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Abstract: Land cover can change frequently on intensively managed landscapes, affecting water
quality across different spatiotemporal scales. Multi-resolution datasets are necessary in order to
assess the extent and trends of these changes, as well as potential cross-scale interactions. In this study,
both spatial and temporal analyses of land disturbance (i.e., soil exposure from vegetation removal)
and water quality were performed on datasets ranging from daily to yearly time scales. Time-series
analyses of land disturbance were compared against the water quality variables of total suspended
solids (TSS), turbidity, and visual clarity for the Hoteo River catchment on the North Island of New
Zealand for the 2000–2013 period. During forest harvest and recovery phases, exotic forests were
the dominant disturbance, up to five times the area of grassland disturbance; while after recovery,
grasslands assumed the dominant role, for up to 16 times the area of forest disturbance. Time-series of
TSS from field sampling (2000–2013) and TSS-event analyses (2012–2014) displayed distinct nonlinear
patterns, suggesting that after major events, sediment that is stored in the landscape is exhausted and
a period of sediment build-up follows until the next major event. Time-series analyses also showed a
connection between trends in connected land disturbance and visual water clarity, with connected
disturbance having the potential to be a water quality indicator. Future research should be conducted
at even finer spatiotemporal scales over longer periods in order to identify effects of localized land
disturbances on downstream water quality.

Keywords: nonlinear relationships; land use change; sediment erosion; landscape disturbance;
river water quality; plantation forestry; livestock grazing

1. Introduction

Of all the landscape components, land use has had the greatest impact on water quality over
the past couple of centuries [1,2]. Accordingly, a principal point of focus in water resources and
fluvial geomorphic investigations is how land cover/land use change (LCLUC) affects water quality
of freshwater ecosystems, particularly suspended sediment dynamics. Understanding how LCLUC
affects sediment runoff requires three pieces of information: (1) how the land use affects available
sediment for runoff; (2) how the land use interacts with other landscape components to mitigate or
enhance sediment runoff; and (3) connectivity between available sediment from land use and the
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drainage network. When all three of these processes are considered together, the relationships between
LCLUC and fluvial sediment regimes are likely to be nonlinear over both space and time [3,4].

While these nonlinearities have been theorized for geomorphic systems [5], rarely (if ever) have
nonlinearities in suspended sediment (other than event-scale hysteresis effects) been empirically
connected to LCLUC. The reasons are twofold. First, most studies only consider one—or at most
two—of the “three pieces of information” mentioned above [6,7]. Second, the required data to capture
these phenomena are usually not available at the appropriate spatio-temporal resolution. For example,
temporal resolution of readily-available land cover datasets usually limits researchers to assessing
land cover/use on decadal or semi-decadal time-scales [8,9], when in reality, it can change on a
weekly to monthly scale [10,11]. Spatially, suspended sediment or the related optical water quality
variables of turbidity and visual water clarity are usually measured only at the catchment outlet, which
can hide the effects of specific land–water relationships [12], although there are exceptions where
sub-catchment analyses were conducted [13,14]. Further, only a few monitoring programs worldwide
have consistently measured fluvial sediment in short intervals over long periods.

Sediment production from the drainage basin occurs when the force of water (via precipitation
or flow) encounters available sediment. If vegetation is removed from the soil surface, it is more
likely to be eroded [15,16]. Two common land uses that remove vegetation are plantation forestry
harvesting and livestock grazing. After harvesting in plantation forestry, the soil (which typically
lacks understory vegetation in forests with dense canopy) is left exposed. It is then readily available
to be washed off during the next high precipitation event, resulting in considerable amounts of
sediment and other materials entering the stream [17–19]. Other major sources of erosion/runoff in
plantation forests include roads (and their sidecast), landing sites, shallow landslides, and channel
scouring/gullying [20–22]. Similar processes, but at a finer spatial scale, can take place with intensive
grazing [23–25], particularly where rotational paddocks are cyclically grazed to bare ground and
left to recover. The recovery time depends on weather conditions and soil moisture/fertility [26].
The likelihood of exposure to precipitation increases with recovery time; thus, the chances of
transporting sediment to riverine systems increases as management-intensive grazing expands
and intensifies.

The relationship between LCLUC and sediment production depends on additional landscape
characteristics such as slope, aspect, drought, soil properties, and vegetation. The relationship between
hillslope erosion potential and vegetation, in particular, is complex and likely involves cross-scale
interactions (i.e., when processes at one spatial or temporal scale interact with processes at finer
or broader scales [27]) because of their inherent interdependency [28]. However, in general, when
vegetation cover increases, hillslope erosion potential decreases, and vice versa [15,28]. Aspect affects
vegetation vigor and recovery time, as south-facing slopes receive less sunshine than north-facing
slopes in the southern hemisphere (opposite for the northern hemisphere). Prolonged periods of
drought may also increase hillslope erosion potential by causing vegetation die-off or slowing recovery
times. Soil properties such as texture dictate fertility and moisture, with loamy soils usually being the
most beneficial. However, loamy soils can be more erodible compared to sandy and clayey soils [29].

In order to understand the interaction between LCLUC and sediment production, river–landscape
connectivity must be established, which requires an accurate stream channel network that includes even
intermittent and ephemeral channels [30]. Once the stream channel network is properly characterized,
critical source areas of sediment (CSAS) can be derived. The most common stream delineation
methodology employed by watershed/catchment models is the minimum area threshold method;
however, different landscape characteristics produce different channel initiation thresholds [31,32].
Uniformly applying the same area threshold across physiographically diverse landscapes can result in
considerable under- or over-estimation of stream density [30,33]. After mapping an accurate channel
network, landscape connectivity (via CSAS) is then determined by adjacent surface runoff from
hillslopes and floodplains [31,32,34]. Previous attempts to assess landscape connectivity included
computer- and field-based numerical assessments [35] and elaborate conceptual frameworks of
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hydrological and sediment connectivity [36,37]. However, there are simpler procedures to determine
connectivity, such as the one from Palmer et al. [38] that is based on slope thresholds, flow direction,
and proximity to the drainage network. When a connected area is disturbed, it is considered to be
a CSAS. These catchment-scale hydrographic methods allow us to assess the impact of landscape
disturbances on long-term trends in river water quality; specifically, total suspended solids (TSS),
turbidity, and visual water clarity.

Our understanding of water cycles and sediment erosion/transportation has demonstrated that
there is not always a linear relationship between water quality and land management practices [3,34].
For example, in order for elevated turbidity values to be recorded at a monitoring site, “adequate”
amounts of precipitation must mobilize readily available sediment throughout the landscape. Not only
is there variation in precipitation across the catchment, but also in antecedent soil moisture conditions,
in water abstraction for irrigation, and in the spatiotemporal scale of the data analyzed [39].
Even after all the aforementioned are taken into consideration, not all available sediment is delivered
to the channel immediately (i.e., it can be stored and released at a later time) [40,41]. These lag and
legacy effects can further enhance nonlinear LCLUC–sediment runoff relationships. In order to capture
these potentially nonlinear changes, high-resolution spatiotemporal data is needed.

In this study, we take advantage of a high temporal-resolution (8-day) land cover dataset
over 14 years (2000–2014) and multiple water quality datasets with multiple sampling intervals
(5-minute to monthly) over the same period, distributed throughout the catchment in order to examine
connections among LCLUC, connectivity, and sediment runoff. The aim of this paper is fourfold:
(1) understand how different land uses—specifically livestock grazing and forest harvesting—affect
sediment runoff at the sub-catchment scale; (2) assess how land cover interactions with other landscape
components influence sediment runoff regimes; (3) determine landscape connectivity between available
sediment and the drainage network; and (4) characterize long-term trends in suspended sediment
at the catchment scale. Suspended sediment data (interpolated from continuous turbidity records)
was used to create time-series, derive suspended sediment budgets, and locate the sources and land
uses responsible for increased sediment yields to the river system. Statistical analysis (i.e., piecewise
regression) of water quality and land disturbance time-series at a monthly scale was then performed to
assess the nonlinear trends and connections between landscape changes and river sediment regimes.

2. Materials and Methods

2.1. Study Area

For this study we selected a catchment with all of the previously described data requirements,
in addition to having large areas of both plantation forestry and livestock grazing. The Hoteo River
catchment is located in the northern part of New Zealand’s North Island, approximately 60 km
north of Auckland (Figure 1), and drains to the Kaipara Harbor, which is a valuable and sensitive
estuarine ecosystem that is experiencing considerable sediment infilling and associated environmental
degradation. The climate of the region is “sub-tropical”, characterized by warm, humid summers and
mild winters. Maximum and minimum daily air temperature averages 18.5 ◦C and 10.1 ◦C, respectively,
with an average of 2129 sunshine hours/year. Most rainfall occurs in sustained events during the
winter months of June (155 mm), July (180 mm), and August (152 mm), with an annual total rainfall
of 1454 mm (1981–2010, The National Climate Database). Significant differences in precipitation
patterns may occur within the catchment due to topography. Buikema (2012) [42] reported variations
(±100 mm) in recorded precipitation between the Dome Ranges in the southeastern part of the
catchment to the rolling hills in the northwest.

The study area has three distinct landscape units as defined by Buikema (2012): the uplands
(with steep slopes, >26◦), foothills/rolling foothills, and alluvial floodplains. The dominant soil type is
silt- or clay-loams, with the rest silt/sands and silt/clay loams in the river valleys. The original land
cover of the catchment has been highly modified since broad-scale European settlement/agriculture in
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the mid-1800s, with clearings of native forests and draining of wetlands. These clearings have resulted
in an increase in gully/channel formation and thus greater landscape connectivity [42].
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lines) delineated based on the location of gaging stations. Land cover (LCDB v3.3) is shown for 
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east of Hoteo; (b) Climograph created from data drawn from Warkworth EWS climate station for the 
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Figure 1. (a) The Hoteo catchment (located on the North Island, NZ) and its five sub-catchments
(black lines) delineated based on the location of gaging stations. Land cover (LCDB v3.3) is shown
for reference. Precipitation data were drawn from Warkworth EWS climate station, located 8 km
south-east of Hoteo; (b) Climograph created from data drawn from Warkworth EWS climate station for
the period 2000–2013.

Table 1. Summary of landscape and water quality data used for this research.

Dataset Variable(s)/type Scale, Period Source

Disturbance Index (DI) %DI > 3/raster
aMODIS (8-day, 450 m),

2000–2014 de Beurs et al., 2016 [10]

Land Cover v3.3 Vector polygon 1:50,000, 2001–2008 Landcare Research
New Zealand Fundamental

Soils Layers Silt-clay%/Vector polygon 1:50,000, 2000 Landcare Research

National Climate Database Monthly precipitation totals station, 1922–2014 bNIWA

Water quality data
Clarity, Turbidity, dTSS

Monthly,
2000–2014

cNRWQN, bNIWA

dTSS
nine monthly samples,

2012–2013 Present study

Discharge, Turbidity 5 min data, 2011–2014 Auckland Council
River Environment
Classification v2.0

Stream segments/
Vector line

1:24,000,
2014

bNIWA
eDEM Elevation/raster 15 m, 2012 Landcare Research

Auckland 0.5 m
rural aerial photos Ortho-photography 0.5 m,

2010–2012
eLINZ

aModerate Resolution Imaging Spectroradiometer; bNational Institute of Water and Atmospheric Research;
cNational River Water Quality Network; dTotal Suspended Solids; eDigital Elevation Model; fLand Information
New Zealand.

Present-day land use is characterized by three distinctive classes: (1) grasslands for livestock
grazing (dairy/beef cattle, sheep); (2) plantation (exotic) forests; and (3) native forests. Plantation
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forests are exclusively Monterey pine (Pinus radiata), which are mechanically clear-cut every 28 years,
on average. There are a variety of grasses, such as perennial ryegrass, cocksfoot, tall fescue, and kikuyu.
Native forests are predominantly podocarp/broad leaf forest [42]. Wildfires in the Hoteo catchment
are rare. Land use and other physiographic data for Hoteo and its sub-catchments examined here are
summarized in Table 1, and described in detail below.

We divided Hoteo into five sub-catchments based on the locations of monitoring sites within the
catchment, resulting in different elevation, slope, and land cover characteristics: Waiteitei, Whangaripo,
Waiwhiu, Wayby Valley, and Saunders (Table 2). Waiteitei and Wayby Valley have flat-to-gentle slopes
with grasslands being the dominant land cover (>90%). Whangaripo and Waiwhiu have steeper
mean slopes (23.2◦ and 30.3◦, respectively), but with different dominant land cover (grassland vs.
exotic/native forest). Last, Saunders is also very steep, with an average slope of 28.1◦ and exotic
forestry dominating the land cover.

Table 2. Physiographic characteristics of the study area (Hoteo) and its sub-catchments. Land covers
are native forest (NF), exotic forest (EX), high-producing grasslands (HG), and Rest (RE). Landscape
connectivity refers to Connected (C), River and floodplain buffer (R), and Disconnected (D).

Catchment
Drainage
density

(km/km2)
Area (km2)

Elevation (m)
Min/Max
Mean/SD

Slope (degrees)
Min/Max
Mean/SD

Land Cover (%)
NF/EX
HG/RE

Landscape
connectivity (%)

C/R/D

Hoteo 1.6 264.6
16.9/439.2 3.1 × 10−3/110.0 15.2/21.1

54.0/14.0/32.0118.4/59.1 19.8/14.8 60.8/2.9

Waiteitei 1.5 78.9
42.1/264.9 6.3 × 10−3/80.0 4.4/0.3

36.4/13.2/50.495.2/26.8 12.3/9.2 94.0/1.3

Whangaripo 1.5 45.7
23.8/439.2 9.8 × 10−3/102.2 23.0/9.2

63.4/15.0/21.6141.3/66.1 23.2/14.8 61.0/6.8

Waiwhiu 1.5 38.8
33.9/401.9 13.4 × 10−3/110.0 40.4/55.8

79.0/16.7/4.3194.7/72.2 30.3/14.6 2.8/1.3

Wayby Valley 1.6 20.4
21.7/244.7 14.0 × 10−3/103.4 0.0/2.2

33.1/12.5/54.467.5/32.1 12.6/11.3 96.8/1.0

Saunders 1.6 14.3
28.3/301.7 3.1 × 10−3/93.9 27.3/63.6

77.3/16.4/6.3131.0/53.3 28.1/13.7 4.5/4.6

2.2. Land Cover/Use and Disturbance Index

Land cover and use was characterized with the New Zealand Land Cover Database (LCDB) [8],
which we also used to mask out areas other than forests and grasslands. In order to assess land
disturbance (times and areas of bare ground), we used an 8 day, 450 meter land cover dataset developed
by de Beurs et al. (2016) [10]. Details of the methodology can be found in their paper, but briefly, for each
Moderate Resolution Imaging Spectroradiometer (MODIS) image, the Tasseled Cap transformation
was calculated; by using the brightness, greenness, and wetness components based on the coefficients
from Lobser and Cohen (2007) [43], a disturbance index (DI) (Table 1) was calculated for every pixel.
Each component is associated with a landscape property: brightness is linked to albedo, greenness is
linked to vegetation vigor, and wetness to the amount of water retained by vegetation. Next, the mean
and standard deviation of each landcover and climatic region was calculated to standardize the DI
values. The forest DI was calculated as the brightness minus the greenness and wetness; disturbed
forests appear more bright but less green and wet compared to undisturbed forests. The grassland
index was calculated by taking the negative sum of brightness, greenness, and wetness; disturbed
grasslands appear less dark, green, and wet compared to healthy grasslands. The higher the DI,
the more sparsely vegetated the pixel was, with a threshold value of three or higher indicating bare
ground. We aggregated this dataset by sub-catchment so that our final product was an 8 day time-series
(2000–2013) with the percentage of each sub-catchment disturbed (DI > 3).

The 8 day temporal and 450 m spatial resolution over 14 years resulted in a highly detailed
land use/cover dataset adequate for the detection of weekly to monthly changes, particularly useful
for assessing landscape changes associated with an intensively managed landscape. The index was
calculated only on areas that were designated as high-producing grasslands or exotic forestry. Native
forests were not assessed, because they were mixed in type and density, and thus displayed false
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disturbances. The rest of the classes—wetland/open water (0.30%), urban (0.25%), cropland (0.12%),
and other (0.07%)—were masked out and not taken into account in DI calculations. For each exotic
forest pixel, the time of harvest was identified based on an iterative script that recorded the first date
that DI > 3, the sum of dates while DI > 3, and the first date after harvest that DI < 3. This process
resulted in a dataset that showed the year of first harvest, duration of recovery, and year of recovery.

2.3. Physiographic Data

A 15 m DEM was acquired from Landcare Research from which slope, direction of flow, and flow
accumulation were derived to model catchment connectivity. The DEM was resampled at 450 m to
match the DI data. Soils data was obtained from the 1:63,360 Fundamental Soils Layers (FSL), which is
maintained by Landcare Research [44]. Soil variables that we included in our analysis were texture
and soil moisture.

2.4. River Network and Connectivity

The River Environment Classification (REC) is a national-scale (for New Zealand) synthetic
stream network derived from a hydrologically corrected DEM [45]. Utilizing “fixed” thresholds on
flow accumulation layers to identify the location of channel heads (like REC) is computationally
efficient over large areas, but with limitations on the accuracy of the headwater locations [30]. For that
reason, we identified all channel heads of the Hoteo catchment using 0.5 m rural aerial photos from
2010–2012 (Land Information New Zealand; LINZ) as reference. Then, using a modified stream
delineation algorithm (based on flow direction), we were able to delineate streams from their mapped
headwaters to the watershed outlet. The newly-created stream network was used as input to inform
the variables of our landscape connectivity model, described below.

We developed a landscape connectivity model in an effort to identify critical source areas of
sediment (CSAS). The distinction between CSAS (connected) and areas not contributing to sediment
runoff (disconnected) was made based on a sediment runoff model that utilized slope thresholds to
allow for sediment movement [38]. Below, we provide a description of the rules applied to each 15 m
pixel in order to derive the landscape connectivity mask:

A. Pixels with slope >5◦ along the flow direction were assigned a “connected” value.
B. If slope <5◦ for at least two 15 m pixels along the flow direction, then a “non-connected” value

was assigned.
C. Pixels immediately adjacent to the river (within the floodplain buffer) were assigned a

“connected” value, regardless of slope.

The floodplain buffer was simulated based on the Strahler stream order, and was defined as 30 m
for 1st and 2nd stream orders, 60 m for 3rd and 4th stream orders, and 90 m for 5th and 6th stream
order, on each side. These buffers were estimated based on the geomorphic mapping of rivers in the
catchment by Buikema [42].

2.5. Hydrologic and Water Quality Data

Multiple water quality variables were assessed to estimate total suspended solids (TSS) loads.
Monthly visual water clarity at the catchment outlet (Hoteo station) from the National River Water
Quality Network (NRWQN) [46] was used because of its consistency and long record (1989–2014),
and because it has been proven to be the best estimator of TSS in the absence of TSS samples [47].
Turbidity was used because it is conveniently monitored with in situ sensors that can estimate TSS with
high temporal resolution. Although less correlated to TSS than visual water clarity, it is still strongly
correlated [47]. Turbidity (in NTU) was monitored at three sites within the catchment (Waiteitei,
Waiwhiu, Hoteo) with 5 min resolution for the period 2012–2014. Time-stamped turbidity values were
averaged to daily values and converted to TSS based on turbidity–TSS relationships (Gubbs: n = 33,
R2 = 0.96, SE = 29.7; Waiteitei: n = 142, R2 = 0.95, SE = 31.0; Waiwhiu: n = 47, R2 = 0.99, SE = 34.3) to
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ensure consistency and compatibility between datasets of different sources [48]. The turbidity–TSS
relationships used here were derived from 2nd degree polynomial equations, and their performances
(p-values) were comparable to the ones used in Hughes et al. (2014) [49]. Moreover, nine monthly TSS
measurements collected at each of seven locations across the catchment (n = 63) were converted to
daily loads (in t/day) by applying the concentration interpolation equation, which is described by
Gray and Simões [48].

Monthly water clarity (2000–2013, National Institute of Water and Atmospheric Research, NIWA)
was flow-adjusted to remove the effects of flow before its trend was assessed; this was achieved by
applying local polynomial regression (LOESS) to the clarity time-series [50]. The lab method used for
TSS was APHA 2540D [51], while the turbidity sensor was a Hach Solitax t-line SC, which is ISO7027
compliant. The flow data was obtained from the Auckland Council hydrometric sites.

Event-based analysis was performed on the daily TSS data, which were derived from the 5 min
turbidity data. Indicators of Hydrologic Alteration (IHA) software was used to identify high flow pulses,
small floods, and large floods for both daily TSS and flow. An event started whenever a daily TSS or
flow value was classified as one of the three above classes and lasted until both returned to baseflow
values. For each event, the duration (count of consecutive days), event peak (max value), and event
magnitude (sum value) was calculated. The residuals from the relationship of TSS magnitude–flow
magnitude were plotted against time to assess TSS response to different flows.

In order to assess the effects of drought on land cover and disturbance, the Standardized
Precipitation Index (SPI) [52] was calculated. SPI was designed to show precipitation deficits over
multiple scales [53], and is comparable between regions across the world. We used the 12 month
timescale because it reflects long-term precipitation patterns, is tied to streamflow, and exhibits similar
results with Palmer’s Drought Index [54]. The precipitation data were drawn from the Warkworth
EWS climate station (NIWA, 1922–2014).

2.6. Time-Series and Statistical Analyses

Time-series analyses were performed on three monthly datasets for the 2000–2013 period:
percentage of disturbed and connected watershed (% DI), visual water clarity, and total suspended
solids (TSS). Changes in their trend were assessed using segmented (piece-wise) linear regression.
Piece-wise regression using the “segmented” package in R [55] was chosen in order to assess the
nonlinear changes in trend within the study period; evaluating the monotonic trend would have not
yielded important findings on changes at a fine temporal scale. Initially, breakpoints (or points with
an abrupt change in slope) were estimated from visual examination of the time series. Then, during
the iterative phase of the process, were recalculated in order to minimize the mean squared error
(MSE). The new breakpoint values may or may not have matched the ones initially provided and
solely depended on minimized MSE, thus improving the fit.

Last, because the DI dataset did not exhibit normal distribution, a nonparametric test was chosen
to test if DI varied significantly between land cover and slope classes. The Wilcoxon rank sum test,
with the Bonferroni correction, was run for different land cover (exotic forest and grasslands) and
slope classes (flat, undulating, rolling, strongly rolling, and steep). The latter were defined in the same
way as in the Land Use Capability Handbook [56].

3. Results

3.1. Land Use and Disturbance at the Sub-Catchment Scale

The spatial distribution of disturbances among high-producing grasslands and exotic forests
was variable across the catchment (Figure 2a). Individual pixels were disturbed from 0–83% of
the time. Moderate-to-high disturbance frequency (yellow-orange color) was found in Waiwhiu,
Whangaripo, and Saunders, as well as near the Hoteo watershed outlet. Some very disturbed pixels
(red color) were spread across the watershed, and are results of areas with mixed land cover (e.g.,
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human structures like houses and roads in grassland pixels). By deriving the time of harvest of the
exotic forests (Figure 2b), we found that most of the harvesting occurred from 2000–2004 (blue-green
color), with 65% of that class being disturbed during the first four years of the record. Most of the
exotic forestry was located in Waiwhiu, Saunders, and Whangaripo. The latest harvests occurred along
the border of Waiwhiu–Whangaripo. Overall, the percentage of the Hoteo catchment disturbed ranged
from 2.0%–13.7% at any given time with a mean of 7.3% for the 2000–2013 period.Water 2016, 8, 436 9 of 20 
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Figure 3. (a) Relative contributions of exotic forest (orange) and pasture (blue) to overall
watershed disturbance; (b) Disturbance contribution (%) of each sub-catchment relative to the total
watershed disturbance.

The relative contribution to disturbance by land cover also varied over our study period
(Figure 3a). Exotic forestry contributed most of the observed land disturbance from 2000–2010 and
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decreased significantly after 2012. In general, exotic forests were more disturbed, with a mean of 14.9%
of the class being disturbed (max of 38% at 14 September 2003 and min of 0.4% on 19 December 2013).
Grasslands were less disturbed with a mean of 4% (max of 11.2% at 1 May 2002 and min of 0.7% on 17
November 2001).

Sub-catchment contributions to overall DI formed 2 distinct groups (Figure 3b). Forested
catchments such as Waiwhiu and Saunders displayed periods of high disturbance (harvest phase)
followed by periods of low disturbance (recovery phase) and appear to be more disturbed
(maximum values of 23.4% and 72.2%) at any given time. Pasture-dominated catchments such as
Waiteitei and Wayby Valley, on the other hand, displayed a more seasonal pattern and appear less
disturbed (maximum values of 17.9% and 13.9%) for a shorter time period (means of 3.9% and 1%).
Whangaripo—with a 2-to-1 grassland-to-forest ratio—appears significantly disturbed with a max
of 27% and a mean of 9.7%.

3.2. Landscape Connectivity

From the landscape connectivity model (Figure 4), 32% of Hoteo’s catchment was not connected
to its stream channels, while 68% was connected either through hillslope runoff (54%) or adjacent
floodplain (14%). Most of the connected areas were on the hilly uplands (Whangaripo, Waiwhiu,
and Saunders), while the disconnected areas were located on the flat grasslands (Waiteitei and Wayby
Valley). More specifically, the percentage of connected areas for each sub-catchment were: Waiteitei
49.6%, Whangaripo 78.4%, Waiwhiu 95.7%, Wayby Valley 45.6%, and Saunders 93.7%. Exotic forests
were almost exclusively situated on areas of high elevation/steep slope and thus were more connected
than grasslands (79% and 40.4%, respectively).
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Figure 4. Landscape connectivity for the study area; connected areas (green color) are considered
critical source areas of sediment (CSAS) and were used as a mask for land disturbance. A schematic
of the rules (as described in Section 2.4) for developing the model are shown on the right side panel.
The 1st pixel (upper left corner) is the one being evaluated for connectivity; the next two pixels down
the flowpath must both have slope values >5◦ for the 1st pixel to be considered as connected (green
color). If either one of the next two pixels has a slope value <5◦, then the pixel being evaluated
is considered disconnected (red color). Lastly, if either one of the next two pixels are classified as
floodplain, then the pixel is connected (green color).
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3.3. Physiographic and Hydrologic Effects on Land Disturbance

Results of pairwise comparison using the Wilcoxon rank sum test with the Bonferroni correction
showed that areas with exotic forestry had significantly more disturbance than high-producing
grasslands (p < 0.001). Steep slopes (≥8◦) overall (including both grass and forest) had significantly
higher disturbance than gentle slopes (0–8◦; p < 0.001). Grasslands on steep slopes also had higher
disturbance compared to grasslands on gentle slopes (p-value < 0.001; Figure 5).

Water 2016, 8, 436 11 of 20 

 

grasslands (p < 0.001). Steep slopes (≥8°) overall (including both grass and forest) had significantly 
higher disturbance than gentle slopes (0–8°; p < 0.001). Grasslands on steep slopes also had higher 
disturbance compared to grasslands on gentle slopes (p-value < 0.001; Figure 5). 

 

Figure 5. Wilcoxon rank sum test (Bonferroni correction) on disturbance values for different slope 
(flat, undulating, rolling, strongly rolling, and steep) and land cover classes: (a) high-producing 
grasslands and (b) exotic forest. Statistical significance between classes is shown with blue stars (p-
value < 0.001) on the boxplots. 

There was not much variation in soil type across the catchment. Except for the recent soils in the 
alluvial floodplain, the vast majority of the catchment was composed of Ultic soils, which are strongly 
weathered, well-structured clayey soils. Accordingly, they have moderate-high soil moisture, but are 
poor-draining and susceptible to erosion. Forested areas were dominated by clay loams, whereas 
pastures had a mix of clay/clay loams. 

The connection of long-term precipitation patterns was shown on the SPI vs. monthly connected 
disturbance time-series (Figure 6a). Drought occurs when SPI falls below −1 and continues until SPI 
becomes positive. The timing of DI breakpoints coincided with the occurrence of extended periods 
of drought; more specifically in 2005, 2010, and 2013, the latter being the most severe drought for 
Hoteo on record. 

The percentage of grasslands disturbed varied seasonally, with typically higher values during 
Winter/Spring and lower during Summer/Fall (Figure 7). Exceptions occurred during extended 
droughts (2000–2001, 2005–2008, 2010, and 2013), when disturbance was highest during Summer/Fall. 
Exotic forests exhibited similar seasonal behavior, but disturbance increases or decreases (Figure 6) 
were mostly influenced by forest harvests (Figure 3b) or recovery, respectively—especially during 
the 2002–2005 period. 

Figure 5. Wilcoxon rank sum test (Bonferroni correction) on disturbance values for different slope (flat,
undulating, rolling, strongly rolling, and steep) and land cover classes: (a) high-producing grasslands
and (b) exotic forest. Statistical significance between classes is shown with blue stars (p-value < 0.001)
on the boxplots.

There was not much variation in soil type across the catchment. Except for the recent soils in
the alluvial floodplain, the vast majority of the catchment was composed of Ultic soils, which are
strongly weathered, well-structured clayey soils. Accordingly, they have moderate-high soil moisture,
but are poor-draining and susceptible to erosion. Forested areas were dominated by clay loams,
whereas pastures had a mix of clay/clay loams.

The connection of long-term precipitation patterns was shown on the SPI vs. monthly connected
disturbance time-series (Figure 6a). Drought occurs when SPI falls below −1 and continues until SPI
becomes positive. The timing of DI breakpoints coincided with the occurrence of extended periods of
drought; more specifically in 2005, 2010, and 2013, the latter being the most severe drought for Hoteo
on record.

The percentage of grasslands disturbed varied seasonally, with typically higher values during
Winter/Spring and lower during Summer/Fall (Figure 7). Exceptions occurred during extended
droughts (2000–2001, 2005–2008, 2010, and 2013), when disturbance was highest during Summer/Fall.
Exotic forests exhibited similar seasonal behavior, but disturbance increases or decreases (Figure 6)
were mostly influenced by forest harvests (Figure 3b) or recovery, respectively—especially during
the 2002–2005 period.
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Figure 7. Seasonal variation of disturbance for (a) exotic forestry and (b) high-producing grasslands.
Exotic forestry appears to be significantly more disturbed than grasslands from 2000–2010 and even
three times more disturbed than grasslands from 2002–2005.
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3.4. TSS Spatiotemporal Dynamics

The connected disturbance vs. flow-adjusted clarity time-series had a stronger relationship than
connected disturbance vs. TSS (Figure 6). A piecewise regression analysis [57,58] was performed to
identify the breakpoints of change in the trend on this set of time series. The regression breakpoints
occurred at approximately the same time (2005, 2010, and 2013) for both connected disturbance and
water clarity, with diverging trends. The piecewise regression for water clarity had an R2 of 0.55,
while the connected disturbance regression had an R2 of 0.59. Breakpoints for TSS did not line up
with breakpoints for connected disturbance and water clarity during 2002, 2007, and 2008, but did
in 2010. Note that the regression fit for TSS was relatively weak, with an R2 of 0.26. All breakpoints
and standard errors are summarized in Table 3.

Table 3. Piecewise regression output.

Variable R2 Breakpoints (SE in months)

Connected disturbance 0.59
March 2000 (±2), April 2005 (±3)
May 2010 (±5), August 2012 (±6)

Clarity 0.55
June 2000 (±2), February 2005 (±17)

June 2010 (±4), April 2013 (±2)

TSS 0.26
August 2002 (±6), October 2007 (±10)

July 2008 (±8), August 2010 (±18)

When relative contributions of TSS by sub-catchment for a relatively normal year in terms of
precipitation (2012) were analyzed, an interesting pattern emerged (Figure 8). Net loss erosion (more
sediment coming from the main channel or lower catchment than delivered by the sub-catchments)
occurred during the Winter (July–October), while net storage deposition (more sediment coming
out of the sub-catchments than delivered to the catchment outlet) occurred during the Summer
(December–February).
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Figure 8. Sub-catchment suspended sediment budgets for the 2012–2013 period. Total suspended
solids (TSS) contributions were calculated in t/day and are expressed as percentage of total exiting
the Hoteo catchment. Net storage (deposition) occurred when the sum of TSS of all sub-catchments
exceeded TSS exiting the catchment outlet, while net loss (erosion) occurred when more TSS exited the
catchment outlet than was delivered by the sub-catchments.
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Ranking sub-catchments by their mean TSS daily loads resulted in Waiteitei (2.4 t/d) being the
largest contributor, followed by Whangaripo (1.7 t/d), Waiwhiu (0.8 t/d), Wayby Valley (0.2 t/d), and
Saunders (0.1 t/d). However, when normalized by area and expressed as specific sediment yields,
Whangaripo ranked first, with 3.7 × 10−4 t/ha/d, followed by Waiteitei (3 × 10−4 t/ha/d), Waiwhiu
(2.1 × 10−4 t/ha/d), Wayby Valley (0.9 × 10−4 t/ha/d), and Saunders (0.8 × 10−4 t/ha/d).

Event-scale TSS data at the Hoteo catchment outlet from 2012–2014 (via a continuously monitoring
turbidity sensor) showed a distinct nonlinear pattern (Figure 9) where relative TSS (via LOESS
residuals) declined after sediment-laden floods, but eventually recovered and increased until the
next large flood. This sine-like wave with sediment pulses (peaks) and sediment exhaustion (troughs)
had almost four cycles over this 3 year period.
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Figure 9. (a) Flow event magnitudes; (b) TSS residuals event (n = 60) analysis from the period 2012–2014
for the Hoteo catchment outlet in order of occurrence showing periods of higher amounts of sediment
than expected followed by lower amounts of sediment than expected. The sine-like wave (blue LOESS
line with 95% confidence intervals) suggests that after major TSS events (concave), sediment in the
landscape is exhausted (convex). Similar patterns were described in Knox’s (1972) [15] seminal paper
occurring over thousand years or millennia. Our results show that these processes also take place on
yearly or monthly time scales. The date (dd/mm/yyyy) is shown on extreme events.

4. Discussion

4.1. Connections among Land Use, Climate, Disturbance, and Sediment Runoff

While many studies have investigated sediment runoff effects of land uses such as forest
harvesting [57,58] and livestock grazing [59,60] at the catchment scale over coarse time-scales,
here we examined the more direct link to sediment runoff of connected disturbance (with 8 day
resolution) at the sub-catchment scale. When comparing land use, connected disturbance, and sediment
runoff, a clear pattern emerged: plantation forest areas were significantly more disturbed and more
connected than high-producing grasslands, with correspondingly high TSS loads. Whangaripo and
Waiwhiu contributed most of the landscape disturbance (Figure 2a), with an average of 23.5% and
17.2%, due to forest clearings on the area along their border that mainly occurred after 2006 (Figure 2b).
They also both ranked very high on TSS, being the 1st and 3rd sediment runoff contributors in terms
of t/year. Saunders was almost completely cleared during 2000–2002 (Figure 2b), an area that has
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since been reforested and now has relatively low specific sediment yields. On the contrary, Waiteitei,
which is 94% pasture, consistently contributes 16.7% of the disturbance, on average, along with having
the 2nd-highest specific sediment yield. Lastly, Wayby Valley (which is 97% pasture land) contributes
only 0.7% of the disturbance on average with very low specific sediment yields. In summary, different
land uses in the Hoteo catchment produced varying amounts of available sediment, and when land
disturbance changed (from forest harvests, droughts, and possibly over-grazing), the magnitude and
timing of sediment delivery to rivers also changed.

Climate and land cover are intricately connected with both positive and negative feedbacks
affecting their relationship [15,61]. Extended periods of drought are expected to have a detrimental
effect on vegetation, with significant vegetation die-off and increased areas of exposed soil [62].
This would result in an increase in land disturbance (measured as connected disturbance in this
study) unless mitigated by management responses such as fertilization, irrigation, supplemental
feed, and reduced grazing. While we were not able to thoroughly assess all of these management
practices across the entire catchment, numerous field observations and discussions with local farmers
indicate that some of these practices were occurring at various times in our study period. However,
management intensity in this region is relatively minor compared to other parts of New Zealand [63],
and thus most of the land–water relationships we observed were likely from biophysical processes.
The main exception was plantation forest harvests. The connected disturbance increased up to 2004
can mostly be explained by forest clearings over relatively steep areas of the catchment (Figures 2, 3,
and 6), especially Waiwhiu, Saunders, and Whangaripo. The drought—which began in late in 2004
and lasted until the start of 2008—kept land disturbance at moderate levels (Figure 6a), with 7.6%
of the catchment being disturbed on average. Further, in January 2013, disturbed area doubled in
response to a severe drought, which in turn led to a sharp decrease in water clarity (Figure 6a,b).

4.2. Landscape–River Connectivity

Determining landscape–river connectivity is crucial in the evaluation of whether land use changes
have the potential to affect river water quality. Since the broad-scale European settlement of New
Zealand, landscape connectivity has increased with the clearings of native vegetation, the addition of
millions of sheep and cattle, and the consequent channel erosion and extensive gully formation [64].
The landscape connectivity model developed here is similar to the Highly Erodible Land (HEL)
model [65] which used the largely perennial REC stream network. In order to advance this model
and concept, we mapped the intermittent and ephemeral channels and thus accounted for the higher
degree of connectivity present on the landscape. Given that most of a catchment’s sediment yield
occurs during large storms [66–68] when ephemeral channels are active, it is important to account for
these connected channels.

A more representative channel network map and a corresponding connectivity dataset is also
useful for the identification and prioritization of sites for best management practices (BMPs) that
improve water quality. Vegetation buffers, in particular, have been shown to filter sediment, nutrient,
and other pollutant runoff before entering streams [69–71]; however, there is no consensus on the most
effective location or size of these vegetation buffers [72]. Our connectivity map and land disturbance
analyses could provide insight on ideal buffer placement, which would be between stream channels
and connected areas that are frequently disturbed (Figures 2 and 4). The size of these vegetation buffers
could be determined based on contributing drainage area, slope, and amount of connected disturbance.
Properly characterizing land disturbance and its connectivity to stream channels at the catchment scale
is important for siting other BMPs, such as rain gardens and detention/retention ponds [73].

4.3. Nonlinear Changes

Using multiple resolutions of data at multiple scales, we found clear nonlinear changes in land
disturbance, climate, and consequently sediment runoff (Figures 3, 6, 8 and 9). The nonlinear patterns
in TSS and water clarity appear to be the combined result of: (1) high sediment loadings to rivers
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from connected disturbed areas, which change in location and extent over time (Figures 2 and 3);
(2) sediment supply limitation following sediment-laden floods (Figure 9); and (3) shifts between
erosion and deposition in the channels (Figure 8). From several years of observation by us and
others [42], there are large stores of sediment along the mainstem Hoteo River, which change from
flood to flood. While it is this in-channel sediment that makes the Hoteo River one of the most turbid
rivers in all of New Zealand [63], this sediment has been derived from major landscape disturbances
over the past 150 years [42]. These legacy effects also contribute to nonlinear changes in water quality
and a level of complexity that was beyond the temporal scope of this study.

For the assessment of nonlinear water quality trends, the disturbance index (DI) demonstrated
the potential to be a water quality indicator. The breakpoint analyses (Figure 6) showed that significant
changes/trends of connected disturbance and water clarity coincide, suggesting a cause-and-effect
relationship between them on the temporal dimension. TSS time-series showed weak connection
with connected disturbance; however, suspended sediment budgets were very useful for connecting
sediment runoff to specific sub-catchments on the space dimension. The suspended sediment budgets
also provided insight on depositional/erosional processes in the river channel/floodplain (Figure 8).
For the latter, it is very important to consider the value of riparian fencing that can greatly affect these
erosional/depositional process along the channel. While some of the perennial channels on dairy
farms (a small percentage of the drainage network) were fenced, the majority of the intermittent and
ephemeral tributaries were unfenced, and thus are likely to be significantly contributing to sediment
runoff during high-flow events.

The location and timing of forest harvests, coupled with TSS/water clarity data suggest that
exotic forestry is the major contributor of disturbance and sediment to the rivers. On average, exotic
forests are more disturbed than grasslands (18 months vs 3.8 months) [10], because the latter recover
much faster. Connected disturbance increased significantly during the 2000–2004 period, where 65%
of the forests in the Hoteo catchment were harvested. On the contrary, suspended sediment samples
taken from all sub-catchments suggest that during periods of low disturbance (2012–2013), pasture
watersheds contribute more sediment—anywhere from 25%–50% of the total suspended sediment
measured. Over the course of seasons (Figures 8 and 9) and years (Figures 3, 6, and 7), all of these
cross-scale interactions among land cover/use, climate, and land disturbance (over both space and
time) described throughout this Discussion have produced unique nonlinear patterns in sediment
runoff that need to be explored further.

5. Conclusions

The purpose of this study was to assess nonlinear LCLUC–water quality relationships and locate
the sources of sediment runoff across the Hoteo catchment in New Zealand. Suspended sediment
budget analyses showed that exotic forests were the dominant sediment source in periods of forest
harvesting, while grasslands assumed the dominant role once exotic forests recover. Further analyses
showed that connected land disturbance and water clarity time-series exhibited similar breakpoints
on their trends, suggesting a cause-and-effect relationship. When the sequence of flood events was
assessed, these changes in supply and transport of sediment resulted in a cyclical pattern of sediment
runoff. Future investigations on water quality changes would benefit from an assessment of connected
land disturbance. It has definitely been a useful water quality indicator in this study, especially when
combined with climate data. The connectivity layer developed here could also serve as a guide to place
and prioritize BMPs, especially in the form of vegetation buffers to reduce sediment runoff into rivers.
Reducing suspended sediment in impacted rivers such as the Hoteo would further benefit downstream
receiving waters with sedimentation or water quality problems. Indeed, the Kaipara Harbour (in
which the Hoteo River drains) is a valuable and sensitive estuarine ecosystem that is experiencing
considerable sediment infilling and associated environmental degradation. The focus of this study
was seasonal and yearly changes in sediment runoff. The next step in this line of research would be to
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investigate the changes and relationships among land cover/use, climate, land disturbance, and other
water quality variables at even finer spatiotemporal scales over longer periods.
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