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Abstract: Climatic variability and cumulative forest cover change are the two dominant factors
affecting hydrological variability in forested watersheds. Separating the relative effects of each
factor on streamflow is gaining increasing attention. This study adds to the body of literature by
quantifying the relative contributions of those two drivers to the changes in annual mean flow, low
flow, and high flow in a large forested snow dominated watershed, the Deadman River watershed
(878 km2) in the Southern Interior of British Columbia, Canada. Over the study period of 1962 to
2012, the cumulative effects of forest disturbance significantly affected the annual mean streamflow.
The effects became statistically significant in 1989 at the cumulative forest disturbance level of 12.4%
of the watershed area. The modified double mass curve and sensitivity-based methods consistently
revealed that forest disturbance and climate variability both increased annual mean streamflow during
the disturbance period (1989–2012), with an average increment of 14 mm and 6 mm, respectively.
The paired-year approach was used to further investigate the relative contributions to low and
high flows. Our analysis showed that low and high flow increased significantly by 19% and 58%,
respectively over the disturbance period (p < 0.05). We conclude that forest disturbance and climate
variability have significantly increased annual mean flow, low flow and high flow over the last
50 years in a cumulative and additive manner in the Deadman River watershed.

Keywords: cumulative effects; forest disturbance; climate change; annual streamflow; low flow;
high flow

1. Introduction

Forested watersheds are important sources of streamflow, water regulation and generation for
more than 30% of the world’s population [1,2]. Changes in forest cover have important effects on the
sustainability of water resources, aquatic habitat, and many other ecological functions. In forested
watersheds, forest cover change and climate variability are regarded as the two main drivers of
hydrological variation [3,4]. The compounding effects of climate variability and land cover change
(e.g., forest harvesting, land use conversion) have driven scientific research to focus on how these
drivers and their interactions affect the hydrological regime [5–9].

The effect of forest cover change on streamflow has been studied for many decades, with periodic
summaries consolidating key findings [4,9–11]. However, most research has been carried out using
paired watershed experiments (PWE) in small watersheds (<100 km2) since the 1910s with long
term land cover and streamflow data. The inability to simply extrapolate results from the PWE to
watersheds of different sizes, topography, climate and land cover types, suggests an important need to
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study hydrological responses to forest changes at other spatial scales. This gap is recently and clearly
recognized in a recent global assessment report on forests and water [12]. Additionally, advances have
been made in hydrological modeling (e.g., the Soil and Water Assessment Tool) and statistical methods
such as time-trend analysis, sensitivity-based method, double mass curves (DMC), and those based on
the Budyko theory [3,13]. These advances make it possible to evaluate the forest-water relationship in
large watersheds.

Numerous forest indicators have been used to characterise forest change through time in
hydrological studies including: percentage forested [14], the area disturbed, and remotely sensed
vegetation indices such as the Normalized Difference Vegetation Index (NDVI) [2,15], Leaf Area
Index (LAI) [16–18], and normalized burn ratio (NBR) [19]. Although these indices have been widely
implemented in assessing spatial and temporal dynamics of forest cover, they do not explicitly
account for hydrological recovery due to regeneration following forest disturbance, and consequently
cumulative effects on hydrology. Cumulative effects are defined as the combined results from
actions that are individually minor but collectively significant in the past, present, and foreseeable
future [20,21]. Therefore, a comprehensive index is required, which can account for spatial and
temporal cumulative forest cover change. ECA (equivalent clear-cut area) is calculated as the
cumulative area that is clear-cut with a reduction factor implemented over time to account for
hydrological recovery as the forest regenerates [22]. ECA has been widely used in scientific research
and operational practices in the Pacific Northwest for decades [23–27], and can therefore, be a good
indicator to quantify cumulative forest cover change in a watershed.

Previous studies generally conclude that deforestation increases annual mean flow (Qmean),while
reforestation decreases it across multiple spatial scales [4,11], with less consistent results in the literature
on low and high flows. For instance, it has been found that forest logging could increase the frequency
and magnitude of high flows but is unlikely to affect large flooding events [23,28]. In snow dominated
watersheds, the effect is less significant and forest disturbance has been found to advance the timing of
snow-melt generated high flows [29]. The effect on low flow is tightly coupled to soil disturbance, the
history of land use, and climatic regime [30,31]. Numerous studies have found that disturbance can
increase low flow, however some show inconsistent results with negative and insignificant changes in
low flows [26,31]. Our collective understanding of how forest cover change might affect streamflow
has progressed, however, there is an increasing demand for more case studies, shown by the limited
number of studies and lack of consistency or explanation of differences between results from various
regions characterised with different climate regimes, forest structure, soil property, and topography [9].

The Deadman River watershed (878 km2) is located in the Southern Interior of British Columbia,
Canada. It is characterised by a snow dominated hydrological regime and has experienced
dramatic forest disturbance from the mountain pine beetle (MPB) infestation and forest harvesting.
The significant level of forest disturbance in the watershed has raised serious concerns over alteration
of the hydrological regime. To address these hydrological concerns, this study answers two research
questions: 1) how have forest disturbance and climate cumulatively affected annual streamflow in
Deadman River watershed, and 2) how have forest disturbance and climate cumulatively affected high
and low flows?

2. Materials and Methods

2.1. Watershed Description

The Deadman River watershed is located in the Southern Interior of British Columbia, Canada.
(Figure 1). The drainage area is 878 km2 of which 91.3% is forested, with most of the remaining
area being grassland in the valley bottoms. Deadman River is an important Salmonoid-bearing
river that is a tributary of Thompson River. Communities and First Nations rely directly on the
water to drink, irrigate, and sustain a healthy fish population, ecological functioning and aquatic
resources. The elevation ranges from 527 m above sea level at the southern outlet and main branch
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of the Deadman River up to 1779 m in the upper reaches to the east and west of the watershed
(Figure 1). From 1962–2012, the mean daily temperature in the winter (December–February) was
−6 ◦C and 12.9 ◦C in the summer (June–August). Approximately 27% of the annual precipitation (P)
accumulates as snow in the winter, with the snow-melt event producing the spring freshet (Figure S1 in
the Supplementary Materials (SM)). Lower elevation slopes support Douglas-fir (Pseudotsuga menziesii
(Mirb.) Franco) and Lodgepole pine (Pinus contorta Douglas ex Loudon) dominated forests with smaller
amounts of Spruce (Picea glauca (Moench) Voss) and Balsam (Abies lasiocarpa (Hook.) Nutt.). A small
amount of agriculture and urban development dominate the valley bottom (around 1% of the total
watershed area), the total area of which has not changed over the course of this study; while forestry is
the main land use across the watershed [32]. The recent Province-wide mountain pine beetle (MPB)
epidemic [33] has brought widespread Lodgepole pine mortality and salvage harvesting throughout
the watershed (Figure 1).
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Figure 1. The location of watershed boundary, hydrometric station, stream network, forest logging,
and mountain pine beetle (MPB) infestation of the Deadman River watershed, located in British
Columbia, Canada.

2.2. Watershed Data

The age, height, density, and species composition of the forest was sourced from the 2013
provincial vegetation resources inventory (VRI). Disturbance indicators were calculated using three
complementary spatial databases that are maintained by the BC Ministry of Forests, Lands and
Natural Resource Operations (FLNRO). The spatial and temporal location of historical harvesting was
accounted for using the FLNRO consolidated cutblocks layer (2013), wildfires from the BC wildfire
database, and mountain pine beetle (MPB) disturbance from the British Columbia Mountain Pine
Beetle (BCMPB) projections version 11 [33].

Daily discharge data (m3s−1) from 1960 to 2012 was acquired from Environment Canada (Station
ID: 08LF027), which was standardized to millimeters (mm year-1) using watershed area (Figure S2).
The watershed monthly P, mean, maximum, and minimum temperatures (Tmean, Tmax, Tmin) were
derived from the ClimateBC model at the spatial resolution of 500 × 500 m [34] (Figures S3 and S4 in
the SM). Elevation (m) for each VRI polygon was calculated from the FLNRO digital elevation model
at a spatial resolution of 30 meters.
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2.3. Cumulative Equivalent Clear-Cut Area

Forest logging, MPB infestation, and wildfire are the three major disturbance types and cumulate
over space and time in the study watershed (Figure 1). Cumulative equivalent clear-cut area (CECA)
was used to account for cumulative forest disturbance at the watershed level [22,35]. At the stand level,
equivalent clear-cut area (ECA) is defined as the area that has been clear-cut, killed by fire, or infested
by MPB, with a reduction factor to account for hydrological recovery as the forest regenerates. All forest
logging in the area is clear-cut. Following the watershed assessment procedure in British Columbia [27],
the ECA is set at 100% after harvesting, reflecting changes in hydrological processes such as infiltration,
evapotranspiration, and run-off. Stand height was used to represent the relationship between forest
growth and hydrological recovery [22,27] (Table 1). Hydrological recovery after wildfire was assumed
to follow the same relationship as harvesting [36]. The hydrological recovery of a forest stand is related
to its growth rate over time and is therefore determined by many factors including disturbance type,
climate, and tree species. Accounting for this, stand height is projected through time using standard
models that are calibrated in British Columbia. The Variable Density Yield Prediction model version
7 (VDYP7) is used for stands of natural origin (wildfire) and the Table Interpolation Program for
Stand Yields model version 4.3 (TIPSYv4.3) is used for stands that regenerate after harvesting. In MPB
affected forest, the ECA shown in Figure 2 [29,37] is applied to the affected portion of a stand. It follows
an asymmetrical bell-shaped curve through time as tree death and needle drop occur gradually over
years [38,39] and regeneration and hydrological recovery starts around 20 years. Stand-level ECA
values are summed annually to give the watershed–level CECA timeseries.

Table 1. Hydrological recovery and equivalent clear-cut area (ECA) for stands disturbed by wildfire or
harvesting according to height in meters (m) of the leading tree species.

Height (m) Hydrologic Recovery (%) ECA (%)

0 ≤ 3 0 100
3 ≤ 5 25 75
5 ≤ 7 50 50
7 ≤ 9 75 25

>9 90 10
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Figure 2. Equivalent clear-cut area (ECA) (%) since year of disturbance by mountain pine beetle (MPB).

In 2012, the CECA was 41.3% of the watershed area (Figure 3). Logging was the dominant
disturbance type through the study period. The average annual harvest rate in the Deadman River
watershed was 4 km2 year−1 from 1960 till 1999. From the year 2000 onwards, this rate increased to an
average of 11 km2 year−1. In 2012, the CECA from logging was 27.2% of the watershed area. MPB
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affected a total of 370 km2 since 2000, a rate of 46 km2 year−1 (Figure 3). The CECA of MPB in 2012
was 13.6%. Wildfire is an insignificant disturbance agent during the study period with only 3 km2 in
total. The total CECA rose from 0% in 1960 to 41% in 2012. Overall, the Deadman River watershed has
experienced significant forest disturbance.
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2.4. Cross-Correlation Analysis

Cross-correlation analysis is an effective method to examine whether there are significant
relationships between two time series variables. The advantage of cross-correlation is that it can
remove autocorrelations existing in data series and identify lagged causality between them [29]. In this
study, cross-correlation tests were used to detect relationships and lagged effects between cumulative
forest change (CECA) and three flow variables, including: annual mean streamflow (Qmean), a low
flow parameter (Q95%) which is defined as the daily flow equalled or exceeded for 95% of days in a
year, and high flow parameter (Q5%) which is the daily flow equalled or exceeded 5% of days in year.

All variables were pre-whitened to remove autocorrelation by fitting Autoregressive Integrated
Moving Average (ARIMA) models in R software [40]. The ndiffs function from the forecast package [41]
was first used to find the level of differencing needed to achieve stationarity and then the ARIMA
model with the best performancewas selected for cross-correlation analysis [42]. Cross-correlation
analysis of ARIMA model residuals was carried out in R using the ccf function from the forecast
package [41]. The correlation coefficient and significant lags are used to assess if there is a correlation
between tested variables.

2.5. Quantifying the Effects of Forest Disturbance and Climate Variability on Streamflow Components

Three complementary statistical methods were used to make a robust assessment of the separate
effects of forest disturbance and climate variation on streamflow components. The modified double
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mass curve (MDMC) method and sensitivity-based method were applied to Qmean, while the
paired-year approach can be used for Qmean, Q5% and Q95%.

2.5.1. Timeseries Trend Analysis

As a first step, the Mann–Kendall test [43,44] was used to assess what trends exist in the
climatic and hydrological data over the study period, helping with the interpretation of results.
The Mann–Kendall non-parametric test is widely used in hydrology for the trend detection [23].
Prior to implementing the Mann–Kendall test, each timeseries was pre-whitened to remove the
influence of serial correlations [45], following the process recommended in Yue et al. [46]. However,
Razavi and Vogel [47] recently demonstrated how pre-whitening can underestimate extreme conditions
in hydrological timeseries analysis, leading to a potentially conservative correlation in this analysis.
All statistical tests are at a significance level of 5%.

2.5.2. Modified Double Mass Curve

A modified double mass curve (MDMC) is a graph of cumulative annual Qmean versus cumulative
effective precipitation (Pe) which is the difference between annual P and actual evapotranspiration
(AET) [3,22]. Annual potential evapotranspiration (PET) was estimated as the average of the
Priestley–Taylor [48] and Hamon method [49–51] and then AET was calculated as the average of
the Budyko [52] and Zhang’s [53] equations. The basic assumptions of the MDMC are 1) the linear
relationship holds between the Pe and Qmean; and 2) all climate variability is lumped into P and
ET [22,54]. In a period with no forest disturbance (reference period), the slope of the MDMC should
be straight, and a break point in this line suggests a regime shift in annual mean flow caused by
forest disturbance (disturbance period) [3]. The Pettitt break point test was introduced to detect the
statistically significant break point between the reference and disturbance periods [55]. Before carrying
out the Pettitt test, autocorrelations in the MDMC slope were removed following the methodology
found in Yue et al. [46]. To validate the statistical significance of the break point, the nonparametric
Mann–Whitney U test Z statistic was adopted [8,30,56]. The linear relationship in the reference period
was used to predict the cumulative annual streamflow for the disturbance period, with the difference
between this and the observed line regarded as the cumulative impact of forest change on streamflow
(∆Qf). The deviations caused by climate variability on each annual streamflow component can be
determined using Equation (1).

∆Qc = ∆Q − ∆Qf (1)

where, ∆Q, ∆Qf, and ∆Qc are the deviations of each annual streamflow between disturbance and
reference periods, annual flow deviations caused by forest disturbance, and annual flow deviations
caused by climate variability, respectively. The relative contributions of forest disturbance and climate
variability to Qmean is calculated from their respective proportion of ∆Q [22].

2.5.3. Sensitivity-Based Method

The sensitivity-based approach assumes that the change in Qmean can be determined using
Equation (2) [57,58].

∆Qc = β∆P + γ∆PET (2)

where, ∆P, ∆PET, and ∆Qc are the difference in annual P, PET, and Q due to climate between reference
and disturbance periods, respectively. β and γ are the sensitivity coefficients of streamflow to P and
PET [36]. β and γ can be derived from Equations (3) and (4) below, whereω is assumed to be 2 for a
predominantly forested watershed.

β =
1 + 2PET

P + 3ω(PET
P )

2

[1 + PET
P +ω

(
PET

P

)2
]
2 (3)
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γ = −
1 + 2ω PET

P

[1 + PET
P +ω

(
PET

P

)2
]
2 (4)

As a result, the effects of forest change on Qmean can be derived using Equation (1).

2.5.4. Paired-Year Approach

Similar to the approaches for assessing the cumulative effects of forest disturbance on Qmean, the
effects of climate variability on Q5% and Q95% should be removed first. The paired-year approach has
been effectively used to quantify the cumulative effects of forest disturbance on flow regimes across
various climatic regions [35,42] and was selected for this study. The paired-year approach assumes that
flow changes are mainly attributed to cumulative forest disturbance when climate conditions between
the reference and disturbance year are similar. To identify climatic variables that can be used as proxies
for equivalent climate conditions, the following steps are used: (1) Kendall tau correlation analyses
are used to select the statistical relationship between flow (Q5% and Q95%) and seasonal or annual
climate variables, respectively (Table S1). (2) Once key climate variables were determined, several
combinations or sets of the selected climate variables were composed. (3) Each set of the climate
variables and the set of Q5% and Q95% serve as inputs for the canonical correlation analyses [35], the
approach used to examine correlations between two sets of variables. To ensure that all combinations
of climate variables were tested thoroughly, we also selected climate variables that were not statistically
related to the Q5% and Q95% for the canonical correlation analyses. A total of 30 sets were tested and
finally the Tmean, Tmax, minimum summer temperature, winter P of the antecedent year and spring P
in the current year, were determined as the controlling climate variables. To ensure a reliable pairing,
a threshold of 10% biases were allowed in each climatic variable (Table S2). (4) As a result, ten pairs of
years were chosen to compare Q5% and Q95% with similar climate (Table S3). The differences between
each pair of years are denoted as the effects of cumulative forest disturbances on Q5% and Q95%. (5) The
Mann–Whitney U test is further used to confirm whether Q5% and Q95% between the reference and
disturbance are statistically significant [35]. As such, the cumulative forest disturbance on Q5% and
Q95% were quantified.

3. Results

3.1. Time-Trend Analysis of the Hydrometeorological Variables

Mann–Kendall trend analysis was used to study the annual and seasonal trends in
hydrometeorological variables for the Deadman River watershed across the whole study period.
Table 2 presents the results of this analysis after pre-whitening following Yue et al. [46]. Although only
annual temperatures experienced significant upwards trends (at a significance level (p-value) < 0.05),
spring and summer Tmin were significant. Related to increasing Tmean, annual PET also exhibited a
significant upward trend. Spring P was the only season that showed a significant increasing trend for
P. For streamflow, only autumn Qmean and Q95% showed an increasing trend with no corresponding
significant climate trend. The increasing trends in temperatures and PET may, therefore, play a role
in reducing streamflow, while increased spring P may increase spring streamflow. While, time-trend
analysis is useful to help understand hydrologic behaviour, it does not have explanatory power on
its own. In addition, recent reviews by Razavi and Vogel [47] and Serinaldi et al. [59] have exposed
shortcomings when used in hydrological timeseries analysis. Therefore, we use the results from
time-trend analysis with caution and as one piece to inform the overall picture.
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Table 2. Time-trend analysis of hydro-meteorological variables in the Deadman River watershed from
1962 to 2012 (spring: March–May; summer: June–August; autumn: September–November; winter:
December–February; Tmax is maximum daily annual temperature (◦C); Tmin is minimum daily annual
temperature (◦C); Tmean is average daily annual temperature (◦C); P is annual precipitation (mm);
PET is potential evapotranspiration (mm); AET is actual evapotranspiration (mm); Qmean is annual
mean flow (mm); Q95% is the low flow parameter; Q5% is the high flow parameter; tau is the z-statistic
from the Mann–Kendall test indicating the direction of change of the variable; p-value is the level of
significance from the Mann–Kendall test; and bolded italics indicate significant trends at a significance
level of 0.05).

Season Tmax Tmin Tmean P PET AET Q5% Q95% Qmean

Annual tau 0.19 0.25 0.23 −0.02 0.25 0.06 –0.04 0.24 0.01
p-value 0.05 0.01 0.01 0.87 0.01 0.55 0.73 0.02 0.95

Spring tau 0.08 0.18 0.15 0.21 0.17 0.25 –0.01 0.05 –0.06
p-value 0.41 0.05 0.11 0.02 0.08 0.01 0.91 0.59 0.55

Summer tau 0.09 0.25 0.13 0.04 0.16 0.08 –0.08 0.11 –0.01
p-value 0.35 0.01 0.17 0.68 0.09 0.42 0.45 0.29 0.96

Autumn tau 0.16 0.04 0.06 0.05 0.10 0.05 0.06 0.26 0.23
p-value 0.08 0.71 0.50 0.60 0.27 0.57 0.54 0.01 0.02

Winter tau 0.13 0.15 0.12 –0.07 0.11 0.10 0.13 0.21 0.14
p-value 0.15 0.10 0.20 0.47 0.24 0.27 0.20 0.04 0.15

3.2. Cross-Correlation between Forest Disturbance and Streamflow Regime Components

Annual hydrological and CECA timeseries were first pre-whitened to remove serial correlations
using ARIMA models as listed in Table 3. The pre-whitened variables from this process were used in
the cross-correlation analysis. Cross-correlation analysis cannot prove causality but is used to calculate
the statistical relationship between two data series considering the displacement (“lag”) of one relative
to the other. Cross-correlation analysis revealed that CECA is significantly related to Qmean, Q5% and
Q95% as shown by significant correlation coefficients for all hydrologic variables. The lags indicate that
the response of hydrological variables are 8, 8, and 4 years after the change in CECA. The lag detected
by cross-correlation reflects that the observed response of streamflow to forest cover change only
occurs when disturbance accumulates to certain amount in a watershed. Additionally, changes caused
by MPB mortality such as the cessation of root functioning, needle drop and decomposition occur
gradually over a number of years [60]. The positive correlation coefficient implies that a higher level of
cumulative disturbance, approximated by CECA, likely results in higher annual mean, low flows, and
high flows (Table 3). The magnitude of the cross-correlation coefficient calculates the strength of the
statistical relationship, all coefficients are around 0.3, which is considered a weak relationship, albeit
statistically significant. Forest disturbance can explain some but not the majority of variation in the
hydrological variables, reflecting the direct influence of climate variability on streamflow.

Table 3. Cross-correlation results between the residuals of logged Autoregressive Integrated Moving
Average (ARIMA) time series models for cumulative equivalent clear-cut area (CECA) and annual
streamflow components in the Deadman River watershed from 1960 to 2012. The bold italicised
coefficient value indicates that the model is significant at p-value = 0.05. Streamflow components
include annual mean flow (Q), low flow (Q5%), and high flow (Q95%). The ARIMA model used is
denoted by ln(p,d,q), where ln represents that the log of the data was taken prior to running the ARIMA
model, p is the order of the auto-regressive model, d is the degree of differencing, and q is the order of
moving-average chosen for the ARIMA model.

Hydrological Variables Cross-Correlation with CECA (Pre-Whitened Using ARIMA (2, 2, 1))

ARIMA Model Used to Pre-Whiten Coefficients Lag

Annual mean flow (Q) (1, 3, 0) 0.32 8
High flow (Q5%) (0, 1, 1) 0.33 8
Low flow (Q95%) (0, 1, 2) 0.32 4



Forests 2019, 10, 196 9 of 16

3.3. Separation of the Effects Of Forest Disturbance and Climate Variability on Annual Mean Flow

3.3.1. Modified Double Mass Curve

A breakpoint was identified on the MDMC, which plots cumulative effective precipitation (Pae)
versus cumulative annual mean flow (Qa) (Figure 4). The observed cumulative Qa is greater than
predicted after the break point, indicating that forest disturbance has led to an increase in Qa. The Pettitt
break point test indicates that there is a statically significant regime shift in 1989, leading to the pre- and
post-disturbance periods being defined as 1960 to 1989 and 1990 to 2012, respectively. Mann–Whitney
U tests confirmed that the slopes of MDMCs before and after the break point were statistically different
(p-value < 0.001). The break point coincides with the history of forest disturbance as at the end of 1989,
the cumulative area disturbed is 80.4 km2 and the CECA is 12.4% (Figure 3).

Further calculations on the difference between observed and predicted Qa in the post-disturbance
period show that forest change increased Q (∆Qf) by an average of 16.6 mm annually. In contrast,
climate variability played a more minor role in streamflow alteration, i.e. the Qmean change attributed
to climate (∆Qc) is 2.7 mm in the disturbance period (Table 4). As a result, the relative contribution
of forest change to the total change in Q (Rf) was 86.2% while the relative contribution of climate
variability (Rc) was 18.8%. As indicated, the breaking point was not determined visually from the
MDMC, but rather statistically using the Pettitt break point test. As a result, the calculated ∆Qf and
∆Qc for an individual year fluctuates with large variations in climatic inputs (primarily P). There are
some dry years, when the observed line dips below the predicted in Figure 3 and the ∆Qc is negative.
However, over the entire disturbance period, the calculated ∆Qf and ∆Qc are both positive.

Overall, the effects of climate variability on streamflow were much lower than those from forest
disturbance, indicating streamflow variations in the Deadman River watershed were mainly caused by
cumulative forest disturbance.

The disturbance period was further divided into five sub-periods to examine the temporal role
of forest disturbance and climate variability in streamflow. As shown in Table 4, the Rf and Rc to
streamflow showed temporal variations. For example, with less forest disturbance, the Rf was lower in
1995–1999 than in the other periods.
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3.3.2. Sensitivity-Based Method

Similar to MDMC, results from the sensitivity-based method show an overall increase in Qmean

due to cumulative forest change. Here, the increases in Qmean attributed to cumulative forest
disturbance and climate variability in the period 1990–2012 were an average of 10.8 and 8.9 mm
respectively (Table 4). The Rf derived from the sensitivity-based method (86.2%) is lower than that
from the MDMC (54.7%). As with MDMC, the ∆Qf and ∆Qc for an individual year (or selected
period) will fluctuate depending on the climatic inputs for that time. For example, the MDMC method
calculated ∆Qc −1.61 mm in the period 2000 – 2004, reflecting the lower than average P in four out of
five years in that period. The effect of forest disturbance is much more consistent with ∆Qf greater than
zero in all selected periods. So although the results for an individual year may fluctuate, on average
across the whole disturbance period, the two methods clearly indicate that the cumulative forest
disturbance played a dominant role in Qmean variation.

Table 4. Results from Modified Double Mass Curve (MDMC) and sensitivity-based analyses. Where
∆Q is the change in annual mean streamflow between the observed and predicted, ∆Qf is the difference
in streamflow attributed to forest change, ∆Qc is the difference in streamflow attributed to climate
variability, Rf and Rc are the relative contribution of forest change and climate variability to the total
change in Q in that period expressed as a percentage. CECA is the average cumulative equivalent
clear-cut area for the selected periods.

Method Selected
Periods ∆Q (mm) ∆Qf (mm) ∆Qc (mm) Rf (%) Rc (%) CECA (%)

MDMC

1990–1994 17.53 13.71 3.82 78.23 21.77 14.56
1995–1999 30.53 14.23 16.30 46.62 53.38 17.32
2000–2004 3.02 4.63 −1.61 74.18 25.82 18.21
2005–2009 21.57 19.71 1.85 91.40 8.60 32.43
2010–2012 27.12 34.20 −7.08 82.85 17.15 51.67
1990–2012 19.95 16.59 2.66 86.20 13.80 24.68

Sensitivity-based method 1990–2012 19.65 10.75 8.90 54.70 45.30 24.68

3.4. Separation of Effects Of Forest Disturbance and Climate Variability on High and Low Flows

The paired-year approach revealed that the cumulative forest disturbance consistently increased
Q5% and Q95%. The average high flow in the reference period (1962–1989) is 8.07 m3s−1 increasing
by 58% to 12.74 m3s−1 in the disturbance period (1990–2012) (Table 5), with a statistically significant
p-value. Similarly, the cumulative forest disturbance increased the average low flow by 19% from
0.26 to 0.31 m3s−1. These results are consistent with those from the cross-correlation analysis that also
showed a positive relationship between forest disturbance and high and low flows. So although there
is some uncertainty introduced in the paired-year approach by inexact matching of climate variables
in paired reference and disturbance years, the consistency with cross-correlation analysis strengthens
the result.

Table 5. Average high flow variable (Q5%) and low flow variable (Q95%) in the reference and disturbance
periods using the paired-year approach.

Flow (m3s−1) Q5% Q95%

Reference 8.07 0.26
Disturbance 12.74 0.31

Change (m3s−1) 4.67 0.05
Change (%) 58% 19%

p-value <0.001 <0.001
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4. Discussion

4.1. The Cumulative Effects of Forest Disturbance on Annual Mean Flow

In this study, cumulative forest disturbance has increased Qmean in the Deadman River watershed.
Both the MDMC and sensitivity-based methods derived similar results, giving a more robust answer
than one individual method. While the increase in Qmean is consistent with most other studies
in the region with a similar climate [22,36,61], some have found no significant change with forest
disturbance [23]. Zhang et al. [61] found no relationship between low CECA (<15%) and Qmean,
indicating that there may be no effect on Qmean with lower levels of disturbance. In two large
neighboring watersheds in British Columbia, Zhang and Wei [23] found contrasting responses after
high levels of forest disturbance, with the Willow watershed showing a significant increase in Qmean

while the Bowron did not. They attributed this to differences in topography, climate and the spatial
arrangement of harvesting. This variability highlights that the cumulative effects of forest disturbance
are likely watershed specific. Two recent global review papers investigated 162 large watersheds
(>1000 km2) [9] and 252 small (<1000 km2) [4] watersheds. These reviews identified that watershed
area, climate regime, and forest type are key factors that affect the hydrological response to cumulative
forest disturbance. As such, caution must be used when extrapolating results from one location to
another and from one time period to another.

4.2. Additive Effects of Cumulative Forest Disturbance and Climate Variability on Annual Mean Flow

Both cumulative forest disturbance and climate variability were found to increase Qmean in
the disturbance period, meaning that their effects are additive as opposed to offsetting. Here, the
term ‘additive’ signifies that both forest change and climate variability affect streamflow in the same
positive direction, it does not imply a simple additive relationship between the two drivers. Complex
interactions do exist as studies have shown the effect of disturbance on streamflow is less pronounced
at very high levels of rainfall [9,62]. In the Deadman River watershed since 1989, the combined
effect of cumulative forest disturbance and climate variability has increased Qmean by an average of
19.6 mm year−1. Of the other studies that have investigated the influence of both forest disturbance
and climate in this region, all have found that forest disturbance has increased Qmean while the climate
decreased Qmean [22,36,63,64]. For example, Wei and Zhang [22] found offsetting effect on Qmean

of climate and forest disturbance in the Willow River watershed, as did Li et al. [36] in the Upper
Similkameen River watershed. Zhang and Wei [65] found that forest disturbance increased Qmean by
48.4 mm year−1, while climatic variability offset this by decreasing Qmean by 35.5 mm year−1 in the
Baker Creek watershed. Zhang [63] found that the Willow, Baker, Moffat, and Tulameen watersheds
all had offsetting effects on Qmean of climate and forest disturbance.

This study is different, in that the MDMC and sensitivity analysis both found that climate has
increased Qmean, resulting in an additive rather than offsetting effect on Qmean. Although most studies
have found the climate in the interior of British Columbia to be getting drier, this depends on the period
chosen, as illustrated in Zhang and Wei [65] where the influence of the Pacific Decadal Oscillation
(PDO) affected the calculated climatic trend. Winkler et al. [8] found that the disturbance period in their
study of the Upper Penticton Creek was wetter and cooler than the calibration period, and attributed
this to the PDO. In the Deadman River watershed, time-trend analysis indicated that there was an
increasing trend in annual Tmean and PET, leading to the expectation that climate variability would
have decreased Qmean over the study period. Surprisingly, both the MDMC and sensitivity-based
method showed that climate variability increased Qmean over the disturbance period. The nearby
meteorological station ‘Kamloops A’ was used to confirm annual trends in P, Tmin, Tmax, and Tmean

derived from the ClimateBC data. Additionally, more detailed time-trend analyses were conducted
for the reference and disturbance periods separately (Figure S5). Results showed that Tmean increased
significantly over the entire study period, but in contrast, Tmean has a decreasing trend over the
disturbance period, with statistical insignificance. Unlike Tmean, P has an insignificant trend for all
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tested periods (Tables S4 and S5). Although the climate was getting drier over the entire period, there
was no significant trend during the disturbance period. As a result, climate variability may have
played a positive role in streamflow in the disturbance period. These findings also highlight the need
to understand the temporal climate variability in the specific study watershed.

4.3. The Cumulative Effects of Forest Disturbance on High and Low Flows

Cross-correlation analysis showed a positive relationship between disturbance and both low and
high flows. Similarly, the paired-year approach found that low and high flows increased significantly
by 20% and 58% respectively in the disturbance period. The positive relationship of low and high
flows to forest disturbance is consistent with most other studies of forest disturbance in neighboring
areas [29,35,36]. In the Upper Penticton watershed, Winkler et al. [8] found that while Qmean increased
by a small amount (5%) with disturbance, spring run-off (high flow) increased dramatically between
19% and29% and summer water yield (low flow) decreased by a similar magnitude. In a snow
dominated regime such as the Deadman River watershed, forest disturbance likely results in more
snow accumulation and earlier snow melt driven spring freshet [8,25], leading to an increase in high
flow [29,36]. Synchronisation of snow pack melt [23] or increased quick flow [66] may also contribute
to the increase in high flows. The increase in low flow with disturbance is likely due to a different
mechanism than high flow. Summer low flows may be increased by the reduced ET side of the water
balance equation, with lower growth removing less water from the soil, and consequently increasing
recharge [67]. Increased throughfall, infiltration and snowpack accumulation associated with canopy
removal can also increase soil moisture and recharge [68]. Winter harvesting practices in the area
reduce the soil compaction and associated loss of recharge, however diversion associated with roads
and skid trails can modify run-off pathways [26].

However, some studies in large watersheds show no or insignificant change to low flow with
forest disturbance. For example, Zhang and Wei [23] investigated low and high flows in two large
highly disturbed watersheds, finding that forest harvesting increased peak flows in one but not the
other and found no significant changes on low flow. A study in the Canadian Boreal forest found
that forest disturbance did not impact peak flow, but increased low flow [69]. Liu et al. [14] found
contrasting responses to reforestation in two large watersheds in China with one showing significant
and positive effects on low flows and the other not. Another study in subtropical China, found that
deforestation increased both low and high flows [42]. Wilk et al. [70] found no changes in hydrology
in the 12,100 km2 Nam Pong catchment in Thailand as forest cover was reduced from 80% to 27%.
The influence of forest change on low flow depends upon factors such as soils, previous land uses, and
climatic regime [30,31]. Soil properties such as porosity and organic matter content affect hydrological
processes such as infiltration, surface and subsurface run-off, and can amplify or mute the effects
of land use change [66]. For example, soils with a large holding capacity can dampen the effect of
vegetation removal, while soil compaction and degradation may limit hydrological recovery with
regeneration [31]. These contrary results highlight the watershed and region-specific nature of the
effect of forest disturbance on high and low flows.

4.4. Management Implications

Our results show that Q5% increases with greater CECA, implying that forest harvesting increases
high flows in this area. Consequently, if harvest rates are not limited, changes to the peak flow regime
could result in undesirable alterations to riparian ecosystems and aquatic habitat [29,71]. Much of the
BC interior is managed to a maximum logged CECA threshold of 20% to 30% [24] of the watershed
area, which is intended to serve as a coarse filter to identify watersheds that may have impacts from
harvesting [27]. Stednick [72] suggested that more than 20% of forest harvest in a watershed could
lead to significant annual streamflow change. However, in our study, the cumulative effects of forest
disturbance became apparent in the MDMC slope in 1989 at a CECA of 12.4%, indicating that the effects
of forest disturbance and climate may begin to affect some watersheds at a much lower CECA than is
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managed for currently in BC. Water use allocations, environmental flow needs, and forest management
all need to consider the long term trajectory of forest condition and climate, and their interactions.

5. Conclusions

This study assessed how two main drivers, cumulative forest cover change and climate variability,
have influenced streamflow in the Deadman River watershed. In the period 1990–2012, overall the
effects of cumulative forest disturbance and climate variability are additive, —both have increased
Qmean. Forest disturbance increased Qmean by an average of 14 mm and climate variability increased it
by 6 mm. Additionally, we found that forest disturbance increased low and high flows by 19% and
58% respectively. These insights provide an important contribution to the knowledge required for
effective forest and watershed management under a changing climate.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/2/196/s1.
Figure S1: Average daily flow hydrograph of Deadman River watershed. Figure S2: Annual mean, low and
high flows in the Deadman River watershed. Figure S3: Average annual daily average, maximum and miminum
temperature in the Deadman River watershed. Figure S4: Annual precipitation, potential evapotranspiration and
evapotranspiration in the Deadman River watershed. Figure S5: Average annual daily average, maximum and
miminum temperature in the Deadman River watershed and the Kamloops A climate station. Table S1: Kendall
tau tests between the hydrological variables and climate variables by season. Table S2: Canonical correlation
analysis between hydrological variables and the set of climate variables. Table S3: Paired climate variables and
hydrological variables in the paired-year analysis. Table S4: Trend analysis results for Kamloops A station data for
seasonal and annual climatic variables over the reference and disturbance periods.Table S5: Trend analysis results
for Deadman river watershed—level ClimateBC data for seasonal and annual climatic variables over the reference
and disturbance periods.
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