation
of laterite in the soil profile (paddock only). A mechanical auger was used in June 2012 to
add nine 2.5 m (three replicates at 32, 64 and 96 m) and six 1.5 m piezometers (three
replicates at 64 and 96 m). None could be installed in the stream due to high flows.
Groundwater sampling
To ensure a representative water sample, piezometers were first purged before sampling.
Purging was done by removing three casing volumes of water, using a submersible bilge
pump. Before purging the depth to groundwater was measured and following purging
physicochemical readings were taken using a YSI multi-parameter probe (YSI 556MPS).
Variables sampled included pH, DO (mg/l and %), temperature (Co), redox potential, salinity
and conductivity. To determine the mean pH, values were returned to their hydrogen ion
concentration [H+], whereupon the mean value was calculated. Values were then returned to
pH by substituting the hydrogen ions into log10[H+].
Once piezometers refilled after purging, depth to groundwater was measured. Grab samples
were taken from piezometers using a dropper. Samples were then processed as follows:
Samples for filterable reactive phosphorus (FRP), oxidised-nitrogen (NOX-N), ammonium18

nitrogen (NH4-N) and dissolved organic carbon (DOC) were filtered through a 0.45 µm, and
for gilvin (colour) 0.2 µm, millipore filters. Samples for total phosphorus (TP) and total
nitrogen (TN) were not filtered. Samples were bottled, stored on ice and returned to the
laboratory on the same day. To represent key hydrological events, groundwater samples were
collected from both sites, four times in May, June, August and November. These times
represent key hydrological events which are defined by the regions Mediterranean climate;
groundwater baseflow (Bingham Creek was dry and Lennard Brook was flowing) first flush
(first flows in Bingham Creek), wetted profile/raining (soil profile fully saturated, raining)
and wetted profile/not raining (soil profile saturated and winter rains have finished; Table 21). An additional sample from Bingham Creek was taken in July, to determine whether
nutrients from a fertiliser applied to the paddock were entering the groundwater. The fertiliser
that was applied was CSBP Super:Potash 3:1, 6.8 % P, 12.4 % K, 7.9 % S, 15 % Ca, which
was applied at 40 kg/ha as a one off event.
Table 2-1- Groundwater sampling dates

Location
Bingham
Bingham
Bingham
Bingham
Bingham
Bingham
Bingham
Bingham
Lennard
Lennard
Lennard
Lennard

Date
9.7.11
18.8.11
13.10.11
21.5.12
18.6.12
23.7.12
23.8.12
19.11.12
24.5.12
21.6.12
24.8.12
20.11.12

Sampling period
First flush
Wetted profile raining
Wetted profile not raining
Baseflow
First flush
Fertiliser application
Wetted profile raining
Wetted profile not raining
Baseflow
First flush
Wetted profile raining
Wetted profile not raining

Surface topography and groundwater flow
To determine the slope from the paddock to stream at Bingham Creek and Lennard Brook
surveying was undertaken using topographic Light Detection and Ranging (LIDAR). The
height of each piezometer was determined relative to the stream bed. This method had a
degree of error up to 5 cm. This was then used to determine how the depth to groundwater
differed along the transect from the paddock to the stream and provided differences in
hydraulic head.
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The flow of groundwater was determined using the velocity of flow equation (Brassington
2007):
𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑓𝑙𝑜𝑤 =

𝐾∗ℎ
α∗l

Where K= Saturated hydraulic conductivity (m/day)
h= Difference in head (h1-h2) between two points of measurement (m)
l= Distance, or length, between the points (m)
α= effective porosity (expressed as a decimal)
During this study the hydraulic conductivity and effective porosity of either soil type was not
determined; therefore estimates from the literature were used. Bingham Creek soil was
classified as coarse sand with a hydraulic conductivity (based on Western Australian soils)
between 7.2-9.6 m/day and Lennard Brook a sandy loam with a conductivity of 2.16-2.88
m/day; Van Gool et al. 2005). Effective porosity was 0.417 for Bingham Creek and 0.412 for
Lennard Brook which was based on estimates from Maidment (1992). The length used was
32 m for each site, so that the flow through the riparian zone can be calculated.
Purging physico-chemical groundwater validation
To ensure representative physico-chemical and nutrient concentration data was being
collected, a purging trial was undertaken on one row of nested piezometers (1.5 and 2.5 m).
This assessed an appropriate timeframe between purging and collecting groundwater for
nutrient analysis. Before the piezometers were purged physico-chemical readings were taken
using a YSI multi-parameter probe (YSI 556MPS). Purging was then undertaken using a
submersible bilge pump, with three casing volumes of water being removed. Physicochemical data was collected immediately after purging, the following day and then three days
later.
Groundwater purging validation
The pH, conductivity and dissolved oxygen content of shallow and deeper groundwater
typically returned to their pre-purging levels after one day (Figure 2-3b-d), with similar
results three days after purging. Redox potentials took three days to return to previous levels
(Figure 2-3a). There was greater variability in all variables following purging at 1.5 m than at
2.5 m. From this a decision was made to take samples one day after purging.
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Figure 2-3- Variations in a) redox potential, b) dissolved oxygen content (%), c) pH and d)
conductivity between 1.5 m (a, c, e, g) and 2.5 m (b, d, f, h) deep groundwater during a trial, showing
how parameters change after purging (after= directly after, after 1= one day, after 3= three days)
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Stream water sampling
Grab samples were taken from the stream at the same times as groundwater sampling, as well
as opportunistic sampling during any other sites visits, to maximise the occurrence of
sampling while the streams were flowing. Stream profiles were determined in April 2012.
Stream depth and velocity (calculated by measuring the time taken for a cylindrical object to
travel a predetermined distance) were measured each time a sample was taken to determine
discharge and nutrient load. The method used was adapted from Mitchell and Stapp (1994):
𝐹𝑙𝑜𝑤 = 𝐴𝐿𝐶/𝑇
Where A= Average cross sectional area of stream
L= Length of stream reach assessed
C= Correction factor (0.8 for rocky-bottom streams or 0.9 for muddy-bottom streams)
T= Time
Water quality analysis
All samples were frozen on arrival back to the Marine and Freshwater Research Laboratory
(MAFRL NATA accredited No. 10603) and analysed for total phosphorus (TP), total
nitrogen (TN), filterable reactive phosphorus (FRP), nitrate-nitrite-nitrogen or oxidised
nitrogen (NOx-N), ammonium-nitrogen (NH4-N) and dissolved organic carbon (DOC)
according to the methods listed in Table 2-2. Stream samples were also analysed for
chlorophyll a on six occasions in 2011 and two in 2012 (Table 2-2). A single sample of
reactive iron was taken from Bingham Creek and Lennard Brook during baseflow
groundwater sampling (May 2012).
Samples for gilvin and fulvic:humic ratio (E4:E6 ratios) were kept refrigerated and in the
dark before analysis. Gilvin concentrations were analysed using a dual beam mass
spectrophotometer (Novaspec©II) to determine absorbance at 440 nm on filtered samples.
Values were multiplied by 2.303 x100 to determine the gilvin concentration (Kirk, 1994).
E4:E6 ratios compared absorbance at wavelengths of 465 and 665 nm respectively. The
E4:E6 ratio can be used to distinguish the relative proportion of humic and fulvic acids. The
ratio represents the extent of decomposition of humic substances, with high ratios indicating
more recent degradation (i.e. a higher proportion of fulvic acids) (Wrigley et al. 1988).
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Chloride sampling
Stored groundwater samples from 23/7/12 for Bingham Creek and 21/6/12 for Lennard Brook
were analysed for chloride to determine the suitability for using chloride as a groundwater
tracer. Results illustrated that concentrations were too variable and, at places, too high for
chloride to be used effectively as a tracer.
Table 2-2- Methods for water quality analysis used by MAFRL

Parameter

Units and

Method

detection limits
(if applicable)
TP

µg/L-1 (<25)

Colorimetric analysis following digestion by potassium
persulphate (Valderrama 1981)

TN

µg/L-1 (<250)

Colorimetric analysis following digestion by potassium
persulphate (Valderrama 1981)

FRP

µg/L-1 (<10)

Colorimetric analysis following addition of molybdate
and ascorbic acid reagents (Johnson 1982)

NOx-N

µg/L-1 (<10)

Colorimetric analysis, following nitrate reduction
under acidic conditions (Johnson 1983)

DOC

mg/L-1 (<0.5)

Automated combustion followed by NDIR method
(APHA 2005)

NH4-N

µg/L-1 (<15)

Colorimetric analysis following the addition of
phenolate (Switala 1993)

Chlorophyll a

µg/L-1 (<0.1)

Colorimetric analysis following the addition of acetone
(APHA 2005)

Data analysis
A few water quality values fell below the detection limit and zeroes were substituted for
those values. Single factor ANOVAs and Tukey's pairwise tests were used to differentiate
between groundwater depths (two or three levels: 0.5, 1.5 or 2.5 m) for concentrations of
each nutrient species and location separately, using distances and times as replicates.
Statistical analyses passed the Levene's test of homogeneity.
The two sites were chosen so that sloped and flat geomorphologies could be compared, as
this provides a comparison between the sloped model (Lennard Brook) and the non23

traditional (flat, deep sand) model (Bingham Creek). It was planned to have an equal number
of piezometers at both of the sites, however due to the hydrological nature of both sites and
the slope it was not possible. Therefore the capacity for analysis between sites was limited.
Due to missing replicates of piezometers at the Lennard Brook site, only the 0.5 m depth data
could be analysed statistically. For the 0.5 m depth, a three factor analysis of variance
(ANOVA) analysis was carried out on sites that had water present (1-4 m distance). The three
fixed factors were Site (two levels: Bingham Creek or Lennard Brook), Distance (three
levels: 1, 2 and 4 m) and Time (three levels: June, August and November 2012). All nutrients
and DOC were used as dependent variables. A two factor ANOVA was carried out at the 1.5
m depth, 32 m from the stream, for the factors: Site (same two levels) and Time (same three
levels). All nutrients and DOC were used as dependent variables. Principal components
analysis (PCA; Quinn and Keough 2002) was used to illustrate the difference in chemical
composition between groundwater depths for each stream separately. Nutrient concentrations
in this study were compared to national water quality guidelines ANZECC (2000) to provide
context and to illustrate where potential nutrient enrichment occurs.

24

Results
Rainfall
Rainfall varied considerably over the two sampling years and neither followed the long-term
average monthly rainfall patterns (Figure 2-4a-b). The long-term average at the Bingham
Creek site is 655.5 mm, while in 2011, 638.6 mm of rain fell and only 544.5 mm in 2012.
The average yearly rainfall for the Lennard Brook site is 738.7 mm but only 636.6 mm fell in
2012 (Figure 2-4a-b).
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Figure 2-4- Comparison of long-term average monthly rainfall totals between a) Bingham Creek and
b) Lennard Brook over the two sampling years, data from the Bureau of Meteorology (2013).
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Nutrients and flow in the streams at Bingham Creek and Lennard Brook
Stream Flow
Discharge rates were similar for both streams, although they varied considerably over time
(Figure 2-5a-b). Bingham Creek, the intermittent stream, had greater variation in discharge
being strongly influenced by rainfall. Lennard Brook is perennial and discharge remained
relatively high and constant over the sampling period, decreasing only when rainfall ceased in
November (Figure 2-5a-b).
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Figure 2-5- Comparison of stream discharge between a) Bingham Creek and b) Lennard Brook over
an extensive sampling event
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Stream nutrient concentrations
TP and FRP concentrations were higher and more variable at Bingham Creek. At Bingham
Creek ~80 % of TP consisted of FRP, which ranged from 600 to 900 µg L-1. Whereas, at
Lennard Brook, FRP only contributed ~60 % and concentrations were consistently very low
ranging from 10-20 µg L-1 (Figure 2-6a-b).
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Figure 2-6- Comparison on in-stream a) FRP and b) TP concentrations between Bingham Creek and
Lennard Brook over time. Error bars represent standard error.
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NOx-N concentrations were fairly consistent over the sampling period, although
concentrations were 40 times higher at Lennard Brook than Bingham Creek (Figure 2-7a). At
Lennard Brook NOx-N concentrations exceeded ANZECC guidelines, whereas at Bingham
Creek they were well below (Table 2-3). In contrast, TN and NH4-N concentrations were
higher at Bingham Creek (Figure 2-7c-d), but NH4-N concentration were well below
ANZECC guidelines at both sites (Table 2-3).
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Figure 2-7- Comparison on in-stream a) NOx-N, b) NH4-N and c) TN concentrations between
Bingham Creek and Lennard Brook over time. Error bars represent standard error.
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Table 2-3- Comparison of ANZECC guidelines for lowland streams with in-stream nutrient
concentrations for Lennard Brook and Bingham Creek. Highlighted values indicate concentrations
higher than trigger values. Lowland streams are considered streams with an elevation less than 150 m
as defined by ANZECC (2000).

FRP

TP

NOx-N

NH4-N

TN

Ecosystem type

(µg/L-1)

(µg/L-1)

(µg/L-1)

(µg/L-1)

(µg/L-1)

Lowland River

40

65

150

80

1200

Lennard Brook (Av)

14.2

27.3

1232

7.1

1547

Bingham Creek (Av)

722

914

32.1

46.9

2464

The factor driving stream nutrient load differed between Bingham Creek and Lennard Brook.
At Bingham Creek nutrient loads were strongly correlated with flow (discharge), with the
exception of oxidised nitrogen, which had a strong correlation between load and
concentration (Table 2-4). At Lennard Brook, nutrient loads were not correlated with either
flow or concentration for FRP, NOx-N or TN. The remaining nutrients had strong positive
correlations to concentration. The link between load and discharge at Bingham Creek is likely
a function of its intermittent nature, where in-stream nutrient concentrations were consistent
and load is dependent on the fluctuating flow rates. Whereas the perennial Lennard Brook has
fairly stable flows and therefore nutrient concentrations were the primary influence on stream
nutrient loads (Table 2-4).
Table 2-4- Comparison of the correlation of load:discharge and load:concentration between Bingham
Creek and Lennard Brook. Values that are highlighted indicate a significant correlation (P< 0.05)

Bingham Creek

Lennard Brook

Load:Discharge

Load:Concentration

Load:Discharge

Load:Concentration

R2

R2

R2

R2

FRP

0.942

0.045

0.214

0.277

TP

0.916

0.004

0.0315

0.688

NOx-N 0.378

0.945

0.063

0.110

NH4-N

0.689

0.536

0.001

0.976

TN

0.986

0.327

0.058

0.278

DOC

0.990

0.195

0.235

0.920

29

The hydrology of groundwater at Bingham Creek and Lennard Brook
Slope and groundwater levels over time
The change in ground surface elevation (slope) from paddock to stream at Bingham Creek
was negligible (slope = 1.6 %, a rise of less than 1.5 m over the 96 m long transect) while
Lennard Brook was relatively steep especially in the paddock (slope = 10 %, ~9.5 m over the
96 m transect, Figures 2-8a,b).
There was a greater variation over time in the depth to groundwater at Bingham Creek
compared to Lennard Brook where groundwater levels remained fairly constant in the
riparian zone (0.1-0.3m beneath the surface) fluctuating only 0.2m at any depth over the
study period. Due to the steep slope at Lennard Brook, piezometers did not intercept the
water table at 96 m and so no values are shown (Figure 2-8b).
At Bingham Creek, the lowest groundwater levels occurred during the baseflow sampling
period, with maximum depth to groundwater occurring at 16 m (1.5 m) to a minimum of 0.9
m at 96 m. The elevation of the water table decreased from 0 m to 4 m distance along the
transect, resulting in a negative slope away from the stream. The water table then became
closer to the surface from 4 m to the end of the transect in the paddock (Figure 2-8a). After
the stream flowed (first flush), groundwater levels rose towards the surface, although there
was still a negative slope away from the stream up to 16 m along the transect within the
riparian zone. With subsequent time and rainfall, groundwater levels increased and peaked
during the wet season (raining), before subsequently declining again (not raining). During
this time, the slope of the water table declined from the paddock down to the stream (Figure
2-8a). In the paddock the water table was always below 0.5 m elevation (i.e. 0.5 m
piezometers were consistently dry).

30

a)

2
ground height
1.5

baseflow
first flush

Height (m)

1

fertiliser
raining

0.5
not raining
0
0

20

40

60

80

100

-0.5

-1
b)

10

9
8

ground height

7

baseflow

Height (m)

6
first flush

5
4

raining

3

not raining

2
1
0
0

20

40
60
Distance from stream (m)

80

100

Figure 2-8- Change in depth to water in relation to ground height over five sampling periods at a)
Bingham Creek and b) Lennard Brook, highlighted section shows riparian zone. Note the different yaxis ranges for Lennard Brook and Bingham Creek
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Groundwater movement through the riparian zone
The velocity of groundwater flow through riparian zones differed between sites. Flow was
greatest at Bingham Creek (coarse sand) and ranged from 0.23 to 0.30 m/day (Table 2-5).
The flow of groundwater through the riparian zone was calculated to range from 106 (loose)
to 141 days (porous). Comparatively the velocity of flow at Lennard Brook was slowed and
ranged from 0.2 to 0.22 m/day (Table 2-5). The estimated time required for groundwater to
flow through the riparian ranged from 146 (loose) to 159 days (porous).The flow of velocity
will be different as groundwater levels change over time and this provides only a snap shot of
groundwater flow at maximum groundwater saturation. Furthermore this calculation assumes
uniform groundwater flow and a homogenous aquifer.
Table 2-5- Comparison of velocity of groundwater flow through the riparian zone at Bingham Creek
(coarse sand) and Lennard Brook (sandy loam) using different hydraulic conductivities.
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Soil Type

Hydraulic conductivity

Velocity of flow

Coarse sand (loose)

9.6 m/day

0.30 m/day

Coarse sand (porous)

7.2 m/day

0.23 m/day

Sandy loam (loose)

2.88 m/day

0.22 m/day

Sandy loam (porous)

2.65 m/day

0.2 m/day

Physiochemical changes in groundwater
The redox potential of shallow and deep groundwater remained negative and relatively
constant throughout the riparian zone at Bingham Creek but was higher and mostly positive
in the paddock. Redox potentials decreased with depth in the riparian zone (Figure 2-9a-b).
At Lennard Brook, redox potentials were higher in the paddock than the riparian zone, but
were positive throughout and substantially higher than at Bingham Creek (Figure 2-9c).
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Figure 2-9- Comparison of redox potentials at a) Bingham Creek 2011, b) Bingham Creek 2012 and
c) Lennard Brook along a gradient from the stream to the paddock, the shading represents the riparian
zone. Error bars represent standard error.
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At Bingham Creek, the redox potential at 1.5 and 2.5 m depth varied greatly over time, but
followed the same trends across the paddock and riparian zone. In 2011, it decreased after the
onset of the wet season, whereas in 2012 it showed greater variability. Depth and zone were
important factors, with redox potentials being higher in shallower groundwater and lower in
the riparian zone (Figure 2-10a-b). At Lennard Brook redox potential remained consistent
and positive for most time periods and depths (Figure 2-10c). After the wet season (not
raining) groundwater first appeared in the 2.5 m piezometers (only located in the paddock)
and being at the water table had a positive redox potential. In contrast, water at 0.5 m was
only present in the permanently flooded riparian zone and redox decreased as a result of longterm waterlogging.
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Figure 2-10- Comparison of redox potentials over time and depth at Bingham Creek a) riparian zone,
b) paddock and c) Lennard Brook(paddock and riparian zone). Note data for Bingham Creek is over
two years. Error bars represent standard error.
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Dissolved oxygen concentrations at Bingham Creek were consistent across 2011 and 2012,
with highest concentrations occurring in the paddock at 64 and 96 m, before decreasing
through the riparian zone to the stream (Figure 2-11a-b). Depth was an important factor, with
concentrations decreasing with depth. At Lennard Brook a similar pattern occurred with
dissolved oxygen concentrations decreasing towards the stream, although concentrations at
0.5 m depth were more variable (Figure 2-11c).
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Figure 2-11- Comparison of dissolved oxygen concentrations at a) Bingham Creek 2011, b) Bingham
Creek 2012 and c) Lennard Brook along a gradient from the stream to the paddock, the shading
represents the riparian zone. Error bars represent standard error.
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Dissolved oxygen concentrations in shallow and deep groundwater at Bingham Creek
changed markedly over time, with concentrations peaking at the first flush and then
decreasing (Figure 2-12a-b). This trend was consistent over both years and occurred in both
the paddock and riparian zone. Dissolved oxygen concentrations were higher in the paddock
than the riparian zone and decreased with depth (Figure 2-12a-b). A similar trend occurred at
Lennard Brook.
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Figure 2-12- Comparison of dissolved oxygen concentrations over time and depth at Bingham Creek
a) riparian zone, b) paddock and c) Lennard Brook (paddock and riparian zone). Note data for
Bingham Creek is over two years. Error bars represent standard error.
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The pH at Bingham Creek remained constant (pH 6-7) across the transect (Figure 2-13a-b),
over time (Figure 2-14 a-b) at both 1.5 and 2.5 m depths in both 2011 and 2012. The values
of pH changed a little more over time at 0.5 m depth and were lower, at around 6. At Lennard
Brook, pH was considerably lower, between 4 and 5, and there was no pattern across the
transect or change over time (Figure 2-13 and 2.14c).
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Figure 2-13- Comparison of pH at a) Bingham Creek 2011, b) Bingham Creek 2012 and c) Lennard
Brook along a gradient from the stream to the paddock, the shading represents the riparian zone. Error
bars represent standard error.
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Carbon dynamics of stream and groundwater at Bingham Creek and Lennard
Brook
Stream dissolved organic carbon (DOC) concentrations and gilvin were more than ten times
higher at Bingham Creek (DOC ~60mg/L-1) compared to Lennard Brook, which had little or
no carbon (DOC~5mg/L-1) (Figure 2-15a-b). E4:E6 ratios were consistent over time at
Bingham Creek, whereas at Lennard Brook showed considerable variability. Overall the
E4:E6 ratio was higher in Bingham Creek (Figure 2-15c).
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Figure 2-15- Comparison on in-stream a) DOC concentrations, b) gilvin and c) E4:E6 ratios between
Bingham Creek and Lennard Brook over time. Error bars represent standard error.
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In 2011, total organic carbon concentrations (TOC) were measured instead of DOC but these
parameters were closely related (96% ± 0.74%, n=39,TOC was DOC). At Bingham Creek
DOC concentrations were low in the paddock and highest in the middle of the riparian zone,
before decreasing towards the stream (Figure 2-16b). Depth was a factor, with concentrations
higher in shallower samples. DOC concentrations in the stream were higher than at 2.5 m
depth, and corresponded most closely to concentrations at 1.5 m depth. At Lennard Brook,
DOC concentrations were highest in the riparian zone at 0.5 m depth, but were substantially
lower than at Bingham Creek (Figure 2-16c).
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Figure 2-16- Comparison of DOC concentrations at a) Bingham Creek 2011, b) Bingham Creek 2012
and c) Lennard Brook along a gradient from the stream to the paddock, the shading represents the
riparian zone. Note 2011 sample was for TOC. Error bars represent standard error.
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At Bingham Creek, DOC concentrations were consistent at 1.5 and 2.5 m depth in the
paddock and showed little change over time (Figure 2-17a). Within the riparian zone, DOC
concentrations increased with time at 0.5 and 1.5 m depth before decreasing once the wet
season ceased (Figure 2-17b). At Lennard Brook concentrations were substantially lower and
consistent over time. At 1.5 and 2.5 m depth there was no carbon, whereas at 0.5 m depth
concentrations were considerably higher (Figure 2-17c). Groundwater gilvin concentrations
showed the same pattern as DOC for depth, time and zone (Figure 2-18a-c).
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Figure 2-17- Comparison of DOC concentrations over time and depth at Bingham Creek a) riparian
zone, b) paddock and c) Lennard Brook (paddock and riparian zone) in 2012. Error bars represent
standard error.
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Bingham Creek had a much higher E4:E6 ratio than Lennard Brook, with the minimum
values at Bingham Creek being higher than maximum values at Lennard Brook (Figure 219a-c). Bingham Creek showed no clear patterns, however, samples from 2.5 m depth were
generally lower and 1.5 m depth generally the highest. There was little difference between the
paddock and riparian zone (Figure 2-19a-b). At Lennard Brook, the ratio decreased with
increasing depth and there was no pattern in regards to changing E4:E6 ratios over time
(Figure 2-19c).
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Figure 2-19- Comparison of E4:E6 ratio over time and depth at Bingham Creek a) riparian zone, b)
paddock and c) Lennard Brook in (paddock and riparian zone) 2012. Error bars represent standard
error.
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Nutrients in groundwater at Bingham Creek and Lennard Brook.
At Bingham Creek, FRP concentrations were low in the paddock at all depths, but for
groundwater shallower than 1.5 m, increased through the riparian zone towards the stream.
FRP concentrations in the stream were substantially higher than in the groundwater at
Bingham Creek in 2011 and 2012. Lennard Brook had a slight increase in concentrations at
0.5 m depth from 16 m towards the stream (Figure 2-20c).
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Figure 2-20- Comparison of FRP concentrations at a) Bingham Creek 2011, b) Bingham Creek 2012
and c) Lennard Brook along a gradient from the stream to the paddock, the shading represents the
riparian zone. Error bars represent standard error.
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TP concentrations in the paddock acted similarly to FRP, with concentrations increasing from
the paddock towards the stream at Bingham Creek (Figure 2-21a-b). Depth was influential,
with concentrations being higher in shallower groundwater. At Lennard Brook TP
concentrations increased towards stream at 1.5 and 2.5 m depths, whereas at 0.5 m
concentrations were highest at 16 m before decreasing towards the stream (Figure 2-21c).
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Figure 2-21- Comparison of TP concentrations at a) Bingham Creek 2011, b) Bingham Creek 2012
and c) Lennard Brook along a gradient from the stream to the paddock, the shading represents the
riparian zone. Error bars represent standard error.
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There are no ANZECC guidelines for groundwater, however, where groundwater flows into
the stream, ANZECC trigger values for stream are relevant. Given their locations
groundwater concentrations at Bingham Creek and Lennard Brook can be compared to
lowland river limits (Table 2-3).
FRP increased in the riparian zone from first flush through to the end of the wet season in
both years, but it was not as high in 2012 (Figure 2-22a-b). FRP concentrations were
consistently low at 2.5 m depth across both the paddock and riparian zone (Figure 2-22a-b).
While they were comparatively low FRP concentrations at 2.5 m depth were still more than
double ANZECC guidelines (Table 2-3). Concentrations at 1.5 m depth were considerably
lower in the paddock and did not show as clear a trend as the riparian zone, which showed a
gradual increase over time. At Lennard Brook there was very little FRP and concentrations
did not vary over time (Figure 2-22c). The concentrations at 2.5 m depth were exceptionally
high (40 times ANZECC guidelines) and is likely an artefact due to the disturbance of clay
during piezometer installation.
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Figure 2-22- Comparison of FRP concentrations over time and depth at Bingham Creek a) riparian
zone, b) paddock and c) Lennard Brook(paddock and riparian zone). Note data for Bingham Creek is
over two years. Error bars represent standard error.
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The total phosphorus concentrations at 1.5 and 2.5 m depth primarily decreased over time,
but at 0.5 m depth it was considerably higher and increased over time. These trends were
consistent across both zones, except concentrations were higher in the riparian zone, which
all exceeded ANZECC trigger values (Figure 2-23a-b). At Lennard Brook, trends in total
phosphorus concentrations were consistent at all depths, being highest at 1.5 m depth and
lowest at 0.5 m (Figure 2-23c). Total phosphorus concentrations at 1.5 m depth exceeded
ANZECC trigger values by between 75-130 times, whereas at 0.5 m it was 20-50 times
greater (Table 2-3). Overall total phosphorus concentrations were higher at Lennard Brook
than at Bingham Creek, particularly at 1.5 m.
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Figure 2-23- Comparison of TP concentrations over time and depth at Bingham Creek a) riparian
zone, b) paddock and c) Lennard Brook(paddock and riparian zone). Note data for Bingham Creek is
over two years. Error bars represent standard error.
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NOx-N were highest in the paddock and decreased exponentially through the riparian zone
towards the stream at Bingham Creek and this trend was consistent across all depths (Figure
2-24a-b). At Lennard Brook, NOx-N concentrations were low in the paddock at all depths but
peaked in the riparian zone in 0.5 m groundwater, 8m from the stream and then decreased
rapidly towards the stream. NOx-N was exceptionally high in stream water (Figure 2-24c).
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Figure 2-24- Comparison of NOx-N concentrations at a) Bingham Creek 2011, b) Bingham Creek
2012 and c) Lennard Brook along a gradient from the stream to the paddock, the shading represents
the riparian zone. Error bars represent standard error.
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At Bingham Creek, NH4-N concentrations were constant in the paddock at 64 and 96 m. At
1.5 m depth, concentrations remained consistent, while groundwater at 2.5 m depth increased
through the riparian zone, but was highly variable (Figure 2-25a-b). At Lennard Brook NH4N concentrations were lowest at 0.5 m depth and were consistent throughout the riparian
zone. Concentrations were highest in groundwater at 32 m from the stream (Figure 2-25c)
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Figure 2-25- Comparison of NH4-N concentrations at a) Bingham Creek 2011, b) Bingham Creek
2012 and c) Lennard Brook along a gradient from the stream to the paddock, the shading represents
the riparian zone. Error bars represent standard error.
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At Bingham Creek, TN concentrations at 1.5 and 2.5 m depth decreased from the paddock to
the edge of the riparian zone, increased slightly at 16m along the transect before again
decreasing closer to the stream (Figure 2-26a-b). TN concentrations were highest in the 0.5 m
groundwater, which more than doubled in-stream concentrations. At Lennard Brook,
concentrations were highest at 0.5 m depth but concentrations decreased very close to the
stream (Figure 2-26c).
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Figure 2-26- Comparison of TN concentrations at a) Bingham Creek 2011, b) Bingham Creek 2012
and c) Lennard Brook along a gradient from the stream to the paddock, the shading represents the
riparian zone. Error bars represent standard error.
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At Bingham Creek, NOx-N concentrations decreased from the first flush through to the end of
the wet season, however, this trend was most apparent in the paddock, where concentrations
were substantially higher (Figure 2-27a-b). Only groundwater in the paddock at 1.5 m depth
was greater than ANZECC guidelines (5-9 times greater). At Lennard Brook, groundwater
NOx-N concentrations were consistently low and there was no apparent trend over time
(Figure 2-27c).
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Figure 2-27- Comparison of NOx-N concentrations over time and depth at Bingham Creek a) riparian
zone, b) paddock and c) Lennard Brook(paddock and riparian zone). Note data for Bingham Creek is
over two years. Error bars represent standard error.
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NH4-N concentrations at Bingham Creek remained relatively constant over time at 1.5 and
2.5 m depths, whereas at 0.5 m depth concentrations decreased over the wet season and then
increased at the end of the wet season (Figure 2-28a-b). Across the riparian zone and
paddock, NH4-N concentrations were very similar, with concentrations at 2.5 m depth
consistently higher than 1.5 m, however there was a decreasing trend in paddock
concentrations over time (Figure 2-28a-b). At Lennard Brook, NH4-N concentrations were
lower, decreasing after first flush before increasing at the end of the wet season, consistent
across all depths (Figure 2-28c).
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Figure 2-28- Comparison of NH4-N concentrations over time and depth at Bingham Creek a) riparian
zone, b) paddock and c) Lennard Brook(paddock and riparian zone). Note data for Bingham Creek is
over two years. Error bars represent standard error.
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TN behaved similarly to total phosphorus at Bingham Creek with concentrations primarily
decreasing over time, which was fairly consistent across all three depths (Figure 2-29a-b).
This trend was consistent over the riparian zone and the paddock and concentrations
decreased with depth. TN concentrations at 0.5 m depth were up to eight times greater than
ANZECC guidelines (Table 2-3). At Lennard Brook, TN concentrations decreased from
baseflow through to the end of the wet season, with all samples acting in a similar fashion,
but with greatest variability occurring at 0.5 m depth (Figure 2-29c).
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Figure 2-29- Comparison of TN concentrations over time and depth at Bingham Creek a) riparian
zone, b) paddock and c) Lennard Brook(paddock and riparian zone). Note data for Bingham Creek is
over two years. Error bars represent standard error.
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Nutrient concentration changes with depth
At Bingham Creek in 2011, nutrient concentrations at 1.5 m depth had significantly higher
concentrations (P<0.05) than at 2.5 m for all nutrients except NH4-N (Table 2-6). Forty
percent of the variation between groundwater quality at 1.5 and 2.5 m is described by NH4-N,
with much higher NH4-N concentrations at 2.5 m. At 1.5 m the distribution of points is
explained by both low NH4-N and high FRP (Figure 2-30). Nutrient concentrations were also
significantly different at each depth in 2011. They decreased with depth for all nutrients,
except NH4-N, which was highest at 2.5 m (Table 2-6).
Table 2-6- Mean nutrient concentration in groundwater at two depths at Bingham Creek in 2011.
Means are least-squares means from ANOVA, values in parentheses are standard errors, * = P < 0.05

FRP (µg/L-1)*
TP (µg/L-1)*

2.5 m

339 (54.6)

164 (9.3)

1117 (166.4)

375 (33.6)

-1

270 (79.7)

81 (21.8)

-1

126 (14.2)

253 (16.6)

6007 (429.1)

1898 (140.4)

82 (5.4)

45 (2.3)

NOx-N (µg/L )*
NH4-N (µg/L )*
-1

TN (µg/L )*
-1

1.5 m

TOC (mg/L )*

Figure 2-30- PCA ordination plot of water quality data showing the variations in nutrient
concentrations with depth at Bingham Creek in 2011
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A Tukey's test showed that in 2012, groundwater at 2.5 m depth had significantly lower
concentrations than at 1.5 m for TN and NOx-N but had higher concentrations of NH4-N
(Table 2-7). Concentrations were also lower for FRP, TP and TN at 2.5 m than groundwater
at 0.5 m. Shallow groundwater at 0.5 m depth had significantly higher concentrations of all
nutrients except NOx-N than groundwater at 1.5 m. Dissolved organic carbon concentrations
were significantly different at all three depths, decreasing with depth (Table 2-7).
Table 2-7- Mean nutrient concentrations over three depths at Bingham Creek in 2012. Means are
least-squares means from ANOVA, values in parentheses are standard errors from ANOVA. * = P <
0.05. Letters indicate depths that were significantly different in Tukey’s tests

0.5 m

1.5 m
a

2.5 m
b

FRP (µg/L)*

278 (61.7)

173 (19.9)

134 (7)b

TP (µg/L)*

1599 (223.7)a

379 (38.4)b

291 (29.4)c

NOx-N (µg/L)*

50 (17.7)a

310 (90.9)b

54 (15.8)a

NH4-N (µg/L)*

161 (54.2)a

61 (5.8)b

186 (16.2)a

TN (µg/L)*

8034 (568)a

3726 (252.4)b

2000 (145.7)b

DOC (mg/L)*

98 (6.3)a

63 (3.3)b

43 (1.5)c

The PCA shows few patterns in nutrient concentrations at Bingham Creek in 2012, but the
concentration of NH4-N explained most of the variation (35%). The distribution of samples at
0.5 m depth is primarily explained by high TP, FRP and NH4-N. At 1.5 m there was greater
variability in the data that was associated with both high NOx-N and NH4-N (Figure 2-31).
Again the groundwater at 2.5 m depth shows the least variability and is primarily explained
by high NH4-N concentrations.
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Figure 2-31- PCA ordination plot of environmental data showing the variations in nutrient
concentrations over three depths at Bingham Creek in 2012

At Lennard Brook, groundwater nutrient concentrations varied with depth, but not as
significantly as at Bingham Creek. There were significant differences in concentrations
between FRP, TP, TN and DOC (Table 2-8). Trends in nutrient concentrations with depth
showed some similarity to Bingham Creek with TN and DOC concentrations being highest at
0.5 m depth and NH4-N concentrations at 2.5 m depth.
At Lennard Brook, FRP was significantly higher at 2.5 m than at 0.5 or 1.5 m depth. TN was
significantly lower. Groundwater at 0.5 m was significantly higher in DOC than at both 1.5
and 2.5 m and lower in TP than at 1.5 m (Tukey's test, Table 2-8).
Table 2-8- ANOVA table representing mean nutrient concentrations over three depths at Lennard
Brook in 2012. Values in parentheses are standard errors from ANOVA. . * = P < 0.05. Letters
indicate depths that were significantly different by Tukey’s tests

0.5 m

1.5 m

2.5 m

42 (6.4)

17 (4.1)

443 (218.6)b

TP (µg/L)*

698 (106.1)a

2067 (415.3)b

1470 (375.7)b

NOx-N (µg/L)

337 (113.9)

45 (16.2)

35 (10.8)

NH4-N (µg/L)

76 (13.5)

FRP (µg/L)*

TN (µg/L)*
DOC (mg/L)*

a

a

145 (73.3)
a

333 (254.2)
a

5981 (791.9)

2520 (1064.9)

810 (429.1)b

26 (4.6)a

3 (0.6)b

3 (0.3)b
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At Lennard Brook the PCA shows few patterns in groundwater nutrient concentrations. There
was considerable spread of points for all three depths but overall was skewed towards high
NOx-N concentrations (Figure 2-32). The distribution of samples at 0.5 m can be explained
by high DOC and deeper groundwater (2.5 m) explained by high FRP.

Figure 2-32- PCA ordination plot of water quality data showing the variations in nutrient
concentrations over three depths at Lennard Brook in 2012

Comparison between sites
There was a significant difference between Bingham Creek and Lennard Brook for NH4-N,
FRP and TP (Table 2-9). Furthermore, there was a significant difference for DOC with the
interaction term Site*Time indicating carbon concentrations varied temporally and between
sites (Table 2-9). This provides an indication that groundwater nutrient concentrations were
markedly different between shallow (0.5 m) groundwater between Bingham Creek and
Lennard Brook. All concentrations were higher at Bingham Creek with the exception of TP.
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Table 2-9- Significant factors from ANOVA comparing nutrient concentrations from 0.5 m depth
groundwater samples from 1-4m between Bingham Creek and Lennard Brook

Nutrient
NH4-N
FRP
TP
DOC

Bingham-Lennard 1-4 m at 0.5 m
Variable
df
Mean square F
Site
1
664446.296 5.142
Site
1
1069629.63 8.951
Site
1
2.176*107
12.376
Site*Time 2
5555.839
5.116

P
0.029
0.005
0.001
0.011

There were significant differences in TP, TN and DOC concentrations between Bingham
Creek and Lennard Brook (Table 2-10). Furthermore, within sites there was a significant
difference for DOC carbon concentrations within sites. These results provide an indication
that there were significant variations in groundwater nutrient concentrations between sites. At
Bingham Creek, TN and DOC concentrations were higher; alternatively TP concentrations
were highest at Lennard Brook.
Table 2-10- Multivariate analysis table comparing nutrient concentrations from 1.5 m depth
groundwater samples from 32 m between Bingham Creek and Lennard Brook.

Nutrient
TP
TN
DOC

Bingham-Lennard 32 m at 1.5 m
Variable df
Mean square F
Site
1
3690138.89
8.983
7
Site
1
1.422*10
6.055
Time
2
9245000
3.936
Site
1
5678.227
94.947

P
0.011
0.030
0.048
0.000
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Discussion
How do nutrient and flow dynamics differ between an intermittent stream in a
flat sandy landscape (Bingham Creek) and a perennial stream in a nearby
landscape with slope and reactive soils (Lennard Brook)?
Nutrient concentrations, in particular total phosphorus (TP) in Bingham Creek, epitomise the
phosphorus enrichment issue in the catchment. In-stream TP concentrations exceeded
ANZECC guidelines by nearly 15 times. Of this, approximately 80% was FRP, highlighting
the availability of phosphorus in eastward flowing streams in the Ellen Brook catchment. The
high availability of inorganic phosphorus can lead to eutrophic conditions further
downstream and negatively impact the Swan-Canning River (Swan River Trust 2009a). By
contrast, Lennard Brook had comparatively low TP concentrations, which were well below
ANZECC guidelines for lowland streams. The concentrations at both streams were consistent
with previous research in Ellen Brook (Sharma et al. 1996), highlighting the longevity of this
issue. Stream phosphorus loads had a strong positive correlation with discharge, which is
consistent with lowland streams in Ellen Brook (Donohue et al. 2001; Peters and Donohue
2001).
In-stream total nitrogen (TN) concentrations were twice ANZECC guidelines at Bingham
Creek. However, NOx-N only made up a small portion of TN (~1%) and concentrations were
below ANZECC guidelines, which is consistent with streams at the bottom of the Ellen
Brook catchment (Peters and Donohue 2001). Organic nitrogen was the dominant nitrogen
form at Bingham Creek, which can be explained by the limited capacity of Bassendean sands
to retain organic matter (which is high in organic nitrogen). In contrast, Lennard Brook had
high TN concentrations and the NOx-N portion was very high (80%); both nutrients exceeded
ANZECC guidelines. Sharma et al. (1996) reported that Lennard Brook was characterised by
high NOx-N concentrations and that TN concentrations were equally high in streams
throughout the catchment, consistent with our results.
Differences in in-stream DOC concentrations further illustrate the effect of soil type on water
quality. DOC concentrations were more than ten times higher in Bingham Creek than at
Lennard Brook, which can be explained by the character of the respective soil associations
(Nelson et al. 1998). Bassendean sands have a little capacity to retain carbon (Barron et al.
2008) and as a result carbon readily leaches into streams like Bingham Creek. DOC
concentrations at Bingham Creek are not unusual for the Ellen Brook catchment (Petrone et
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al. 2010), however, internationally these DOC concentrations are considered exceptionally
high, even for coloured streams (Nelson et al. 1992; Sabater et al. 1993; Waterloo et al. 2006;
Worrall and Burt 2007).
In-stream nutrient concentrations at Bingham Creek were dependent on flow. This is
illustrated by the strong positive correlations between load and discharge for all nutrients
analysed except NOx-N. This infers that nutrients are consistently available to the stream and
that rainfall and subsequent flow is driving nutrient output from Bingham Creek.
Stream nutrient concentrations varied substantially between Bingham Creek and Lennard
Brook and can be explained by a number of processes. Bingham Creek is a lowland stream
and its upstream catchment is an agricultural landscape with poor underlying soils
(Bassendean sands). Lowland streams are typically characterised by high nutrient
concentrations, due to accumulation of upstream nutrients (Wilcock et al. 1999). Upstream
agricultural practices release excess nutrients (Peterjohn and Correll 1984; Vitousek et al.
1997) and this coupled with poor soils can lead to the easy mobilisation of nutrients into
streams (Lyons et al. 1998; Liu et al. 2012). These processes drive the high in-stream nutrient
concentrations at Bingham Creek. In contrast, comparatively low nutrient concentrations
occur in Lennard Brook due to its location in the headwaters of a largely forested catchment
with loamy soils. As a result there were limited sources of nutrients and those that occur can
be intercepted by vegetation and soils.
How does hydrology in sandy soils influence the movement of nutrients to the
stream?
The hydrology of Bingham Creek is affected by the negligible slope (1.6 %; McDonald et al.
1990), a deep highly permeable profile of sandy soils (see Chapter Three). This resulted in
the absence of surface flow at Bingham Creek, which is consistent with sites with deep sands
(Heinin et al. 2012). Rainfall on the highly permeable sands rapidly infiltrated vertically into
the soil, rather than moving horizontally as surface flow, as a consequence of the negligible
slope. Fluctuations in groundwater never reached the soil surface in the riparian zone or
paddock. Groundwater entered the root zone (top 0.4 m) up to 8 m from the stream in the
riparian zone, but not in the paddock. Due to the negligible slope, the water table fluctuated
vertically with rainfall and again there was limited horizontal groundwater movement. This
pattern is consistent with a previous study by Burt et al. (2002). Restricted vertical movement
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of soil water can strongly affect redox potentials (Rezanezhad et al. 2014) and nitrogen
removal (Vidon and Hill 2004a, 2006).
Interestingly, as a consequence of the groundwater falling well below the stream bed at the
end of the dry season, and the lack of a confining soil layer, the water table sloped away from
the stream into the riparian zone. This suggests that at first flush, the stream flows into the
riparian zone groundwater, contributing to the groundwater in the riparian zone up to 16 m
from the stream, and the rise in the watertable over the wet season (Figure 2-33). This result
suggests that Bingham Creek may be a losing stream during early flows (Boulton et al.
2014). Once the soil reaches maximum saturation, there is the potential for slow horizontal
groundwater flows due to the slight slope of the water table from paddock to stream (Figure
2-33). This phenomenon has not been clearly described elsewhere; although Jung et al.
(2004) and Vidon (2012) identified that during storms there can be pulses of stream water
into riparian zone groundwater, which affects the biogeochemical transformation of nutrients.
This requires further research to ascertain how this flow of nutrient rich water into the
riparian zone affects the nutrient transformations and storage and whether this is
characteristic of intermittent streams.

Figure 2-33- A conceptual model of the hydrology at Bingham Creek
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In contrast, the hydrology of Lennard Brook is defined by the steep slopes, an increasing soil
clay component with depth and sandy soils. Due to the steep slope, surface flow from the
paddock through to the riparian zone was observed during this study, however, flow into the
stream was not observed (Figure 2-34). Unlike Bingham Creek, Lennard Brook is a perennial
system which is underlain by an impermeable layer of clay, resulting in minimal fluctuations
in groundwater in the riparian zone (<0.2 m over the year), which remained in the active root
zone throughout the sampling period. Furthermore, the watertable intercepted the surface and
pooling occurred on the soil surface in some sections of the riparian zone. However, due to
the steep slope in the paddock, groundwater was not encountered within the top 2.5 m at 96
m so it did not intercept the active root zone (Figure 2-34).

Figure 2-34- Conceptual model highlighting the key hydrological processes occurring at Lennard
Brook

What effect do riparian zones have on groundwater nutrient concentrations?
Bingham Creek
The limited horizontal movement of water through the riparian zone reduced the ability of
riparian vegetation to intercept and reduce nutrient concentrations. The hydrology also
affected the physico-chemical nature of the groundwater, with implications for nutrient
transformation.
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Dissolved organic carbon (DOC) and gilvin concentrations showed that surface water
differed from the deeper groundwater. Concentrations decreased with depth, water from 2.5
m depth contained little DOC across both the paddock and riparian zone throughout the
sampling period, whereas surface water was frequently darkly tannin-stained. This suggests
the surface groundwater is not mixing with or in recent contact with, the deeper groundwater.
Further evidence of this is variation in E4:E6 ratios, which showed a higher ratio in the
shallower groundwater, indicative of a greater fulvic acid fraction (Wrigley et al. 1988). This
suggests that carbon in surface groundwater is relatively ‘new’, having been recently
degraded and that the shallower water is closer to the carbon source (Petrone et al. 2009).
However, E4:E6 ratios were all high indicating that groundwater carbon was all recently
degraded. Bassendean sands have a high leaching capacity, resulting in carbon in the soil
being readily lost (Barron et al. 2008). As a result DOC concentrations in the groundwater at
Bingham Creek are considered exceptionally high when compared to international literature
(McGlynn and McDonnell 2003; Clark et al. 2008; Lyon et al. 2011). DOC concentrations
are, however, comparable to some peatlands (Clark et al. 2007; Moore and Clarkson 2007),
illustrating the unique conditions that exist in the Ellen Brook catchment and further
illustrates the limited capacity of Bassendean Sands to retain nutrients. Groundwater DOC
concentrations and E4:E6 ratios can help explain the hydrology of Bingham Creek.
Groundwater DOC concentrations were low at 2.5 m depth, as a result of limited mixing of
surface and deeper groundwater and dilution due to landscape rise in groundwater. The lower
E4:E6 ratios in deepest (2.5 m) paddock groundwater can be explained by a dilution effect,
where rising older groundwater dilutes existing fresher carbon. The higher E4:E6 ratios in
groundwater shallower than 1.5 m depth indicates that fresh carbon is percolating from
surface soils (Wrigley et al. 1988). Furthermore, DOC concentrations in the groundwater at
all depths increased over the wet season indicating that carbon is being mobilised from
surficial organic stores (Chapter Three) in the riparian zone following rainfall. This pattern is
consistent with Cooper et al. (2007) who found carbon can be readily mobilised from
surficial organic stores following rainfall.
Groundwater redox potentials at Bingham Creek showed clear trends across the paddock and
riparian zone and with depth. Redox potentials were negative throughout the riparian zone
and decreased with depth; a result of slow groundwater movement, long residence times and
low dissolved oxygen concentrations. Rezanezhad et al. (2014) reported that redox potentials
fluctuate following the vertical rise and fall of the water table, as observed in this study and
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probably influenced nutrient dynamics in riparian zones. Previous work has showed that
riparian vegetation can strongly affect underlying redox potentials (Tabacchi et al. 1998;
Dwire et al. 2006) by providing organic matter to underlying groundwater, fuelling microbial
respiration that reduces redox potentials (Hoffman et al. 2009). In contrast, redox potentials
were less reducing in the paddock most likely due to lower organic inputs and shorter periods
of waterlogging.
The slow groundwater movement, lack of aeration and reducing conditions are consistent
with groundwater at Bingham Creek being dominated by FRP and NH4-N. FRP is released
from metal bonding (e.g. iron) under anaerobic conditions (Vought et al. 1994; Richardson
and Simpson 2011), which explains why FRP concentrations were high in groundwater at 1.5
m depth. However, FRP concentrations were not high in groundwater at 2.5 m depth,
probably as a result of dilution and limited mixing with shallower phosphorus rich
groundwater. The decreasing redox potential of deeper groundwater can explain why NH4-N
concentrations were highest at 2.5 m depth. Under anaerobic conditions, NH4-N can be
released into groundwater as a result of nitrification (Groffman et al. 1992; Naiman and
Decamps 1997). Furthermore, deeper groundwater is not flushed or aerated so there is no
potential for NH4-N to be released or transformed and it therefore accumulates (Duval and
Hill 2007). This is supported by the lower E4:E6 ratios in deepest groundwater (2.5 m)
indicating that the water is older and not being flushed.
At Bingham Creek groundwater nutrient concentrations were typically at their highest closer
to the surface, particularly FRP and to a lesser extent NH4-N (not the highest but very high).
This is consistent with Cooper et al. (2007) and Roberts et al. (2012) which found
phosphorus can readily leach from surficial riparian soils rich in organic matter following
rainfall, leading to high concentrations in shallow groundwater. Riparian vegetation
contributes organic matter to soil surface and as this is degraded, NH4-N is released (Naiman
and Decamps 1997; Cooper et al. 2007), explaining the elevated concentrations closer to the
surface where organic matter concentrations were highest. Slow horizontal water movement
means there is little inflow of new nutrients and for nutrient mobilisation to occur there must
be rainfall (Cooper et al. 2007; Wohlfart et al. 2012
There are three processes that are likely to have affected phosphorus concentrations in
riparian groundwater at the Bingham Creek site. Firstly, it is probable that stream water was
flowing into adjacent shallow groundwater (i.e. a ‘losing’ stream), which can lead to the flow
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of nutrients into the riparian zone (Thompson and McFarland 2010). The high phosphorus
concentrations in Bingham Creek, which flow into the riparian zone, raise groundwater
phosphorus concentrations in water shallower than 1.5 m. Secondly, the increase in
phosphorus concentrations in the riparian zone can be linked to phosphorus release from
riparian vegetation. Phosphorus release from riparian vegetation occurs though the
breakdown of roots and riparian litter (Narumalani et al. 1997; Qui et al. 2000; Tabachhi et
al. 2000). These nutrients are then mobilised through rainfall and groundwater interception.
Thirdly, riparian vegetation changes the chemical nature of underlying groundwater, leading
to anaerobic and highly reducing conditions, which is fuelled by high organic carbon
concentrations (Hoffman et al. 2009). This in turn can enhance the mobilisation of FRP
(Vought et al. 1994; Hoffman et al. 2009). As a result phosphorus concentrations were higher
in riparian zones than in adjacent paddocks at Bingham Creek, due to the greater availability
of carbon. Within the paddock, groundwater phosphorus concentrations are still considered
high (double the ANZECC guidelines for lowland streams), indicating the presence of legacy
phosphorus in groundwater. However, there was no pulse of phosphorus into the groundwater
after the paddock was fertilised, indicating there was insufficient rainfall for the mobilisation
of phosphorus into groundwater beneath the paddock or the dilution was too great.
At Bingham Creek, nitrogen (NOx-N, NH4-N and TN) concentrations decreased over time
through the riparian zone. Both NOx-N and TN were highest in the paddock and decreased
through the riparian zone, however, this trend was most apparent for NOx-N (Figure 2-35).
The reduction of NOx-N and the lack of increase in NH4-N suggests that the nitrogen is either
being assimilated by vegetation or lost through denitrification (Starr and Gillham 1993;
Hanson et al. 1994). The physiochemical nature of deeper underlying groundwater is ideal
for denitrification with anaerobic conditions, readily available carbon and strongly reducing
conditions (Starr and Gillham 1993; Martin et al. 1999; Hill and Cardaci 2004; Dwire et al.
2006). The slow water movement and long residence time of groundwater at Bingham Creek
favours denitrification, which has been identified as occurring in these soils in previous
studies in Ellen Brook (Gerristse 1990; Peters and Donohue 2001). The conditions at
Bingham Creek are consistent with those found by Gerristse (1990), who showed
denitrification occurs readily in Bassendean aquifers.
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Figure 2-35- A conceptual model comparing groundwater conditions and nutrient concentrations
between the paddock and riparian zone at different depths for Bingham Creek. High represents
strongly reducing conditions and low represents weakly reducing/oxidising

Lennard Brook
Unlike Bingham Creek, there was little variation in the groundwater physio-chemical
conditions or nutrient concentrations at Lennard Brook. Stream water and groundwater were
both clear, groundwater DOC concentrations and gilvin were both low (with the highest
concentrations at 0.5 m depth) and these concentrations were all lower than at Bingham
Creek. DOC concentrations were highest in the riparian zone, as a result of carbon
percolating from surficial carbon sources (Wohlfart et al. 2012). The available carbon had
low E4:E6 ratios, indicating groundwater DOC was old, particularly when compared to
Bingham Creek (Wrigley et al. 1988). As a result, the available carbon was recalcitrant and
shows that soil at Lennard Brook is holding onto carbon more effectively than the soil at
Bingham Creek.
Groundwater redox potentials remained oxidising at Lennard Brook over the wet season,
which is likely a result of the hydrology and the potential for flushing. Old water would be
replaced by new groundwater allowing aeration of the groundwater to occur. Consequently,
oxidising conditions can affect groundwater nutrient concentrations, particularly limiting the
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release of FRP and NH4-N (Boomer and Bedford 2008). As a consequence the concentrations
of these nutrients were very low at Lennard Brook (Figure 2-36).
Within the riparian zone all nutrient concentrations remained relatively low in comparison to
Bingham Creek, which could be due to a number of factors. Firstly, Lennard Brook had
evidence of surface flow, therefore the movement of nutrients was not restricted to the
groundwater. In contrast, Bingham Creek has no surface flow and the slow groundwater
movement has allowed FRP to accumulate as seen by the higher concentrations. Secondly,
soil type could affect groundwater nutrient concentrations in the riparian zone, with loamy
soils retaining more nutrients (Vought et al. 1994 and see next chapter). In saying this,
riparian vegetation also increased groundwater phosphorus concentrations, as seen by the
higher groundwater concentrations in the riparian zone at both sites. This occurs through
riparian vegetation contributing organic matter to underlying soils, increasing the nutrient
profile of soils which can be mobilised following rainfall or surface flow (Fabre et al. 1996;
Roberts et al. 2012).

Figure 2-36- A conceptual model comparing groundwater conditions and nutrient concentrations
between the paddock and riparian zone at different depths for Lennard Brook. High represents
strongly reducing conditions and low represents weakly reducing/oxidising
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Are nutrients moving through the groundwater and bypassing riparian
buffers?
For riparian vegetation to facilitate the removal of nutrients, the groundwater must interact
with the riparian vegetation (Sovik and Syversen 2008). At Lennard Brook surface flow was
observed which is likely a result of the steeper slope, whereas Bingham Creek being flat
lacked horizontal flow above or below ground. Therefore, the phosphorus removal capacity at
Bingham Creek is reduced. The most effective phosphorus removal mechanism occurs during
surface flow, where trapping of particulate phosphorus occurs (Vought et al. 1994;
Narumalani et al. 1997; Tabacchi et al. 1998; Brian et al. 2004; Ballantine et al. 2008;
Hoffmann et al. 2009; Knight et al. 2010). As a consequence, the phosphorus removal
capacity at Bingham Creek was likely to be limited (McKergow et al. 2006; Weaver and
Summers 2014). Phosphorus removal by vegetation from groundwater was limited, because
the phosphorus requirements of the vegetation are not high (Jackson et al. 1997; Hinsinger
2001) and the groundwater is high is dissolved nutrients, suggesting groundwater
concentrations are far in excess of what might be ameliorated by plant uptake. Native plant
species are adapted to low nutrient concentrations (Tilman 2004), however, they can be
effective in regions with high nutrient concentrations, particularly sedges (Greenway 2007).
It is not known or likely that native plants at Bingham Creek are processing more nutrients
given their greater availability. Although current high nutrient concentrations are likely to
have changed species composition in riparian zones, by providing conditions that exotic
weeds thrive in (Chapin et al. 2002). Secondly, as a result of limited surface flow it is
difficult to measure the degree of phosphorus interception of riparian vegetation on flat sandy
systems. This is due to phosphorus being in a dissolved form within groundwater, which has
few available pathways for interception in comparison to particulate phosphorus. Finally this
groundwater has limited interaction with the active root zone of riparian vegetation, reducing
potential phosphorus uptake (Weaver and Summers 2014). This pattern is consistent with
previous studies of deep sands and flat sandy coastal plain soils (Butler and Coale 2005;
Heinin et al. 2012).
At Bingham Creek water movement was primarily restricted below ground and there was
only a small gradient of the groundwater level towards the stream. As a result the flow of
water through the riparian zone was slow (0.23-0.3 m/day), indicating there were a long
residence times in the riparian zone (106-141 days). This extended residence time can allow
for nutrient transformations such denitrification to occur (Hill 1996) and highlights the
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potential nutrient storage in groundwater of riparian zones. While the groundwater possibly
flowed into the riparian zone, it is predominantly below the feeding root zone (active zone).
However, it is not below the tap root zone of trees however, so there will be some nutrient
uptake by trees (Stone and Kalisz 1991; Canadell et al. 1996). Globally, approximately 75%
of plant roots are in the top 40cm of soil (Jackson et al. 1996). Nutrient uptake and removal
from agricultural runoff is facilitated by groundwater movement through this active zone,
particularly for nitrate reduction (Dosskey 2001; Dhondt et al. 2006; Sovik and Syversen
2008).. Although previous studies have shown that where riparian zones have patches of
organic matter at depth, these are capable of sustaining denitrification and this can negate the
importance of flow (Gold et al. 1998; Devito et al. 2000; Hill and Cardaci 2004; Vidon and
Hill 2006).
However, at Bingham Creek groundwater only intercepted the root zone at a distance up to
eight metres from the stream. This interaction occurs for the majority of the wet season, when
nutrients in the riparian zone are being mobilised. However, less than half of the riparian
zone is actively interacting with the groundwater and nutrients. In wetter years the level of
interaction could be greater due to groundwater being closer to the active root zone of
riparian vegetation. Besides this interaction, the gradient of the groundwater level suggests
that water is moving from the stream into the riparian zone during baseflow and first flush,
then back out during the wet season, some of which occurs in the active root zone. This
provides an indication that water is cycling through the riparian zone from the stream and to a
lesser extent, the paddock (Figure 2-33). As a result of this cycling, long residence times and
reducing conditions, there is the capacity for FRP release (Vought et al. 1994; Hoffman et al.
2009) and denitrification (Hill 1996; Reddy and DeLaune 2008; Wohlfart et al. 2012).
At Lennard Brook surface flow from the paddock into the riparian zone was observed. This
potentially allows riparian vegetation to intercept surface flows, reducing the movement of
particulate-bound phosphorus through the riparian zone to the stream (Brian et al. 2004;
Ballantine et al. 2008; Knight et al. 2010), reducing phosphorus flow into the stream.
Furthermore, Lennard Brook is characterised by shallow groundwater within the riparian
zone, which has a long residence time (146-159 days). As a result groundwater was in the
active root zone for the whole wet season, maximising the nutrient uptake potential of
riparian vegetation (Hill 1996). The interaction was occurring throughout the whole riparian
zone. This can be explained by an impermeable clay layer at around three metres, which
limits the downward movement of groundwater and increases the contact with the active root
70

zone of riparian vegetation zone (Bohlke and Denver 1995; Hill 1996; Dosskey 2001; Vidon
and Hill 2004b).
Conclusion
This study has shown that the nutrient dynamics and hydrology in flat sandy catchments are
different to those of sloped catchments with reactive soils. The difference in the functionality
is primarily being driven by two factors, soil type and local topography. The unreactive sands
at Bingham Creek resulted in nutrients primarily being stored within the groundwater and not
the soil, whereas at Lennard Brook the opposite occurred. Secondly the presence of slope and
a subsurface impermeable layer has increased the interaction of water with riparian
vegetation at Lennard Brook enhancing potential nutrient interception. Whereas Bingham
Creek lacks these features and so there is no surface flow and the groundwater is not
constantly in the active root zone of the riparian vegetation, reducing the potential for nutrient
interception to occur. However, horizontal groundwater movement at Bingham Creek was
found to be slow, resulting in a long residence time, which is ideal for nutrient
transformations such as denitrification to occur.
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Chapter 3 An investigation of soil characteristics and how this
affects nutrient dynamics of riparian zones
Introduction
Soil is generally the first point of contact for incoming nutrients, both at the surface and
below ground. It plays a pivotal role in hydrology, nutrient dynamics, plant growth and
decomposition rates (Lyons et al. 1998; Richardson et al. 2007). The movement of water
through the soil, its interaction with the soil and the relative proportions of above and
belowground flow influences riparian zone nutrient removal efficiency (Fennessy and Cronk
1997; Hoffmann et al. 2009; Heinin et al. 2012).
As described in the previous chapter, soil type, particularly texture, affects the hydrology of
the riparian zone. Soil type not only affects the physical nature of soils but also their chemical
and microbial properties, particularly in relation to nutrient dynamics (Tabacchi et al. 2000;
Fuchs et al. 2009; Kang et al. 2011; Obour et al. 2011). For example, clays typically adsorb
more phosphorus compared to sands because of their greater surface area and abundance of
binding sites (Cross and Schlesinger 1995; Young 1997; Ballantine et al. 2009; Obour et al.
2011). As the Ellen Brook catchment is mostly underlain with Bassendean sands, repeated
use of phosphorus-based fertilisers is required to make soils productive for agriculture,
however, due to poor phosphate sorption capacity, much of the added phosphorus is leached
during winter rains (Weaver et al. 1988; McPharlin et al. 1990; Summers et al. 1999; Barron
et al. 2008).
Phosphorus removal capacity (from water) and soil nutrient concentrations are affected by
chemical composition, fertiliser use and organic matter accretion rates (Tan 2000). Previous
studies have shown soil phosphorus concentrations are higher in soil rich in aluminium, iron,
potassium or calcium (Daly et al. 2001; Hoffmann et al. 2009). The relative proportions of
each of these ions and derived compounds are governed by soil pH (Jones 2001; Coyne and
Thompson 2006; Obour et al. 2011). These ions may cause precipitation reactions to occur
(Coyne and Thompson 2006) and compounds based on these ions may provide binding sites
for phosphorus, which can influence the phosphorus speciation in soils. For example, soils
that are rich in calcium may have high apatite phosphorus concentrations (Ann et al. 1999).
Bonding in apatite molecules is little affected by the redox potential of the soil, while
bonding to metal such as iron is strongly redox dependent (Tan 2000; Hoffmann et al. 2009).
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Another factor which can govern soil phosphorus concentrations is soil pH, with low pH
more conducive phosphorus being sorbed onto the surface of clays and oxides of aluminium
and iron (Ann et al. 1999). Phosphorus retention (PRI) and phosphorus buffering index (PBI)
have been developed to measure the cumulative ability of different processes within the soil
to retain phosphorus (Bolland and Allen 2003). For example, soils that have a high clay and
reactive iron content have a higher phosphorus retention index than sands with no clay or
iron.
Microorganisms in soil can affect phosphorus availability and speciation. Richardson and
Simpson (2011) argued that microbial growth in soil can enhance plant uptake of phosphorus
by increasing root growth, altering the phosphorus sorption equilibria and through metabolic
processes which affect phosphorus solubility. Soil microbes mediate the solubility and
mineralisation of phosphorus, increasing the processing of organic phosphorus through soils
(Richardson et al. 2009). Soil type can also affect microbial proliferation and their ability to
break down organic matter in soil (Hassink et al. 1993). Microbial decomposition of organic
matter is greater in sandy soils (provided there is sufficient carbon), as soils with greater clay
fraction bind more organic matter making it less available for microbial use (Hassink et al.
1993).
Unlike phosphorus, there is limited capacity for soil mineral fractions to bind nitrogen
(Hoffmann et al. 2009). Nitrogen is mediated primarily by microbial processes and organic
matter in the soil (Adair et al. 2004). Mineralisation of soil nitrogen by microbial
communities directly influences plant productivity (Vitousek and Howarth 1991; Anttonen et
al. 2002). Nitrogen primarily enters soils through biological fixation from the atmosphere,
most of which is assimilated by microbes and plants (Vitousek et al. 1997; Scharenbroch and
Lloyd 2004). When these organisms die the nitrogen is released. Consequently up to 90 % of
terrestrial nitrogen occurs in soil organic matter (Pulford 1991). Denitrification is a
microbially-mediated process within soil, which may facilitate the removal of nitrogen from
the soil mostly as gaseous N2O (Kadlec and Knight 1996; Craft 2001). Soil types with high
water holding capacities can stimulate low redox conditions, creating conditions ideal for
denitrification (Kadlec and Knight 1996; Tan 2000).
Riparian vegetation influences soils through a number of processes, which alter the soil
structure and influence soil nutrient concentrations (Vought et al. 1994; Mander et al. 1997).
Roots of riparian vegetation enhance the soil structure, reducing the potential for erosion to
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occur and limiting the release of sediment-bound nutrients (Vought et al. 1994; Mander et al.
1997; Lyons et al. 2000; Easson and Yarbrough 2002; Dosskey et al. 2010; Raty et al. 2010).
Bodner et al. (2014) showed that roots increase pore sizes in soil, aerate soils, enhance water
infiltration rates and encourage the growth of microbial communities (Richardson et al. 2001;
Reddy and DeLaune 2008). This allows for water to be intercepted and for nutrient
transformations by plants and microbes to occur. Riparian vegetation also increases the
roughness of soil surfaces, reducing overland flow and facilitating entrapment of particulate
nutrients (Dosskey et al. 2010).
Riparian vegetation contributes large quantities of organic matter to underlying soils,
influencing soil carbon dynamics (Reddy et al. 1998; Schlesinger and Andrews 2000; Sayer
2006). Within soil, microorganisms are primarily responsible for the regulation of organic
matter accumulation and are able to transform organic matter into useful by-products such as
inorganic phosphorus and nitrogen (Young 1997; Schlesinger and Andrews 2000; Craft 2001;
Reddy and DeLaune 2008). The breakdown of organic matter in soils facilitates the release of
carbon to the soil, which has a central role in denitrification, as carbon is an electron acceptor
in microbial respiration (Tan 2000; Craft 2001; Reddy and DeLaune 2008). Different soil
types have varying abilities to stabilise carbon (Coyne and Thompson 2006; Obour et al.
2011), those with higher reactive surface area are able to hold onto more carbon compared to
coarse sands such as the Bassendean sands found in Ellen Brook, which have been shown to
lose a large proportion of carbon input via leaching (Barron et al. 2008).
In this chapter, the soil type characteristics and nutrient dynamics of two sites within Ellen
Brook are compared: Bingham Creek on Bassendean sands and Lennard Brook, which has
sandy loams that are rich in iron. This chapter investigates how soil nutrient concentrations in
the paddock, riparian zone and stream differ between sites of different soil quality and how
phosphorus retention varies spatially. The key questions addressed are:


How does the physical and chemical makeup of soils differ between Bingham Creek
and Lennard Brook?



Where and what forms of nutrients are being stored in the stream, riparian and
paddock soils at Bingham Creek and Lennard Brook and what are the implications of
this?



Is riparian vegetation affecting the nutrient dynamics of underlying soils?
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Methods
Soil sampling
Initial soil samples were collected in October 2011 from Bingham Creek. The sampling area
was split into three zones: the stream, riparian zone and paddock, with three randomly
selected sites from each zone. Samples were taken at two depths: the top 0.05 m was sampled
using a trowel and samples at 0.5 m depth were taken using a hand auger. Within each zone,
three randomly selected replicate samples were collected from both depths (with
representative samples collected and frozen for nutrient analysis in the laboratory), air-dried
and stored for later use.
In 2012, soil samples were collected in April and June, from Bingham Creek and Lennard
Brook. The sampling area was again split into three zones: the stream, riparian and
agricultural zone, with three randomly selected replicate samples from each zone. Four
depths were sampled, the top 0.05, 0.5, 1.5 and 2.5 m, however samples for each depth were
often not possible. At Bingham Creek all replicates were attainable, with the exception of 2.5
m samples from the stream. The saturated soil profile at Lennard Brook made collection
difficult, so only samples from the top 0.05m and the paddock had full replication. In the
riparian zone, only one sample was collected for 1.5 m and 2.5 m. In the stream there were no
samples from 0.5 m, 1.5 m and 2.5 m due to continuous stream flow.
At Lennard Brook the top 0.05 m was sampled using a trowel and the 0.5 m, 1.5 m and 2.5 m
depths were sampled using a hand auger. However, a mechanical auger was used to collect
the 0.5 m, 1.5 m and 2.5 m soil samples from the paddock at Lennard Brook due to laterite
formations within the soil making the use of a hand auger impossible.
Particle size analysis
Soil particle size analysis was carried out by CSBP Soil and Plant Laboratory, using a method
adopted from Indorante et al. (1990). Proportions of four different size categories shown in
Table 3-1 were provided by this method.
Table 3-1. Diameter ranges used for soil particle size analysis

Particle type
Coarse sand
Fine sand
Silt
Clay
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Size (µm)
200-2000
20-200
>2-<20
<2

Soil nutrient analysis
All soil samples collected were analysed for organic matter, total Kjeldahl nitrogen (TKN),
total phosphorus (TP), organic phosphorus, 1M HCl-extractable phosphorus and 1M NaOHextractable phosphorus and total extractable iron according to the methods listed in Table 3-2.
In this study 1M HCl-extractable phosphorus represents apatite (Ca–bound) phosphorus and
1M NaOH-represents non-apatite (metal-bound) phosphorus (Williams et al. 1976).
Phosphorus absorbance
The phosphorus retention index (PRI) is the Western Australian standard and was developed
for sandy soils of south-western Australia (Bolland et al. 2003). The phosphorus buffering
index (PBI) is advocated as the national standard and assesses the soil’s ability to bind and
release phosphorus for plant uptake. Both involve mixing a known quantity of soil in solution
with phosphorus for a set time and the amount of phosphorus remaining in solution measures
the soil’s ability to retain phosphorus. Colwell phosphorus was analysed to provide an
estimate of previously adsorbed phosphorus, thereby increasing the accuracy of both indices
(Bolland et al. 2003). These analyses were carried on all soil samples from 2012 (Table 3-2).
Table 3-2. Methods used for soil analysis
Parameter

Units and DL
(if applicable)

Organic
matter

%

TP

mg/kg
(<5)

Organic P

mg/kg
(<5)

1M HCl
extractable P
1 M NaOH
extractable P
TKN

mg/kg
(<5)
mg/kg
(<5)
mg/g
(<0.04)

Particle size
analysis

__

Colwell P

mg/kg

PRI

----

PBI

----

Extractable
Fe

mg/kg
(<5)

a
b

Method
Automated combustion followed by NDIR method
(Dean 1974)
Kjeldahl digestion with P measured by colorimetry
(Aspilla et al. 1976)
Digestion of ashed sample using hydrochloric acid,
followed by titration of phenolphthalein (Aspilla et
al. 1976)
Modification of Williams et al. (1976) method,
extracted by hydrochloric acid
Modification of Williams et al. (1976) method,
extracted by sodium hydroxide
Involves the addition of copper sulphate and
digestion in sulphuric acid (APHA 1995)
Indorane et al. (1990) method (sand 20-2000µm,
silt 2-20µm, clay <0.002-2µm)
Colwell (1965) method, extraction by sodium
bicarbonate, P measured by colorimetry
Adaptation of Allen and Jeffrey (1990) method, P
extracted by potassium chloride
Adapted from Rayment and Lyons (2011), P
extraction and colorimetry analysis
Adapted from Standards Australia (1999), acid
digestion and spectrometric analysis

Lab
MAFRLa
MAFRLa
MAFRLa
MAFRLa
MAFRLa
MAFRLa
CSBPb
CSBPb
CSBPb
CSBPb
MAFRLa

Marine and Freshwater Research Laboratory
CSBP Soil and Plant Analysis Laboratory, South Lake
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Results
Physical soil characteristics
Soil particle size analysis
At Bingham Creek, coarse sand contributes greater than 70 % of all soil material across each
zone and depth. The clay component increases with depth, except in the riparian zone (Figure
3-1a-c).
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Figure 3-1. Comparison of particle size analysis across the a) paddock b) riparian zone c) stream
across four different depths at Bingham Creek
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Lennard Brook soils are also largely composed of coarse sand, but not to the same extent as
at Bingham Creek. Within the paddock, coarse sand contributes 70 %+ of soil material and
decreases with depth as the clay fraction increases (Figure 3-2a). In the riparian zone there is
no clear pattern, however coarse sand is the main contributor (Figure 3-2b). The streambed is
underlain primarily by coarse sand (Figure 3-2c). Silt fractions are noticeably greater here
than at Bingham Creek, especially in the riparian zone and paddock.
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Figure 3-2. Comparison of particle size analysis across the a) paddock b) riparian zone c) stream
across four different depths at Lennard Brook, note only one replicate for 1.5 m and 2.5 m samples in
the riparian zone
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Soil chemical composition
Lennard Brook soils had very high total extractable iron concentrations in the paddock, the
highest at 1.5 m depth (~110,000 mg/kg; Figure 3-3b). In comparison, Bingham Creek had
little iron, with surface riparian soils having the highest concentration (~5,500 mg/kg). There
was practically no iron in soils at the surface or at 0.5 m depth in the paddock at Bingham
Creek (Figure 3-3a).
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Figure 3-3. Comparison of total extractable iron concentrations between a) Bingham Creek and b)
Lennard Brook across the stream, riparian zone and paddock at four depths. Note there was only one
stream sample and one replicate for 1.5 m and 2.5 m Lennard Brook riparian soil samples. Error bars
represent standard error.
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Soil organic matter at Bingham Creek was highest in surface soils, with little or no organic
matter at any other depth (Figure 3-4a-b). At Lennard Brook, the soil had a greater proportion
of organic matter, with concentrations in surface riparian soils approximately four times
greater than the highest Bingham Creek concentrations (Figure 3-4c). Organic matter
decreased markedly with depth.
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Figure 3-4. Comparison of percentage soil organic matter across the a) Bingham Creek 2011 b)
Bingham Creek 2012 c) Lennard Brook at four different depths. Note there was only one stream
sample and one replicate for 1.5 m and 2.5 m Lennard Brook riparian soil samples. Error bars
represent standard error.
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Soil nutrient concentrations
Bingham Creek soils had low total phosphorus in the paddock and stream. The highest
concentrations occurred in the top 0.05m of riparian soils and concentrations decreased with
depth (Figure 3-5a-b). Lennard Brook soils had high total phosphorus concentrations,
particularly in the paddock, where they were twice as high as maximum Bingham Creek
concentrations (Figure 3-5c). Similarly, total phosphorus concentrations were highest in
surface riparian soils at both sites.
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Figure 3-5. Comparison of TP concentrations across the a) Bingham Creek 2011 b) Bingham Creek
2012 c) Lennard Brook at four different depths. Note there was only one stream sample and one
replicate for 1.5 m and 2.5 m Lennard Brook riparian soil samples. Error bars represent standard error.
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Bingham Creek soils had little or no organic phosphorus in the paddock or stream and the
highest concentrations occurred in riparian surface soils (Figure 3-6a-b). Organic phosphorus
made up approximately 25 % of soil total phosphorus. Lennard Brook had substantially
higher organic phosphorus concentrations in the riparian zone, particularly in surface riparian
soils and in the paddock (Figure 3-6c). Approximately 36 % of total soil phosphorus was
made up of organic phosphorus at Lennard Brook.
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Figure 3-6. Comparison of organic phosphorus concentrations across the a) Bingham Creek 2011 b)
Bingham Creek 2012 c) Lennard Brook at four different depths. Note there was only one stream
sample and one replicate for 1.5 m and 2.5 m Lennard Brook riparian soil samples. Error bars
represent standard error.
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There were large variations in 1M NaOH (non-apatite) extractable phosphorus concentrations
at Bingham Creek over 2011 and 2012, particularly in the riparian zone. In 2011,
concentrations were twice the 2012 values (Figure 3-7a-b), however, concentrations were
also highest in surface riparian soils. Lennard Brook soils had uniform 1M NaOH-extractable
phosphorus concentrations with depth in the paddock, which were comparable to surface
riparian soils (Figure 3-7c).
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Figure 3-7. Comparison of 1M NaOH extractable phosphorus concentrations across the a) Bingham
Creek 2011 b) Bingham Creek 2012 c) Lennard Brook at four different depths. Note there was only
one stream sample and one replicate for 1.5 m and 2.5 m Lennard Brook riparian soil samples. Error
bars represent standard error.
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Similar trends occurred for 1M HCl (apatite) extractable phosphorus but concentrations were
substantially lower than 1M NaOH-extractable phosphorus (Figure 3-8a-c). There was a clear
decrease in concentration with depth with the exception of riparian soil at 2.5 m depth at
Lennard Brook. The highest concentrations for Bingham Creek and Lennard Brook occurred
in surface riparian soils.
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Figure 3-8. Comparison of 1M HCl-extractable phosphorus concentrations across the a) Bingham
Creek 2011 b) Bingham Creek 2012 c) Lennard Brook at four different depths. Note there was only
one stream sample and one replicate for 1.5 m and 2.5 m Lennard Brook riparian soil samples. Error
bars represent standard error.
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The TKN concentrations were comparatively low at Bingham Creek. They were highest in
surface riparian soils and decreased with depth (Figure 3-9a-b). At Lennard Brook TKN was
only detectable at 0.5 m depth and in surface soils (Figure 3-9c). Concentrations were highest
in surface riparian soils.
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Figure 3-9. Comparison of TKN concentrations across the a) Bingham Creek 2011 b) Bingham Creek
2012 c) Lennard Brook at four different depths. Note there was only one stream sample and one
replicate for 1.5 m and 2.5 m Lennard Brook riparian soil samples. Error bars represent standard error.
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Soil phosphorus retention
Colwell phosphorus concentrations at Bingham Creek were highest in surface layers of the
riparian and stream zones and decreased sharply with depth. However, there was little or no
Colwell phosphorus in paddock soils (Figure 3-10a). At Lennard Brook there was a similar
pattern with concentrations highest in surface soils and decreases with depth. Concentrations
were highest in riparian soils, but unlike at Bingham Creek there was substantial Colwell
phosphorus in paddock soils as well (Figure 3-10b).
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Figure 3-10. Comparison of Colwell phosphorus concentrations between a) Bingham Creek and b)
Lennard Brook across the stream, riparian zone and paddock across four depths. Note there was only
one stream sample and one replicate for 1.5 m and 2.5 m Lennard Brook riparian soil samples. Error
bars represent standard error.

The phosphorus retention index (PRI) at Bingham Creek was highest in surface riparian soils
at approximately 5. The PRI of paddock surface and 0.5 m soils was zero (Figure 3-11a). By
contrast, Lennard Brook had exceptionally high PRI values in surface riparian soils (~580),
which decreased with depth. In the paddock soil at Lennard Brook PRI increased with depth
(Figure 3-11b). The only comparable points between sites were stream samples at Lennard
Brook (PRI ~4) and surface riparian soil at Bingham Creek, which illustrates the disparity
between the soil types.
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Figure 3-11. Comparison of PRI values between a) Bingham Creek and b) Lennard Brook across the
stream , riparian zone and paddock across four depths. Note there was only one stream sample and
one replicate for 1.5 m and 2.5 m Lennard Brook riparian soil samples. Note two orders of magnitude
difference in y axis values. Error bars represent standard error.

The phosphorus buffering index (PBI) at Bingham Creek was highest in surface riparian soils
and decreased with depth. In the paddock, PBI values increased with depth (Figure 3-12a).
Comparatively, Lennard Brook PBI values were much higher, reaching a maximum of
approximately 325 in the surface riparian soils (Figure 3-12b) and the PBI in paddock
increased with depth. The only comparable points were the stream at Lennard Brook and the
surface riparian soils at Bingham Creek, showing the poor buffering capacity of Bassendean
sands.
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Figure 3-12. Comparison of PBI values between a) Bingham Creek and b) Lennard Brook across the
stream, riparian zone and paddock across four depths. Note there was only one stream sample and one
replicate for 1.5 m and 2.5 m Lennard Brook riparian soil samples. Note the order of magnitude
difference in y axis scales. Error bars represent standard error.
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Discussion
How does the physical and chemical makeup of soils differ between Bingham
Creek and Lennard Brook?
Although the soils at Bingham Creek and Lennard Brook were both dominated by coarse
sand, the hydrology and nutrient dynamics of the soils were quite different. This can be
explained by differences in silt and clay levels and chemical composition.
Soil particle size distribution and composition have a strong influence on water movement
and nutrient dynamics in riparian zones (Ward and Robinson 2000; Richardson et al. 2001;
Coyne and Thompson 2006). Soil particle size distribution can influence the in-situ structure
of soils, which can affect the rate and direction (preferred pathways) of water flow through
the soil column (Richardson and Vepraskas 2001).For example coarse sands (Bingham
Creek) are typically loosely packed and offer less resistance to flow than the sandy loam and
clay at Lennard Brook (Coyne and Thompson 2006). Landscapes characterised by sand
textures are often dominated by subsurface flow (Ward and Robinson 2000; Heinin et al.
2012), as reflected in the lack of surface flow, noted in the Chapter Two, at Bingham Creek.
At Lennard Brook there was greater variability in soil particle size distribution and increasing
clay content with depth. Clay can lower the permeability of soils due to a reduction in mean
pore size, which can result in reduced permeability in the soil profile that restricts water
movement (Bohlke and Denver 1995; Hoffmann et al. 2009; Heinen et al. 2012). However,
soil composition and texture is not the only determining factor of permeability, as some
humid tropical soils can have high clay content and have a high permeability (Coyne and
Thompson 2006). Water that passes readily through the upper layers of coarse sand would
meet greater resistance with depth and tend to flow horizontally with the slope above the
impermeable layer (Heinen et al. 2012). Furthermore, increasing clay content would slow
lateral groundwater movement at depth, due to reduced pore sizes (Coyne and Thompson
2006).
The physical makeup of soils not only affects hydrology, but also soil nutrient dynamics. In
particular, soil particle size distribution can affect the nutrient binding capacity of soils
(Vought et al. 1994). Both sites were dominated by sands, which have low surface area and
hence low phosphorus sorption as reflected in PRI and PBI values (Harris et al. 1996; Tan
2000; Coyne and Thompson 2006). As a result phosphorus can readily leach from sands
(Weaver et al. 1988; Harris et al. 1996; Li et al. 2013). However, at Lennard Brook there was
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a greater clay and reactive iron content, which has the capacity to increase phosphorus
sorption (Vought et al. 1994; Lyons et al. 1998; Tan 2000). Therefore soil phosphorus
concentrations were higher in Lennard Brook soils, particularly with increasing depth.
The chemical makeup of the soils at Bingham Creek and Lennard Brook particularly iron and
organic matter content affect soil phosphorus and nitrogen dynamics. In soil, compounds
based on aluminium, calcium and iron can all affect soil phosphorus concentrations (Jones
2001; Coyne and Thompson 2006; Obour et al. 2011). These ions can lead to phosphorus
sorption and precipitation reactions, which can decrease soil phosphorus availability (Lyons
et al. 1998; Obour et al. 2011). Iron concentrations were substantially higher at Lennard
Brook than Bingham Creek, in keeping with the orange colour of the soil at Lennard Brook
and the proliferation of lateritic deposits throughout the soil column in the paddock. High
iron concentrations in the paddock could act as a store for phosphorus added from fertiliser
use (Hoffmann et al. 2009; Obour et al. 2011). Interestingly, at Lennard Brook there were
high iron concentrations in surficial riparian soils but little with increasing depth. Surficial
iron is likely to have been delivered from the paddock to the riparian zone during overland
flow. At Bingham Creek, concentrations were very low with virtually no iron in shallow
paddock soils. This disparity in soil iron concentration highlights how chemically deficient
Bingham Creek soils are, which in turn affects their capacity to store phosphorus and their
low potential to immobilise phosphorus from groundwater.
Soil organic matter content was primarily restricted to the top 0.5 m of soils at both sites.
Organic matter is typically confined to surface soils, due to litter accretion rates and the
limited physical turnover in soils (Jobbagy and Jackson 2000; Schlesinger and Andrews
2000; Collins and Kuehl 2001). Furthermore, organic matter content was highest in surface
riparian soils, suggesting that vegetation is actively contributing organic matter to underlying
riparian soils (discussed in the Chapter Four). Factors that affect soil organic matter accretion
rates include vegetation type, soil type and soil moisture (Jobbagy and Jackson 2000), all of
which vary between Bingham Creek and Lennard Brook. Physical makeup of soil can also
affect organic matter retention rates (Tabacchi et al. 2000; Fuchs et al. 2009; Kang et al.
2011; Obour et al. 2011). The greater proportion of coarse sand at Bingham Creek can
explain the lower proportion of organic matter in soils (Reddy and DeLaune 2008). This is
because Bassendean sands have a limited retention capacity (Summers et al. 1999) and
organic matter can be leached by water flow through the soils. Soil organic matter content
also influences nitrogen and to a lesser extent soil phosphorus dynamics (Vought et al. 1994;
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Jobbagy and Jackson 2000). Typically, soil nitrogen is stored in the organic matter and there
is a strong correlation between high organic matter content and elevated soil nitrogen
concentrations (Collins and Kuehl 2001; Porporato et al. 2003; Brovelli et al. 2012). The
outcome for this study is that elevated iron concentrations and organic matter content in the
riparian soils at Lennard Brook results in a far greater phosphorus and nitrogen interception
and storage capacity than at Bingham Creek, reflected in the higher soil nutrient
concentrations.
Where and what forms of nutrients are being stored in the stream, riparian and
paddock soils at Bingham Creek and Lennard Brook and what are the
implications of this?
Nutrients differ in their concentration and form between the stream, riparian zone and
paddock, at both Bingham Creek and Lennard Brook, and this can be explained by
differences in the physical and chemical composition of soils.
Bingham Creek
At Bingham Creek, soil phosphorus concentrations were highest in surface riparian soils
(Figure 3-13). This is likely to be the product of an increased organic matter contributed by
riparian vegetation through litterfall and plant death (Fabre et al. 1996; Reddy et al. 1998;
Jobbagy and Jackson 2000; Raty et al. 2010), as described in Chapter 4. The organic matter
improves phosphorus uptake capacity and storage as described above, but also contains
phosphorus absorbed and stored by riparian vegetation (Fabre et al. 1996; Lyons et al. 1998;
Raty et al. 2010). Due to the limited turnover of riparian soils and limited overland flow there
is no mechanism for soil or organic matter to be moved from the riparian zone or to greater
soil depths, resulting in phosphorus accumulation in surface riparian soils (Figure 3-13).
Phosphorus concentrations were low in paddock soils due to a number of factors. Firstly,
Bassendean sands are classified as phosphorus deficient soils, which have very low natural
phosphorus concentrations (Summers et al. 1999; Barron et al. 2008). Surface paddock soils
had a PRI of zero (Figure 3-15a) indicating there is little or no potential for the soil to retain
phosphorus as seen in previous studies (Bolland and Allen 2003). Secondly, although these
soils require repeated phosphate fertilisation to promote agricultural productivity (Bolland
and Allen 2003; Barron et al. 2008) fertiliser has not been applied to Bingham Creek soils for
over a decade (with exception of the one off fertiliser event described in Chapter 2), so little
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phosphorus would remain. These findings are consistent with sandy coastal plain soils
elsewhere (e.g. South-eastern USA, Novak and Watts 2004; Butler and Coale 2005).
Interestingly, the surface stream soils had the second highest phosphorus concentration
compared to surface riparian soils. Bingham Creek has very high in-stream FRP
concentrations, which can be taken up by the soil through sorption and co-precipitation
(House 2003; Noll et al. 2009). Secondly, it is an intermittent stream, dominated by terrestrial
plants during periods of no-flow, allowing a build-up of organic matter and higher soil
phosphorus in the stream during no-flow periods. Finally, the intermittent nature of Bingham
Creek would affect soil and water phosphorus concentrations. The drying of phosphorus-rich
sediments (when flows cease) can result in phosphorus mineralisation and, as re-wetting
occurs, mineralised phosphorus is released, explaining the high in-stream concentrations
(McComb and Qui 1998).
Phosphorus in soils can be present in either organic or inorganic forms, although typically the
inorganic fraction is greater (Tan 2000). This is consistent with the results of this study, with
the organic phosphorus component comprising approximately 25% of total phosphorus.
Organic phosphorus was higher in riparian soils, explained by their higher organic matter
content (Fabre et al. 1996; Reddy et al. 1998; Tan 2000). The NaOH extractable phosphorus
was the next largest phosphorus component. Orthophosphate is a component of NaOH
extractable phosphorus, which can range from 37-90% of the soil phosphorus fraction
(Doolette et al. 2011). The greater the proportion of NaOH extractable phosphorus, the more
available orthophosphate is for plant uptake and consequently for release into water (Doolette
et al. 2011). However, NaOH extractable phosphorus was only encountered in soils in
Bingham Creek shallower than 0.5 m depth and in very low concentrations. This provides an
indication that only a small labile fraction of phosphorus occurs in Bingham Creek and it is
restricted to surface soils and is a result of the presence of riparian vegetation and the
accumulation of organic matter (Hoffmann et al. 2009; Roberts et al. 2012). Furthermore, the
variability in NaOH extractable phosphorus in surficial riparian soils at Bingham Creek can
be explained by the variability of iron and organic matter concentrations in the surficial soils,
which are two components that affect phosphorus speciation (Reddy et al. 1998; Tan 2000;
Obour et al. 2011).
Nitrogen concentrations at Bingham Creek were also highest in surface soils, particularly in
the riparian zone (Figure 3-13). There was little to no TKN in soils at 0.5 m depth and below,
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and little variability in concentrations throughout the soil profile. Nitrogen is often a limiting
element for plant growth, which can explain why concentrations are lower in deeper soils, as
any new nitrogen that enters these soils is rapidly assimilated by plants (Porporato et al.
2003; Adair et al. 2004). The highest concentrations were in riparian surface soils as nitrogen
in soil is primarily derived from organic matter (Reddy and DeLaune 2008) contributed by
turnover from plants (Schlesinger and Andrews 2000), as described for phosphorus above
(Figure 3-13). This trend is consistent with previous studies which show nitrogen
accumulation in riparian soils (Adair et al. 2004).

Figure 3-13. Conceptual model highlighting the chemical and nutrient makeup of soils with depth at
Bingham Creek

Lennard Brook
Unlike Bingham Creek, there were greater concentrations and variation in soil phosphorus
and nitrogen at Lennard Brook. The patterns seen at Lennard Brook were very different to
those seen at Bingham Creek, due to differences in soil quality.
Soil phosphorus concentrations were equally high in surface riparian soils and in the paddock
at Lennard Brook. At 1.5 m depth, phosphorus concentrations were more than double the
maximum concentration anywhere at Bingham Creek. Surface riparian soils at Lennard
Brook had a high clay-silt component (~40 %) which allows greater phosphorus adsorption
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and correspondingly higher phosphorus concentrations (Figure 3-14; Vought et al. 1994;
Lyons et al. 1998). The high organic matter content in shallower soils provides a store and a
source (originally from the live riparian vegetation) of phosphorus to soils (Fabre et al. 1996;
Reddy et al. 1998; Jobbagy and Jackson 2000; Raty et al. 2010) and the surface riparian soils
had a high iron content which binds phosphorus (Hoffmann et al. 2009). Together, these
factors resulted in a high PRI for surface riparian soils leading to considerable phosphorus
adsorption and storage in the soil (Figure 3-14). In contrast with Bingham Creek, soil
phosphorus concentrations were high in the paddock at Lennard Brook, a function of the
higher clay and iron content resulting in a similarly high PRI for all Lennard Brook soils
(Figure 3-15b).
The surface stream soils had very low phosphorus concentrations and were lower than the
corresponding soils at Bingham Creek. This is a result of the stream soil being composed of
greater than 90% coarse sand, which has limited binding sites for phosphorus (Singh and
Gilkes 1991; Hassink et al.1993; Tan 2000). Furthermore, there was little iron or clay in the
stream soil, which helps explain the low soil phosphorus concentrations.
At Lennard Brook the fractions of soil phosphorus varied more markedly than at Bingham
Creek. Firstly, the organic phosphorus fraction was greater (~33%) and NaOH-extractable
phosphorus contributed approximately 26%. Secondly, unlike Bingham Creek, organic and
non-apatite phosphorus was found in soils at all depths and zones. The higher organic
fraction can be linked to greater soil organic matter content (Fabre et al. 1996; Collins and
Kuehl 2001). Furthermore, the greater fraction of labile phosphorus can be linked to more
iron and clay in the Lennard Brook soils (Tan 2000). However, approximately 70 % of
phosphorus in paddock soils was strongly bound inorganic phosphorus, due to elevated iron
concentrations. Therefore, much of this phosphorus in paddock soils was not available for
plant uptake.
Lennard Brook has more than double the TKN concentration in surface riparian soils
compared to Bingham Creek. This can be explained by the substantially higher organic
matter content in riparian soils at Lennard Brook, which was five times greater than at
Bingham Creek. As previously seen, as soil organic matter increases, so does soil nitrogen
concentration (Jobbagy and Jackson 2000; Adair et al. 2004). The higher organic matter
content in riparian soils has previously been explained and is a result of the soil type and
hydrology of the shallow riparian zone soils. Similarly to Bingham Creek, nitrogen
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concentrations were relatively low in paddock and stream soils due to the limited input of
organic matter from pasture relative to riparian vegetation (Figure 3-14).

Figure 3-14. Conceptual model highlighting the chemical and nutrient makeup of soils with depth at
Lennard Brook

Soil nutrient concentrations were quite different between Bingham Creek and Lennard Brook.
Much of this is explained by the soils at Lennard Brook, which provide a greater trapping and
adsorption capacity due to increased reactive iron (Tan 2000; Hoffmann et al. 2009), organic
matter content (Reddy et al. 1998; Adair et al. 2004) and higher clay fraction (Young 1997;
Ballantine et al. 2009; Obour et al. 2011), resulting in higher phosphorus and nitrogen
storage. Conversely, at Bingham Creek the soils are infertile. Bassendean sands have low
nutrient concentrations and limited capacity to adsorb and store phosphorus (McPharlin et al.
1990; Summers et al. 1993; Barron et al. 2008). The PRI and PBI of Bingham Creek soils
were predominantly ranked as below extremely low (Figure 3-15a), highlighting the limited
capacity of Bingham Creek soils to hold onto phosphorus. At Lennard Brook, the PRI and
PBI's were higher, however most soils still had low values. The exception was the surface
riparian soils at Lennard Brook (Figure 3-15b), highlighting the value of the riparian zone in
improving soil condition and nutrient removal capacity (Hoffmann et al. 2009).
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Table 3-3. Classification of soil PRI and PBI values which explain the key in Figure 3-15, adapted
from Summers and Weaver (2006)

Capacity of soil to sorb P
Exceedingly Low
Exceptionally Low
Extremely Low
Very, very low
Very low
Low
Moderate
High

PRI
<0.35
0.35-1
1-2
2-9
9-28
28-87
87-275
275-1680

PBI
<5
5-10
10-15
15-35
35-70
70-140
140-280
280-840

a)

b)

Figure 3-15. Conceptual model highlighting the PRI and PBI of soils with depth at a) Bingham Creek
and b) Lennard Brook. Classification of PRI and PBI values detailed in Table 3-3
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Soil nitrogen concentrations did not show as great a difference between sites, although,
concentrations were higher at Lennard Brook. The main differences occurred within the
riparian zone due to the greater proportion of organic matter in riparian soils at Lennard
Brook (Jobbagy and Jackson 2000; Adair et al. 2004). The greater proportion of silt and clay
in surface riparian soils aided in the storage and retention of soil organic matter, as binding
and integration into the soil matrix occurs more readily (Tan 2000; Awiti et al. 2007;
Hoffmann et al. 2009), whereas at Bingham Creek, surface riparian soils were predominantly
composed of coarse sand and consequently had a lower organic matter content (Hassink et al.
1993).
Is riparian vegetation affecting the nutrient dynamics of underlying soils?
It is apparent that riparian vegetation is indeed affecting nutrient dynamics of underlying soils
at both Bingham Creek and Lennard Brook, although it had a greater effect at Lennard
Brook. Both phosphorus and nitrogen concentrations were higher in surface riparian soils due
to improved soil immobilisation and storage as described above.
Soil nitrogen concentrations were highest in surface riparian soils, dwarfing concentrations in
the stream and paddock. Riparian vegetation added nitrogen to underlying soils through leaf
litter and decaying vegetation (Vought et al. 1994; Jobbagy and Jackson 2000; Adair et al.
2004), which contributes organic matter to soil and also provides a major store of nitrogen.
Soil phosphorus concentrations, like nitrogen, were highest in surface riparian soils. This
occurs as riparian vegetation is improving the retention capacity of underlying soils by
increasing the organic matter content of soils, which provides more sites to bind phosphorus
(Reddy et al. 1998). This allows for the storage and accumulation of phosphorus in
underlying soils (Roberts et al. 2012). The high proportion of organic phosphorus in riparian
soils provides an indication that it is derived from organic matter produced from riparian
vegetation (Hoffmann et al. 2009; Roberts et al. 2012). Furthermore, at Lennard Brook, the
physical and chemical properties of the soil enhanced the phosphorus concentrations in the
riparian zone.
Finally, riparian vegetation appears to be raising the PRI and PBI of Bingham Creek and
Lennard Brook soils. This is most evident at Lennard Brook, but it has also improved
phosphorus retention capacity at Bingham Creek which is significant as the paddock PRI was
zero and surface riparian PRI was five. In a management context this is important as
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phosphorus adsorption by Bassendean sands is very low, but has clearly been improved by
riparian zone processes.
Conclusion
The difference in soil characteristics between Bingham Creek and Lennard Brook affected
the hydrology and nutrient dynamics of the riparian zones. The results from this study
indicate that the sandy soils at Bingham Creek have a limited capacity to intercept and store
nutrients (nitrogen and phosphorus) and that the reactive soils of Lennard Brook are a more
effective nutrient store. This was driven by the elevated iron, clay and organic matter content
in the riparian soils at Lennard Brook. However, the riparian vegetation had improved the
nutrient storage capacity of the unreactive soils of Bingham Creek through the addition of
carbon. This was best highlighted by the higher PRI and PBI values in the riparian soils at
Bingham Creek. Therefore given the limited nutrient holding capacity of soils at Bingham
Creek it is encouraging that riparian vegetation has shown potential to improve the nutrient
holding capacity of these soils.
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Chapter 4 A comparison of vegetation composition between flat
and sloped sites and how this affects nutrient dynamics of riparian
zones

Introduction
Riparian vegetation can influence nutrient dynamics in both soil and groundwater but may
also act as a nutrient source or sink to adjacent waterways (Tabacchi et al. 2000; McKergow
et al. 2006; Hoffmann et al. 2009). Riparian vegetation has the capacity to intercept and take
up nutrients but can also contribute nutrients to streams and soils through senescing leaves,
branches, bark, pollen and fruit (Fabre et al. 1996; Benfield 1997; Figure 4-1). Whether
riparian zones function as a source or sink greatly influences its value as a nutrient reduction
tool.

Figure 4-1- Pathways of potential nutrient loss and uptake in riparian zones

Riparian vegetation can intercept and store incoming nutrients (Tabacchi et al. 2000;
Hoffmann et al. 2009), which can occur by trapping nutrients from surface flow, altering
underlying physical and chemical conditions of the soil (discussed in previous chapters) and
through plant assimilation and storage (Tabacchi et al. 2000). Phosphorus and nitrogen
uptake by riparian vegetation varies widely among vegetation types and studies (Mander et
al. 1997; Brian et al. 2004; Hoffmann et al. 2009). Uptake rates in the literature range from
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30 to 220 kg N ha/year and 5 to 50 kg P ha/year, illustrating the variable capacity of riparian
vegetation to act as a sink (Mander et al. 1997; Lyon et al. 2000; Hoffman et al. 2009).
There are a number of factors affecting nutrient uptake in vegetation, including seasonal
changes (Chapin 1980; Vitousek 1982; Ehrenfeld 2003), vegetation age (Dosskey et al. 2007,
2010) and species type (Mander et al. 1997). Seasonal differences in nutrient uptake are well
documented, with nutrient uptake peaking in spring and early summer during times of
maximum plant growth that require rapid nutrient assimilation; although this trend does not
occur in humid or semi-arid tropics (Chapin 1980; Vitousek 1982; Chapin et al. 2002).
Vegetation age affects nutrient uptake (Dosskey et al. 2010), being greater in younger plants,
particularly when comparing young trees to older forests (Mander et al. 1997). Nutrient
assimilation by plants decreases as they mature, as older plants recycle more nutrients but do
not require high concentrations of nutrients to drive rapid growth (Osbourne and Kovacic
1993; Mander et al. 1997). However, as plants mature they also store greater quantities of
nutrients, further bolstering the value of riparian vegetation as a nutrient store (Mander et al.
1997).
The nutrient removal efficiency of riparian vegetation can vary substantially across different
functional groups of vegetation. Plants vary greatly in size, growth rate, longevity and form,
which all affect their nutrient removal capacity (Chapin et al. 2002). The structure of riparian
vegetation can range from a grass buffer, to shrubs, trees or a combination these (Dosskey
2001; Knight et al. 2010). Grass buffers are the preferred vegetation type for reducing surface
flow and intercepting particulate nutrients, however nutrient assimilation is low (Lyon et al.
2000; Knight et al. 2010). Tree-only buffers have low sediment trapping and phosphorus
interception capacity when compared to grasses (Mckergow et al. 2006; Knight et al. 2010)
but are more effective at assimilating nitrogen and long term nutrient storage (Lyon et al.
2000; Dosskey et al. 2007). Finally, Hefting et al. (2005) reported that biomass accumulation
and assimilation is greater in forested buffers compared to grass buffers, increasing the
nutrient storage of riparian zones. However, riparian zones can include in-stream vegetation
and sedges that line stream banks (Naiman and Decamps 1997). In-stream vegetation can be
highly effective nutrient interceptor due to its direct interaction with nutrients in streams
(Mars et al. 1999; Tanner and Sukias 2011). Similarly sedges that line stream banks are
capable of considerable nutrient uptake due to their proximity to the nutrient source
(Greenway 2007).
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Riparian vegetation can be partitioned into above and belowground biomasses, which each
have different capacities for nutrient uptake and storage. The main nutrient interceptor site for
plants is below the surface through extensive root systems, however, once assimilated these
nutrients are then distributed throughout the plant (Chapin 1980; Chapin et al. 2002).
Nutrients are stored in the above and belowground biomass of plants, however,
concentrations and biomass are often higher in the aboveground portion (Naiman and
Decamps 1997; Chapin et al. 2002). There has been limited work which assesses
belowground productivity and nutrient dynamics in riparian zones (Naiman and Decamps
1997) so their relative importance, particularly related to fine root turnover, is not well
understood.
The composition of riparian zones can be dictated by the level of disturbance (Shafroth et al.
2002), with greater disturbance associated with a greater proportion of exotic species (in the
context of the thesis, exotic plants refer to non-native invasive plants; Stohlgren et al. 1998;
Renofalt and Nilsson 2008; Richardson et al. 2007). Exotic species can invade disturbed
riparian zones and are usually capable of rapid growth (Ehrenfeld 2003; Lake and Leishman
2004; Leishman et al. 2007). This growth correlates with considerable nutrient uptake,
altering the nutrient uptake capacity of riparian vegetation (Leishman et al. 2007). Exotic
plants tend to have better resource use strategies and are more effective at intercepting
nutrients than native species (Meisner et al. 2011; Leishman et al. 2007). Tilman (2004)
suggested that native species, particularly in Australia, are suited to nutrient deficient soils
and have limited nutrient demands. Furthermore, many native riparian species are perennial
and any nutrients that are taken up are stored away for long periods of time (Meisner et al.
2011).
Riparian vegetation actively takes up nutrients as it grows and nutrients are subsequently
released as plants die or through litterfall (Dhondt et al. 2006; Dosskey et al. 2010). In
situations where nutrient loss through death exceeds nutrient uptake, it can lead to riparian
zones becoming nutrient sources to adjacent waterways (Sabater et al. 2000; Hoffmann et al.
2009). The release of nutrients is mainly dependent on the type of plants in riparian zones and
can be governed by whether they are native or exotic. Exotic and native species have
different nutrient uptake capacities and consequently release nutrients at different rates
(Chapin 1980; Meisner et al. 2011). Exotic species can increase nutrient uptake through
morphological adaptations such as increased root growth (Leishman et al. 2007; Meisner et
al. 2011). Many exotic species in riparian zones are annuals (Lake and Leishman 2004),
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which fully mature and die in one year, leading to widespread seasonal nutrient release and
turning a riparian zone from a store to a source (Ehrenfeld 2003). For example, exotic
willows in Australian riparian zones drop all their leaves in a short period of time leading to
rapid nutrient release (Stokes and Cunningham 2006). Natives typically are longer living,
evergreen and composed of more complex hydrocarbons (lignin, celluloses and tannins)
leading to greater nutrient storage and slower decomposition of dead material (Richardson et
al. 2007; Meisner et al. 2011). To counteract the nutrient loss in riparian zones, periodic
clearing of vegetation is suggested as a management strategy (Vought et al. 1994; Dosskey
2001; Raty et al. 2010). However, this is only appropriate in riparian zones that are
dominated by vegetation with short life cycles such as grasses and shrubs because removing
large woody species can be highly destructive and lead to erosion and nutrient release from
soils (Raty et al. 2010).
The capacity of riparian zones to reduce nutrient flows to streams can depend on whether
they act as a source or sink for nutrients over time. This chapter seeks to determine whether
the structure of riparian vegetation differs between flat sandy sites and sloped riparian zones
with reactive soils and whether this affects nutrient storage and release of riparian vegetation.
In the Ellen Brook catchment, much of the native vegetation, including riparian vegetation
has been cleared, mainly for agriculture. The capacity of the remaining riparian vegetation to
remove nutrients from runoff is unknown, yet planting riparian vegetation has been
undertaken as a best management practice for improving stream water quality, based on
information from other parts of the world. This chapter aims to determine the nutrient
dynamics of the riparian vegetation in both flat and sloped catchments and determine whether
it might act as a source or sink of nutrients throughout the year. To address this the following
questions were asked:


Are there differences in vegetation community composition and condition at the
sloped or flat sandy sites and what are the implications of this?



Are there seasonal changes in vegetation community composition and what are the
implications of this?



What are the concentrations of nutrients stored in the vegetation and lost through litter
and does this vary seasonally?



Is nutrient storage related to the types of functional groups of plants present in the
riparian vegetation and/or the proportion of native or exotic species?
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Methods
Vegetation assessment
Vegetation sampling was undertaken at Bingham Creek and Lennard Brook in September
2012 (spring) and in April 2013 (autumn). The sampling design was based on the work of
Keighery (1994), McGilvray (2006) and the Swan River Trust (2008) to align with previous
data collected on riparian vegetation in the Swan Canning river system.
Classifying the condition of riparian vegetation is essential, as changes in cover, density,
structure and composition modify the degree of riparian influence on the physical, chemical
and biological characteristics of streams. Riparian condition was determined using the
condition scale developed by Keighery (1994), which ranked vegetation condition from
pristine to completely degraded. The classification was based on a composite scale
(Appendix One), that firstly assessed the structure of riparian vegetation and plant
community health (presence of healthy leaves and regeneration) and secondly on the level of
disturbance (presence of dieback, grazing, aggressive exotic weeds and the degree of
clearing).
Vegetation structure was assessed by the presence or absence of a canopy (> 2 m), understory
(0.2-2 m) and groundcover (< 0.2 m). The composition of these layers was typically defined
as canopy (trees), understory (shrubs) and groundcover (sedges/rushes, grasses and herbs).
Total projected foliage cover ("crown cover") was measured in each structural layer. Canopy
continuity was not measured due to the continuous, homogenous nature of the canopy at both
sites.
Cover categories used by Keighery (1994) were adapted for the definition and classification
of vegetation assemblages and were defined as follows: <2 % (not considered to constitute a
structural layer), 2-10 %, 11-30 %, 31-70 %, 71-100 %. Three replicate samples using
standardised quadrat sizes were used for each structural layer, being canopy (10 m2),
understorey (4 m2) and groundcover (1 m2). Quadrats were randomly placed throughout the
riparian zone (location determined using a random number generator). The homogenous
nature of the canopy and plant communities meant there was limited within site variation.
The similarity in vegetation structure throughout the sites justified the use of three 10 m2
quadrats per site, this in keeping with the Keighery (1994) method.
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Dominant species are those with the greatest foliage cover (percentage cover) in each
structural layer (Keighery 1994). For this study, a dominant species was considered to have a
cover greater than 10%, and were identified and classified as native or exotic. The total
number of species within each layer was identified and classed as native or exotic, providing
a ratio of exotic to native species (exotic index).
Vegetation nutrient analysis
Nutrient analysis was undertaken on plant species from the three structural classes in the
riparian zone and from the stream and paddock at Bingham Creek and Lennard Brook.
Within each structural class, plants were split into exotic and native species, to allow nutrient
stores to be clearly defined. Species contributing over 10 % of structural layers were chosen
for nutrient analysis. Plant material from either exotic or native species were amassed for
each structural layer, dried and analysed separately for total phosphorus (TP, Aspilla et al.
1976) and total Kjeldahl nitrogen (TKN; APHA 1995). There were three replicates collected
each structural layer.
Leaf litter traps
To assess loss of nutrients in litter from riparian vegetation, litterfall traps were installed at
Bingham Creek and Lennard Brook in December 2012. Traps had a 0.25 m x 0.25 m opening
with a fine mesh (1 mm x 1 mm) basket capable of trapping the thin needles from Melaleuca
rhaphiophylla trees. The traps were positioned on 0.7 m high legs to ensure they remained
above surrounding low growing vegetation such as the exotic arum lily (Zantedeschia
aethiopica). Six litterfall traps were randomly positioned throughout the riparian zone and
canopy cover was recorded during installation.
Litterfall traps were emptied at the end of each month to determine biomass and nutrient
concentration changes over a year. Once collected, litter was dried and weighed and analysed
for TP and TKN as described above. A single sample (January 2013) was also analysed for
total carbon by loss on ignition analysis. Nutrient load was calculated as biomass multiplied
by the nutrient concentration of the litter.
Groundcover litter
A groundcover litter sample was taken in December 2012 at both locations. Groundcover
litter is defined as all the loose undecomposed organic matter on the soil surface, which due
to the inorganic nature of soils was easily distinguishable. A 0.25 m x 0.25 m quadrat was
used and samples were collected from five different random locations within the riparian
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zone. All non-living organic matter was collected, then dried and weighed and analysed for
TP, TKN, total carbon (Dean 1974) and loss on ignition (Dean 1974).
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Results
Vegetation condition and composition
There were similarities in the condition and composition of riparian zones between Bingham
Creek and Lennard Brook, however Lennard Brook was generally in better condition (Table
4-1). Both sites were fenced, however, there was greater disturbance at Bingham Creek.
Natural regeneration of native species occurred at both sites, although it was more evident at
Lennard Brook. The width of the riparian zone and the canopy height were very similar
between sites. While the canopy and understorey cover were greater at Lennard Brook,
groundcover at both sites was very similar. The exotic species index was greater at Bingham
Creek, but decreased at both sites from spring 2012 to autumn 2013. This pattern was
consistent across all plant functional groups.
Table 4-1- Comparison of key attributes of riparian zone health and composition for Bingham Creek
and Lennard Brook

Bingham
Creek
Yes

Lennard
Brook
Yes

Good

Excellent

Medium

Low

Occasional

Common

No

No

Width of riparian zone (m)

30 m

30 m

Canopy height (m)

15 m

15-20 m

Canopy cover (%)

31-70 %

71-100 %

Understorey cover (%)

11-30 %

31-70 %

Groundcover (%)

71-100 %

71-100 %

Canopy exotic species index (2012/2013)

0%/0%

0%/0%

50 % / 0 %

33% / 0 %

100 % / 80 %

40% / 24%

67 % / 41 %

38 % / 13 %

10-30 %

10-30 %

100 %/ 100 %

100 %/ 100 %

Fenced
Riparian condition
Level of disturbance
Natural regeneration of native species
Presence of dieback

Understorey exotic species index
(2012/2013)
Groundcover exotic species index
(2012/2013)
Exotic species index (2012/2013)
Paddock cover (%)
Exotic species index (2012/2013)
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The number and composition of dominant species differed markedly at Bingham Creek
between spring and autumn, with a higher diversity in spring (Table 4-2). The change was
most noticeable in the groundcover, where dominant species richness went from six in spring
to two in autumn. The stream vegetation changed from aquatic vegetation (native
Cycnogeton sp.) in spring to terrestrial plants (exotic Pennisetum clandestinum) in autumn.
The majority of the dominant species were exotic with the exception of those in the canopy,
and stream vegetation in spring. There were no dominant plant species measured in the
paddock at Bingham Creek due to extensive cattle grazing, rather the plant community
compromised of two grass and herb species which were cropped short and individually all
less than 10% cover.
Table 4-2- Variation in dominant species (greater than 10 % cover) at Bingham Creek between spring
2012 and autumn 2013. Note (in n) represents how many quadrats species were recorded in and (N)
represents native and (E) exotic

Bingham Creek spring 2012

Bingham Creek autumn 2013

Stream

Stream

1. Cycnogeton sp. (N)

1. Pennisetum clandestinum (in 3) (E)

Canopy

Canopy

1. Melaleuca rhaphiophylla (in 3) (N)

1. Melaleuca rhaphiophylla (in 3) (N)

2. Eucalyptus rudis (in 2) (N)

2. Eucalyptus rudis (in 3) (N)

Understorey

Understorey

1. Zantedeschia aethiopica (in 1) (E)

none

Groundcover

Groundcover

1. Pennisetum clandestinum (in 3) (E)

1. Pennisetum clandestinum (in 3) (E)

2. Ehrharta longiflora (in 3) (E)

2. Cynodon dactylon (in 1) (E)

3. Moraea flaccida (in 2 ) (E)
4. Zantedeschia aethiopica (in 1) (E)
5. Hypochoeris radicata (in 1) (E)
6. Cynodon dactylon (in 1) (E)
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As seen at Bingham Creek, species diversity at Lennard Brook was greater in spring than in
autumn, species richness decreasing from twelve to eight. There was a greater presence of
native species within the understorey and groundcover than at Bingham Creek, particularly in
autumn 2013, when all the dominant species were native (Table 4-3). Unlike Bingham Creek,
the stream vegetation remained aquatic (Cycnogeton sp.) between seasons in this perennial
stream. There was no dominant plant species measured in the paddock at Lennard Brook due
to extensive grazing by sheep.
Table 4-3- Variation in dominant species (greater than 10 % cover) at Lennard Brook between spring
2012 and autumn 2013. Note (in) represents how many quadrats species were recorded in and (N)
represents native and (E) exotic

Lennard Brook spring 2012

Lennard Brook autumn 2013

Stream

Stream

1. Cycnogeton sp. (N)

1. Cycnogeton sp.(N)

Canopy

Canopy

1. Melaleuca rhaphiophylla (in 3) (N)

1. Melaleuca rhaphiophylla (in 3) (N)

2. Taxandria linearifolia (in 3) (N)

2. Taxandria linearifolia (in 3) (N)

3. Eucalyptus rudis (in 2) (N)

3. Eucalyptus rudis (in 2) (N)

Understorey

Understorey

1. Zantedeschia aethiopica (in 3) (E)

1. Pteridium esculentum (in 1) (N)

2. Taxandria linearifolia (in 2) (N)
3. Pteridium esculentum (in 1) (N)
Groundcover

Groundcover

1. Zantedeschia aethiopica (in 3) (E)

1. Unidentified sedge (in 3) (N)

2. Baumea sp. (in 2) (N)

2. Patersonia occidentalis (in 3) (N)

3. Patersonia occidentalis (in 2) (N)

3. Baumea sp. (in 1) (N)

4. Juncus sp. (in 1) (E)
5. Lagenophora huegelii (in 1) (N)
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Nutrient analysis
Phosphorus
TP concentrations in the vegetation at both Bingham Creek and Lennard Brook were fairly
similar (Figure 4-2a-d). Exotic species had higher phosphorus concentrations than most of the
native species. Groundcover vegetation at Bingham Creek in autumn 2013, had the highest
concentrations. Within native species, the stream vegetation (Cycnogeton sp.) had the highest
phosphorus concentration. There was little variation in the TP concentrations over seasons for
native or exotic species at either Bingham Creek or Lennard Brook.

TP (mg/kg)

a)

TP (mg/kg)

c)

b)

5.5
5
4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

5.5
5
4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

5.5
5
4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

d)

Native
Exotic

5.5
5
4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

Figure 4-2- A comparison of vegetation TP concentrations in native and exotic species for a) Bingham
Creek spring 2012 b) Lennard Brook spring 2012 c) Bingham Creek autumn 2013 and d) Lennard
Brook autumn 2013. Error bars represent standard error.
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Nitrogen
TKN concentrations within the vegetation showed a similar pattern to that of phosphorus.
Concentrations were typically higher in exotic species, with the exception of native in-stream
vegetation (Cycnogeton sp.) which had the highest concentration of all plant species (Figure
4-3a-d). This trend was apparent over both seasons and there was little change in TKN
concentrations over seasons for either location.

TKN (mg/kg)

a)

TKN (mg/kg)

c)

45
40
35
30
25
20
15
10
5
0

45
40
35
30
25
20
15
10
5
0

b)
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Figure 4-3- A comparison of vegetation TKN concentrations in native and exotic species for a)
Bingham Creek spring 2012 b) Lennard Brook spring 2012 c) Bingham Creek autumn 2013 and d)
Lennard Brook autumn 2013. Error bars represent standard error.
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Litterfall traps
Weight
The average leaf litter mass at Bingham Creek and Lennard Brook was very similar and both
showed the same trend over time. Leaf litter weights decreased from January to April,
remaining low until August, whereupon weights increased and subsequently peaked in
December (Figure 4-4). The total litterfall weight over the year was marginally higher at
Lennard Brook (404 g/m2) compared to Bingham Creek (369 g/m2).
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Figure 4-4- Comparison of monthly litterfall weights over a year between Bingham Creek and
Lennard Brook. Error bars represent standard error.
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Nutrients
Phosphorus
Bingham Creek litterfall had higher TP concentrations (Figure 4-5a). However, at both
Bingham Creek and Lennard Brook, there was no clear trend over time. Total phosphorus
loads were very similar between sites and followed a similar pattern to litterfall mass, which
peaked in summer and was lowest over winter (Figure 4-5).
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Figure 4-5- Comparison of a) litterfall TP concentrations and b) TP loads at Bingham Creek and
Lennard Brook over a year. Error bars represent standard error.
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Nitrogen
TKN concentrations of the vegetation were very similar between sites and changes in
concentration over time mirrored one another but overall were minimal (Figure 4-6a). TKN
loads were also similar, with considerable overlap between sites, but values peaked in
summer and were lowest during winter (Figure 4-6).
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Figure 4-6- Comparison of a) litterfall TKN concentrations and b) TKN loads at Bingham Creek and
Lennard Brook over a year. Error bars represent standard error.

113

Groundcover litter
Lennard Brook had more than double the weight of ground litter than that present at Bingham
Creek (Table 4-4). TP and TKN concentrations of the ground litter were higher at Bingham
Creek. However, due to the greater biomass of litter the storage of TP and TKN is greater in
litter at Lennard Brook (TP- 495 mg/m2, TKN- 7921 mg/m2) compared to Bingham Creek
(TP- 298 mg/m2, TKN- 3717 mg/m2). Organic matter and organic carbon content was similar,
although marginally higher at Lennard Brook.
Table 4-4- Comparison of groundcover litter weights and chemical composition between Bingham
Creek and Lennard Brook. Standard errors in parentheses

Bingham Creek

Lennard Brook

Average weight (g/m2)

295 (81.2)

769 (170)

TP concentration (mg/g)

1.01 (0.08)

0.644 (0.04)

TKN concentration (mg/g)

12.6 (1.09)

10.3 (0.68)

Organic matter content (%)

91.4 (0.73)

92.9 (1.26)

Organic carbon content (% C)

45.4 (0.4)

47.8 (0.7)

114

Discussion
Are there differences in vegetation community composition and condition at
the sloped or flat sandy sites and what are the implications of this?
The composition of riparian vegetation can strongly influence the nutrient removal capacity
of riparian zones (Mander et al. 1997; Hooper and Vitousek 1998) and superficially, the
riparian vegetation at Bingham Creek and Lennard Brook appeared similar, bo th having a
native canopy and dense groundcover. However, Lennard Brook had a denser canopy and
understorey. The groundcover was similar between sites but there were more exotic species at
Bingham Creek. At Bingham Creek there were fewer dominant species (eight) in the riparian
zone, compared to Lennard Brook (eleven).
The level of disturbance is a key factor affecting species composition (Shafroth et al. 2002;
Naiman et al. 2005; Richardson et al. 2007; Renofalt and Nilsson 2008). Both sites were
fenced, however, at Bingham Creek there was evidence of cattle grazing in the riparian zone
for extended periods. Cattle can be highly destructive in riparian zones by destroying
vegetation, compacting soils and by introducing exotic plant species (Kauffman and Krueger
1984; Armour et al. 1994). The higher level of disturbance at Bingham Creek is shown by the
higher exotic species diversity and reduced regeneration of natural species (Richardson et al.
2007). Riparian zones can be hotspots for exotic species due to high nutrient and water
availability, the level of disturbance in riparian zones and their proximity to agricultural land
which can provide a source of exotic species (Stohlgren et al. 1998; Hood and Naiman 2000).
Disturbances such as stock access and fire not only contribute to shaping what species exist
in riparian zones but also put considerable stress on plants, reducing their functionality and
affecting their nutrient recycling capacity (Naiman et al. 2005).
These results suggest that there was little difference in the composition of riparian vegetation
between sloped and flat locations. Both sites have large woody species, which are ideal for
long term nutrient uptake and storage (Chapin et al. 2002) and a combination of grasses,
herbs and weeds that have more rapid nutrient uptake but greater turnover (Lyons et al.
2000). This suggests riparian vegetation should function similarly between locations (Hooper
and Vitousek 1998).
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Are there seasonal changes in vegetation community composition and what
are the implications of this?
The riparian community composition not only differed between sites, but also between
seasons, with a reduction of species diversity and the exotic species index from spring to
autumn. Growth and diversity is typically highest in spring and lowest in autumn (Chapin
1980; Chapin et al. 2002), consistent with our results. The reduction in species is likely due
to drying soils (Ehleringer and Dawson 1992; Hancock et al. 1996; Stromberg et al. 2005,
2007) creating less favourable conditions for exotic species, such as arum lilies (Zantedeschia
aethiopica) at Lennard Brook, which require damp soils (Clark and Boldingh 1991). This
pattern is a characteristic of riparian zones adjacent to intermittent streams, with a reduction
in damp species associated with the cessation of flow (Stromberg et al. 2005). The reduction
in exotic species in autumn is also likely to be an effect of the shorter lifespan of annual
exotic species such as cape tulips (Moraea flaccida) and exotic grasses (Chapin et al. 2002).
In contrast, native grasses and sedges are often perennial (Tremont and McIntyre 1994) and
remained throughout autumn. The intermittent nature of Bingham Creek also resulted in a
change in stream vegetation between spring and autumn, from aquatic (Cycnogeton sp.) to
terrestrial plants (Pennisetum clandestinum). This pattern is likely to occur in Mediterranean
climates, where intermittent streams are common (Gasith and Resh 1999; Stromberg et al.
2005).
Seasonal changes in the composition of riparian vegetation can affect nutrient uptake and
release of riparian zones (Vought et al. 1994; Meisner et al. 2011). At Bingham Creek and
Lennard Brook there was a reduction in the number of plant species in the riparian zone, with
particular reference to understorey and groundcover species. A reduction in plant diversity
can affect nutrient uptake and release in a number of ways. Firstly, a decline in plant diversity
can result in less nutrient uptake, which can be explained by niche differentiation (Hooper
and Vitousek 1998; Tilman et al. 2001). This relates to plants accessing nutrients from
different pools and a reduction in species diversity can limit potential nutrient uptake (Hooper
and Vitousek 1998; Tilman et al. 2001; Hooper et al. 2005; Spehn et al. 2005). Conversely,
an increase in species diversity can result in greater nutrient uptake as different nutrient pools
become available (Tilman et al. 2001). For example a change in species diversity may
correspond with the proliferation of perennial C4 grasses such as Cynodon dactylon, which
can increase phosphorus storage (Halsted and Lynch 1996). Secondly, a reduction in species
diversity often correlates with a decrease in vegetation cover, lowering the capacity for
116

nutrients to be intercepted (Hooper and Vitousek 1998; Hooper et al. 2005). Finally, seasonal
variations in riparian plant communities can result in changes to underlying soil phosphorus
concentrations, due to changes in uptake and release from plants as they grow and die (Fabre
et al. 1996).
The seasonal change in plant diversity and abundance affects nutrient dynamics within
riparian zones, however, these changes were similar between sloped and flat riparian zones,
which can be explained by the climate within this region. The change in the number and type
of plant species between seasons can strongly affect nutrient dynamics, governing whether
riparian zones can be sources or sinks. Therefore in the Ellen Brook catchment nutrient
uptake is likely to be greatest during winter and spring (greatest species richness and access
to shallow groundwater) and nutrient release greatest in summer and autumn in line with the
decline in plant diversity and abundance.
What are the concentrations of nutrients stored in the vegetation and lost
through litter and does this vary seasonally?
Phosphorus and nitrogen concentrations in live plant tissues varied between sites and across
seasons. At Bingham Creek and Lennard Brook nutrient concentrations were greatest in the
in-stream vegetation (Cycnogeton sp.). These high concentrations may indicate that
phosphorus and nitrogen assimilation is occurring directly from stream water (Duarte 1992;
Mars et al. 1999; Tanner and Sukias 2011). This may explain why TP concentrations were
higher in live tissues at Bingham Creek due to elevated FRP concentrations in stream water.
The high TP and TKN concentrations in riparian groundcover plants in spring at Bingham
Creek can potentially be explained by their shallow root depth, which intercepts surficial soils
and groundwater, rich in phosphorus and nitrogen (Chapin et al. 2002). At Lennard Brook,
the highest concentrations occurred in the understorey, which was dominated by exotic arum
lilies (Zantedeschia aethiopica). They have a high nutrient demand and are capable of storing
nutrients in their rhizome (Chen et al. 2009). However, they were absent in autumn as arum
lilies are restricted by soil moisture (Clark and Boldingh 1991), which affects nutrient storage
in the riparian zone, as uptake occurs while soil is moist but nutrients are released as the soil
dries and plants die. Overall, nutrient concentrations in live tissues were similar between
sloped and flat riparian zones, indicating a similar capacity to assimilate and store nutrients.
Litterfall rates exhibited similar trends between sites, which peaked in summer and were
lowest in winter. Australian native trees drop their leaves over summer in periods of high
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temperatures and low water availability (Bell 1999; Valentini et al. 2008). Given that both
sites had similar species composition and structure it is unsurprising that total annual litter
weights were reasonably similar (Benfield 1997). However, the marginally higher leaf litter
weights at Lennard Brook can be explained by a greater percentage of canopy cover, which
translates to greater litterfall (Williams and Wardle 2007). The similar rate of litterfall can
also be explained by their close proximity of sites, as Bray and Gorham (1964) demonstrated
that litterfall rates can be governed by their latitude.
TP concentrations in litter were higher at Bingham Creek than Lennard Brook, even though
live tissue concentrations were higher at Lennard Brook. This is because plants living in
nutrient enriched environments tend not to recycle as much phosphorus from dying leaves as
plants in nutrient poor locations (Chapin 1980; Vitousek 1982; Chapin et al. 2002; Wright
and Westoby 2003). Furthermore, there can be seasonal variations in phosphorus
concentrations in litterfall (Aerts 1996), which can be linked to phosphorus availability and
environmental constraints (water limitation), creating stress and leading to limited recycling
of phosphorus from dying plant matter (Chapin et al. 2002; Muune-Bosch and Leonor 2004).
Concentrations of TKN in litterfall showed little variability between sites and over time. This
can be explained by groundwater nitrogen concentrations being comparable between sites
and so nutrient uptake and release is similar (Chapin et al. 2002). However, TKN
concentrations far exceeded TP concentrations, which is driven by higher nitrogen demand in
plants (Vitousek 1982; Wright and Westoby 2007).
TP and TKN litter loads were similar between Bingham Creek and Lennard Brook,
decreasing over winter and peaking in summer. Nutrient load at both sites is being driven by
the mass of litterfall, which explains why nutrient loads were highest in summer when the
level of stress in the highest (Bell 1999; Valentini et al. 2008). This trend is common in
temperate and Mediterranean climates, were litterfall is driven by water availability (Bell
1999; Valentini et al. 2008). These results illustrate that the export of phosphorus and
nitrogen from litterfall is similar between flat and sloped sites and is likely to have a similar
effect on nutrient dynamics.
As well as directly measuring litter loss from the canopy, litter covering the ground was
assessed to determine if the different plant community composition at each site affected
nutrient content and hence storage in the litter component. The mass of groundcover litter at
Lennard Brook was twice as high as Bingham Creek, which can be explained by two factors.
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Firstly, there was greater plant cover (particularly in groundcover and understorey) and
biomass at Lennard Brook, which would have a cumulative effect on groundcover litter
(Williams and Wardle 2007). Secondly, there were more exotic species at Bingham Creek
which potentially have faster decomposition rates (Ehrenfeld 2003; Ashton et al. 2005). This
is due to the greater proportion of labile carbon in exotic species (Allison and Vitousek 2004;
Liao et al. 2008) and can result in lower surface litter standing crop (Meisner et al. 2011).
While there was less litter, nutrient concentrations in surface litter at Bingham Creek were
higher, most likely due to the greater proportion of exotic species in the riparian zone. As
exotic plants can often have high nutrient concentrations, which results in regular
contributions of nutrients to surface litter (Vought et al. 1994; Meisner et al. 2011). In
contrast, native species are typically perennial and recycle nutrients from senescent leaves
before their death and loss, leading to lower nutrient concentrations in litter (Chapin 1980;
Aerts 1996; Meisner et al. 2011). However, due to the higher biomass of litter, there is
greater store of nutrients in litter at Lennard Brook. This may explain the higher organic
matter and nutrient content of surficial riparian soils (Tabacchi et al. 1998).
Is nutrient storage related to the types of functional groups of plants present
in the riparian vegetation or the proportion of native or exotic species?
Within the riparian vegetation, the majority of exotic species exhibited higher TP and TKN
concentrations compared with native vegetation. The exception to this was high
concentrations in the native stream vegetation (Cycnogeton sp.). The highest nutrient
concentrations in exotic vegetation occurred in the riparian zone and were likely intercepting
groundwater with high nutrient concentrations (see Chapter Two). Exotic species often have
higher nutrient concentrations due to physiological adaptations such as greater root mass,
allowing for superior nutrient uptake (Naiman and Decamps 1997; Ehrenfeld 2003; Lake and
Leishman 2004; Leishman et al. 2007; Meisner et al. 2011). As a result exotic species will be
competitively advantaged by the nutrient enrichment at both sites (Pysek and Richardson
2007; Leishman et al. 2007). For example, at Bingham Creek there were two species of
perennial C4 grasses (Pennisetum clandestinum and Cynodon dactylon), which have been
shown to be more efficient at using and accumulating phosphorus then native C3 plants
(Halstead and Lynch 1996). This can result in greater biomass accumulation allowing the
exotic C4 grasses to outcompete surrounding crops and native vegetation (Halstead and
Lynch 1996; Haling et al. 2014). Furthermore, exotic species can outcompete natives,
through resource partitioning, rapid growth and chemical defences leading to a reduction in
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native (Hejda 2013), this trend was observed in the understorey and groundcover layers at
both sites. The change in species composition can alter nutrient uptake capacity of riparian
vegetation (Hooper and Vitousek 1998).
The change in species diversity and reduction in exotic species index from spring to autumn
illustrates that the majority of exotics were not perennial and are removing and then returning
nutrients to the riparian zone annually (Aerts 1996; Ashton et al. 2005). However, the
nutrients are being transformed in this process from being highly soluble and available
(inorganic) to being bound in organic form which requires decomposition and mineralisation
before the nutrients would be available for algal growth in waterways (Vitousek 1982).
However, these nutrients can be lost as a result of leaching, leading to the enrichment of
underlying groundwater (Berg 1981; Qiu et al. 2002). Therefore, it is important to strike a
balance in riparian vegetation, having vegetation that is capable of being able to take up high
nutrient concentrations, but also has a long life span (Hoffmann et al. 2009). A method that
has been proposed to overcome this is planting rapid growing riparian vegetation with high
nutrient demands and then harvesting this vegetation periodically (Vought et al. 1994;
Strauss et al. 2006; Raty et al. 2010). This promotes nutrient removal, but also limits nutrient
release through plant death and litterfall. However, this can be time consuming, expensive,
and disturbance to plants and soil can result in significant particulate nutrient loss (i.e.
sediment) to the stream during harvesting (Vought et al. 1994; Strauss et al. 2006; Raty et al.
2010). In the Ellen Brook catchment this strategy would not be appropriate. The benefits of
removing the exotic vegetation would be outweighed by the disturbance the native vegetation
would endure. Furthermore, it is better to have some vegetation rather than none, as plants
help improve soil structure (Chapin et al. 2002), slows flow (Vought et al. 1994; Vigiak et al.
2008) and contributes organic matter to soils (Reddy et al. 1998; Schlesinger and Andrews
2000; Sayer 2006).
The composition of functional groups can strongly influence nutrient uptake (Lyons et al.
2000; Fornana and Tilman 2008) and is equally as important as the proportion of exotic and
native species within riparian zones. Riparian zones that are mainly comprised of trees are
more capable intercepting and storing nutrients for prolonged periods, whereas grass buffers
are more effective at intercepting particulate nutrients, but have a limited nutrient
assimilation capacity (Lyons et al. 2000). However, the proportion of exotic species within
these functional groups can strongly influence nutrient dynamics in riparian zones. Where
there are more exotic species it may result in riparian zones acting as a source of nutrients
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due to their high nutrient content and their shorter life spans (Meisner et al. 2011; Leishman
et al. 2007), although this is not applicable to all exotic riparian species. When functional
groups are comprised of native species it can result in long term storage of nutrients (Fornana
and Tilman 2008; Meisner et al. 2011), however, nutrient uptake can be lower due to lower
phosphorus demands (Hooper and Vitousek 1998).
The riparian vegetation had a similar composition of functional groups at Bingham Creek and
Lennard Brook, however the proportion of exotic species was different and is likely to have a
greater effect on nutrient dynamics between riparian zones. Bingham Creek had a higher
proportion of exotic species, which is driven disturbance (Stohlgren et al. 1998; Renofalt and
Nilsson 2008; Richardson et al. 2007), this represents a greater potential for nutrient release
given their seasonal nature. Therefore, in the Ellen Brook catchment the proportion of exotic
plant species appears to have a greater effect on nutrient storage and release, which is due to
similar vegetation composition throughout the catchment.
Conclusion
The composition of riparian vegetation was similar between Bingham Creek and Lennard
Brook and as a result riparian vegetation has comparable contributions to the functionality of
riparian zones. Seasonal variations in plant diversity were driven by drying at both sites,
resulting in a reduction in the number of exotic plant species. However, there was limited
seasonal variability in nutrient storage in live tissue. Nutrient release and the quantity of
litterfall was comparable, suggesting similar inputs of organic matter from the canopy at both
sites. Finally, exotic species were driving the main variation in nutrient uptake and storage in
riparian zones. Due to their short life cycles there is the potential for significant nutrient
mobilisation following their death, which may result in riparian zones being nutrient sources
and sinks on a seasonal basis. This could support the notion for the control of exotic species
in riparian zones and the planting of dense native understorey plants such as sedges.
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Chapter 5 Investigation of how nutrient dynamics of soils are
affected by the vertical rise and fall of water using a column
experiment

Introduction
Urbanisation and agricultural production in catchments are the primary sources of nutrient
enrichment in waterways (Peters and Meybeck 2000). Sandy coastal plain catchments in
particular are prone to substantial nutrient release, especially in regions with extensive or
intensive agriculture (Peters and Donohue 2001; Howarth et al. 2002; Novak and Watts 2004;
Butler and Coale 2005). Currently our understanding of riparian zones as a nutrient removal
tool assumes the horizontal flow of water though the riparian zone (Weaver and Summers
2014). However, the implications of the vertical rise and fall of groundwater and how this
affects nutrient dynamics are poorly understood. This is significant as there are many regions
around the world, which have low relief and flow is primarily below the surface. Examples of
this are sandy coastal plains of Australia (Weaver and Summers 2014) and the USA (Butler
and Coale 2005; Flewelling et al. 2012) and the peat lands of Germany (Tiemeyer et al.
2006) and the United Kingdom (Niedermeier and Robinson 2007).
The magnitude of nutrient loss from agricultural catchments is a function of nutrient loading
(e.g. fertiliser rates and livestock density) and the capacity of the catchment to retain the
nutrients added. The latter is often a function of soil type (Sims et al. 1998). Sands are a
common soil type throughout the world and are commonly found in agricultural catchments
and can be synonymous with significant nutrient export (Novak and Watts 2004; Butler and
Coale 2005; Weaver and Summers 2014). Soils in the Ellen Brook catchment are largely
comprised of Bassendean sands, which are nutrient poor and have a limited nutrient holding
capacity (Weaver et al. 1988; McPharlin et al. 1990). As a result, repeated applications of
fertilisers are required to make the soils viable for crop production (Novak and Watts 2004).
However, due to the leaching capacity of these sands, nutrients can be quickly mobilised by
rainfall leading to poor uptake by crop plants, enrichment of the underlying groundwater and
increase in the nutrient enrichment of Ellen Brook and the Swan-Canning Estuary (Barron et
al. 2008). Leaching of nutrients from agricultural soils following fertiliser application is a
problem internationally (Kang et al. 2011; Wang et al. 2013). Historically, fertiliser use has
often been ineffective and poorly managed, leading to higher application rates than necessary
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to promote plant growth. It has also resulted in fertiliser being used in inappropriate areas
(e.g. next to streams and in areas prone to inundation and nutrient leaching; Sims et al. 1998;
Paulson and Babcock 2010). The use of fertilisers coupled with livestock grazing has shown
to greatly increase nutrient export.
The different forms of agriculture occurring within catchments can greatly affect nutrient
export. As highlighted above, while fertilisers contribute directly to nutrient export (Sims et
al. 1998), cattle farming can also result in considerable organically-bound nutrient export
from catchments (Chardon et al. 2007). Often it is the density of cattle being farmed that
dictate the magnitude of nutrient export. Cattle can be highly detrimental to the environment,
contributing nutrients through defecation, soil compaction and by destroying native riparian
vegetation, which increases erosion and removes the beneficial nutrient retention properties
that this vegetation provides (Robertson and Rowling 2000; March and Robson 2006).
Cattle farming is common practice in the Ellen Brook catchment and has been identified as a
major contributor of nutrients leaving the catchment (Kelsey et al. 2010). Cow manure is
high in organic nutrients (Yadvinder-Singh et al. 1995) and is delivered directly to the
underlying soils. On the sands in Ellen Brook, urine provides a highly soluble source of
nutrients that can rapidly enter groundwater under leaching conditions, whereas manure is
slowly decomposed over time but also contributes nutrients to groundwater (Chardon et al.
2007). Where cattle are confined in a small area, it can lead to a large pulse of nutrients into
receiving waters (Robertson and Rowling 2000). Even where riparian vegetation is protected,
if grazing occurs upslope of the stream and there is significant slope, manure can be washed
directly into riparian zones (Robertson and Rowling 2000). When riparian vegetation is not
fenced, like much of Ellen Brook, cattle can defecate in the riparian zone and in the stream,
allowing rapid nutrient mobilisation (Kauffman and Krueger 1984).
While paddock and riparian soils are adjacent to one another in agricultural landscapes, the
capacity of these soils to intercept nutrients can differ markedly (Griffiths et al. 1997; Stutter
and Richards 2012). Firstly, the location of soils in the landscape can strongly affect soil
profile type (Coyne and Thompson 2006). Soils in the riparian zone are likely to be more
varied and complex due to their proximity to streams. Streams or rivers affect soil parent
material of riparian zones through flooding, scouring and deposition of sediments of variable
particle size (Herron and Hairsine 1998). Secondly, riparian soils accumulate nutrients over
time through trapping nutrients entering from overland flow and from litterfall (Fabre et al.
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1996; Lyons et al.1998; Lyons et al. 2000). Paddock soils in many regions of the world and
particularly in the Ellen Brook catchment are often nutrient-poor due to intensive farming
practices and remain this way unless there are nutrient inputs from livestock or fertilisers
(McPharlin et al. 1990; Novak and Watts 2004; Paulson and Babcock 2010). Finally, riparian
soils have more carbon than paddock soils due to input of organic matter from riparian
litterfall over time (Reddy et al. 1998; Jobbagy and Jackson 2000; Schlesinger and Andrews
2000; Stutter and Richards 2012).
Carbon in soils affects the hydrology and nutrient dynamics of soils (Rawls et al. 2003;
Reddy and DeLaune 2008). Soil organic matter has the capacity to alter pore size distribution
and absorb water, thereby increasing the water holding capacity of riparian soils (Rawls et al.
2003; Reddy and DeLaune 2008). This slow flow and input of carbon into riparian soils can
influence underlying physiochemical conditions (Reddy and DeLaune 2008). Carbon fuels
microbial respiration and growth, which can contribute to anaerobic and highly reducing
conditions in underlying soils and groundwater (Richardson and Vepraskas 2001), promoting
denitrification and increased phosphorus availability (Kadlec and Knight 1996; Craft 2001).
While soil type and structure affect nutrient storage, the interaction between soil and water
can also have a strong influence on nutrient export.
The movement of water through the Ellen Brook catchment is a function of seasonal rainfall,
the sandy soils and the flat landscape (Heinin et al. 2012; Barron et al. 2008). The features of
Bingham Creek which strongly control hydrology are lack of slope, a relatively shallow
unconfined aquifer, and deep sands with no impermeable subsurface layer (Chapter Three).
This results in limited surface flow from the paddock to the stream as rainfall rapidly
infiltrates into the sands and the hydrology is dominated by vertical, rather than horizontal,
subsurface water movement. Water rises and falls through the soil profile as a result of
rainfall and recharge or decline of groundwater. Over the period of this study, groundwater
did not rise above the soil surface (Figure 5-1). This type of water movement occurs in both
the paddock and riparian zone and is likely to be key factor influencing groundwater nutrient
dynamics (Hoffman et al. 2009).
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Figure 5-1- A conceptual model of the hydrology at Bingham Creek

Understanding the nutrient interactions between soil and water is crucial to successful
management of nutrient enrichment in Ellen Brook. However, there are limitations in the
field to identifying well-defined relationships due to the complexity of the rainfall, soil,
landscape and land use interactions. On the other hand, it is possible to simulate vertical
groundwater movement and rainfall input into soil and determine the soil response, and
changes in soil and groundwater nutrient concentrations. Column experiments provide a tool
(Li et al. 2013) that can mimic groundwater movement under controlled conditions,
providing insight into the nutrient interactions that occur (Chapter Two). The key questions
addressed in this chapter are:


Do riparian soils modify hydrology relative to that of paddock soils?



How does water movement (downward from rainfall and upward from rising
groundwater) influence nutrient movement and potential export from paddock and
riparian soils?



What effect do added nutrients (superphosphate fertiliser and cow manure) have on
soil and groundwater nutrient concentrations?

The hypothesis tested is:
Riparian soils will export fewer nutrients than paddock soils due to increased interaction
with mobile nutrients.
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Methods
Experimental design
A column experiment was designed to assess how water movement up and down the soil
profile affects water and soil nutrient concentrations. The experiment used nine intact soil
columns collected from both the riparian and paddock zones at Bingham Creek to investigate
whether riparian soils are more effective at retaining nutrients as water flows through them.
Different hydrological events affect nutrient movement differently. Rain provides a
mechanism for downward leaching of surface material to occur, whereas rising groundwater
simulates the effect of saturation of a previously aerated soil profile. These two water
movement processes therefore mimic nutrient responses to the vertical flow hydrology of
water in deep sands with minimal surface slope. Understanding these processes is essential to
determine what effect different flow paths have on the nutrient dynamics of paddock and
riparian soils.
Soil collection and experimentation occurred over two periods. Soil collected in winter was
used to replicate winter hydrological conditions in the column experiment; specifically,
winter rainfall events and the rise and fall of groundwater due to incoming water. Paddock
soil was collected on 7 August 2013 and riparian soil on 2 September 2013, using a 10 cm
diameter soil corer with a sharpened edge. Intact cores (0.5 m deep) were transferred directly
in the field to columns (0.6 m length, 10 cm diameter PVC pipe) for transport to the
laboratory. Soil columns were all collected from the same area in the paddock or riparian
zone to reduce variation in soil profiles and nutrient concentration. Three additional 0.5 m
soil columns were collected from each zone using a 5 cm corer to measure baseline soil
nutrient concentrations.
Two 60 cm lengths of PVC pipe were connected using a manifold, allowing water to move
between columns (Figure 5-2). One column comprised the soil core, while the other
contained distilled water, allowing the height of water in the soil column to be manipulated,
as the relative height of water would equalise between the two columns. Water was drained
via a tap beneath the manifold. The tap was positioned to allow the two columns to be
separated (which prevented flow from the water column following saturation of the soil
column) and for the soil column to be drained separately to the water column.
The nine columns were randomly assigned to control, cow manure or fertiliser treatments (n
= 3). Controls had nothing added, while the treatments had either 100 g of fresh cow manure
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or 0.14 g of superphosphate (9 % P; equivalent to a dosage rate of 100 kg superphosphate
/ha) spread over the soil surface. The cow manure was analysed for total Kjeldahl nitrogen
(TKN), total phosphorus (TP) and total carbon (TC) to determine the load of nutrients added
(TKN-1900 mg, TP-250 mg, TC-33 g per 100 g).
The columns were filled with distilled water over three days, from the bottom up to simulate
a rise in groundwater level, to a maximum water level of 5 cm below the soil surface (the
maximum groundwater height observed in this study - Chapter Two). Once saturated, the soil
column was isolated from the water column (to prevent further water inflow) and left to sit
for three days. The soil column was then drained over the day and a water sample taken for
nutrient analysis once draining was complete. The following day, water was added from the
top of the column to mimic a rainfall event. A moderate rainfall event (20 mm) was simulated
by adding 160 ml of distilled water to the soil surface over two hours using a watering can
nozzle. The column was then drained until no water flowed through the basal tap and all the
leachate was collected and a sample was taken for nutrient analysis. This process was the
repeated the following day to simulate a second 20 mm rainfall event. The soil column was
then re-filled with water from the bottom up over three days until the column was saturated,
to simulate a second groundwater rise after rainfall. The column remained saturated for three
days before draining. The final drainage was timed, with time taken for each 150 ml sample
to drain from the soil core recorded. Each 150 ml sample was then processed separately for
nutrient analysis. Drainage occurred for up to eight hours, whereupon flow from the columns
was negligible. In total three 150 ml water samples were collected over this time period from
riparian and paddock columns.
After the final draining, a 5 cm diameter soil core the full length of the column (0.5m) was
removed and analysed for nutrients. The soil was split into three sections, the top 10 cm, 1030 cm and 30-50 cm depths.
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Water

Soil

Figure 5-2- Columns used in the experiment, showing water movement from the water to soil column,
which imitates the rise and fall of groundwater following rainfall.

Nutrient analysis
Water
Following the collection of water, all samples were analysed by the Marine and Freshwater
Research Laboratory (MAFRL, NATA accredited No. 10603) for total phosphorus (TP,
Valderrama 1981), total nitrogen (TN, Valderrama 1981), filterable reactive phosphorus
(FRP, Johnson 1982), nitrate-nitrite-nitrogen or oxidised nitrogen (NOx-N, Johnson 1983),
ammonium-nitrogen (NH4-N, Switala 1993) and dissolved organic carbon (DOC, APHA
1995). Samples for FRP, NOX-N, NH4-N and DOC were filtered through a 0.45µm millipore
filter. Samples for TP and TN were not filtered.
Soil
Following the collection of the soil, the soils were air-dried and a sample was taken for
nutrient analysis in the laboratory. Soils were analysed by MAFRL for total Kjedahl nitrogen
(TKN; APHA 1995), total phosphorus (TP; Aspilla et al. 1976), total organic carbon (%C;
Dean 1974).
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Data analysis
All data analysis was done using SPSS 17©. A one-way, repeated measures ANOVA was
conducted for each dependent variable (concentrations of each nutrient) which compared the
trend in concentration across the drainage times between the two soil types. Where the
sphericity assumption was violated (P < 0.05), the Greenhouse-Geisser reading was used to
assess significance. Where the homogeneity test failed (Levene's < 0.05), data was
transformed using Log10, which corrected the violation in all cases.
A two factor repeated measures ANOVA was used to assess trends in water nutrient
concentrations over four time periods that spanned the simulated hydrological events. The
factors were soil type (2 levels: riparian, paddock) and treatment (3 levels: control, manure
treatment, superphosphate treatment). The interpretation of the results followed the steps
outlined above. Residual plots were also used to assess the spread of the data.
Another two factor repeated measures ANOVA was used to assess trends in water nutrient
concentrations across three drainage periods (150 ml aliquots) during the final hydrological
events. The factors were soil type (2 levels: riparian, paddock) and treatment (3 levels:
control, manure treatment, superphosphate treatment). The interpretation of the results
followed the steps outlined above.
Nutrient concentrations in the top 10 cm of soil were compared between paddock and riparian
columns using a single factor ANOVA. Concentrations in the deeper soil were frequently
beneath detection, preventing statistical analysis. Where the homogeneity test failed
(Levene’s < 0.05), data was transformed using Log10, which corrected the violation in all
cases.
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Results
Groundwater drainage rates
The flow rate of water (L/hr) from the paddock soil column was more than twice that of the
riparian zone for each 150 ml aliquot drained (Greenhouse-Geisser F1.47, 23.6 = 5.77, P= 0.015,
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Figure 5-3a). Flow rate declined with successive drainage events (Figure 5-3b).
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0.8
0.6
0.4
0.2
0

drain 0 drain 1 drain 2 drain 3
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Figure 5-3- a) Drainage time of 150ml of water from the paddock and riparian columns b) Rate of
drainage (ml per minute) from the paddock and riparian columns over three drainage periods. Values
are means of three replicates. Error bars represent standard error.

Nutrient release following hydrological events
DOC concentrations of water drained from the paddock and riparian columns (hereafter
called outflow) followed a similar trend, with the highest concentrations occurring after the
second rainfall event (Figure 5-4a, b). However, there was greater variability within riparian
columns and concentrations were higher, which is explained by the significant event*soil
type interaction (Greenhouse-Geisser F1.2, 13.98 = 26.7, P < 0.001). DOC concentrations were
substantially higher in riparian columns (max~200 mg C/L), whereas the highest
concentration in the paddock columns was approximately 40 mg C/L (Figure 5-4a, b).
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Figure 5-4- DOC concentrations in a) paddock and b) riparian soil columns based on four
hydrological events and three treatments. Values are means of three replicates. Bottom= first
groundwater event, rain 1= rainfall event 1, rain 2= rainfall event 2 and bottom 2= second
groundwater event. Error bars represent standard error.
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FRP and TP concentrations of the outflow were highly variable in the riparian columns
(Figure 5-5c-d), and had a significant event*soil type interaction (FRP Greenhouse-Geisser
F2.08, 4.2 = 11.57, P < 0.001; TP Greenhouse-Geisser F1.83, 22 = 14.66, P < 0.001). FRP and TP
outflow concentrations were less variable from the paddock soils (Figure 5-5a-b). Riparian
columns showed no clear trend over the hydrological events, however, there was a trend in
paddock columns, with concentrations increasing over the rainfall events (downward flow
from the surface) and being lower during groundwater events (upward flow from the bottom
of the soil column; Figure 5-5a-d).
Control
Cow
Fert

b)

a)
800

1000
TP (µg/L-1)

1200

FRP (µg/L-1)

1000

600
400

800
600
400

200

200

0

0
bottom

rain 1

bottom rain 1

rain 2 bottom
2

c)

rain 2 bottom
2

d)
800

1000
TP (µg/L-1)

1200

FRP (µg/L-1)

1000

600
400
200

800
600
400
200

0
bottom

rain 1

rain 2 bottom
2

0
bottom

rain 1

rain 2 bottom
2

Figure 5-5- FRP concentrations in a) paddock and c) riparian soil columns and TP concentrations in
b) paddock and riparian d) soil columns, based on four hydrological events and three treatments.
Values are means of three replicates. Bottom= groundwater event 1, rain 1= rainfall event 1, rain 2=
rainfall event 2 and bottom 2= groundwater event 2. Error bars represent standard error.
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Outflow concentrations of NOX-N showed considerable variability, particularly between riparian and paddock soils (Figure 5-6a, d), and there was a significant
interaction between event*soil type* treatment (Sphericity Assumed F6, 36 = 2.74, P= 0.027). In riparian columns, NOX-N concentrations decreased over time
and there was a significant difference between the control and other treatments. There was a similar trend in outflow NH4-N concentrations between treatments
in the paddock and riparian soils and there was a significant difference between hydrological events (Greenhouse-Geisser F1.45, 17.4= 24.41, P < 0.001). NH4-N
concentrations were highest after the second rainfall event for both soil types and all treatments (Figure 5-6b, e). TN concentrations were higher and more
variable in riparian soils resulting in a significant event*soil type interaction (Greenhouse-Geisser F1.65, 19.74 = 11.16, P= 0.001). The time course was similar
between soil types, with concentrations peaking at the second rainfall event, but the magnitude of increase was greater in riparian columns (Figure 5-6c, f).
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Figure 5-6- NOx-N, NH4-N and TN concentrations in paddock (a-c) and riparian (d-f) soil columns, based on four hydrological events and three treatments. Values are means
of three replicates. Bottom= groundwater event 1, rain 1= rainfall event 1, rain 2= rainfall event 2 and bottom 2= groundwater event 2. Error bars represent standard error.
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Nutrient export from soil columns with increasing time
The following data describes the changes in nutrient concentrations of the outflow after the
last hydrological event. The final drain comprised three 150 ml water samples (Drain 1, 2 and
3 in graphs below) representing the first, middle and last sample taken over the timed period
of drainage (see Figure 5-3). These three aliquots are likely to represent water released from
the bottom of the column first and then from higher in the column with each subsequent
aliquot.
DOC concentrations of the outflow increased from the first to last drainage event for both soil
types but the increase was much larger in the riparian paddock columns, creating a significant
event*soil type interaction (FRP Sphericity Assumed F2, 24 = 10.5, P= 0.001). Concentrations
were higher in the riparian columns, peaking at approximately 80 mg/L-1, approximately four
times higher than in the paddock (~20 mg/L-1; Figure 5-7a-b).
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Figure 5-7- Comparison of DOC concentrations between a) paddock and b) riparian columns over
three timed drainage periods. Values are means of three replicates. Error bars represent standard error.
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FRP concentrations showed greater variation in riparian columns, although there was a
significant increase in concentrations in both soil types over time (Greenhouse-Geisser F1.24,
14.85

= 44.25, P < 0.001; 5-8a, c). TP also showed considerable variability among the riparian

columns (Figure 5-8b, d). In the paddock columns, TP concentrations increased over time but
there was limited variability between treatments, whereas in the riparian columns the
treatments behaved differently and changes over time were not consistent (Figure 5-8b, d;
significant time*soil type* treatment interaction, sphericity assumed: F4, 24 = 3.38, P= 0.025).
In the paddock soils, TP concentrations were highest draining from the fertilizer treatment but
in the riparian soil, this pattern was not evident (drain 1) and the cow manure treatment
released the most TP (Figure 5-8b, d). Phosphorus was primarily in inorganic (FRP) form in
riparian columns (~77 %), compared to paddock columns (~60 %).
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Figure 5-8- Comparison of FRP and TP concentrations between paddock (a-b) and riparian (c-d)
columns over three timed drainage periods. Error bars represent standard error.
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Outflow concentrations of NOx-N increased over the drainage period (Figure 5-9a, d) and there was significant effect of time (Sphericity
Assumed F2, 24 = 11.8, P< 0.001). The release of NH4-N followed a similar pattern; with concentrations increasing over time (GreenhouseGeisser F1.4, 16.8 = 32.47, P < 0.001) while there was no effect of treatment (Figure 5-9b, e). This provides an indication that the majority of the
nitrogen leached from the columns is organic. TN concentrations increased over time in both soil types and there was a significant interaction
between time*soil type (Sphericity Assumed F2, 24 = 6.48, P= 0.006; Figure 5-9c, f).
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Figure 5-9- Comparison of NOx-N, NH4-N and TN concentrations between paddock (a-c) and riparian (d-f) columns over three timed drainage periods. Error
bars represent standard error.
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Nitrogen: phosphorus ratios
The nitrogen to phosphorus ratios in outflow water from the paddock and riparian columns
were similar for both total and inorganic nutrients (Table 5-1). The TN:TP ratio of 10 for
paddock and riparian columns is ideal for macrophyte growth (Duarte 1992), indicating a
balanced nutrient profile. The ratio for inorganic nutrients was roughly a tenth of the TN:TP
ratio indicating that the system may be limited by inorganic nitrogen (Duarte 1992).
Table 5-1- Comparison of TN:TP and (NOx-N+NH4-N):FRP ratios in column water from paddock
and riparian soils, values in brackets represent standard error

TN:TP

(NOx-N+NH4-N):FRP

Paddock

10:1 (0.4)

1.4:1 (0.1)

Riparian

10.3:1 (2)

1.1:1 (0.3)

Nutrient content of the soils
TP concentrations of paddock soils were significantly lower (F1, 22 = 176, P < 0.001) than
riparian soils. The highest concentrations occurred in the top 10 cm for both soil types and
decreased with depth (Figure 5-10a-b). However, TP concentrations were significantly higher
in deeper riparian soils in cow manure and fertiliser treatments compared to the baseline and
control samples.
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Figure 5-10- Soil TP concentrations for three depths comparing baseline concentrations with the three
different treatments between a) paddock and b) riparian soils. Error bars represent standard error.
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TKN concentrations were highest in the top 10cm of soil and concentrations were
significantly (F1, 22 = 104.41, P < 0.001) higher in surface riparian soils compared to paddock
soils (Figure 5-11a-b). In the 10-30 cm soil layer there were higher TKN concentrations in
the riparian columns, although there was no significant difference between treatments.
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Figure 5-11- Soil TKN concentrations for three depths comparing baseline concentrations with the
three different treatments between a) paddock and b) riparian soils. Error bars represent standard
error.

Total organic carbon concentrations of the riparian and paddock soils were both highest in
top 10 cm of soils, and decreased with depth (Figure 5-12a-b). Concentrations in the riparian
soils were nearly twice those of paddock soils across the top two soil depths (F1, 22 = 64.82, P
< 0.001). There was no significant difference between treatments for either soil type.
Furthermore, there was no detectable carbon at the lowest depth of the paddock soils (Figure
5-12a), but it was present in low concentrations in riparian soils.
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Figure 5-12- Soil TOC %C concentrations for three depths comparing baseline concentrations with
the three different treatments between a) paddock and b) riparian soils. Error bars represent standard
error.
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Discussion
Do riparian soils modify hydrology relative to paddock soils?
The difference in the hydrology between riparian and paddock soils highlights the effect
riparian vegetation may have on water movement. The outflow from riparian columns was
significantly slower than from paddock soils, with release of water taking twice as long. This
is most likely the result of the higher carbon content and altered pore size distribution of
riparian soils. Carbon reduces the average pore size of soil, which leads to slower movement
of water through the soil (Rawls et al. 2003). Carbon increases the water holding capacity of
soils, as it has the ability to adsorb water as a result of the increased reactive surface area of
soil organic matter (Richardson and Vepraskas 2001; Rawls et al. 2003; Awiti et al. 2007;
Reddy and DeLaune 2008). The results from this study are consistent with Stutter and
Richards (2012), who found water retention increased in line with greater soil organic matter
content in riparian soils. Conversely, the larger average pore size of the sand in the paddock,
which had little organic matter, provided minimal impediment to flow (Coyne and Thompson
2006; Stutter and Richards 2012). This is a significant process in areas of sandy soils, as the
riparian soil could reduce the rate of flow to streams, thereby slowing the pulse of nutrients to
streams and increasing the residence time of groundwater.
The flow of water through soils influences the nutrient dynamics of riparian zones (Hoffman
et al. 2009). Reduced flow of water increases residence time, enhancing the opportunity for
nutrients to be intercepted by vegetation and soil, or transformed by microbial processes (Hill
1996; Vidon and Hill 2004a; Richardson and Vepraskas 2001; Stutter and Richards 2012).
This can increase the likelihood of nitrogen and phosphorus uptake by plants, binding by
sediment particles and nitrogen loss through denitrification (Groffman et al. 1992;
Richardson and Vepraskas 2001; Vidon and Hill 2004a). Furthermore, long residence times
can lead to anoxic conditions, which is imperative for some nutrient transformations (e.g.
denitrification) to occur (Reddy and DeLaune 2008). The smell of the outflow water from
riparian columns indicated they were anoxic. Slower flows also reduce the rate of input to
receiving waters and decrease the chance of a rapid pulse of nutrients (Stutter and Richards
2012). The differing flow rates from paddock and riparian columns was likely to be a key
element in the different nutrient dynamics observed, primarily due to the increased residence
time of water in the soil.
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How does water movement (downward from rainfall and upward from rising
groundwater) influence nutrient export from paddock and riparian soils?
The significantly higher carbon content of riparian soils (almost twice that of paddock soils)
was due to organic matter accretion in the soil from decomposed riparian vegetation
(Schlesinger and Andrews 2000). Carbon may also have been captured from throughflow
from the catchment (Jobbagy and Jackson 2000), although this is unlikely due to limited
surface flow and the cleared nature of the catchment (Chapter Two). Riparian plant
productivity fuels increased stores of both particulate and dissolved forms of carbon in the
soil (Jobbagy and Jackson 2000; Schlesinger and Andrews 2000). The accretion of carbon in
sandy soils is slow, due to the larger pore size, poor binding capacity and tendency for carbon
leaching to occur (Jobbagy and Jackson 2000; Reddy and DeLaune 2008). Riparian
vegetation contributes labile and refractory carbon to underlying soils. Labile carbon
represents bioavailable carbon and can be used to fuel microbial respiration, whereas
refractory carbon is less bioavailable and is more likely to accumulate in riparian soils
(Reddy and DeLaune 2008) or be leached into groundwater as gilvin (DOC). Jobbagy and
Jackson (2000) found that over time, carbon can infiltrate to greater depths with the
downward passage of water, increasing concentrations at depth. As a consequence of
increased soil organic matter, DOC concentrations in outflow water were significantly higher
from riparian columns. However, the pattern of carbon export was similar in both soils, with
greatest concentrations occurring after rainfall, indicating the importance of downward flow
transporting material from the surface and the potential for leaching in these sandy soils
(Cooper et al. 2007). Furthermore, the higher DOC concentrations during the timed drainage
event indicated carbon was mainly being stripped from surficial soils which were rich in
carbon.
Like carbon, soil phosphorus concentrations were significantly higher in riparian than
paddock soils, however, phosphorus was mainly restricted to surface layers (top 10 cm). This
finding was consistent with Stutter and Richards (2012) and Roberts et al. (2012), who found
riparian vegetation increased labile phosphorus in riparian soils due to the accretion of
organic matter. Sandy soils are often phosphorus deficient due to their susceptibility to
leaching, large pore size and poor phosphorus adsorption capacity (Weaver et al. 1988;
McPharlin et al. 1990; Ritchie and Weaver 1993; Harris et al. 1996). However, the increased
carbon content of the riparian soils, particularly in surface layers, can improve the
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phosphorus binding capacity of the soil (Reddy et al. 1998; Tan 2000). Riparian vegetation
was shown to slightly improve the phosphorus retention index (PRI) of soils at Bingham
Creek (Chapter Three), associated with increased soil organic matter. Bolland and Allen
(2003) argued that an increase in soil PRI can reduce nutrient export from soils. Furthermore
the continuous input of phosphorus from riparian litterfall and phosphorus rich groundwater,
riparian soils had higher surface soil phosphorus concentrations.
The combination of sandy soil, higher soil phosphorus and carbon concentrations helps
explain why FRP and TP concentrations were significantly higher in the riparian column
outflows. As groundwater and rainfall interacts with soils, nutrients can be leached into water
(Stutter and Richards 2012). In sandy soils, pore size is typically large and the sand usually
has few binding sites (low PRI), so phosphorus is readily leached and mobilised (Weaver et
al. 1988; Ritchie and Weaver 1993; Harris et al. 1996; Li et al. 2013). While the addition of
carbon in the riparian zone reduces average pore size (Rawls et al. 2003; Reddy and DeLaune
2008) and increases the phosphorus binding potential of soils (Reddy et al. 1998), it also
fuels microbial respiration which can result in increased phosphorus solubility and leaching
(Griffiths et al. 1997; Ettema et al. 1999; Chen et al. 2003). It was previously identified that
groundwater in the Bingham Creek riparian zone was anoxic and highly reducing (Chapter
Two), evidence that high soil carbon concentrations can promote microbial respiration.
Under reducing conditions phosphorus is released from iron compounds, as reduction
converts iron (II) (which forms insoluble compounds) to iron (II) compounds (which are
soluble) (Vought et al. 1994; Richardson and Vepraskas 2001; Kirk 2004). Riparian soils at
Bingham Creek have higher extractable iron concentrations in surficial soils (5500 mg
Fe/kg), compared to surficial paddock soils (150 mg Fe/kg) providing greater potential for
phosphorus to be released from riparian soils under anaerobic conditions. Furthermore, the
phosphorus in surface riparian soils at Bingham Creek was shown to be approximately 60 %
NaOH-extractable phosphorus (metal bound), compared to approximately 30 % in the
paddock (Chapter Three). The greater the proportion of NaOH-extractable phosphorus in soil,
the more available orthophosphate is for plant uptake and this can be released into water
under reducing conditions (Doolette et al. 2011). Carbon in riparian soils increases the
residence time of groundwater, fuels microbial processes and contributes to reducing
conditions (Reddy and DeLaune 2008), which can result in greater release of phosphorus into
the porewater, due to a greater interaction time with microbes in the soil. However, the soil at
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Bingham Creek has a limited capacity to bind and retain phosphorus (Chapter Three),
therefore phosphorus remains in a aqueous state, allowing phosphorus to accumulate in the
groundwater. When this water is mobilised through the soil column there is the potential for
significant phosphorus export..
There was a significant interaction between hydrological events and soil type for FRP and
TP. However, due to the variability among riparian columns it was difficult to distinguish
when phosphorus release was greatest. Li et al. (2013) found that phosphorus export from
sandy soil columns was greatest from surficial soils following rainfall events. Sands are prone
to leaching phosphorus following rainfall due to their porosity and low phosphorus binding
capacity (Weaver et al. 1988; Ritchie and Weaver 1993; Harris et al. 1996; Li et al. 2013)
and this process is common in Bassendean sands as indicated by their low PRI (Chapter
Three; McPharlin et al. 1990). Even though riparian soils have improved soil pore size
distribution, the high proportion of coarse sand still facilitates water movement making them
prone to leaching (Franzluebbers 2002). The release of phosphorus from surficial riparian
soils is consistent with Roberts et al. (2012), who argued riparian soils accumulate
phosphorus which can be released following rainfall. However, Griffiths et al. (1997) found
riparian vegetation improved the phosphorus storage capacity of riparian soils, reducing the
likelihood for phosphorus leaching. In contrast, rising groundwater passes only through soils
with low phosphorus concentrations and as the water did not intercept the phosphorus-rich
surface soils, export after a rising groundwater event was much lower. The upward
movement of groundwater is a major component of the hydrology of these flat sandy systems
but provided the groundwater does not rise into phosphorus-rich surface soils, phosphorus
remains stored in the soil profile. That FRP export from soil columns was greater during the
second groundwater event supports the notion that saturation of the profile by rising
groundwater can release phosphorus if it reaches soils rich in phosphorus.
The vertical movement of water up and down the soil columns influenced the species of
nitrogen differently. Firstly concentrations of NOx-N in the outflow were influenced by
hydrological events for both soil types, however, the effect was more pronounced in riparian
columns. In the riparian columns, NOx-N concentrations were lowest for columns which had
cow manure and fertiliser applied. This may be explained by the presence of labile carbon in
riparian soils, which provides fuel for microbial respiration leading to anoxic conditions
(Kirk 2004; Reddy and DeLaune 2008) and the addition of nutrients from the cow manure
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and fertiliser may be having a priming effect on nutrient transformations. This may also be
influenced by the slow flow through riparian soil columns (due to higher carbon content)
following rainfall and rising groundwater. This leads to greater residence times, which
increases the potential for nitrogen transformations to occur. These conditions can promote
denitrification, transforming NOX-N to N2 gas, which can then be lost from the system
(Hanson et al. 1994; Craft 2001; Richardson and Vepraskas 2001). While this study did not
directly measure redox potential in soil columns, there was circumstantial evidence to suggest
conditions were reducing in riparian columns. Firstly, the smell of the drainage water
indicated the riparian columns were anoxic and secondly, the high NH4-N and low NOx-N
concentrations indicate nutrient transformations were occurring under reducing conditions,
as NH4-N is the dominant form of soluble nitrogen under reducing conditions (Vought et al.
1994; Reddy and DeLaune 2008). Under anoxic conditions, when riparian vegetation
contributes organic matter to surface soils, NH4-N is released as a product of decomposition
(Naiman and Decamps 1997). Finally, TN concentrations in outflow water peaked after
rainfall, which can be explained by rainfall intercepting nitrogen from surficial soils. In
comparison, TN concentrations were lowest following the vertical rise of groundwater in the
columns, indicating limited interception of nitrogen from surficial soils.
What effect do added nutrients (superphosphate fertiliser and cow manure
have on soil and groundwater nutrient concentrations?
The addition of nutrients from cow manure and fertiliser to riparian soils did not result in a
simple release of nutrients into groundwater, but resulted in nutrient dynamics that are
consistent with microbial transformations. In the paddock soil, more TP was released from
the fertiliser treatment at the third drainage time than from riparian soil. In the riparian soil,
release was relatively constant from the fertilizer treatment over time but concentrations
increased in the manure treatment and the control; however, overall concentrations were
much higher from the riparian soil. Cow manure contains organic phosphorus, which can be
slowly released as the cow manure breaks down (Brock et al. 2007), whereas superphosphate
fertiliser is a soluble form of inorganic phosphorus (Chardon et al. 2007; Wang et al. 2013).
Previous studies have identified that phosphorus release from sandy soils commonly occurs
following the application of superphosphate fertiliser, due to the limited phosphorus binding
and storage capacity of sands (Ritchie and Weaver 1999; Kang et al. 2011; Li et al. 2013).
The release of phosphorus in paddock soils following fertiliser application was consistent
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with Kang et al. (2011) and Liu et al. (2012), who found phosphorus was readily lost in
sandy soils following fertiliser application and rainfall. Fertiliser had a limited effect on
phosphorus export from riparian columns, which may be related to the higher carbon and
phosphorus sorption capacity (as seen in Chapter Three) of riparian soils. Similarly, cow
manure had a limited effect on the export of phosphorus from paddock and riparian columns.
This could be explained by cow manure being less soluble then fertiliser, requiring more
rainfall for phosphorus export to occur (Brock et al. 2007). As cow manure breaks down
there is the slow release of phosphorus, which may explain why no effect was detected
(Eghball et al. 2002). The input of phosphorus from either nutrient source also has the
potential to affect soil phosphorus concentrations and in this study it was more pronounced in
riparian soils. The increased soil phosphorus concentrations at greater depth (10-30 cm) in the
riparian soils following cow manure and fertiliser application indicates that the riparian soils
are capable of storing some additional phosphorus, due to their increased organic matter
content (Reddy et al. 1998; Svanback et al. 2013).
The input of cow manure and fertiliser to the riparian soil had a different effect on nitrogen
dynamics than in paddock soil. The influx of nutrients from cow manure and fertiliser can
provide fuel for microbial transformations to occur (Stutter and Richards 2012), which may
explain low NOx-N concentrations relative to the control in riparian columns. The slow
movement of water, presence of carbon, anaerobic conditions (indicated by the smell of
drainage water) and input of nutrients provide ideal conditions for denitrification, the
reduction of NOx-N and the loss of nitrogen (Dosskey 2001; Kirk 2004; Dosskey et al. 2010).
In the paddock outflow there was not a significant difference in nitrogen (all forms)
concentrations following the input of fertiliser and cow manure. This is not surprising for the
fertiliser treatment as it was phosphorus based and no nitrogen export should occur.
However, there is a large nitrogen component in cow manure and the limited variation could
be explained by the high organic component, resulting in the slow release of nitrogen
(Chardon et al. 2007). Comparing baseline results with the treatments showed there was a
trend in decreasing soil TKN concentrations in riparian columns for each treatment. This
reduction ranged from 200-800 mg/kg, indicating that nitrogen was stripped from the soils,
some of which may have been lost through denitrification. This trend was not apparent in
paddock soils, indicating that there was less nitrogen available for release in paddock soils,
which is likely linked to the limited organic matter in paddock soils (Stutter and Richards
2012).The difference in carbon type between paddock and riparian soils is also likely to
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affect nitrogen dynamics. Riparian soils have more labile carbon due to inputs organic matter
from litterfall (Ettema et al. 1999; Brackin et al. 2014), whereas carbon in paddock soils is
likely to be older and less labile (refractory) due to limited organic matter inputs in paddocks
(Chen et al. 2003). The greater the proportion of labile carbon in soils, the more potential
there is for nitrogen accumulation due to a greater capacity to bind nitrogen (Ettema et al.
1999; Coyne and Thompson 2006). The input of cow manure and fertiliser to the riparian soil
therefore had a different effect on nitrogen dynamics than in paddock soil.
Conclusion
The results from this study are experimental but do provide an indication of what may be
occurring in the natural environment. The experiment was conducted over days and not
weeks or months, thus providing a snapshot of the nutrient processing that occurs. It was
identified in Chapter Two that the groundwater had a long residence time in the riparian zone
and there was limited movement of groundwater to the stream. Therefore the higher rate of
water movement induced in this column experiment may have exacerbated the export of
nutrients, nutrient transformations and trends that would occur in the riparian zone.
Furthermore, only the top 0.5 m of soils was analysed and the processes and interactions
occurring below this region are not known. However, this is considered the active root zone
of riparian vegetation (Jackson et al. 1996) and where the greatest store of carbon and
nutrients occurs and it was identified in Chapter Two as the region where most processes
would occur.
The hypothesis that: Riparian soils will export fewer nutrients than paddock soils due to
improved soil characteristics was shown to be partially correct. The higher carbon content of
riparian soils slowed the rate of water movement, improved the phosphorus binding capacity
of the soil and appeared to promote denitrification. However, results from this experiment
indicated riparian soils leach more nitrogen than paddock soils, due to greater nutrient stores.
Furthermore, this experiment confirms that the paddock soils with Bassendean sands readily
lose phosphorus following fertiliser application and rainfall, as noted in other studies
(Weaver et al. 1988; McPharlin et al. 1990; Summers et al. 1999). Finally this experiment
has identified that rainfall percolation mobilizes more nutrients via leaching, when compared
to the rise and fall of groundwater. Overall this study has emphasized that complex processes
occur within riparian soils and further research is required to fully understand nutrient
dynamics of riparian zones dominated by subsurface flow.
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Chapter 6 An assessment of the associated environmental benefits
of riparian zones

Introduction
One of the key services provided by riparian zones is its capacity to intercept nutrients and
improve in-stream water quality (Narumalani et al. 1997; Lyons et al. 2000; Brian et al.
2004). However, previous research has identified that riparian vegetation benefits the
environment in several ways (Naiman and Decamps 1997). Riparian zones provides habitat,
food, water and shelter for terrestrial animals, together with passage along linear habitat
corridors (Naiman et al. 1993; Naiman and Decamps 1997). Riparian vegetation creates
physical barriers (roots and log jams) in streams, increasing structural complexity and
providing new habitats (Gregory et al. 1991; Dobkin et al. 1998; Opperman and Merelender
2004; Naiman et al. 2008; Pettit et al. 2013), for a greater diversity of animals, improving
ecological condition (Tabacchi et al. 2000). The contribution of large woody debris provides
habitat for fish populations (Opperman and Merelender 2004; Howson et al. 2012; Pettit et
al. 2013) while providing surfaces for algae, fungi, bacterial communities, plants and
macroinvertebrates to colonise (Gregory et al. 1991; Lemly and Hilderbrand 2000). Riparian
vegetation can block up to 95% of solar radiation to narrow streams (Hill 1996; Mosisch et
al. 2001), affecting the density of aquatic plants (Canfield and Hoyer 1988; Bunn et al. 1998;
Mosisch et al. 2001), and limiting algal growth (e.g. phytoplankton and benthic algae),
reducing primary productivity (Hill 1996; Mosisch et al. 2001). Shading can moderate and
lower stream water temperatures (Rutherford et al. 2004; Bowler et al. 2012), affecting
metabolic rates of in-stream organisms and influencing the diversity of macroinvertebrate
communities (Rutherford et al. 2004; Naiman et al. 2008; Stewart et al. 2013). Finally,
riparian vegetation can contribute organic matter to streams (Graca et al. 2002), which is
utilised by different invertebrates and can dictate stream food webs (Hladyz et al 2011b).
Leaching and biological breakdown of this organic matter releases nutrients and carbon into
the water (Meyer 1990; Graca et al. 2002; Hladyz et al 2011b). Refractory carbon remaining
after leaching and decomposition, colours the water with tannins and humic acids increasing
gilvin concentrations (Graca et al. 2002). Highly coloured streams can limit light penetration,
reducing the growth of algae and macrophytes in streams (Smock and Gilinsky 1992), which
can have a similar effect to shading (Meyer 1990; Bunn et al. 1998; Mosisch et al. 2001).
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Therefore, it is essential to distinguish between the effect of shading and reduced light
penetration of coloured streams on in-stream processes and biological communities.
Current and historical land use practices such as clearing and agriculture can have long
lasting impacts on riparian and stream condition (Burcher et al. 2007; Maloney et al. 2008;
Hladys et al. 2011b). Clearing can increase nutrient inputs by removing its buffering capacity
and increases the available light in streams. This results in greater in-stream primary
productivity and communities becoming more reliant on autotrophic food sources (Reid et al.
2008b; Hladys et al. 2011a). Furthermore, invertebrate composition differs significantly
between cleared (pasture) and forested reaches because the reduction of riparian vegetation
density and condition leads to a reduction in the quality and quantity of organic matter
entering streams (Danger and Robson 2004; Reid et al. 2008a, 2008b; Arnaiz et al. 2011;
Hladyz et al. 2011b). At larger spatial scales, Sponseller et al. (2001) identified that
macroinvertebrate diversity decreases among catchments with the increasing percentage of
non-forested land.
Revegetating riparian zones is a common best-management practice used to intercept
incoming nutrients (Narumalani et al. 1997; Lyons et al. 2000; Brian et al. 2004), however, it
is also used as a management strategy to improve stream condition and the associated
biological communities (Parkyn et al. 2003; Webb and Erksine 2003; Hughes et al. 2005).
Vondracek et al. (2005) identified that water quality, channel characteristics, available
habitats, fish and macroinvertebrate communities all improve by increasing the amount of
permanent riparian vegetation. Furthermore, replanting and rehabilitating riparian vegetation
increases habitat complexity (Robertson and Rowling 2000) and provides a higher proportion
of palatable food (Bunn et al. 1999). The benefits of replanting riparian vegetation can extend
downstream, by improving water quality (Harding et al. 2006), helping moderate
temperatures (Davies 2010), adding detrital matter (Reid et al. 2008b) and improving
macroinvertebrate communities in cleared reaches (Sponseller et al. 2001; Burcher et al.
2007). However, Becker and Robson (2009) showed that in-stream biological communities
can take in excess of eight years following restoration to return to conditions exhibited in
remnant forests. Indeed, invertebrate assemblages at restored sites continued to resemble
those in unrestored willow-infested sites following revegetation with native species. Thus,
when designing revegetation projects it is imperative to consider current and historical land
use practices as they continue to affect in-stream biological communities (Maloney et al.
2008; Becker and Robson 2009).
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The makeup of aquatic macroinvertebrate assemblages can vary widely between intermittent
and perennial streams (Bunn et al. 1986). By definition, intermittent streams refer to those
that only flow for part of the year, while perennial streams flow all year round. Many
Australian streams are intermittent due to climate. For example in Western Australia they
flow only over winter as a result of hot, dry summers and mild, wet winters of the
Mediterranean climate (Bunn et al. 1986). Intermittent streams often have a lower diversity
and abundance of macroinvertebrates due to stressors such as limited water availability;
temperature fluctuations and poor water quality (Williams and Hynes 1976, 1977; Boulton
and Lake 1992; Gasith and Resh 1999; Garcıa-Roger et al. 2011). However, there are species
that show physiological adaptations (aerial adults, burrowing and desiccation resistant eggs)
to survive in intermittent streams (Stanley et al. 1994; Chester and Robson 2011; Storey and
Quinn 2011; Wickson et al. 2012). In Mediterranean-climate regions, perennial streams
provide sources of colonists for intermittent streams and thus help conserve regional
biodiversity (Chester and Robson 2011). Furthermore, riparian vegetation can act as a refuge
for invertebrates during drought by keeping sediment temperatures lower, retaining moisture
and providing large woody debris for refuges (Storey and Quinn 2013). Riparian vegetation is
often planted along intermittent streams, with the assumption that it will provide the same
services as vegetation on perennial streams, however, there are few published studies to
support this assumption.
In the Ellen Brook catchment, much of the riparian vegetation has been removed, potentially
affecting in-stream condition and macroinvertebrate communities. As a result, revegetation
has been carried out in some stream reaches, mainly along intermittent streams. This chapter
investigates the environmental benefits associated with riparian vegetation, both remnant and
revegetated, within the riparian zone itself and in perennial and intermittent streams. Both
clear and coloured (tannin-stained) intermittent streams occur in the Ellen Brook catchment,
so the effects of vegetation in clear and coloured reaches was also assessed. There were no
coloured perennial streams. Macroinvertebrate assemblages were sampled to assess
composition and indicate ecosystem health. The key questions addressed in this chapter are:


How does riparian vegetation structure and condition affect in-stream physicochemical conditions?



What is the effect of riparian vegetation, flow regime and colour on the ecological
health of streams?
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Methods
Study sites
Ellen Brook is a relatively large catchment (670 km2), mainly underlain by sandy soils.
Extensive land clearing has left little riparian vegetation along both perennial and intermittent
streams flowing into Ellen Brook. Intermittent streams occur primarily in the southern half of
the catchment and the few perennial streams are in the north. Intermittent streams ceased to
flow and were visibly dry over summer (observed in 2012). Perennial streams flowed all year
round and never dried out (determined from local knowledge and observations in 2012). Both
coloured (stained brown with tannins) and non-coloured (clear) streams occur within the
catchment, but none of the perennial streams were coloured. Clear streams predominantly
flowed from the east (east to west) and coloured streams from the west (west to east).
Sampling design
Coloured water duplicates the effect of shading provided by riparian vegetation: by reducing
light penetration, potentially limiting in-stream primary production, as well as having direct
effects on the biota. The effects of water colour therefore needed to be separated from those
of riparian vegetation, in order to determine whether riparian vegetation was affecting
invertebrate assemblages in streams in the Ellen Brook catchment. This distinction could only
be tested in intermittent streams due to the absence of coloured perennial streams in this
catchment. Also, intermittent and perennial streams in the same catchment often contain
different invertebrate assemblages, so the effect of vegetation could be difficult to disentangle
from the effect of flow regime. Furthermore, there is a limitation in the sampling design as
perennial streams have more continuous vegetation than intermittent streams, which may
influence the results. Thus, three hypotheses were tested to separate the effects of vegetation,
water colour and flow regime: (1) that invertebrate assemblage composition differed between
vegetated and unvegetated sites; (2) that composition differed between coloured intermittent
streams and non-coloured intermittent streams; (3) that composition differed between noncoloured perennial streams and non-coloured intermittent streams.
To test these hypotheses, twelve stream segments were selected across the catchment (Figure
6-1): two vegetated and two unvegetated segments each in: non-coloured perennial streams,
coloured intermittent streams and in non-coloured intermittent streams. Each selected
segment was long enough to ensure minimum influence from upstream vegetative condition.
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At each site, riparian, water and in-stream habitat quality were assessed and invertebrates
sampled once in spring (September 2012).

Figure 6-1- A map of sample sites throughout the catchment for the three stream segment types, the
solid black shapes represent vegetated sites and the white unvegetated sites.

Vegetation assessment
Vegetation sampling was undertaken at all vegetated riparian sites in spring (September
2012). Classifying the health of riparian vegetation is essential, as changes in cover, density,
structure and composition modify the degree of riparian influence on the physical, chemical
and biological characteristics of streams. The method used to classify riparian vegetation
structure and condition is described in Chapter Four.
Stream orientation and shading capacity
The shading capacity of riparian vegetation on stream segments was determined by
measuring stream width, distance of riparian vegetation from the stream, height of riparian
vegetation, riparian vegetation bank cover and the orientation of the stream. Sites with no
riparian vegetation were assessed to have no shading capacity. Shading was calculated for
three times (September, November and January) to assess how shading potential changed
with more sunlight hours. These months were selected as from September onwards
temperature and light periods increase and represent times when shading is likely to have the
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greatest effect on intermittent streams, particularly before they dry out. The length of shadow
created by riparian vegetation was calculated using the equation:
𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑠ℎ𝑎𝑑𝑜𝑤 = ℎ/tan(𝑎)
Where h = vegetation height and a = sun altitude at a given time (Chang 2006)
The shadow length and direction were compared against stream width, distance of vegetation
and the stream orientation to estimate the maximum potential stream shading by riparian
vegetation. This was calculated for all daylight hours to assess the total number of hours the
stream segments would be shaded. Shading potential represents potential and not actual
shading, as it does not incorporate vegetation width and canopy cover. Therefore the values
calculated represent the maximum possible shading.
Stream water quality
Physiochemical readings (pH, dissolved oxygen (DO, mg/l and % saturation), temperature
(°C), redox potential, salinity and conductivity) were taken using a YSI multi-parameter
probe (YSI 556MPS).
Grab samples were taken from each stream segment using water quality bottles. Samples
were processed, bottled, stored on ice and returned to the laboratory on the same day.
Samples were then processed for: total phosphorus (TP), filterable reactive phosphorus
(FRP), total nitrogen (TN), oxidised-nitrogen (NOX-N), ammonium-nitrogen (NH4-N),
dissolved organic carbon (DOC), chlorophyll a and gilvin (colour). Methods for water quality
analysis are described in Chapter Two. Furthermore water quality data was compared to
ANZECC (2000) guidelines as described in Chapter Two.
In-stream habitat assessment
In-stream assessment identified bed type (sand, gravel, clay, silt and pebble), reach type (run
or pool), average stream depth, habitat type (undercut banks, leaf packs, large woody debris)
and the presence and type (floating, submergent, emergent or terrestrial) of vegetation within
the stream. Where vegetation was present, it was sampled, identified and percent cover
vegetation across the stream segment were estimated.
Invertebrate Sampling
Six random samples of invertebrates were taken from each stream segment over a two day
period. Each sample comprised a 30 second sweep sample along a 5 metre transect with a dip
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net (250 µm mesh size). Samples were checked for tadpoles and fish, which were noted and
then released.
Invertebrates sampled were preserved in 70% ethanol in the field and transported to the
laboratory, where invertebrates were counted and identified to family level where possible.
Data analysis
Multivariate analyses used Primer (PRIMER v6; PRIMER-E Ltd, Plymouth, UK). The BrayCurtis similarity measure was calculated for the invertebrate abundance data, which then
formed the basis for the hypothesis tests. To test the hypotheses about invertebrate
assemblage composition, a two way crossed ANOSIM was used. The two factors were:
vegetation type (2 levels: vegetated or unvegetated; hypothesis 1) and flow regime and colour
(3 levels: clear and intermittent, coloured and intermittent, clear and perennial). Three single
factor ANOSIM tests on subsets of sites were used to determine the effects of the presence or
absence of riparian vegetation within each flow regime and colour-type category. Thus, the
effect of colour was tested by comparing coloured and non-coloured intermittent streams,
(hypothesis 2 above) and the effect of flow regime was tested by comparing perennial and
intermittent non-coloured streams (hypothesis 3 above). To determine the invertebrate
families associated with the differences among factors and factor levels, Similarity
Percentages (SIMPER) were calculated. Non-metric multidimensional scaling plots were
used to visualise the differences among the factor levels; high stress values necessitated the
use of three-dimensional plots.
Macroinvertebrates respond to anthropogenic pollutants and indices utilising
macroinvertebrate assemblage data can be used to rapidly gauge the ecological condition of
freshwater systems. The only indices available for use in Western Australia are the Stream
Invertebrate Grade Number – Average Level (SIGNAL and SIGNAL 2) and Swan Wetlands
Aquatic Macroinvertebrate Pollution Sensitivity- Families (SWAMPS-F). Scores for each of
these indices were calculated following the methods outlined by Gooderham and Tsyrlin
(2002), Chessman (2003) and Chessman et al. (2002). Individual families were given a score
depending on their resilience to disturbance, which were added up and divided by the
numbers of families to provide an overall score. To calculate SIGNAL 2 scores, families
were given a score and abundance given a weight factor (Chessman 2003). The family score
is multiplied by the weight factor and this was divided by the sum of the weight factor values,
which provides the SIGNAL 2 score.
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Results
Vegetation assessment
The composition and condition of riparian vegetation can dictate physical, chemical and
biological characteristics of streams and, within the Ellen Brook catchment, it varied
markedly. Riparian condition was ranked from degraded to good (Table 6-1). Two thirds of
the sites were fenced, but most had a high level of disturbance (poor plant health, low
regeneration of native species, evidence of stock access) and a high exotic species index.
Canopy cover varied across sites (highest at perennial sites), although understorey cover was
consistently low and groundcover was consistently high (Table 6-1). The composition of
riparian vegetation across the three layers was consistent across most sites, with a native
canopy, a mixed native/exotic understorey and groundcover, which was predominantly exotic
(Table 6-1). Two sites had been revegetated (both on intermittent streams) and four had
remnant vegetation, however vegetation composition and the level of disturbance were
similar. The cover of riparian vegetation along stream reaches was lower adjacent to
intermittent streams (coloured and non-coloured) when compared with perennial streams
(Figure 6-2). The riparian zone in the Lennard Brook catchment (a perennial stream) is nearly
completely forested and has high connectivity, whereas the intermittent streams were highly
fragmented and had substantially less cover.
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Table 6-1- Comparison of riparian vegetation condition characteristics at the six vegetated sites which
were assessed in Spring 2012. Int= Intermittent Per= Perennial
Colour
Int 1

Colour
Int 2

Non
colour
Int 1

Non colour
Int 2

Non
colour
Per 1

Non
colour
Per 2

Remnant

Remnant

Reveg

Reveg

Remnant

Remnant

Yes
Degraded

Yes
Good

Yes
Degraded

No
Degraded

Yes
Excellent

No
Good

Medium

Medium

High

High

Low

High

30m

30m

20m

25m

30m

10m

Canopy height (m)

5m

15m

10m

8m

15-20m

15m

Canopy cover (%)
Understorey cover
(%)
Groundcover (%)
Natural
regeneration of
native species
Canopy exotic
species index
Understorey exotic
species index
Groundcover exotic
species index
Overall exotic
species index

11-30%

31-70%

31-70%

>2%

71-100%

71-100%

11-30%

11-30%

2-10%

31-70%

11-30%

11-30%

100%

71-100%

31-70%

71-100%

71-100%

71-100%

Abundant

Occasional

None

Occasional

Common

None

0%

0%

0%

0%

0%

0%

33%

50%

0%

0%

33%

50%

90%

100%

100%

88%

40%

80%

64%

67%

75%

36%

38%

67%

Remnant or
Revegetated
Fenced
Riparian condition
Level of
disturbance
Width of riparian
zone (m)
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a)

b)

c)

Figure 6-2- Comparison of riparian vegetation (presence shown by shaded sections) across a)
coloured intermittent stream, b) non-coloured intermittent stream and c) non-coloured perennial
stream
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Shading potential
The riparian vegetation at each site provided differing periods of shading to stream segments
(Table 6-2). The shading potential (percentage of the day shaded) of riparian vegetation at
the vegetated stream segments was greatest overall in September and decreased into summer
(Table 6-2). The non-coloured perennial streams and one coloured, intermittent stream had
100% shading potential, which correlated with the presence of tall vegetation close to the
stream edge. The remaining sites had a shading potential of less than 60% across all time
periods, due to shorter riparian vegetation (Table 6-2). At the sites with reduced shading,
there was no shading during the middle of the day when the sun is at its peak. However, these
results only highlight the maximum shading potential, the true shading capacity is likely to be
lower due to incomplete canopy cover.
Table 6-2- An assessment of the maximum shading potential at vegetated stream segments, values in
brackets represent percentage of total daylight hours shaded. Int= Intermittent Per= Perennial

Shading
potential

Colour
Int 1

Colour
Int 2

September 1st

7 hours
(58%)
7 hours
(50%)
8 hours
(57%)

12 hours
(100%)
14 hours
(100%)
15 hours
(100%)

November 1st
January 1st

Non
colour
Int 1
7 hours
(58%)
7 hours
(50%)
8 hours
(57%)

Non
colour
Int 2
7 hours
(58%)
7 hours
(50%)
8 hours
(57%)

Non
colour
Per 1
12 hours
(100%)
14 hours
(100%)
14 hours
(93%)

Non
colour
Per 2
12 hours
(100%)
14 hours
(100%)
15 hours
(100%)
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Stream characteristics
The depth of streams varied across the catchment, with the shallowest (0.05-0.15 m) all being non-coloured, intermittent stream segments and
the deepest, a coloured intermittent stream (1 m). In-stream vegetation was found in five stream segments. Most common was the emergent
macrophyte Cycnogeton sp. and submerged grasses, which were both found in three stream segments. However, there was no clear pattern in
vegetation presence or absence (Table 6-3). While in-stream woody debris was encountered in five stream segments, it was only found in
streams with riparian vegetation. Fish were observed in eight out of twelve stream segments, both vegetated and unvegetated. Crayfish were
found in two vegetated stream segments. The threatened freshwater mussel (Westralunio carteri) was only found in the two vegetated perennial
streams.
Table 6-3- Comparison of in-stream characteristics at the twelve sites sampled in the Ellen Brook catchment in Spring 2012

Bed type
Stream depth
Stream width
Stream type
In-stream
vegetation
In-stream woody
debris
Fish present
Crayfish present
Mussels present
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Coloured
intermittent
vegetated

Coloured
intermittent
unvegetated

Non-coloured
intermittent
vegetated

Non-coloured
intermittent
unvegetated

Non-coloured
perennial
vegetated

Non-coloured
perennial
unvegetated

Rep 1

Rep 2

Rep 1

Rep 2

Rep 1

Rep 2

Rep 1

Rep 2

Rep 1

Rep 2

Rep 1

Rep 2

Clay
1m
2m
Mixed

Sand
30 cm
1.5 m
Mixed

Sand
30 cm
3m
Pool

Silt
60 cm
1.2 m
Run

Silt
10 cm
1.2 m
Mixed

Pebble
15 cm
1.1 m
Run

Gravel
5 cm
1m
Run

Pebble
10 cm
1.2 m
Mixed

Sand
60 cm
3.5 m
Run

Sand
50 cm
3m
Mixed

Sand
30 cm
2.5 m
Mixed

Sand
40 cm
10 m
Pool

No

Yes

No

Yes

Yes

No

No

No

Yes

No

Yes

No

Yes

Yes

No

No

No

Yes

No

No

Yes

Yes

No

No

Yes
No
No

Yes
Yes
No

No
No
No

Yes
No
No

Yes
No
No

No
No
No

No
No
No

Yes
No
No

No
Yes
Yes

Yes
No
Yes

Yes
No
No

Yes
No
No

Dissolved oxygen concentrations were similar between sites, ranging between 6-8 mg/L and
the salinity of all stream segments was considered fresh (Bayly and Williams 1973; Figure
6-3b). Stream pH was neutral in the coloured intermittent and non-coloured perennial stream
segments and slightly acidic (5.45) and outside ANZECC guidelines in the non-coloured
intermittent stream segments (Figure 6-3a). Phosphorus concentrations (FRP and TP) were
substantially higher and exceeded ANZECC guidelines in coloured intermittent stream
segments while there was no detectable FRP in non-coloured intermittent stream segments
(Figure 6-3c). TN concentrations were very high (exceeding ANZECC guidelines) in
coloured intermittent and non-coloured perennial stream segments, however, non-coloured
perennial stream segments had substantially higher NOx-N concentrations. All stream
segment types had low NH4-N concentrations, well below ANZECC guidelines (Figure
6-3d). The coloured intermittent stream segments had substantially higher DOC and gilvin
concentrations than non-coloured stream segments (Figure 6-3e).
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0
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DOC (mg/L)
f)
Gilvin (g440-1)

N conc. (ug/L)

P conc. (ug./L)

c) 800
600
400
200
0

b)

pH
DO (mg/l)
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8
6
4
2
0

4.0
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TN
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10
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0

Figure 6-3- A comparison of a) pH and DO b) Salinity c) FRP and TP d) NOx-N, NH4-N and TN e)
DOC and Gilvin and f) chlorophyll a concentrations between coloured intermittent and non-coloured
intermittent and perennial stream segments. Int= Intermittent Per= Perennial. Error bars represent
standard error.
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Macroinvertebrates
A total of 49140 macroinvertebrates from 62 families/orders were collected during the study
(Appendix Two). The average number of families collected from a stream segment was 15.88
and the highest number of families in a single sample was 26. The average number of
families within stream type was highest in unvegetated perennial stream segments with 34
families (±1), followed by vegetated perennial segments with 32.5 families (±2.5), vegetated
intermittent segments with 29.5 families (±1.6) and unvegetated intermittent segments with
23.5 families (±3.7). Ostracods from the family Cyprididae represented 17% of the total
number of macroinvertebrates sampled, followed by chironomids from the sub-family
Orthocladiinae (12%).
Variability between locations
Invertebrate assemblages differed between vegetated and unvegetated segments (Global R =
0.407, P < 0.001) and between flow regime and colour categories (Global R = 0.444, P <
0.001). The similar size of the two global R values suggests that the two factors have a
similar effect size on the invertebrate assemblages. Pairwise comparisons showed that
invertebrate assemblage composition differed between the two flow regimes (perennial,
intermittent) in uncoloured stream segments (R = 0.513, P < 0.001) and between coloured
and non-coloured intermittent stream segments (R = 0.283, P < 0.001), suggesting that the
impact of flow regime on invertebrate assemblages was larger than that of stream colour (at
least for intermittent streams).
The single factor hypothesis tests confirmed that the presence or absence of riparian
vegetation was associated with differences in invertebrate assemblage composition among all
levels of stream colour or flow regime type: when non-coloured intermittent stream segments
were compared (R = 0.368, P = 0.002; Figure 6-4c), when coloured intermittent stream
segments were compared (R = 0.317, P < 0.001; Figure 6-4b) and when non-coloured
perennial stream segments were compared (R = 0.537, P < 0.001). The largest effect was
observed in perennial stream segments (Figure 6-4a).
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Figure 6-4- Best configuration of 3D multidimensional scaling plot results comparing stream
invertebrate diversity, a) Colour Intermittent Vegetated vs Colour Intermittent Unvegetated b) Noncoloured Perennial Vegetated vs Non-coloured Perennial Unvegetated c) Non-coloured Intermittent
Vegetated vs Non-coloured Intermittent Unvegetated
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The family with greatest contribution (16.37%) to invertebrate abundance was Cyprididae,
but their average abundance was similar in coloured and non-coloured intermittent stream
segments. Cladocera from the family Ilyocryptidae were only found in non-coloured
intermittent streams. In coloured intermittent streams, two gastropod families that are
predominantly grazers (Physidae and Lynceidae) had much greater average abundance. The
families Orthocladiinae, Ilyocyprididae and the sub-family Chironominae were all more
abundant in the non-coloured streams (Table 6-4).
Table 6-4- SIMPER results comparing family composition according to whether streams are clear
intermittent or coloured intermittent

Non coloured
Intermittent
Av Abundance
Rank Family
Cyprididae
154.04
1
Orthocladiinae 121.17
2
Ilyocyprididae 146.46
3
Chironominae 81.17
4
Collembola
79.92
5
Physidae
1.50
8
Lynceidae
1.83
14
Ilyocryptidae
15.29
16

Coloured
Intermittent
Av Abundance
181.04
62.71
42.04
4.96
32.79
39.88
16.33
0.00

Av Dissimilarity
77.59
Contribution %
16.37
10.76
9.71
7.72
7.34
4.13
2.10
1.74

The two highest contributing families in non-coloured intermittent and non-coloured
perennial stream segments were Cyprididae (12.56%) and Orthocladiinae (10.35%) and their
average abundance was substantially higher in the clear intermittent streams (Table 6-5).
Cyprididae and Ilyocyprididae represented the greatest difference between stream types, with
the greater proportion in intermittent stream segments. Within the clear perennial stream
segments the leptocerid caddisflies families had higher average abundances and the families
Gripopterygidae, Caenidae and Baetidae were only found in the perennial streams all of
which is due to these families preference for permanent water.
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Table 6-5- SIMPER results comparing family composition according to whether stream segments are
clear intermittent or clear perennial

Non coloured
Intermittent
Av Abundance
Rank Family
Cyprididae
154.04
1
Orthocladiinae
121.17
2
Chironominae
81.17
3
Ceinidae
40.38
4
Ilyocyprididae
146.4
5
Gripopterygidae 0.00
11
Caenidae
0.00
12
Ilyocryptidae
15.29
14
Leptoceridae
0.75
18
Baetidae
0.00
20

Non coloured
Perennial
Av Abundance
14.63
57.50
36.67
17.79
11.83
28.33
28.25
0.00
13.42
23.75

Av Dissimilarity
85.23
Contribution %
12.56
10.35
8.22
7.12
6.75
3.70
3.67
1.95
1.65
1.46

There was a high rate of dissimilarity (80.80%) between vegetated and unvegetated sites.
Once again, the greatest contributor was Cyprididae (12.71%), which in the unvegetated
stream segments had an average abundance more than double that of the vegetated sites
(Table 6-6). The sub-families Orthocladiinae and Chironominae and the families Physidae
and Ceratopogonidae had average abundances substantially higher in the unvegetated stream
segments. Five commonly occurring families (Ilyocyprididae, Simuliidae, Caenidae,
Gripopterygidae, Ceinidae) had a higher average abundance in vegetated than in nonvegetated sites. The Simuliidae are suspension feeders that require bare surfaces to attach to
and a current to survive. Their prevalence in vegetated sites may arise from there being more
hard substrata free of a thick coating of algae than in unvegetated sites. The other four
families are mainly collectors or collector/grazers but may prefer fine organic matter arising
from leaf litter than from algae.
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Table 6-6- SIMPER results comparing family composition according to whether stream segments had
riparian vegetation or not

Rank
1
2
3
4
5
11
12
13
14
15

Family
Cyprididae
Orthocladiinae
Chironominae
Ilyocyprididae
Ceinidae
Simuliidae
Gripopterygidae
Physidae
Caenidae
Ceratopogonidae

Vegetated

Unvegetated

Av Abundance
71.11
54.58
16.33
97.97
46.42
41.22
18.92
3.5
14.92
1.44

Av Abundance
162.03
106.33
65.53
35.58
19.78
7.97
0.11
24.89
4.00
19.92

Av Dissimilarity
80.80
Contribution %
12.71
10.00
7.32
6.48
6.00
4.13
2.95
2.81
2.34
2.04

Ecological health indexes
Stream Invertebrate Grade Number – Average Level (SIGNAL and SIGNAL2) and Swan
Wetlands Aquatic Macroinvertebrate Pollution Sensitivity- Families (SWAMPS-F)
demonstrated little variability between the perceived health of stream segments (Table 6-7).
Comparing SIGNAL scores nine stream segments had a score <4, which indicates severe
pollution and the remaining three were between 4-5 indicating moderate pollution. SIGNAL
2 delivered similar results, however, only two (vegetated perennial stream segments) were
scored to have moderate pollution. There was no correlation between scores and the presence
of riparian vegetation. There was less variability for SWAMPS-F scores, with eleven stream
segments having scores >44 indicating cultural eutrophication is unlikely. The final stream
segment scored between 42-44, inferring cultural eutrophication may be present (Table 6-7).
Similar to SIGNAL there was no clear patterns in SWAMP-F scores related to riparian
vegetation.
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Table 6-7- A comparison of SIGNAL, SIGNAL 2 and SWAMP scores across all stream segments
sampled.

SIGNAL1

SIGNAL21

SWAMPS-F2

Coloured intermittent
vegetated
Coloured intermittent
unvegetated

Rep 1
Rep 2
Rep 1

3.23
3.32
3.04

2.99
3.34
2.84

46.23
46.82
43.60

Rep 2

Non-coloured
intermittent vegetated
Non-coloured
intermittent unvegetated
Non-coloured perennial
vegetated
Non-coloured perennial
unvegetated

Rep 1
Rep 2
Rep 1
Rep 2
Rep 1
Rep 2
Rep 1
Rep 2

3.24
3.3
3.23
2.64
2.85
4.65
4.01
4.04
3.41

3.21
3.27
3.25
2.55
2.98
4.94
4.17
3.91
3.47

49.49
49.47
48.43
53.51
48.25
46.69
48.07
46.37
47.47

1

SIGNAL and SIGNAL 2 score health >6 healthy habitat, 5-6 mild pollution, 4-5 moderate pollution, <4 severe

pollution (Gooderham and Tsyrlin 2002).
2

SWAMPS-F score health <42 cultural eutrophication likely, 42-44 cultural eutrophication may be present, >44

cultural eutrophication is unlikely (Chessmen et al. 2002).
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Discussion
How does riparian vegetation structure and condition affect in-stream physicochemical conditions?
Vegetation structure and function
Riparian vegetation within the Ellen Brook catchment is highly disturbed and poorly
structured. Although all sites had a native tree canopy, there was limited understorey and
mostly exotic groundcover species. These changes occur due to the cumulative effect of
natural and anthropogenic disturbances that are common in agricultural catchments, such as
vegetation clearing, stock access, invasion of exotic plant species and other disturbances
(Wissmar and Beschta 1998). Compromised riparian vegetation, as a result of disturbance,
can lead to poor riparian condition and an increase in exotic species. This in turn may alter
the functionality of riparian zones, affecting in-stream habitat, nutrient dynamics and water
quality and can lead to shifts in terrestrial and aquatic food webs (Naiman and Decamps
1997; Naiman et al. 2005; Richardson et al. 2007; Hladyz et al. 2011b). However, the
presence of exotic riparian vegetation is better than having none at all.
Comparisons of sites with remnant and revegetated riparian zones showed that riparian
condition and the level of disturbance was similar. Revegetated sites were only located on
intermittent stream segments, but had similar characteristics to sites with remnant vegetation,
having a native canopy, limited understorey and exotic groundcover. This suggests
revegetation is effective in restoring riparian vegetation at least to the capacity of degraded
natural vegetation and that the effect of riparian vegetation in stream segments with remnant
and revegetated vegetation would be similar. They were therefore considered together as to
their effects on macroinvertebrate assemblages.
One of the key terrestrial ecological benefits of riparian zones is its ability to provide habitat
corridors for wildlife (Naiman and Decamps 1997), however this can be compromised by
poor riparian condition and extensive clearing (Naiman et al. 1993; Naiman et al. 2005;
Fischer and Lindenmayer 2007). This study has shown the poor state of existing riparian
vegetation in the Ellen Brook catchment and a high degree of fragmentation between patches,
particularly along intermittent streams. The fragmentation of native vegetation reduces
connectivity within the landscape, compromising both aquatic and terrestrial diversity
(Naiman et al. 1993; Naiman and Decamps 1997; Fischer and Lindenmayer 2007). Riparian
vegetation along perennial streams in the north of the catchment was in better condition and
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had a higher degree of connectivity, potentially allowing riparian vegetation to act as a
habitat corridor for terrestrial species. For riparian vegetation to provide ecological benefits
in the future, revegetation (especially along the intermittent streams in the catchment) should
occur along extended stream reaches to increase connectivity among patches of native
vegetation (Naiman et al. 2005). Revegetation should include planting native understorey
species to replicate natural conditions and to provide greater structure for native animals.
Results from this study indicated that riparian vegetation was contributing large woody debris
to streams, as it was only encountered in vegetated stream segments (perennial and
intermittent), which is consistent with international literature (Fetherston et al. 1995; Hyatt
and Naiman 2001; Zelt and Wohl 2004; Nakamura et al. 2012) Coarse woody debris can alter
stream flows, increase the structural complexity, create new habitats and improve stream
condition (Lemly and Hilderbrand 2000; Naiman et al. 2008). The lack of large woody debris
in unvegetated stream segments reduces available habitats, which can influence community
structure (Lemly and Hilderbrand 2000; Wright and Flecker 2004). The loss of large woody
debris from streams can be detrimental to native fish species and result in a loss of abundance
and diversity and is an issue identified on an international scale (Fausch and Northcote 1992;
Wright and Flecker 2004; Howson et al. 2012; Baillie et al. 2013; Pettit et al. 2013)
Effects of riparian vegetation on in-stream physicochemical conditions
As a result of historical land clearing (Swan River Trust 2009a), stream shading is limited
throughout much of the catchment and the poor condition of existing riparian vegetation
could further reduce the degree of shading. The fragmentation of riparian vegetation in Ellen
Brook is likely to limit the effectiveness of riparian vegetation to regulate stream
temperatures, as continuous vegetation is more effective at influencing water temperatures
(Rutherford et al. 2004; Davies 2010). Rutherford et al. (2004) demonstrated that a 600-960
m stream length of dense riparian shade can reduce temperatures by 4°C and cleared stream
reaches could heat by a similar degree. Given the patchy nature of riparian vegetation (less
than 600 m) and reduced shading potential along the intermittent streams, the effect of
shading on temperature is likely to be reduced. In contrast, the perennial streams had
extensive riparian vegetation (blocks in excess of 600 m in places) and high shading
potentials, providing greater temperature regulation. This is significant because Stewart et al.
(2013) identified the upper thermal tolerance of sensitive aquatic taxa to be 21°C in southwest Western Australia. When exceeded, it can lead to the loss of sensitive taxa such as
Ephemeroptera, Amphipoda and Plecoptera and contribute to a shift in community structure
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(Stewart et al. 2013). Due to diurnal fluctuations, we are unable to compare data collected
during this study with this. However, data from previous sampling (O’Toole et al.
unpublished), indicated that steam temperatures exceeded 21°C in vegetated intermittent
stream segments. Thus, an important role of revegetation along streams would be to decrease
water temperatures and help maintain functioning stream communities (Davies 2010).
What is the effect of riparian vegetation, flow regime and colour on the
ecological health of streams?
Riparian vegetation, stream colour, flow regime and invertebrate assemblages
In the Ellen Brook catchment, flow regime and the presence/absence of riparian vegetation
were the most influential factors associated with invertebrate assemblage composition. Fewer
invertebrate families were present in the intermittent streams. Intermittent streams often lack
some sensitive species that exist in perennial streams (Chessman et al. 2006; Bonada et al.
2008; Reid et al. 2013; Datry et al. 2014). This can be driven by stressors such as reduced
water availability, temperature stress and poor water quality, which can strongly affect
sensitive species (Chessman et al. 2006; Bonada et al. 2008; Watson and Dallas 2013; Datry
et al. 2014). However, water quality (DO, salinity and nutrient concentrations) was similar
between the intermittent and perennial streams and in a range unlikely to cause variations in
macroinvertebrate assemblages.
Ostracods (represented by Cyprididae and Ilyocyprididae) and Chironomids (represented by
Orthocladiinae and Chironominae) were more abundant in intermittent than in perennial
streams. Ostracods have been used extensively as indicators of good water quality (Poquet et
al. 2008) and their response to drying can rely on desiccation resistant eggs or the ability to
burrow into the sediment and aestivate (Strachan et al. 2014). In contrast, perennial streams
had a substantially higher abundance of gripopterygid stoneflies than intermittent streams.
Many gripopterygids have desiccation resistant eggs (Chester and Robson, 2011), so the
species found here may have been more abundant in perennial streams because of their
preference for faster flows. Caenidae and Baetidae mayflies and Leptoceridae caddisflies
were also more abundant in the perennial streams, possibly owing to their preference for
perennial water (Boulton et al. 1992; Chester and Robson 2011), although some leptocerids
are known to aestivate (Wickson et al. 2012). Continuous flows are essential for some
species, such as the threatened mussel Westralunio carteri (Walker et al. 2014), which was
only encountered in perennial stream segments. These mussels can survive in intermittent
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water bodies, but must be shaded and not experience prolonged periods of drying (Walker et
al. 2014).These results again demonstrate the importance of perennial streams for
maintaining populations of freshwater invertebrates (Delucchi and Peckarsky 1989; Chester
and Robson, 2011; Watson and Dallas 2013) as well as being essential for the continued
survival of freshwater fish within the catchment.
Despite the poor condition of much of the riparian vegetation in the Ellen Brook catchment,
there were strong differences between invertebrate assemblages in vegetated and unvegetated
stream segments, especially in perennial streams. Riparian vegetation was more extensive
and in better condition along perennial stream segments, which may explain why riparian
vegetation was associated with larger differences in assemblage composition in perennial
streams. In unvegetated streams, the high abundance of grazing invertebrates from the
gastropod family Physidae and chironomid sub-family Orthocladiinae indicated an algal
based food web. The reduced shading in unvegetated streams increases light availability,
which promotes algal growth (Bunn et al. 1998; Mosisch et al. 2001; Sabater et al. 2005) and
supports algal grazers (Hladyz et al. 2011a). In contrast, mayfly and stonefly nymphs from
the families Ceinidae, Baetidae and Gripopterygidae were more abundant in vegetated stream
segments; Danger and Robson (2004) also found baetids to be associated with vegetated
reaches. These families may be primarily collecting organic matter in Ellen Brook streams;
their greater abundance explained by higher organic matter inputs from riparian vegetation
leading to increased amounts of fine detritus (Danger and Robson 2004; Reid et al. 2008a).
These results show that even in poor condition, riparian vegetation has the capacity to
influence in-stream communities, at least where mature stands of trees exist (Becker and
Robson, 2009; Death and Collier 2010). Furthermore, Pusey and Arthington (2003) identified
that the integrity of riparian vegetation is linked to healthy fish assemblages. However in this
study, fish were observed in vegetated and unvegetated stream segments alike, indicating
neither the presence nor condition of riparian vegetation was influencing fish occurrence.
However, the Ellen Brook catchment is relatively small, and fish may have been moving
throughout the system, using both vegetated and unvegetated reaches and both perennial and
(when inundated) intermittent streams. In contrast, freshwater crayfish were only found in
two reaches, both vegetated. Other studies of burrowing crayfish have found them to be more
abundant in remnant than revegetated or pasture reaches (e.g. March and Robson 2006).
Nevertheless, revegetating streams and improving the condition of existing riparian
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vegetation could improve conditions (more shelter and food, consistent temperature and
oxygen concentrations) for invertebrate, crayfish and fish assemblages in the future.
Colour (elevated gilvin concentrations) in streams has the capacity to limit stream diversity
and affect algal productivity by being toxic to some organisms and limiting light penetration
(Scalbert 1991). In the coloured streams, gilvin concentrations were relatively high ranging
from 27.41-46.52 g440 m-1, but somewhat lower than the 52 g440 m-1 threshold noted by Davis
et al. (1993) that results in changes in aquatic biota. Within the Ellen Brook catchment, the
presence of stream colour was not correlated with the presence of riparian vegetation.
Instead, it was related to soil type, with streams flowing from the west of the catchment,
underlain by Bassendean Sands typically being coloured, because carbon leaches readily
from these soils (Barron et al. 2008). However, extensive clearing throughout the catchment
is likely to lower gilvin concentrations due to reductions in organic matter deposition into
streams, which reduces the availability of tannins. The results obtained here suggest that
decreasing colour has the potential to decrease abundances of grazing gastropods (F.
Physidae, Lynceidae) but to favour a range of other invertebrate families that had higher
abundances in non-coloured streams. The replanting of riparian vegetation with native
species may increase gilvin concentrations and lower benthic algal growth, leading to more
natural in-stream biological communities. This area has received little attention in the
literature and requires greater research.
Water quality throughout the Ellen Brook catchment is likely a result of previous land uses
coupled with contemporary land use practices. High nutrient concentrations throughout the
catchment can primarily to be attributed to agriculture (Swan River Trust 2009a). Although
higher phosphorus concentrations in the coloured streams is a factor of agricultural land use
and soil association, with Bassendean sands associated with a poor phosphorus holding
capacity (McPharlin et al. 1990; Barron et al. 2008). Total nitrogen concentrations were high
in many stream segments, however, invertebrate assemblages did not respond negatively to
phosphorus or nitrogen. This is best highlighted by nutrient sensitive gripopterygid stoneflies
(Gooderham and Tsyrlin 2002) existing in stream segments with high nitrogen and
phosphorus concentrations. Similar to nutrients, stream physicochemical conditions
(primarily pH) differed between streams types, with non-coloured intermittent streams having
low pH (5.45), however, this did not reduce invertebrate composition. Vegetated and
unvegetated stream segments had similar water quality, yet they exhibited differences in
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invertebrate composition, further demonstrating that in-stream water quality had a limited
effect on invertebrate composition.
Effectiveness of biological indexes
Biological indices based on macroinvertebrate communities have been used extensively
worldwide (Gordon et al. 2004; Chang et al. 2014), but do not appear to be particularly
useful in Ellen Brook catchment streams. Results indicated that the biological indexes used
(SIGNAL, SIGNAL 2 and SWAMPS-F) were not appropriate for the stream fauna. For
example, the SIGNAL score of an intermittent stream with a pH of 3.28 and no vegetation
was 2.64, severe pollution, but was considered as having a similar condition to eight other
stream segments, some of which were home to environmentally sensitive species. Scores
from SIGNAL and SIGNAL 2 were consistently low, particularly in streams with intact
riparian vegetation, and which harboured environmentally sensitive species. In contrast,
SWAMPS-F indicated all stream segments (bar one) were unlikely to be affected by
eutrophication and human impacts. This is inaccurate as many of the stream segments
sampled were degraded and had nutrient concentrations which exceeded ANZECC
guidelines.
The contradictory results from SIGNAL and SWAMP-F casts doubt on the effectiveness of
biological indexes used to measure stream health in the Ellen Brook catchment and in southwestern Australia more generally. SIGNAL scores were developed in eastern Australia, and
omit families that are common in Western Australia (e.g. Cyprididae), resulting in nine of the
families collected not having a signal score and thus being omitted from the index. Also,
SIGNAL was developed for perennial streams, limiting its effectiveness anywhere with a
high proportion of intermittent streams (Lind 2004), which is also an issue for other
international indices (Davis et al. 2003; Watson and Dallas 2013). Intermittent streams can be
harsh environments, where natural stressors are more influential then anthropogenic stressors
(Watson and Dallas 2013), a factor which the SIGNAL score does not take into account.
SWAMPS-F was designed for Western Australian fauna, but for wetlands on the Swan
Coastal Plain, rather than for streams, and this may limit its application due to differences in
invertebrate species in lentic and lotic environments. Consequently, fourteen families were
not included in the SWAMPS-F score, probably lowering its accuracy.
A short-coming of biological indices is that they focus on anthropogenic rather than natural
stressors (Rose et al. 2008). This can create misleading results that indicate streams are
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suffering severe pollution when in fact they are not. Within the Ellen Brook catchment there a
many flat sandy intermittent streams which are poorly studied and do not fit into existing
indicator paradigms. However, because biological indices provide valuable management
tools that are used successfully elsewhere (Rose et al. 2008; Chang et al. 2014), a new index
is needed that takes into account these natural stressors and includes families that were better
represented (e.g. Ostracoda, Cyprididae) in Western Australian streams. This new index
needs to re-rank the families to represent local conditions, from pristine to highly degraded.
Biological indices can be important tools for measuring stream health and be utilised by
people with a range of skill levels (Chessman et al. 2002). The potential misuse of currently
available indices warrants future development of indices for Western Australian streams.
One limitation encountered during this study was the lack of water temperature
measurements over an extended period. Therefore, it was difficult to determine the effect
shading on stream temperatures and how this may affect macroinvertebrate assemblages.
Another limitation was the lack of sampling over different time periods, to see how water
quality and availability affected in-stream biological communities. Furthermore, a one off
measurement of water quality only provides a snapshot of conditions and does not encompass
temporal variations. To remediate these limitations, future work could include putting
temperature loggers in streams to compare temperature variations in perennial, intermittent
and vegetated and unvegetated stream segments. Future work could also include sampling
macroinvertebrates over different time periods to assess how in-stream assemblages vary
according to water quality and quantity.
Conclusion
This study has shown that riparian vegetation throughout the Ellen Brook catchment has been
compromised, potentially affecting connectivity throughout the catchment, reducing stream
shading and the degree of influence on in-stream environments. Assessment of in-stream
macroinvertebrate assemblages showed that both flow regime and the presence or absence of
riparian vegetation were associated with significant effects on assemblage composition. In the
Ellen Brook catchment, riparian vegetation was associated with the largest effect in the
perennial streams, and a weaker effect in intermittent streams. However, the weaker effect in
intermittent streams is likely because the total extent and quality of riparian vegetation in the
Ellen Brook catchment is greater along perennial than intermittent streams. The apparent
influence of riparian tree presence on invertebrate assemblages in intermittent streams
suggests that further restoration that links existing patches of riparian vegetation into a
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continuous corridor would be valuable, as suggested by Arnaiz et al. (2011). Furthermore, the
two vegetated perennial stream sections supported populations of the threatened mussel W.
carteri and to ensure their continued survival, protection of vegetated sections should be
maintained and revegetation undertaken. Consideration should be given to the habitat and
access requirements of the host fish species (Tandanus bostocki) that enables W. carteri
populations to reproduce and disperse (Klunzinger et al. 2011).
Future revegetation projects need to be fenced to limit stock access to riparian zones to
conserve both riparian vegetation and stream condition (Kauffman and Krueger 1984;
Vondracek et al. 2005). To optimise effectiveness, revegetation projects should ensure
shading potential is maximised by planting vegetation close enough to the stream while
taking stream orientation into consideration (Davies et al. 2010). Our results show that
riparian vegetation is beneficial for perennial and intermittent streams alike and further
revegetation should occur to improve connectivity, provide habitat and improve and maintain
regional biodiversity.
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Chapter 7 General Discussion
Flat sandy plains are common in the coastal zone around Australia and in many parts of the
world, and are often synonymous with nutrient export, due to their limited nutrient holding
capacity (Sims et al. 1998; Peters and Donohue 2001; Novak and Watts 2004; Butler and
Coale 2005). Riparian zones are used extensively around the world as a best management
practice to reduce nutrients entering streams, yet the effectiveness of riparian vegetation on
flat sandy terrain has not been quantified. Indeed, a recent study (Weaver and Summers 2014)
argues that hydrological processes on flat sandy terrain will limit the effectiveness of riparian
zones in nutrient removal. However, there has been limited testing of this proposition based
on the investigation of processes affecting water and nutrient fluxes to the stream from
catchments with deep permeable sands and flat terrain. The results from the present study on
the coastal plain of south-west Australia suggest that flows to streams on the deep permeable
sands are dominated by subsurface flow due to the limited slope. This limits the potential for
phosphorus removal in riparian zones, because removal of particulate phosphorus, generally
considered to be the main form of phosphorus flux, is largely dependent on surface flow
(Vought et al. 1994; Hoffmann et al. 2009). However, in the present study riparian vegetation
was associated with underlying soils enriched in soil organic matter, which slows flow and
increases the storage of phosphorus in riparian zones. This reduction in water flow rate
towards the stream, together with high soil organic matter concentrations, also reduced
nitrogen flux to the stream, presumably through transformations such as denitrification.
Ecologically, riparian vegetation was shown to benefit in-stream biological communities in
both intermittent and perennial streams, where it was associated with increased family
richness. The results from this study can potentially be applied to sandy plains and
Mediterranean-climate streams alike around the world to help guide management practices.

Physical and Chemical properties of riparian zones
Three key factors that control the level of the interception of nutrients in riparian zones are
soil type, slope and flow (Dosskey 2001; Hoffman et al. 2009). Riparian zones that are
steeply sloped, have reactive soils and surface and subsurface flow have a greater capacity to
intercept nutrients than flat sandy systems and this helps explain the differences found in this
study.
The Bingham Creek catchment is underlain by deep grey sands with low reactivity to
nutrients, known locally as Bassendean sands. The low nutrient sorption capacity of these
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sands results in rapid leaching of added nutrients including phosphorus (Weaver et al. 1988;
McPharlin et al. 1990; Summers et al. 1993). This was highlighted in the column experiment
where some nutrients (TP, NH4-N and TN) readily leached from surface soils (paddock and
riparian) following rainfall. This is consistent with the review by Roberts et al. (2012), who
showed riparian soils can store labile phosphorus due to addition of carbon from vegetation,
which can be released following flow and rainfall. As a consequence, soil nutrient
concentrations were low and groundwater nutrient concentrations were high. This could have
significant ramifications for the management of nutrient flows in similar catchments,
particularly as interception of dissolved phosphorus from groundwater is limited (Weaver and
Summers 2014). Uptake of the leached nutrients is limited to plant uptake by the roots
directly from groundwater (Chapin et al. 2002) and the minor improvement in soil binding
capacity provided by the addition of organic matter to the surface soils by vegetation in the
riparian zone (Reddy et al. 1998). In contrast, the soil at Lennard Brook was classified as a
sandy loam, with the higher proportion of clay and iron in these sands increasing its nutrient
holding capacity (Jones 2001; Obour et al. 2011). As a result, incoming nutrients at Lennard
Brook were stored in the soil rather than being released into groundwater, resulting in high
soil nutrient concentrations and low groundwater nutrient concentrations. This is a key
difference in the nutrient dynamics of the two catchment types, as storage in the soil is
relatively immobile compared to storage of dissolved nutrients in groundwater. Export of
nutrients to the riparian zone in the flat sandy system is dependent entirely on the rate of flow
of the groundwater towards the receiving waterways.
The nutrient dynamics at Bingham Creek and Lennard Brook were driven by different
processes, which affected their nutrient interception capacity; these processes are described
below and relate to the conceptual models in Figure 7-1.
1. Lennard Brook is steeply sloped (10 %; McDonald et al. 1990) which can generate surface
flow from the paddock through the riparian zone (Figure 7-1a). Such surface flow can
facilitate the trapping and interception of phosphorus and nitrogen to a lesser extent, as
described by McKergow et al. (2006), Knight et al. (2010) and Weaver (2010), and could
have contributed to phosphorus reduction in this system. This could be a contributing factor
to the comparatively low in-stream nutrient concentrations at Lennard Brook.
2. Slope provided an avenue for surface flow to occur, however, the movement of the
underlying groundwater was slow (groundwater velocity 0.2-0.22 m/day). This combined
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with the high water table, a result of the underlying impermeable layer (which affects where
groundwater is retained) allowed groundwater to be in constant contact with the active root
zone of riparian plants, permitting nutrient assimilation by plants and interception by shallow
riparian soils (Figure 7-1a). Furthermore, the reactive soils at Lennard Brook had a greater
capacity to intercept and retain nutrients in the soil and not the groundwater.
3. The slow movement of groundwater and available DOC provided the potential for
denitrification to occur and the reduction of nitrate concentrations in the riparian zone. The
high concentrations of NOx-N entering the riparian zone from the stream and paddock
groundwater provide the platform for substantial denitrification to occur.
4. There were comparable litter loads between Bingham Creek and Lennard Brook, which
provided carbon, nitrogen and phosphorus to the underlying soil and groundwater.
5. At Bingham Creek, where there is negligible slope (1.6 %; McDonald et al. 1990) and
highly permeable sands, water rapidly infiltrates vertically through the soil profile and there
is no surface flow (Figure 7-1b). Due to the limited nutrient holding capacity of these soils,
nutrients were stored in the groundwater and not the soil and are mobilised following rainfall.
Water movement was dominated by vertical rise and fall over an annual cycle and there was
slow horizontal movement of groundwater (groundwater velocity 0.23-0.3 m/day), resulting
in an extended residence of groundwater in the riparian zone (Figure 7-1b). Consequently
phosphorus was stored in the groundwater beneath the riparian zone and had limited
interaction with the root zone of the riparian vegetation. Weaver and Summers (2014)
showed that in regions with limited slope (< 1.9 %) and sandy soils, the potential for
phosphorus interception was restricted due to limited surface flow and phosphorus was
predominantly found in a dissolved form.
6. At Bingham Creek the long residence time, slow flow, high carbon concentrations and
cycling of water within the riparian zone is also likely to promote nitrogen removal through
denitrification (Starr and Gillham 1993; Hill and Cardaci 2004; Vidon and Hill 2004).
Gerriste et al. (1990), identified that denitrification occurred in Bassendean sands under these
conditions within the Ellen Brook catchment.
7. There was an input of stream water into groundwater in the riparian zone at Bingham
Creek during the first flush of winter rains. This trend could be representative of all
intermittent losing streams, which may change our understanding of how riparian zones
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function in these systems. Intercepting flow from the stream allows nutrient assimilation and
storage by the riparian zone, removing and retaining nutrients from the stream that would
otherwise rapidly find its way into Ellen Brook and the Swan Canning Estuary.

a)

b)

Figure 7-1- A comparison of hydrology and nutrient dynamics between
a) Lennard Brook and b) Bingham Creek

Finally, the column experiment showed that the riparian soils at Bingham Creek are more
enriched in carbon than paddock soils, which may slow water movement in riparian soils
(Rawls et al. 2003). A reduction in flow increases the residence time of water in the riparian
zone (Rawls et al. 2003; Reddy and DeLaune 2008), increasing the potential for nutrient
transformations, uptake and storage to occur. Anything that slows the flow of water and
nutrients from the paddock to the stream is beneficial and of particular importance to flat
sandy catchments dominated by agriculture. Furthermore, this illustrates the need for riparian
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zones to be protected to sustain soil organic matter and to limit the release of nutrients
following soil disturbance.
The conceptual models have been created based on the findings in the Ellen Brook
catchment, but could be applied to other flat sandy catchments such as those in south-eastern
United States of America (e.g. sandy catchments that feed into Chesapeake Bay, Lowrance et
al. 1997), which has a similar nutrient enrichment problem to the Swan Canning Estuary
(Donohue et al. 2001). However, the conceptual model (Figure 7-1b) from this study is based
on Mediterranean climates and may not be directly applicable to other climates. For example,
flat sandy systems in cold temperate environments are likely to function differently during
freezing winter conditions. In regions with higher rainfall there may be greater interaction
with the active root zone of riparian vegetation and greater residence times in the riparian
zone, allowing more nutrient transformations to occur.
Applying the conceptual model (Figure 7-1b) for nutrient processing in flat sandy systems
has the potential to change the way riparian vegetation is used as a best management practice
internationally. This conceptual model requires managers to approach the use of riparian
zones as a strategy for phosphorus management differently because it focuses on the
interception of dissolved phosphorus from groundwater rather than on the interception of
particulate phosphorus in surface flow. However, in these systems it can be an effective
nitrogen management tool, due to slow flow, availability of carbon and reducing conditions,
which can promote denitrification. Use of the model implies that riparian vegetation does not
function to intercept catchment nutrients similarly in all catchment types; and expectations of
riparian vegetation as a nutrient ‘filter’ (especially for phosphorus) must be lower in flat
sandy catchments. Below, are outlined some recommendations for improved management of
flat sandy catchments, nutrients and riparian vegetation. This will encourage informed
management and a move away from using riparian zones with the assumption that it
functions similarly everywhere.

Management recommendations to improve nutrient interception by
riparian vegetation
Based on the differences in nutrient processes identified in the present study between sloped
riparian zones with reactive soils and riparian zones on flat sandy terrain, a range of
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distinctive management recommendations for each catchment type can be derived. The
following key management recommendations are discussed in greater detail below.


To improve the phosphorus removal capacity of riparian zones and streams:
o Use soil amendments in riparian zones to increase the phosphorus binding
capacity of sandy riparian soils.
o Introduce or maintain native aquatic plants (e.g. Cycnogeton sp.) in streams, to
provide an opportunity for in-stream phosphorus to be intercepted and stored.
o Plant native, wet-dry tolerant sedges along stream banks to increase nutrient
removal potential and to facilitate aeration of soil and groundwater.



Riparian vegetation restoration should incorporate plants of different root depth (e.g.
sedges, shrubs and trees). This will maximise root interaction across the whole soil profile
with groundwater and help facilitate nutrient uptake and improve soil carbon stores.



Existing riparian vegetation should be fenced off to reduce disturbance by livestock that
may release nutrients stored in the riparian zone to the stream.



Appropriate soil testing and fertiliser management plans are needed to ensure excessive
fertiliser use does not occur, reducing nutrient export to streams.

The most effective phosphorus removal pathway in riparian zones is through surface flow
and the trapping of particulate phosphorus (Vought et al. 1994; Narumalani et al. 1997;
Hoffman et al. 2009; Dosskey et al. 2010). Due to the lack of slope and porous sands, it is not
possible to generate surface flow in flat sandy systems (Heinin et al. 2012). Therefore,
phosphorus removal in riparian zones with poor soils need to be enhanced by improving the
phosphorus storage and removal capacity of soils. Soil amendments could be used to improve
near stream riparian soils (Summers et al. 1993), before planting riparian vegetation, to
increase phosphorus storage, reduce leaching of soils and improve vegetation growth. This
would provide a greater potential for phosphorus interception and uptake of phosphorus from
groundwater flowing in from the paddock and stream. This strategy could be adopted in any
catchment with poor sandy soils, regardless of slope.
At both Bingham Creek and Lennard Brook, native aquatic in-stream vegetation (Cycnogeton
sp.) was found to actively assimilate phosphorus and nitrogen. Amphibious species (such as
Cycnogeton sp.) would be ideal to actively reduce in-stream nutrients, because they grow
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well in high in-stream nutrient concentrations (Mars et al. 1999) and also tolerate seasonal
drying (Casanova and Brock 2000).
The type of vegetation in a riparian zone can have a strong effect on underlying
physiochemical conditions, nutrient uptake and release. At both Bingham Creek and Lennard
Brook there was a dense native canopy, poor understorey and a thick groundcover, which had
exotic species present. It is recommended that native shrubs and sedges should be planted
together with trees to create a complete riparian forest containing an understorey. This can
create competition for exotic species in the groundcover, increasing nutrient uptake potential
and improve soil condition (Tilman 2004). While exotic species can have greater nutrient
uptake, they are often annual, resulting in rapid nutrient uptake but then equally rapidly rerelease after death (Meisner et al. 2011). Exotic species generally have soft tissues that are
quickly decomposed, while native species breakdown more slowly and thereby contribute
more to soil structure (Vought et al. 1994; Meisner et al. 2011). Planting native sedges has
the capacity to aerate soils through their root structure (Kadlec and Knight 1996), oxidising
shallow groundwater and soil, creating conditions that are conducive to phosphorus binding.
Sedges also have an excellent potential to take up nutrients directly for growth (Greenway
2007). Species used will need to tolerate a wide range of water regime, from flooding through
to the extending drying associated with intermittent streams.
Previous studies have highlighted the differences in nutrient removal capacities of different
riparian vegetation types (Hooper and Vitousek 1998; Lyons et al. 2000). Planting riparian
buffers with shallow-rooted grass would not be appropriate in the flat sandy systems, as grass
is most effective at removing particulates on sloped sites which have surface flow (which
typically does not occur on flat sandy soils) and the subsurface flows are not likely be
intercepted by the shallow roots of grasses (Vought et al. 1994; Lyons et al. 2000; Brian et al.
2004), which was identified in this study. Therefore in flat sandy systems shrubs and deeprooted trees should be planted to maximise nutrient uptake from underlying groundwater. To
maximise nutrient uptake by riparian vegetation for sloped and flat sites in agricultural
catchments they should be mapped according to slope and preferential flow paths. Riparian
vegetation composition should be based whether it is better at intercepting surface (native
grasses and sedges) or subsurface flows (native trees and shrubs). When revegetating riparian
zones native indigenous species must be used as this will provide long term storage
(Richardson et al. 2007; Meisner et al. 2011) as nutrients taken up by exotic species are
rapidly released upon decomposition.
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To protect existing riparian vegetation within the catchment and maximise its nutrient
removal capacity, vegetation should be fenced. Fencing riparian zones to keep livestock out
has a number of benefits. Firstly, it limits disturbance and destruction of native vegetation,
allowing regeneration of native species to occur (Kauffman and Krueger 1984; Richardson et
al. 2007; Renofalt and Nilsson 2008). Reduced disturbance of riparian zones has been linked
to fewer exotic species (Naiman et al. 2005). Secondly, apart from physical disturbance,
livestock have been identified as a direct dispersal mechanism for exotic species (Stohlgren et
al. 1998; Robertson and Rowling 2000; Shafroth et al. 2002). Thirdly, grazing livestock may
lead to soil compaction, limiting infiltration, root development and the density of burrowing
fauna (e.g. March and Robson, 2005). Finally, fencing does not allow livestock into streams,
reducing re-suspension of phosphorus due to erosion and pugging or the input of nutrients
through defecation (Robertson and Rowling 2000).
Carbon plays an integral role in the hydrology and nutrient dynamics of riparian soils (Rawls
et al. 2003; Hoffman et al. 2009). Improving soil carbon storage in the riparian zone could
enhance nutrient interception and reduce the speed of water flow (Reddy et al. 1998; Rawls et
al. 2003). The best way of doing this is through the protection of existing riparian vegetation
and through planting more native vegetation. Native vegetation provides more refractory
carbon that can improve soil structure rather than the more labile carbon provided by exotic
species, which fuels more rapid microbial activity and can result in phosphorus loss from
soils (Jobbagy and Jackson 2000). Increased carbon in the soil will further reduce the flow of
water and increase residence times (Rawls et al. 2003). Slower flows increase the opportunity
for nutrient interception and promote nitrogen removal through denitrification (Martin et al.
1999; Vidon and Hill 2004; Balestrini et al. 2011). Increased soil carbon improves soil
structure (Rawls et al. 2003), enhances the potential for phosphorus adsorption (Reddy et al.
1998) and improves the riparian zone as a nutrient store (Stutter and Richards 2012).
At Bingham Creek the soils are Bassendean sands, which have a poor phosphorus holding
capacity (Summers et al. 1993). While this soil type is particularly poor (Weaver et al. 1988;
McPharlin et al. 1990), nutrient loss from sandy soils is a global issue (Harris et al. 1996;
Sims et al. 1998; Zhang 2008). Therefore it is imperative to have an appropriate fertiliser
plan in place (e.g using regular soil testing to inform appropriate fertiliser type and
application rates) for sandy soils, as phosphorus can readily leach from fertiliser following
rainfall (Stutter and Richards 2012). To limit phosphorus release from paddock soils, the
binding capacity of the soil needs to be improved. This can be done through soil amendments
182

such as bauxite residues (red mud) or gypsum, which have shown to increase phosphorus
adsorption of poor sandy soils (Summers et al. 1993).

Assessment of the ecological role of riparian vegetation
The presence of riparian vegetation had a strong effect on macroinvertebrate assemblages.
There were more shredders and detrital feeders such as a crayfish (Parastacidae), stoneflies
(Gripopterygidae), caddisflies (Leptoceridae) and amphipods (Ceinidae) in vegetated streams,
whereas unvegetated streams had a higher abundance of algal grazers such as snails
(Physidae). The greater abundance of shredders and detrital feeders in vegetated streams is
consistent with the literature (e.g. Danger and Robson 2004; Reid et al. 2008a) and is driven
by detrital inputs from riparian vegetation. Conversely, Hladyz et al. (2011a) found
unvegetated stream reaches support more algae and algal grazers, due to greater light
availability, which promotes algal growth, also consistent with results from this study.
Furthermore, the presence of riparian vegetation had a stronger effect on invertebrate fauna in
perennial streams compared to intermittent streams, which may be attributed to the greater
cover of riparian vegetation along perennial stream reaches, which provides greater
connectivity, food and habitat (Sponseller et al. 2001; Davies 2010; Death and Collier 2010).
Riparian vegetation helped shape in-stream biological communities in perennial and
intermittent stream reaches, emphasising the ecological role it plays. Restoration of riparian
vegetation along intermittent and perennial streams would improve in-stream communities
and contribute to a shift in stream food webs (Wallace and Webster 1996; Hladyz et al.
2011b).
Together with riparian vegetation, flow regime also had a large effect on in-stream
macroinvertebrate assemblages. This is highlighted by the presence of flow sensitive species
in perennial streams such as the mayflies (Baetidae and Caenidae) and threatened freshwater
mussels (Westralunio carteri) and the high abundance of ostracods (Cyprididae) in
intermittent streams. These finding are consistent with previous studies, which have
highlighted that perennial streams are associated with greater diversity and more sensitive
taxa (Chessman et al. 2006; Bonada et al. 2008; Reid et al. 2013).
Coloured or blackwater streams are found throughout many parts of the world and have a
different ecology to clear streams (Smock et al. 1985; Meyer 1990). Elevated tannin
concentrations provide some attributes that riparian vegetation bestows (reduction in light
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and temperature) which can affect in-stream processes and invertebrate composition (Smock
and Gilinsky 1992). In the Ellen Brook catchment, assemblage composition in the coloured
intermittent streams differed from the uncoloured intermittent streams, however, the effect of
colour was less than the effect of riparian vegetation or flow regime. The effect of colour is
likely reduced in this catchment due to extensive clearing, resulting in less dissolved carbon
entering streams (Meyer 1990). Lower in-stream colour coupled with shallow water limits the
capacity of stream colour to mimic shading control provided by riparian vegetation.
Catchment clearing and the subsequent loss of in-stream colour is thereby promoting higher
light conditions, which prior to this may have protected the streams from excessive algal
growth and modification of community assemblages. Restoration of riparian cover would
provide both reduction of light and a source of carbon to ameliorate this ecological shift.

Management recommendations to protect and improve stream condition
through the use of riparian vegetation
Considering the high proportion of intermittent streams within the Ellen Brook catchment and
internationally in this type of catchment, what management recommendations can be made
based on the findings of this study? The following points summarise the key
recommendations to improve in-stream biological communities, which are described in detail
below.


Limit water abstraction (surface and groundwater) from perennial streams to ensure
flows remain perennial, to help protect flow sensitive species.



Replant riparian vegetation along intermittent and perennial streams to provide shade,
organic matter and colour; key variables which shape community assemblages.



Plant riparian vegetation over continuous (600 m) stretches to provide connectivity
and help regulate stream temperature (Rutherford et al. 2014).



Develop a new biological index (using macroinvertebrates) which can be used for the
rapid appraisal of stream condition.

Water abstraction from groundwater mounds feeding perennial streams and the perennial
streams themselves need to be limited and monitored to conserve permanent water bodies.
Protection of perennial streams is integral to ensure regional diversity of in-stream organisms
(Chester and Robson 2011), with particular reference to the threatened freshwater mussel (W.
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carteri) and fish assemblages (Pusey and Arthington 2003). Furthermore, in south-west
Western Australia and other areas where climate change is expected to significantly reduce
rainfall in the future (Bates et al. 2010) protection of perennial streams through careful water
abstraction is a priority. This recommendation is relevant internationally, particularly in
regions which are dominated by intermittent streams and few perennial waterbodies.
Riparian vegetation should be planted along intermittent and perennial streams alike, as
results from this study indicate that riparian vegetation has a positive effect on both stream
types. Replanting and restoring riparian vegetation has shown to improve water quality,
regulate temperature, contribute organic matter (both particulate and dissolved (e.g. colour)
and improve stream condition (Webb and Erksine 2003; Hughes et al. 2005). Replanting
vegetation should occur with the view of long-term benefits, as Becker and Robson (2004)
identified that stream condition takes more than eight years to return to historical (or control)
condition. All revegetation works should be fenced to limit stock access to riparian zones, to
allow for riparian vegetation to become established and to reduce future disturbance
(Robertson and Rowling 2000).
Replanting riparian vegetation should extend over a minimum of 600 m stretches (Rutherford
et al. 2004), as it has been identified that this level of cover is required to moderate stream
temperature. Furthermore, when replanting riparian vegetation along streams the type and
location must be considered. The vegetation needs to be tall enough to provide shade across
the entire stream and it must be orientated so that it delivers maximum shade to the stream as
the sun passes across the sky (Rutherford et al. 2004). Furthermore, invertebrates respond
better to continuous vegetation due to a greater input of organic matter for food and habitat
and consistent water quality (Sponseller et al. 2001; Davies 2010; Death and Collier 2010).
Biological indices based on macroinvertebrate communities have been used extensively
worldwide (Chang et al. 2014) and provide an accessible tool for managers to rapidly assess
stream condition. This study has identified the shortcomings of using the biological indexes
SIGNAL, SIGNAL 2 and SWAMPS-F for streams in the Ellen Brook catchment. The
contradictory results between SIGNAL and SWAMPS-F suggest that they are not
representative of streams in south-west Western Australia. SIGNAL in particular was created
on the east coast in perennial streams and therefore its effectiveness is limited due to the
higher number of intermittent streams and different stressors (such as temperature and
salinity) in Western Australian streams. Additionally, a considerable number of taxa were
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omitted from the index further highlighting its ineffectiveness. Currently if these indices were
used it will result in an inappropriate assessment of these systems and lead to misinformed
management strategies. Therefore, a new biological index should be developed, which can be
used by managers to rapidly assess stream condition using macroinvertebrates. This index
needs to be based on Western Australian streams, which incorporates intermittency, higher
temperatures and higher salinity. This will provide a rapid cost effective tool, which can be
used by mangers to identify streams under stress and be utilised to identify streams that could
benefit from replanting riparian vegetation.

Limitations and future research
This study has provided a holistic appraisal of riparian zones in flat sandy systems. It has
identified flow paths in flat sandy systems are not conducive to phosphorus removal, but are
for nitrogen reduction. Further to this, riparian vegetation has improved soil structure and
slowing the flow of water through riparian zones, while helping shape in-stream biological
communities. The holistic nature of this research indicated a number of avenues, outlined
below, that would improve our understanding of the role of riparian zones in flat sandy
catchments.
This study did not quantify the nutrient removal capacity of riparian zones in flat sandy
catchments, as it did not directly measure uptake by soil and vegetation, nor was nitrogen loss
through denitrification measured. This presents a limitation for managers as they cannot
provide a quantifiable result to stakeholders such as landowners. However, this study did
provide a conceptual model of the associated nutrient dynamics. It shows where nutrients are
stored and provides an estimate of groundwater flow through the riparian zone based on
estimated hydraulic conductivity and effective porosity of the soils (Maidment 1992; Van
Gool et al. 2005). To improve the model and provide more accurate flow data future research
could determine the hydraulic conductivity and effective porosity of soils encountered in this
study (Kalbus et al. 2006). The conceptual model identifies nutrient sources in the riparian
zone, however, the relative contributions were not assessed. Therefore, the use of stable
isotopes would be valuable in determining the origins of carbon and nitrogen in groundwater
of riparian zones (Kendall et al. 2001) and help quantify nutrient contributions of riparian
vegetation to groundwater. Finally the capacity of riparian zones to intercept nutrients can be
determined by examining nutrient uptake by riparian vegetation (Sabater 2000), measuring
denitrification throughout the riparian zone (Hill 1996), assessing the nutrient interception
capacity of soils and the long term changes can be measured using lysimeters (Doskey et al.
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1997; Weaver and Summers 2014). This information could be utilised in catchment
modelling to quantify nutrient removal by riparian vegetation at a catchment scale.
This study identified that stream water flows into groundwater in the riparian zone during the
first flush of winter rains. However, the rate of flow and the flow of nutrients in groundwater
was not quantified nor the proportion of the total stream flow represented. It is not known
whether this exchange of water and nutrients represents a net benefit (by increasing potential
nutrient uptake) or what effect this has on nutrient export at a catchment scale. Stream inputs
may represent a significant nutrient contributor to riparian zones and affect existing models
of nutrient uptake by riparian zones, which could have implications for management in flat
sandy catchments around the world. This has received little attention in the literature and it
may represent a major nutrient source in riparian zones along losing streams with high
nutrient concentrations. Therefore, long term monitoring is required. Flows into riparian
zones can be quantified using seepage meters, in-stream tracers and piezometers (Kalbus et
al. 2006). Furthermore, stable isotope analysis of oxygen and hydrogen could be used to
identify where water in the riparian zone originates (Price et al. 2012). Coupling this
information with in-stream nutrient concentrations allows the assessment of the flux of
nutrients into riparian zones. Following this, future research can focus on potential strategies
to intercept the flow of nutrients into the riparian zone. This could include investigating
strategies such as lining streams with soil amendments or sedges to improve nutrient
interception.
This study was conducted over a short time period, which has provided only a snapshot of the
processes occurring in Ellen Brook. Ideally, this study would have been carried out over
multiple years, so long term trends could be identified and to see how nutrient dynamics in
riparian zones differ over wet and dry years. In both years rainfall did not exceed the yearly
average, which may limit the extrapolation of these results for wetter years. However, in
south west Western Australia average rainfall has been decreasing over the last sixty years
and years with average or above average rainfall have been uncommon (Bates et al. 2010).
Nevertheless it is important to understand how nutrient dynamics differ in years with above
average rainfall, where there is greater potential for nutrient mobilisation. Understanding how
these systems function under extreme rainfall events could be critical for future management,
given extreme storm events are more likely due to climate change (Bates et al. 2010). Finally,
there may be spatial limitations as sampling was only undertaken at two locations. This could
not be avoided as there is very little remaining riparian vegetation within the catchment and
187

these two sites provided the only good contrast. Not only were comparable sites difficult to
find but access to riparian zones was limited due to private land ownership. Future work
could attempt to incorporate different sites across the catchment to reduce the variability and
provide more statistically robust results, but lack of replicable sites is a common feature of
heterogeneous agricultural landscapes.
Future revegetation projects in the Ellen Brook catchment present an opportunity to
incorporate before and after sampling. This will help quantify the nutrient removal capacity
of riparian zones, show how riparian vegetation improves soils and provide insight into how
nutrient dynamics vary over wet and dry years (McKergow et al. 2003). Furthermore, this
information can be used to model nutrient export from catchments, particularly given rainfall
and flow are likely to reduce in the future as a result of climate change.
The assessment of the ecological benefits of riparian zones was only conducted over one
sampling event; therefore, the results from this study provide a snapshot of the processes that
occur within the Ellen Brook catchment. The sampling was undertaken when the streams
were flowing (spring 2012), therefore, it did not measure how invertebrate assemblages
change as flows decrease or the stream dries. Future research could include a survey of
macroinvertebrates over different hydrological events to assess how assemblages change in
response to drying in intermittent streams. This will provide insight into whether the presence
of riparian vegetation helps maintain in-stream biological communities as flows cease. In
addition to this, temperature loggers could be placed in streams to assess how water
temperature varies between vegetated and unvegetated stream reaches. This will provide
valuable insight into the temperature dynamics of intermittent and perennial streams and was
shown to be an effective strategy by Rutherford et al. (2004). This information can also be
used to see how in-stream biological communities change in relation to stream temperature in
intermittent and perennial streams alike.

Conclusion
This research has shown that nutrient characteristics in flat sandy systems differ from those
with greater slope and reactive soils in the Ellen Brook catchment.
1. The movement of water through riparian zones is essential for nutrient interception
and removal to occur. This study has highlighted that the lack of horizontal surface
flow in flat, sandy systems compromised the nutrient removal capacity of riparian
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zones, particularly phosphorus. However, the capacity of the riparian vegetation to
slow flow and increase dissolved organic carbon in groundwater was conducive to
nitrogen transformations such as denitrification.
2. This study highlighted the importance of reactive soils to nutrient interception and
storage in riparian zones. Soils in flat sandy systems were shown to have limited
capacity to intercept and store phosphorus due to a lack of carbon, iron and clay. As a
result, phosphorus storage in paddock soils was limited and phosphorus readily
leached from them after rainfall. However, riparian vegetation improved the water
holding capacity of the soil and slowed groundwater flow, slowing the export of
nutrients from riparian zones.
3. Riparian vegetation was of a similar species composition and structure in flat and
sloped systems and consequently had similar contributions to their respective riparian
zones. This was highlighted by similar live tissue nutrient concentrations and
comparable litter loads. These litter inputs are pivotal for maintaining soil organic
matter content, this improved underlying soils, which is of great significance for poor
sandy soils. Further to this, riparian vegetation provided organic matter to intermittent
and perennial streams, which shaped food webs and provided habitat for in-stream
biological communities.
4. Riparian vegetation provided ecological benefits to both intermittent and perennial
streams and is associated with higher family-level richness. Perennial streams had
more flow sensitive species such as the threatened mussel W. carteri, which
emphasises the need to protect perennial streams to maintain regional biodiversity.
The presence of riparian vegetation can shape in-stream biological communities by
promoting detrital food chains and by providing shade, which limits algal
proliferation. In-stream colour had a significant effect on the composition of
biological communities, however, this effect was less than the presence of riparian
vegetation. These results support the necessity for riparian vegetation to be planted
along both stream types to improve and conserve in-stream diversity.

When assessing whether riparian vegetation is an appropriate best management practice in
flat sandy systems, there were two features that significantly affected its functionality. The
slow flow through the riparian zone and poor soils were equally central in driving nutrient
interception. The lack of slope and reactive soils considerably reduced the capacity of
riparian zones to intercept and store phosphorus, a critical element for riparian vegetation to
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be a best management practice. However, riparian vegetation in these flat sandy systems
contributed carbon to underlying soils and groundwater, which is pivotal in slowing flow,
improving nutrient storage of soils and fuelling microbial processes. Riparian vegetation also
helps shape and improve in-stream biological communities in perennial and intermittent
streams through the provision of organic matter as food and habitat and by limiting algal
growth through shading. This exemplifies the positive influence riparian zones have in flat
sandy systems.
This study has developed conceptual models that represent a substantial step forward in
understanding the nature of water pollution and riparian zone dynamics in the Ellen Brook
catchment. The models provide a rationale to test the suggested nutrient and ecosystem
dynamics within the Ellen Brook catchment and other flat sandy catchments. The information
gained from this study combined with the use of the conceptual models can be used
(cautiously) to guide management strategies in the future. The results support the use of
riparian zones as a management practice to improve water quality, soil conditions and instream biological communities even in flat, sandy systems where processes are distinctly
different to their sloped counterparts. Regardless of where riparian vegetation is and what
condition it is in, it provides a buffer, slowing flow, storing nutrients and contributing to instream diversity. Overall, riparian vegetation increased the retention of nutrients, improved
soils and in-stream biodiversity, warranting the protection and rehabilitation of riparian zones
in flat sandy catchments.
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Appendices
Appendix One- Vegetation Condition Scale and the explanatory factors as
defined by Keighery (1994).
Vegetation

Explanatory factors

Condition Scale

Pristine or nearly so, no obvious sign of disturbance.

Pristine

Vegetation structure intact, disturbance affecting individual species and
Excellent

weeds are non-aggressive.
For example damage to trees caused by fire, the presence of non-aggressive weeds and
occasional vehicle tracks.

Vegetation structure altered, obvious signs of disturbance.
Very Good

For example disturbance to vegetation structure caused by repeated fires, the presence
of some more aggressive weeds, dieback, logging and grazing.

Vegetation structure significantly altered by very obvious signs of
multiple disturbances. Retains basic vegetation structure or ability to
Good

regenerate it.
For example disturbance to vegetation structure caused by very frequent fires, the
presence of some very aggressive weeds at high density, partial clearing, dieback and
grazing.

Basic vegetation structure severely impacted by disturbance. Scope for
regeneration but not to a state approaching good condition without
Degraded

intensive management.
For example disturbance to vegetation structure caused by very frequent fires, the
presence of very aggressive weeds, partial clearing, dieback and grazing.

The structure of the vegetation is no longer intact and the area is
Completely
Degraded

completely or almost completely without native species.
These areas are often described as ‘parkland cleared’ with the flora composing weed or
crop species with isolated native trees or shrubs.

Modified from Trudgen (1991) by Keighery for the Swan Coastal Plain Survey 1993.
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unvegetated rep 2

Non-coloured Perennial

unvegetated rep 1

Non-coloured Perennial

vegetated rep 2

Non-coloured Perennial

vegetated rep 1

Non-coloured Perennial

unvegetated rep 2

Coloured Intermittent

unvegetated rep 1

Coloured Intermittent

vegetated rep 2

Coloured Intermittent

vegetated rep 1

Coloured Intermittent

unvegetated rep 2

Non-coloured Intermittent

unvegetated rep 1

Non-coloured Intermittent

vegetated rep 2

Non-coloured Intermittent

vegetated rep 1

Non-coloured Intermittent

Appendix Two- Table comparing invertebrate abundances between stream segments.

Unknown Acarina

42

220

0

0

126

212

2

12

12

15

13

12

Cyclopoida

42

156

0

364

109

23

159

256

3

30

204

631

Cyprididae

376

457

22

2842

730

964

2044

607

0

33

65

253

Ilyocyprididae

3308

192

0

15

16

3

990

0

0

8

0

276

Daphnidae

281

0

0

6

221

44

582

12

0

60

164

1402

Nymphulinae

6

1

0

0

0

0

0

0

0

0

0

0

Tanypodinae

315

106

355

108

133

35

18

217

73

75

128

360

Orthocladinae

495

116

38

2259

367

533

513

92

251

203

272

654

Chironominae

466

0

1287

195

61

5

9

44

18

38

127

697

Dystiscidae juv

113

25

223

93

47

12

4

9

0

0

0

17

Dysticidae adu

10

4

24

2

2

0

0

3

0

1

1

2

Hydrophilidae juv

44

0

1

7

31

1

0

16

0

1

2

12

224

Hydrophilidae adu

4

0

37

3

1

0

0

1

0

0

0

0

Collembola

90

44

1137

647

266

365

41

115

47

21

75

18

Simuliidae

622

1

0

264

263

311

13

4

120

167

6

0

Ceinidae

93

875

0

1

653

26

308

0

0

24

0

403

Culcidae

84

31

128

41

19

13

2

4

4

39

2

135

Ilyocryptidae

367

0

0

0

0

0

0

0

0

0

0

0

Leptoceridae

17

0

0

1

9

1

1

68

174

86

25

37

Lestidae

5

0

0

0

0

2

1

0

0

0

0

53

Hermicorduliidae

64

11

0

0

13

5

3

17

0

5

1

8

Hydroptilidae

55

30

0

0

3

1

7

403

1

5

3
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Dolichopodidae

17

1

1

12

0

0

0

5

0

0

0

0

Orabatidae

35

176

1

14

16

54

0

40

0

21

24

52

Hirunidea

5

0

0

0

0

4

4

0

0

0

0

0

Chydoridae

45

32

0

114

261

174

256

4

3

0

0

2538

Oligochaet

41

98

0

5

8

64

35

16

5

34

59

32

Amphisopidae

4

0

0

0

4

0

0

0

0

0

0

0

Libellulidae

3

5

0

0

0

0

0

0

0

0

0

0

Ceratopogodinae

7

2

139

1

8

1

24

138

16

18

6

409

Lynceidae

12

32

0

0

0

0

0

392

0

0

86

3

Corixidae

2

0

0

1

0

0

0

0

0

0

0

65

225

225
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Physidae

0

1

0

35

100

13

7

837

0

12

7

10

Tabanidae

0

7

0

0

0

1

4

48

2

2

2

1

Coenagrionidae

0

2

0

0

0

3

0

189

0

0

3

0

Ecnomidae

0

8

0

0

0

0

0

4

24

46

7

17

Limnocharidae

0

0

4

0

0

0

0

0

0

0

0

0

notonectidae

0

0

1

0

0

4

1

1

0

0

0

8

Nematoda

0

0

0

12

0

0

0

0

0

0

4

0

Leptoconopinae

0

0

0

4

0

2

1

0

0

0

0

0

Curculionidae

0

0

0

1

0

0

0

0

0

0

0

0

Psychodidae

0

0

0

0

2

0

0

0

0

0

0

0

Ancylidae

0

0

0

0

4

69

0

0

19

1

2

0

Pionidae

0

0

0

0

4

0

0

0

6

0

0

0

Pyralidae

0

0

0

0

1

0

0

93

2

0

0

1

Gyrinidae juv

0

0

0

0

1

0

0

0

5

10

0

0

Gyrinidae adu

0

0

0

0

0

0

0

0

0

5

0

0

Stratiomyidae

0

0

0

0

3

0

0

0

0

0

0

0

Gripopterygidae

0

0

0

0

0

15

0

0

653

23

4

0

Hydrachnidae

0

0

0

0

0

3

0

0

38

3

0

0

Aeshnidae

0

0

0

0

0

1

0

33

5

0

0

7

Caenidae

0

0

0

0

0

3

0

0

212

322

49

95

226

Temnocephalans

0

0

0

0

0

0

2

0

0

0

0

0

Ephydridae

0

0

0

0

0

0

0

107

0

0

3

0

Chrysomelidae

0

0

0

0

0

0

0

4

0

0

0

2

Baetidae

0

0

0

0

0

0

0

0

73

38

4

455

Notonemouridae

0

0

0

0

0

0

0

0

9

0

0

0

Leptophlebiidae

0

0

0

0

0

0

0

0

31

7

1

39

Hydropsychidae

0

0

0

0

0

0

0

0

60

86

0

3

Scirtidae

0

0

0

0

0

0

0

0

35

1

10

0

Palaemonidae

0

0

0

0

0

0

0

0

8

0

28

0

Planorbidae

0

0

0

0

0

0

0

0

1

0

0

13

Sphaeriidae

0

0

0

0

0

0

0

0

0

0

48

0

Parastacidae

0

0

0

0

0

0

0

0

0

0

2

0

Oniscidae

0

0

0

0

0

0

0

0

0

0

0

1

227

227

