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Abstract This study examined particulate phosphorus
(PP) characteristics of terrestrial, stream bed and lake bed
sediments along a common hydrological pathway. The
objective was to quantify spatial variability of PP in the
catchment of a eutrophic lake, Rotorua (New Zealand).
Median total phosphorus (TP; dry weight) concentration in
sediments (‘terrestrial’) deposited from overland flow on
farmland in the upper stream catchment was high
(2,157 mg kg™ "), greatly exceeding that of stream bed
sediments (212 mg kg~ '; Waiteti Stream) which exhibited
downstream decline in TP concentrations. Lake bed sedi-
ments were enriched in TP (median = 2,661 mg kg™ ")
with relatively low Fe:P and AL:P mass ratios. Sequential
extraction of three PP fractions showed that the mean
proportion of HCl-extracted P (Ca-bound, denoting the
refractory fraction) in extracted P was higher in terrestrial
sediments (17 %) than stream bed sediments (4 %).
Accordingly, TP concentrations of terrestrial sediments
were highly (p < 0.01) correlated with Ca (R = 0.89),
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whereas TP was most closely correlated with Al
(R = 0.83) in the stream bed sediments. Nonetheless, the
majority of sequentially extracted P in both terrestrial and
stream bed sediments comprised fractions (bicarbonate
dithionate- and NaOH-extractable) that are potentially
bioavailable in Lake Rotorua. Furthermore, phosphate
buffering experiments indicated that terrestrial sediments
desorbed P to be a source of PO,—P to receiving waters,
whereas stream bed sediments buffered PO4~P concentra-
tions in stream water. Such quantification of landscape-
scale variability in PP characteristics can support strategic
management of TP loading to the lake.

Keywords Equilibrium phosphorus concentration -
Eutrophication - Particulate phosphorus - Sequential
extraction - Stream bed sediments - Watershed

Introduction

Controlling phosphorus (P) loads to freshwaters is critical
to abate water quality decline associated with eutrophica-
tion (Vollenweider 1968; Moss 2007). Phosphorus loads
comprise a dissolved and solid phase, with the former
generally considered to be bioavailable (Reynolds and
Davies 2001) and hence a priority for control (Lewis et al.
2011). By contrast, the chemical composition of the par-
ticulate phosphorus (PP) pool can be complex and, con-
sequently, the bioavailability and concomitant potential of
PP to contribute to eutrophication can vary significantly
(Reynolds and Davies 2001). Particulate P frequently
comprises a major proportion of the P load to freshwaters
and, therefore, catchment-specific knowledge of PP char-
acteristics is necessary for resource managers to adequately
assess eutrophication risk and develop efficient
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eutrophication control strategies (Ellison and Brett 2006;
Kerr et al. 2011).

The composition of PP can be quantified using chemical
extraction methods that isolate individual fractions (e.g. see
Hupfer et al. 1995). Such methods use a range of extraction
solutions which typically contain anions that displace
phosphate from adsorption sites associated with increas-
ingly refractory compounds. Determination of phosphate in
the extractants subsequently allows different chemical
forms of PP to be quantified which, although operationally
defined, can be related to biogeochemical origins (Lukkari
et al. 2007a) and bioavailability to phytoplankton (Bostrom
et al. 1988; Okubo et al. 2012). Particulate P is subject to
dynamic sorption processes between sediments and the
aqueous phase (Mayer and Gloss 1980) and such sorption
behaviour is also an important consideration for under-
standing the potential for PP to contribute to eutrophication
(Machesky et al. 2010). The P sorption behaviour of sed-
iments is related to ambient conditions, including PO,—P
and total suspended sediment (TSS) concentrations, pH,
oxidation—reduction potential, and ionic concentration
(Mayer and Gloss 1980; McDowell et al. 2001; Uusitalo
et al. 2003). Hence, as with assessing the bioavailability of
sequentially extracted PP fractions, relating the P sorption
characteristics of sediments to the potential for downstream
impacts requires understanding of the biogeochemical
characteristics of receiving waters.

The load of PP transported downstream through catch-
ments is variable in space and time, reflecting the hetero-
geneous distribution of critical source areas and the
importance of episodic rain events for driving PP delivery
(Edwards and Withers 2008; Abell et al. 2013). A host of
biological, chemical and physical processes can interact to
influence the chemical composition of the PP pool, for
example: mineralisation of organic PP (McDowell et al.
2001); dynamic sorption reactions (Mayer and Gloss 1980)
and; selective erosion and associated winnowing of dif-
ferent sized sediments (Kerr et al. 2011). Hence, although
the value of adopting a catchment-scale perspective to
diffuse pollution control is well recognised (e.g. Moss
2007), the potential complexity surrounding variability of
PP composition in catchments can constrain efficient
design of control measures. When investigating PP cycling
in catchments, it is important to consider stream bed sed-
iments, in addition to potential source areas on land.
Stream bed sediments can be a major source of PP for
downstream transport (House 2003) and their overall
contribution to the suspended sediment load is particularly
high for streams with sand-dominated beds, low gradients
and rainfall-driven supply processes (Salant et al. 2008).
Stream bed sediments can also have an important role in
regulating P in the overlying water column, dependent on
the physicochemical properties of both the sediments (e.g.
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particle size) and the overlying water (e.g. ambient PO,—P
concentration) (McDowell et al. 2001; Evans et al. 2004).

This study examined PP characteristics in a medium-
sized agricultural catchment that drains into large and
nationally iconic Lake Rotorua in New Zealand. Analysis
is presented relating to sediment samples collected along a
hydrological gradient that encompassed sites in terrestrial
source areas on farmland in the upper catchment, ephem-
eral stream channels, permanent stream channels and the
receiving lake. The aims of this study were to examine how
PP characteristics vary downstream along a hydrological
gradient and whether such information about PP charac-
teristics can inform management actions to control P
transport to the receiving lake.

Methods
Study site characteristics

The Waiteti Stream drains a major surface sub-catchment
(71 km?) of Lake Rotorua which is a large (81 km?)
polymictic lake in the Bay of Plenty region in the central
North Island, New Zealand (Fig. 1). Lake Rotorua is
eutrophic (e.g. median TP concentration = 0.031 mg L™";
Fig. 2) and a national priority for remediation (PCE 2006).
Agricultural land is the largest source of external P load to
the lake and long-term changes to land management have
been identified as necessary to achieve external P load
reduction targets (ibid).

The Waiteti Stream has mean discharge of approxi-
mately 1.4 m® s~! and is the sixth largest of nine surface
stream inflows which collectively contribute about two-
thirds of the hydraulic load to the lake (Hoare 1980). The
stream catchment is hilly, predominantly comprises pas-
toral agriculture, and is located in one of the wettest areas
of the lake catchment (mean annual rainfall ~ 2,000 mm;
ibid). The climatic, topographic and land use characteris-
tics mean that the Waiteti Stream catchment contains
numerous critical source areas for phosphorus loss and
it has been identified as a primary candidate for the focus
of research necessary to improve understanding of surface
phosphorus fluxes to Lake Rotorua (Clarke et al. 2013).
Soils comprise deep, porous sands and loams that are high
in allophane (Newsome et al. 2000). Grazing is excluded
from the stream banks which were mostly planted with
native vegetation [predominantly flax (Phormium tenax)
and native shrubs (e.g. Leptospermum scoparium)] in the
1980s (Williamson et al. 1996). Sections of the upper and
middle reaches flow through steep gorges and there is an
extensive network of ephemeral stream channels on farm-
land in the upper catchment. As with other local streams
(see Abell et al. 2013), concentrations of PO4,—P
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Fig. 1 Map of sampling
locations, Waiteti Stream
surface catchment and Lake
Rotorua. Inset map shows
location of Lake Rotorua within
New Zealand

Waiteti Stream surface catchment
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Fig. 2 Summary of total phosphorus (TP) and PO,—P concentrations
measured in Lake Rotorua (2001-2012, n = 235) and the Waiteti
Stream (2002-2010, n = 103) during state of the environment
monitoring. Lake Rotorua was sampled at two central lake sites and
the Waiteti Stream was sampled at site S2 (see Fig. 1). Symbols
denote median values, boxes denote 25th and 75th percentiles and
whiskers denote 10th and 90th percentiles. Data courtesy of Paul
Scholes, Bay of Plenty Regional Council

(median = 0.040 mg L™'; Fig. 2) are relatively consistent,
whereas TP concentrations are more variable and correlate
positively with discharge. Mean pH measured during
monthly water quality monitoring during 2000-2010 was
7.0 (standard deviation = 0.2) and mean specific conduc-
tance  was 80 pS cm ™! (standard
9.0 uS cm™ ).

deviation =

(Clarke et al. 2013). Such sediments represent a vector for
PP which, in the absence of a detainment bund, would
potentially contribute to the external PP load to the
Waiteti Stream and Lake Rotorua. Mats were placed
upstream of detainment bunds at two sites: a ‘pastoral
site’ located on grazed paddocks on a dairy farm and an
‘arable site’ which was located on grazed paddocks sited
c. 250 m from an arable field sown with a winter forage
crop (Fig. 1). The arable field was bisected by the
ephemeral stream channel upstream of the detainment
bund and was identified as an important critical source
area of sediment owing to the direct ephemeral hydro-
logical connection between bare soil and downstream
waters. The arable site was considered representative of
similar arable land upstream of the Waiteti Stream,
although it was situated c. 1 km to the north of the Waiteti
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Stream surface catchment (Fig. 1). The detainment bunds
were c. 2 m high and 55 m (arable site) to 109 m (pastoral
site) long.

Prior to forecasted rainfall, clean mats (45 cm x 50 cm)
were secured to the ground with wire pins in the ponding
area upstream of the detainment bunds. Twenty-two mats
were deployed at the pastoral site and 14 mats were
deployed at the arable site. Mats were placed 2-60 m
perpendicularly from the bund and at elevations of 0-0.7 m
above the bottom of the ponding area. Once ponded water
had receded after the rainfall event (c. 1-3 d), mats were
placed in clean plastic bags and transported to the labora-
tory where the mats and deposited sediments were dried
(60 °C, 24 h). Mats were then shaken to remove deposited
sediments which were then stored in clean, airtight plastic
bags prior to analyses. Sediment samples were collected
following three storms (March, May and July 2012) at the
pastoral site and following one storm (July 2012) at the
arable site.

Table 1 Summary of sites and sampling methods

Sampling methods: stream bed sediments

Samples of stream bed sediments were collected at twelve
sites along the Waiteti Stream and tributaries during 4 days
in December 2012 (Table 1). Sites were chosen that
encompassed a range of lotic environments that included
dry ephemeral tributary stream channels in the upper
catchment as well as the lower reaches of the main Waiteti
Stream channel, including one site 20 m upstream of Lake
Rotorua. Either a sediment corer or a Ponar dredge (see
Table 1) was used to collect three samples of surface
(0-10 cm) sediments at each site. Samples were collected
from different locations within the stream channel at each
site to permit consideration of intra-site variability.

Sampling methods: lake bed sediments

Sediment cores were collected during August 2012 at 15
sites along a north—south transect through the lake. The

Sediment Site Hydrological distance to  Details Sampling
type sampled Lake Rotorua (km) method
Terrestrial Pastoral 12.41 Sediments deposited in a sedimentation basin sited on an ephemeral stream Synthetic
channel located on dairy pasture in rolling terrain grass mats
Terrestrial Arable Sediments deposited in a sedimentation basin sited on an ephemeral stream Synthetic
channel located downstream of arable field (forage crop) grass mats
Stream bed  S1 0.02 Waiteti Stream: 20 m upstream of confluence with lake Ponar
dredge
Stream bed ~ S2 0.75 Waiteti Stream: lower reaches Sediment
corer
Stream bed ~ S3 1.75 Waiteti Stream: lower reaches, downstream of Tupapakurua Stream Sediment
confluence corer
Stream bed  S4 222 Tupapakurua Stream: 10 m upstream of Waiteti Stream Sediment
corer
Stream bed S5 2.40 Tupapakurua Stream: 250 m upstream of Waiteti Stream Sediment
corer
Stream bed  S6 2.41 Waiteti Stream: lower reaches, upstream of Tupapakurua Stream confluence  Sediment
corer
Stream bed  S7 5.24 Unnamed ephemeral tributary (c. 1 m channel width) Sediment
corer
Stream bed S8 6.24 Komutumutu Stream: pools located in steep gorge Sediment
corer
Stream bed  S9 6.76 Waiteti Stream: mid-reaches Sediment
corer
Stream bed  S10 11.64 Waiteti Stream: upper-reaches Sediment
corer
Stream bed  Sl11 12.06 Upper Tupapakurua Stream: pool in ephemeral stream located in native Sediment
forest corer
Stream bed  S12 7.84 Upper Tupapakurua Stream: dry bed of ephemeral stream on farmland Sediment
corer
Lake bed L1- - 15 sites sampled along a north—south transect Swedish
L15 gravity
corer
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transect bisected the deepest part of the lake and most sites
had depth (z) >15 m. The sites were chosen to represent a
range of depositional zones in the lake.

The cores were collected using a Swedish gravity corer
(Pylonex HTH 70 mm) with a 60 x 600 mm Perspex
(Plexiglas) core barrel to capture undisturbed sediments
along with c¢. 20 cm of the overlying water. Once the core
was retrieved, a custom-made, gas-tight sampling chamber
designed to minimise exposure of potentially anoxic sedi-
ment to the air, was fitted to the core barrel and the core
was extruded by a piston from the base of the core. Excess
supernatant water overflowed from the top of the core upon
extrusion until the sediment—water interface was reached at
the lip of the barrel. The upper 2 cm of sediment was
extruded and transferred into a 50-mL polypropylene
centrifuge tube.

Laboratory analysis: ICP-MS

Dried terrestrial, stream bed and lake bed sediments were
analysed using inductively coupled plasma mass spec-
trometry (ICP-MS) to determine dry weight concentrations
of total phosphorus (TP) and the following key elements
involved in P cycling: Fe, Al, Mn and Ca (Reynolds and
Davies 2001). Sample preparation was based on a standard
procedure (Martin et al. 1994). Dried sediments were first
ground with a pestle and mortar and then digested over-
night with Aqua Regia (3:1 v:v of 1:5 conc. HCI and 1:2
conc. HNO3) in polypropylene tubes. Tubes were then
placed in a water bath at 80 °C for 1 h before a 12 mL sub-
sample was filtered (0.45 pm, Whatman GF/F) and ana-
lysed (ICP-MS model ELAN DRC II; Perkin—Elmer
SCIEX). Concentrations of Al exceeded the detection limit
(3,000 mg kg~') in nine of the 14 terrestrial sediment
samples. Absolute concentrations of this element are not
reported although concentrations of Al were set to the
detection limit for these nine samples for calculation of
Al:P. Such values of Al:P will, therefore, be underesti-
mated but it was considered desirable to retain them for
data completeness and the associated error introduced to
statistical tests (Principal Components Analysis and non-
parametric Spearman rank order correlation) was deemed
acceptable.

Laboratory analysis: sequential phosphorus extraction

A sequential phosphorus extraction scheme based on the
method described by Psenner et al. (1984) and modified by
Hupfer et al. (1995) was used to quantify three operation-
ally defined phosphorus fractions in samples of terrestrial
and stream bed sediments. Sediments from the following
stream sites were chosen for sequential P extraction: Sl1,
S2, S4, S6, S8, S9, S10, and S11 (see Fig. 1). For each of

these stream sites, sediments in one of the three sub-sam-
ples were analysed. Sediments collected from the arable
site during one storm in July 2012 and the pastoral site
during storms in May and July 2012 were analysed sepa-
rately. The pastoral sediments were separated into ‘lower
basin’ (sediments collected using mats positioned
0-200 mm vertically from the base of the sedimentation
basin) and ‘upper basin’ (sediments collected using mats
positioned 200-700 mm vertically from the base) samples
to account for the potential for variability in sediment
characteristics between different elevations in this large
sedimentation basin. Thus, five separate samples of ter-
restrial sediments were used for sequential P extraction
analysis.
The sequential extraction was as follows:

1. BD-P: bicarbonate dithionate (0. 11 M Na,S,0O, and
0.11 M NaHCO; for 1 h) to remove redox-sensitive P.
This predominantly comprises P bound to Fe hydrox-
ides and Mn compounds (Lukkari et al. 2007a).

2. NaOH-P: sodium hydroxide (0.1 M NaOH for 16 h) to

remove organic forms of P and P bound to oxides of Al
and Fe that are non-redox sensitive.

3. HCI-P: hydrochloric acid (0.5 M HCI for 16 h) to

remove Ca-bound P and apatite P.

For each sample, 0.5 g of sediment was analysed in
triplicate. At each step, 40 mL of extractant was added to
the sediment in 50-mL capacity polypropylene tubes which
were placed horizontally on a shaker plate (150 rpm). After
the requisite extraction time, tubes were centrifuged
(3,000 rpm, 10 min) and the supernatant decanted and fil-
tered (Whatman GF/F, 0.45 um) prior to PO,—P determi-
nation. For extraction steps 2 and 3, PO,—P was determined
by colorimetric analysis using a standard molybdenum-
blue method (Murphy and Riley 1962; APHA 1998) with a
Lachat QuickChem flow injection analyser (Zellweger
Analytics Inc.). The bicarbonate dithionate extractant
interfered with the colorimetric method hence PO,—P in
extraction step 1 was determined using ICP-MS (see
above) to detect TP, following acidification with HNOs.
This method may have overestimated PO,—P slightly due to
detection of colloidal-bound P. Although drying has been
shown to potentially alter the PP composition of sediments,
e.g. due to oxidation (Lukkari et al. 2007b), the use of dried
sediments was considered appropriate in this study because
periodic wetting and drying occur naturally for both sets of
sediments, and analysis of dried sediments provides greater
precision than the use of wet sediments.

Laboratory analysis: phosphate buffer experiments

Phosphate buffer experiments were undertaken to investi-
gate the phosphate buffering characteristics of sampled
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sediments. Sediments from the following sites were
selected for this analysis: S1 (at the stream mouth), S9
(mid-reaches) and the pastoral site (a combined sample of
sediments collected during storms in May and July 2012).
The experiments were based on the method developed by
Nair et al. (1984) and involved adding sediments to a range
of PO,—P standards, allowing an assumed equilibrium to be
reached between sediments and the solutions, and then
measuring PO,—P in the treatments to determine change in
PO,—P concentration (APO4—P).

Experiments were conducted in 60-mL capacity centri-
fuge tubes using 40 mL of standard solution. For each site,
4 g of sediment was added in duplicate to the following
eight PO,—P (as KH,PO,) standards in 0.01 M CaCl,
solution: 0, 0.0005, 0.0025, 0.005, 0.025, 0.05, 0.25 and
1 mg P L™'. Samples were then placed on an orbital sha-
ker plate for 14 h (150 rpm) before they were filtered
(Whatman GF, 0.45 pm) and analysed for PO4—P using
flow injection analysis (see above). Samples from the
pastoral site (higher fine sediment component) were cen-
trifuged (4 min, 3,000 rpm) prior to filtration of the
supernatant.

Equilibrium P concentration (EPC,) was determined for
each site in accordance with Bridgham et al. (2001).
Accordingly, APO4,~P was regressed on initial solution
PO,—P concentration and the value for which APO,~P = 0
determined as the x-axis intercept (Fregression standard
error). Consequently, the EPC, represents the concentra-
tion at which sediments display maximum buffering
capacity and there is no net adsorption or desorption of
PO4—P from the sediments.

Laboratory analysis: particle size analysis

Particle size distribution of terrestrial and stream bed sed-
iments was analysed using laser diffraction (Mastersizer
2000, Malvern Instruments) to quantify the volume of
sediment corresponding to 48 size classes in the range
0.05-2,000 pum. These data were used to calculate values
of two particle size distribution metrics: (1) the median
particle size (Dsg); and (2) the percentage of particles with
a diameter <63 pum, corresponding to the clay and silt
fractions (Wentworth 1922). Stream bed sediments com-
prised larger particles and were first sieved to remove
sediments >2 mm.

Data analysis

Spearman rank order correlation analysis was undertaken
to examine relationships between physicochemical prop-
erties of sediments and concentrations of both TP and
sequentially extracted P fractions. Principal Component
Analysis (PCA) was used to examine inter-site differences
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in the composition of the sampled sediments. Specifically,
variation was examined in the TP concentration and the
following elemental ratios (by mass): Al:P, Ca:P, Fe:P and
Mn:P. PCA is a multivariate exploratory technique that
seeks to describe relationships in datasets comprising
numerous inter-correlated independent variables using a
reduced number of orthogonal (uncorrelated) principal
components. Prior to this analysis, data were standardised
by subtracting the mean and dividing by the standard
deviation to reduce data to a common scale. Statistical
analyses were undertaken using Statistica (version 11;
Statsoft, Tulsa) and a significance threshold of p < 0.05
assumed.

Results

Between-site variability in total phosphorus
concentrations and relationships with sediment
characteristics

Total P concentrations differed markedly between terres-
trial, stream and lake bed sites (Table 2). Concentrations
were  highest in the lake bed  sediments
(median = 2,661 mg kg~'), followed by the terrestrial
sediments (median = 2,157 mg kg~') and lowest in the
stream bed sediments (median = 212 mg kg™'). Among
the stream sites, there was a trend of increasing TP con-
centration with distance upstream from the lake [Spearman
rank order correlation coefficient (R) = 0.55; Fig. 3] with
the highest concentrations measured at ephemeral sites. For
stream bed sediments, Al:P was positively correlated
(R = 0.42) with distance upstream from the lake, while
Fe:P was negatively correlated (R = —0.44) with this
variable (Fig. 3). Note that these trends are within the
context of marked within-site variability at some sites
(Fig. 3), reflecting the range of stream geomorphic zones
that were sampled. For TP, the mean coefficient of varia-
tion for the three sites was 23 % (range 3-68 %).

For terrestrial sediments, there were statistically signif-
icant positive correlations between concentrations of TP
and both Ca (R = 0.89) and Mn (R = 0.58) (Table 3). In
contrast, TP concentrations of stream bed sediments were
most strongly positively correlated with Al concentrations
(R = 0.83). For stream bed sediments, there was also
moderate positive correlation between TP concentrations
and concentrations of both Ca (R = 0.50) and Mn
(R = 0.39), although these results at least partly reflect
inter-correlation between Al, Ca and Mn (note higher
correlation coefficients between these elements and Al than
for TP; Table 3). Total P concentrations of stream bed
sediments were positively correlated with organic matter
(R = 0.73; analyte not determined for other sites) although
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Table 2 Summary of sampled sediment characteristics

Terrestrial (n = 14) Stream (n = 36) Lake (n = 15)

TP [mg (kg d.w.)™"]

Median 2,157 212 2,661

Min 1,204 93 1,526

Max 2,727 715 3,564

SD 510 152 656
Al [mg (kg dw)™l

Median - 5,338 13,152

Min 7,039 1,515 11,239

Max - 30,235 16,332

SD - 8,133 1,379
Fe [mg (kg d.w.)™']

Median 9,393 5,908 18,643

Min 4,248 2,609 15,468

Max 14,876 7,673 23,519

SD 3,496 1,145 2,315
Mn [mg (kg d.w.)™']

Median 413 134 819

Min 212 70 503

Max 701 2,040 1,058

SD 144 343 141
Ca [mg (kg dw.)™l]

Median 7,521 753 2,331

Min 3,143 339 2,079

Max 12,559 2,037 4,413

SD 2,678 411 571
Dso (nm)

Median 93 525 -

Min 53 60 -

Max 475 975 -

SD 139 241 -
<63 pm (%)

Median 254 8.2 -

Min 8.3 0.8 -

Max 49.1 52.4 -

SD 12.0 12.2 -
OM (%)

Median - 2.9 -

Min - 0.6 -

Max - 10.5 -

SD - 2.8 -

—, denotes that

exceeded (Al for terrestrial sediments)

the analyte was not measured or detection limits were

Min minimum, max maximum, SD standard deviation, TP total phos-

phorus, D5, median particle size, OM organic matter
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Fig. 3 Relationships between stream bed sediment properties and
distance upstream of Lake Rotorua. Filled circles denote permanent
stream sites, and open circles denote ephemeral stream sites. All
ratios are by mass. Statistics relate to Spearman rank order correlation
analysis (R)

again this at least partly reflects inter-correlation with Al.
The TP concentrations of lake bed sediments were not
significantly correlated with concentrations of any of the
elements that were considered.

Stream bed sediments were generally coarser than the
terrestrial sediments, e.g. median D5 for the stream bed
sediments was 525 pum (range = 60-975 um) compared
with 93 um (range = 53-475 um) for the terrestrial sedi-
ments (Table 2; Dsy not determined for lake bed sedi-
ments). There was no significant correlation between TP
concentrations and Ds for either terrestrial or stream bed
sediments, although the concentration of TP in the stream
bed sediments was weakly positively correlated with the
percentage of fine (<63 um) sediments (R = 0.46). This
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Table 3 Results of Spearman rank correlation to examine relation-
ships between chemical properties of terrestrial, stream bed and lake
bed sediments

Terrestrial sediments (n = 14)

P Al Ca Fe Mn Ds <63 pm

P X - 0.89 - 0.58 - -
Al X - 0.86 0.78 - -

Fe X 0.92 - -

<63 pm X

Stream bed sediments (n = 36)

P Al Ca Fe Mn D5y <63 um OM

P X 083 050 - 039 - 0.46 0.73
Al X 0.51 049 052 - 0.58 0.83
Ca X - 038 - 0.40 0.56
Fe X 0.70 - - -

—0.44
<63 pm X 0.74
oM X

Lake bed sediments (n = 15)

L P Al Ca Fe Mn

P X - - - -
Al X - - -
Ca X - -
Fe X -
Mn X

size fraction was also positively correlated with concen-
trations of Ca (R = 0.40) and Al (R = 0.56).

Results of PCA further elucidated between-site vari-
ability in the PP characteristics by quantifying the influence
of independent variables in explaining variability (Table 4;
Fig. 4). Only principal components (PCs) 1 and 2 had
Eigenvalues (E) >1 and hence only those PCs were con-
sidered (Legendre and Legendre 1998). Principal compo-
nent 1 (E = 3.1) accounted for 62 % of variability in the
data and PC 2 (E = 1.0) accounted for 20 % of the vari-
ability. Factor loadings indicated that PC 1 was most
strongly correlated (negatively) with TP concentration and
Fe:P, while PC 2 was most strongly correlated (positively)
with Ca:P and Al:P (Table 4; Fig. 4a). Consequently, ter-
restrial sediments are represented in the upper left (i.e.
negative PC 1 and positive PC 2 values) quadrant,
reflecting high TP concentration and higher Ca:P (med-
ian = 5.4). Stream bed sediments predominantly had
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positive values for PC 1, reflecting low TP concentrations
(Figs. 3, 4). Among stream bed sediments, distance
upstream and PC 1 values were negatively correlated
(R = —0.64, p <0.05), reflecting the general trend of
increasing TP concentration and Al:P with distance
upstream. Lake bed sediments are represented in the lower
left (i.e. negative values for both PCs) quadrant of the
factor plane, reflecting high TP concentration and rela-
tively low Fe:P (median = 7.5) and Al:P (median = 5.4).
Absolute values for both PCs 1 and 2 were significantly
different between the three groups of sediments (one-way
ANOVA, p < 0.05).

Sequentially extracted phosphorus fractions

For both stream bed and terrestrial sediments, NaOH-P was
the dominant of the three sequentially extracted fractions,
comprising 48-77 % (mean = 63 %) of sequentially
extracted P for the stream bed sediments and 59-67 %
(mean = 62 %) for the terrestrial sediments. BD-P was
typically the second dominant fraction, comprising 2046 %
(mean = 33 %) of sequentially extracted P for the stream
bed sediments and 10-25 % (mean = 21 %) for the ter-
restrial sediments. HCI-P comprised the smallest proportion
of sequentially extracted P although this proportion was
higher for terrestrial sediments (range = 15-22 %,
mean = 17 %) than stream bed sediments (range = 2-6 %,
mean = 4 %). For stream bed sediments, the above-men-
tioned positive correlation between Al:P and distance from
the stream mouth was consistent with higher concentrations
of NaOH-P measured at upstream sites (S9, S10 and S11)
relative to stream sites further downstream (Fig. 5). The
composition of sequentially extracted P was relatively con-
sistent between the samples of terrestrial sediments, despite
the fact that the samples were collected at two different sites
and, in the case of the pastoral site, following two different
storm events and at different elevations in the sedimentation
basins.

Note that the sum of the sequentially extracted P frac-
tions was typically lower than the TP concentrations
determined using ICP-MS. Concentrations of residual P
(i.e. TP minus sequentially extracted P) are not reported
and this fraction is not necessarily comparable to the other
three fractions as TP determination was undertaken using
separate sub-samples to those used for sequential extrac-
tion. It was noted, however, that such residual P was
slightly less than the sum of sequentially extracted P for
four of the 13 samples (one stream bed sample and three
terrestrial samples; residual P for these samples = —114 to
—15 mg Pkg™"). This may reflect the above-mentioned
difference in the material analysed or, potentially, some
minor ‘carryover’ of P between extracts, as has been noted
in other studies (Condron and Newman 2011).
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Table 4 Variable loading for principal components (PC) 1 and 2

PC 1 (62 %) PC 2 (20 %)
[P] —-0.917 —0.118
ALP —0.708 0.491
Fe:P —-0.816 —0.487
Mn:P —0.797 —0.340
Ca:P —0.679 0.632

The results of Spearman correlation analysis of rela-
tionships between the relative proportion of the three
sequentially extracted P fractions and sediment size metrics
of sediment samples showed a significant relationship only
for the HCI-P fraction. Specifically, there was indication
that finer sediments comprised a higher relative proportion
of HCI-P as this variable was positively correlated with the
percentage of fine (<63 pm) sediments (R = 0.61) and
negatively correlated with Dsy (R = —0.65). This result
reflected the higher relative proportion of HCI-P in the
finer textured terrestrial sediments; the relationship was not
present when only the stream bed sediments were analysed.

Phosphate buffer experiments

Relationships between the initial PO4,—P concentration and
measured APO,—P were linear for the range of initial PO4—
P concentrations that was considered, indicating that the
buffering capacity of the sediments was high. Standard
deviation of APO4—P measured for replicate samples was
on average 29 % of the mean final PO4~P concentration
measured after the incubation period. The EPC, deter-
mined for the stream bed sediments was comparable (0.025
compared to 0.022 mg P L™'; Fig. 6) indicating that these
sediments had similar sorption characteristics, despite one

-1.0 05 0.0 05 1.0
Principal component 1: 62.06%

Fig. 4 Summary of principal component analysis to examine vari-
ability in total phosphorus concentration ([P]) and elemental mass
ratios among terrestrial, stream bed and lake bed sediments.

site (S9) being c. 6.7 km upstream of the other (S1). By
contrast, the EPC, determined for the terrestrial sediments
was much higher (0.140 mg P L™'; Fig. 6) and in excess
of the range of PO,—P concentrations measured in the
Waiteti Stream (Fig. 2).

Discussion

Spatial variability in PP characteristics
along the hydrological gradient

The TP concentrations of terrestrial sediments were high,
e.g. median TP concentration exceeded the TP concentra-
tion of 23 of a diverse range of 24 New Zealand pas-
ture soils (mean = 937 mg kg~', range = 116-2,746
mg kg~') studied by McDowell et al. (2005). Higher
concentrations of TP in terrestrial as compared to stream
bed sediments reflect relative P enrichment of the terrestrial
sediments (e.g. from agricultural sources and geological
sources), as well as potential preferential downstream
transport of the most mobile stream sediments that are high
in TP (Evans et al. 2004). Lakes are typically long-term
sinks for P (Vollenweider 1968) and the high TP concen-
trations in lake bed sediments relative to the contributing
terrestrial soils that were sampled are indicative of selec-
tive retention of PP arising from the efflux of C and N in
sediments during mineralisation and diagenesis in the lake
(Hecky et al. 1993). The TP concentrations of lake bed
sediments were comparable to local eutrophic lakes (Trolle
et al. 2008), although they were relatively high compared
to eutrophic lakes elsewhere. For example, median TP
concentration (2,661 mg kg_l; Table 2) exceeds the sedi-
ment TP concentration in three of the six shallow eutrophic
Danish lakes (range = 740-4,100 mg kg~') studied by
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a Projection of the first and second principal components on the
factor plane. b Associated ordination bi-plot
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Fig. 5 Concentrations of sequentially extracted phosphorus fractions
in stream bed and terrestrial sediments. Locations of stream sites and
both pastoral (P) and arable (A) terrestrial sites are shown in Fig. 1.
For the pastoral site, separate samples were analysed of sediments

S¢ndergaard et al. (2013) and is nearly five times greater
than the mean TP concentration (mean = 560 mg kg™ ",
range = 295-1,322 mg kg~ ') of surface sediments repor-
ted for Lake Taihu (China) which is renowned for its
eutrophication problem (Liu et al. 2013). It is important to
note, however, that while measurements of TP concentra-
tions in lake bed sediments provide context for the inter-
pretation of data for terrestrial and stream bed sediments,
the lake bed sediments integrate chemical characteristics of
a wide range of other contributing sources aside from the
Waiteti Stream catchment, including the influence of his-
toric inputs of treated waste water which occurred for some
decades until 1991 [PCE (Parliamentary Commissioner for
the Environment) 2006].

The main difference in P fractionation between the
terrestrial and stream bed sediments was the higher con-
tribution of HCI-P to the sequentially extracted P pool in
terrestrial sediments. The HCl extraction removes Ca-
bound P that is mainly associated with apatite minerals
(Lukkari et al. 2007a), as evidenced by the higher positive
correlation between Ca and TP concentrations for the ter-
restrial sediments. This result may indicate preferential
downstream transport of non-apatite forms of PP, as found
by Kerr et al. (2011) who undertook a longitudinal survey
in an Australian sub-tropical catchment and found evidence
for the selective erosion and downstream export of fine
(<63 um) sediments that were enriched in more labile
forms of P. The relative proportion (range = 2-22 %,
mean = 9 %) of HCI-P in all sediments in this study was
still, however, relatively low. For example, a study of
sediments in a New York (USA) river found HCI-P to
comprise 27-96 % (mean = 57 %, n = 30) of TP (Wang
and Pant 2011), whereas a study of sediments from farm-
land in the catchment of Chesapeake Bay (USA) reported a
range of 48-85 % (mean = 62 %, n = 4; McDowell and
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Sharpley 2003). The majority of the sequentially extracted
P was, therefore, present in either the BD-P or NaOH-P
fractions which have been shown to be conditionally bio-
available to phytoplankton (e.g. Bostrom et al. 1988; Ok-
ubo et al. 2012). The BD-P represents redox-sensitive P
predominantly bound to Fe and Mn (Lukkari et al. 2007a)
and can, therefore, be released from lake bed sediments (at
least temporarily) during periods of hypolimnetic anoxia
which can occur in polymictic Lake Rotorua during
extended (e.g. 1 month) stratified periods in summer
(Burger et al. 2007). The potential bioavailability of
NaOH-P in the lake is more uncertain as this fraction
primarily represents P bound to Al oxides, non-reducible
Fe oxides and organic P (Lukkari et al. 2007a). Thus,
variable composition of this fraction has meant that labo-
ratory bioassays have measured a range in the extent of
NaOH-P utilisation by P-limited phytoplankton (reviewed
by Bostrom et al. 1988). Given the high Al concentrations
(terrestrial sediments) and strong correlation between Al
and P (stream bed sediments), it is plausible that much of
this fraction represents Al-bound P in the sediments that
were sampled. Aluminium-bound P is presumed not to be
readily bioavailable to phytoplankton (Reynolds and
Davies 2001), except perhaps under high pH conditions
that may be associated with phytoplankton blooms (Gao
et al. 2012). There is some uncertainty, however, with this
inference as both Al and P concentrations were also cor-
related with the proportion of fine sediments in stream bed
samples (Table 3) and it is possible that a significant pro-
portion of the NaOH-P fraction may reflect P associated
with fine organic particles.

Comparison of the range of PO,—P concentrations
measured in receiving waters (Fig. 2) with EPC, deter-
mined for the terrestrial and stream bed sediments (Fig. 6)
provides insight into the potential for P sorption processes
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Fig. 6 Results of PO,—P buffer experiments conducted using stream
bed sediments from two stream sites and terrestrial sediments from
the pastoral site (see Fig. 1). Equilibrium phosphorus concentration
(EPC,) was defined as x-axis intercept &+ regression standard error.
Thus, EPC,, represents the initial PO,~P concentration at which no net
adsorption or desorption of PO,~P occurs from the sediments.
Experiments were conducted using six initial PO4,—P concentrations
(see “Methods”) and vertical bars denote standard deviation of
duplicates

to regulate dissolved P flux to Lake Rotorua. The high
EPC, of terrestrial sediments relative to the ambient PO4,—P
concentrations in the stream indicates that PO,—P will
readily desorb from such sediments. Such desorption is a
two-step process that comprises an initial fast step (min-
utes—hours, 50-90 % of reaction) and a second step with
slow kinetics (days—months; Froelich 1988). By contrast,
the EPC, of the stream bed  sediments
(0.022-0.025 mg Lfl) was much lower and less than the
median PO4—P concentration of the Waiteti Stream
(0.039 mg L™"; Fig. 2), thus suggesting that stream bed

sediments typically have a buffering effect on water col-
umn PO4—P concentrations in the stream. This conclusion
is consistent with other studies in the lake catchment which
have noted apparent adsorption of bioavailable P to stream
sediments during bioassay experiments (Abell and Hamil-
ton 2013), as well as relative consistency of PO,~P con-
centrations in tributary streams during high discharge,
interpreted as evidence of buffering by stream sediments to
maintain a semi-steady state PO4—P concentration (Abell
et al. 2013). Elsewhere, the EPC, of stream bed sediments
and PO,—P concentration of stream water have been shown
to correspond closely, thereby indicating that stream bed
sediments can have a role in modulating ambient stream
water PO4—P concentrations (Machesky et al. 2010).
Differences in EPC, are consistent with the much lower
Fe:P and Mn:P in terrestrial relative to stream bed sedi-
ments (Fig. 4). In particular, Fe:P has been shown to reflect
the capability of aerobic sediments to regulate P release as
it provides a measure of the availability of orthophosphate
adsorption sites on iron oxide and oxyhydroxide surfaces
(Jensen et al. 1992). Measured Fe:P in the terrestrial sed-
iments (mean = 5.2:1) was considerably lower than both
the stream bed sediments (mean = 25.6:1) and the range of
10-15:1 that has been proposed as sufficient to promote
effective binding of P by iron species (Sgndergaard et al.
2003). This supports the conclusion that the terrestrial
sediments represent a source of bioavailable P to down-
stream waters. Likewise, relatively low Fe:P in lake sedi-
ments (mean = 8.1:1) emphasises that the availability of
Fe compounds in lake sediments is insufficient to effec-
tively bind PO,4—P during oxic conditions in the lake.

Implications for environmental management

This study highlights the potential for sediments trans-
ported in overland flow from farmland in the upper
catchment of Lake Rotorua to contribute to downstream
eutrophication. Given the often large disparity between the
costs of controlling agricultural nutrient pollution at source
and downstream in the lake, it is both environmentally and
economically prudent to actively control export of this
sediment downstream. There are numerous measures that,
when implemented as part of a strategic landscape-scale
approach, could attenuate sediment export; examples
include installation of vegetative buffers and silt traps in
ephemeral stream channels (McDowell and Nash 2012).
While a programme of riparian planting has been under-
taken in the catchment, such linear buffer features have
been shown to be susceptible to low efficacy during sus-
tained periods of overland flow due to the creation of
‘breakpoints’ where buffers are breached (Owens et al.
2007). Given the high rainfall and steep topography of
parts of the upper stream catchment, wider implementation
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of detainment bunds, which both trap sediment and reduce
overland flow downstream, therefore holds promise for
effectively reducing PP export without substantially
reducing pastoral productivity (Clarke et al. 2013).

Distinct differences in sediment P characteristics
between broad categories of source area have been
observed elsewhere (Wang and Li 2010) and suggest that
further research in the catchment to characterise PP in
sediments from different origins (e.g. stream banks, for-
ested gullies, unsealed roads) could yield integrated
understanding of the relative risk posed by different PP
sources to eutrophication downstream. Such research could
contribute towards development of spatially resolved (i.e.
GIS-based) index models that combine new and existing
knowledge about source (e.g. PP characteristics of catch-
ment soils) and transport (e.g. proximity to a hydrological
flow path) factors to guide management actions in a stra-
tegic and efficient manner (Drewry et al. 2011).

Conclusion

Physicochemical characteristics of terrestrial, stream bed
and lake bed sediments were examined to investigate how
particulate P varies along a common hydrological pathway.
Particulate P concentration and composition differed
markedly between the three groups of sediments.
Approximately, 20 % of sequentially extracted P in sedi-
ments sampled in overland flow on farmland comprised the
most refractory fraction, although the high total P and
equilibrium P concentrations of these sediments indicated
that such sediments have considerable potential to impair
water quality downstream. Total P concentrations were
lowest in the stream bed sediments which had lower values
of EPC, that were comparable with typical ambient stream
water PO,—P concentrations, suggesting that such sedi-
ments have a buffering effect on stream water. Total P
concentrations were high in the lake sediments, reflecting a
legacy of high external loading and a major potential
source of P to overlying waters. Characterising how par-
ticulate P composition varies between sediments sampled
from different source areas can support risk-based
approaches for controlling diffuse pollution.
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