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ABSTRACT

Paired watershed studies are used around the world to evaluate and quantify effects of forest and water management
practices on hydrology and water quality. The basic concept uses two neighboring watersheds (one as a control and an-
other as a treatment), which are concurrently monitored during calibration (pre-treatment) and post-treatment periods. A
statistically significant relationship between the control and treatment watersheds is established during calibration pe-
riod such that any significant shift detected in the relationship during treatment is attributed to the treatment effects. The
approach assumes that there is a consistent, quantifiable, and predictable relationship between watershed response vari-
ables. This study tests the hypothesis that the hydrologic relationships between control and treatment watersheds for
daily water table elevation (WTE) and daily flow data were similar without any statistically significant difference dur-
ing two different calibration (1988-1989 and 2007-2008) and treatment periods (1995-1996 and 2009), when the control
and treatment watersheds were interchanged. The watersheds are two artificially drained loblolly pine forests (D1: 24.7
ha and D2: 23.6 ha) located in coastal North Carolina. Results depicted significantly similar WTE regression relation-
ships during the two calibration periods but significantly different WTE relationships during the two treatment periods
with reversed control and treatment watersheds. Calibration and treatment flow relationships, and the mean treatment
effects on WTE and flow, before and after treatment reversal were significantly different (a« = 0.05). The study also
discusses causes of differences in hydrologic relationships and treatment effects for such reversal of treatments during a
21-year span of the study on these two similar and adjacent watersheds. The observed differences in the hydrologic re-
lationships between control and treatment watersheds before and after treatment reversal may be attributed to climate or
hydrologic non-stationarity which may affect the reliability of paired watershed approach especially when the calibra-
tion periods are short.

Keywords: Drained Pine Forests; Water Table Elevation; Daily Flow; Calibration; Treatment Effects; Bootstrapped
Geometric Mean Regression; Recursive Residuals; CUSUMS; Flow Duration Curve

1. Introduction activities on the above hydrological variables [2-11]. The
basic concept of a paired watershed method involves use
of two neighboring watersheds (one as a control and an-
other as a treatment), which are concurrently monitored
during calibration (pre-treatment) and post-treatment

Much of the existing knowledge and science on effects of
forest management and silvicultural practices on water
yield, peak flows, and water quality are in great part
based on results from experimental watersheds at sites k P ,. k ;
such as Hubbard Brook (New Hampshire), Coweeta Hy- periods [12]. A statistically significant relationship be-

drological Laboratory (North Carolina), H. J. Andrews tween the control and treatment watersheds is established
Experimental Forest (Oregon), Rio Grande National For- during calibration period such that any significant shift
est (Colorado), and San Dimas National Forest (Califor- detected in the relationship during treatment is attributed
nia) [1]. The experiments used a paired watershed ap- to the treatment effects. The approach has been extended
proach to quantify effects of various forest management to other fields of study to assess effectiveness of conser-
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vation practices [13-15]; agroforestry [16-20]; nitrogen
and phosphorus management [21,22]; riparian restoration
[23]; controlled drainage [24-26]; and land development
[27].

Loftis et al. [28] demonstrate advantages of using
paired watershed approach compared to single watershed
studies. They show that if the correlation coefficient be-
tween the responses of the two watersheds is high (r >
0.9), then the required minimum detectable effect is half
for paired watershed studies compared to single water-
shed studies. The minimum detectable effect is defined
as the smallest change in the hydrologic response that is
statistically significant. They also illustrate that moderate
correlation coefficients (r > 0.6) are adequate to detect
treatment effects for paired watershed studies. Clausen
and Spooner [12] list advantages of paired watershed
studies to include statistical control of climatic and hy-
drological differences between the two watersheds, and
the lack of the necessity to monitor all variables causing
change. Prokopy et al. [29] extended the above advan-
tages to demonstrate usefulness of the approach in de-
veloping social indicators to assess effectiveness of wa-
tershed management programs. However, [30] highlight
limitations of the paired watershed approach to include
concerns over applicability of results to watersheds under
different climate or geology, skewed treatment effects
due to extreme climatic events during treatment periods,
and the lack of a true replication by the approach. Vogl
and Lopes [31] use recursive residual analysis to demon-
strate how structural changes in watershed climate during
treatment may yield erroneous treatment effects. Alila et
al. [32] and [33] argue that the use of paired watershed
approach to quantify effects of forest management on
peak-flows is flawed because the pairing of magnitudes
between control and treatment watersheds does not ac-
count for changes in the frequency of the magnitudes.
They demonstrate that the effects of forest harvesting on
peak-flows increase with increase in the return period.
Som et al. [34] demonstrate that use of classical ordinary
least squares (OLS) approach to detect statistically sig-
nificant treatment effects may not account for temporal
autocorrelation of hydrologic data and thus may give
incorrect prediction confidence intervals. Work by [35]
highlights the limitation of the approach to quantifying
effects of urbanization on components of the hydrologic
cycle. The above concerns over the paired watershed
approach have inspired use of hydrologic models to as-
sess effects of climate and land use change on watershed
hydrology [36-39]. Although hydrologic models are cost
and time savers, their relatively higher learning curve and
their requirement for multiple data inputs provide chal-
lenges to water managers. Also, hydrologic models still
require observed data to optimize the model parameters,
a process known as model calibration.

Paired watershed comparisons still represent the sim-
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plest form of a randomized block design, the most rele-
vant method for water quality monitoring [40]. The com-
bination of a treated and a control watershed forms one
un-replicated block. An alternate approach to true repli-
cation is to complete a second manipulation which
largely duplicates the first but adds some subtle differ-
ences in experimental treatment [40]. Schleppi [41]
comments that paired watershed studies are still useful in
assessing environmental changes at spatial scales with
many interactions. For example, [42] use a paired water-
shed approach to demonstrate how management practices
that do not convert forest types are not as significantly
affected by extreme climate as practices that do. Also,
paired watershed approach provides a feasible method-
ology for quantifying watershed hydrological effects of
shifting from ecosystems of pine forests with natural
understory to ecosystems that intercrop pine forests with
switchgrass. This shift in ecosystem composition is due
to projected environmental benefits of cellulosic biofuel
crops such as switchgrass (Panicum virgatum) in contrast
to conventional biofuel crops such as corn.

The paired watershed approach does not require the
two watersheds to be identical, but comparable in size,
topography, vegetation, soils, and climate. However, it
assumes that there is a consistent, quantifiable, and pre-
dictable relationship between watershed response vari-
ables (Flow, water table elevation, soil moisture, evapo-
transpiration, and nutrients) of the control and treatment
watersheds during calibration and treatment [12]. This
study tests this hypothesis on relationships between con-
trol and treatment watersheds for daily water table eleva-
tion and daily flow data during two different calibration
and two different treatment periods for statistical differ-
ence. During the first calibration period (1988-1989), D1
was under control and D2 was under treatment; both wa-
tersheds had a 14-year old pine stand (Table 1). Water-
shed D2 was harvested (clear-cut) in 1995 and thus a
post-treatment period of 1995-1996. D2 was planted in
1997 and by 2004 water table elevations had approxi-
mately returned to elevations observed in 1988 [43]. A
new study initiated to examine impacts of switchgrass
and its intercropping with pine on these watersheds re-
quired harvesting (clear-cutting) of the 35-year pine
stand on the control watershed (D1) by April of 2009.
Thus it provided an opportunity to use the data collected
prior to April of 2009 as the new calibration period with
D2 (12 years old stand) as the new control and D1 (35
year stand) as the new treatment. This is referred to as
reversal of treatment. The data collected from April 2009
to December 2009 before planting of new pine represents
the second harvest-treatment. These unique experiments
on reversal of treatments are rarely done in hydrologic
studies on a watershed scale because of limited study
sites, time, and resources yet provide the closest case of
replication of paired watersheds. The scientific question
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Table 1. Chronology of major operational silvicultural practices on artificially drained, loblolly pine-forested water sheds D1
and D2 from 1974 to 2010. Treatment periods before and after treatment rever sal were selected to end before planting.

Year D1

D2

Comments on used data

1974 e Planted .
14-year pine (Control) .

1988 Study begins Thinning o

1990 e Under free drainage .
e V-notch weir depth set at 100 cm

1995 e 2l-year pine .

1997 e  23-year pine .

2007 e 33-year pine (Treatment) .
e Treatment reversal .
e Clear-cut (Jan-Apr) .

2009 e  Site Prep (Jun-Jul) .
e Treatment reversal .

2010 e Plant into pine for later switchgrass

intercropping (January)

Planted

14-year pine (Treatment)
Thinning

Under controlled drainage
V-notch weir depth set at 100
cm from December to June and
at 60 cm from July to November

Clear-cut (June-July)

Start of calibration period 1:
February 01, 1988

Ends: November 30, 1989

Study starts in March 1990
Study ends in May 1994, after
which both weir depths are set at
100 cm

Data not used in this study

Start of treatment period 1 : July
01, 1995

Planted (February) Ends: February 22, 1996

. Start of calibration period 2:
10-year pine (Control) February 01, 2007
Treatment reversal

12-year (Control)
Thinning
Treatment reversal

13-year pine (Control)

Ends: November 30, 2008

Start of treatment period 2: May
01, 2009
Ends: December 22, 2009

this study addresses is whether the hydrologic relation-
ships and treatment effects during the first calibration
and treatment periods, remain the same in the second
calibration and treatment periods where similar water-
sheds were interchanged for treatment.

Therefore, the first objective of the study is to assess
whether the control and treatment daily water table ele-
vation (WTE) and daily flow relationships are statistic-
cally consistent during the two calibration periods and
during the two treatment periods. We hypothesized that
by 2007, 13 years after 1995 harvest-treatment on D2,
the watershed hydrologic behavior of D2 had reverted to
1988 baseline levels. The assumption was based on syn-
thesis of literature on hydrologic recovery (annual flows)
of non-intensively managed forest paired watershed
studies. For example, a review of hydrologic recovery on
three watersheds in Northeastern US (Fernow 7, Lead-
ing Ridge 2, and Hubbard Brook 2) by [2] demonstrated
that it took 7 to 25 years for the annual water yields to
return to pre-harvesting volumes. The difference in hy-
drologic recovery rate was attributed to difference in the
percent composition of tree species that re-grew after
100% clear-cutting (e.g., conversion of pre-treatment
hardwood to post-treatment coniferous). Additional re-
view of the original work by [44] showed that the pro-
longed hydrologic recovery on the above three water-
sheds was due to application of herbicides to control
natural regrowth. For watersheds where natural regrowth
was not controlled (Hubbard Brook Catchments 4 and 5),
pre-treatment annual water yields were attained within 3
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to 4 years after harvesting [44,45].

The second objective is to examine whether the treat-
ment effects before and after reversal of control and
treatment watersheds were significantly different. The
operating assumption was that the paired watershed ap-
proach is robust to account for any differences in the
WTE and flow relationships between control and treat-
ment watersheds during the two calibration and two
treatment periods. Approaches to account for differences
in treatment effects due to choice of control and treat-
ment watersheds are beyond the scope of this study. Also,
the flow duration curves (FDCs) of each watershed are
generated to provide insight into differences in hydro-
logic behavior during the respective calibration and
treatment periods with emphasis on slope of the flow
duration curve (indicative of extent of flow variability)
and shifts in point of cease to flow (indicative of water-
shed storage).

2. Methods
2.1. Site Description

The study site is on Carteret 7 tract, located in Carteret
County, North Carolina (Latitude of 34.822° and Longi-
tude of —76.668°), under the ownership and management
of Weyerhaeuser Company. The site consists of three
artificially drained experimental watersheds (Figure 1:
D1, D2, and D3) that are about 26.31, 25.90, and 27.11
ha, respectively. A fourth watershed (DO) has been re-
cently established north of D1 (Figure 1), for future
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Carteret, NC
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Figure 1. Location and layout of artificially drained pine-forest experimental water sheds with monitoring stations, Carteret
County, North Carolina (Adapted from Amatya and Skaggs, 2011). The water table elevation (WTE) is monitored in plots #1

and #3.

studies. The watersheds are surrounded by forested land
in the north, south, and west, and by agricultural land in
the east. The boundary roads hydrologically separate the
watersheds from influences of activities on neighboring
lands, while raised beds (=0.4 m) minimize surface flow
between watersheds [26]. McCarthy et al. [46] charac-
terized the topography of the site as flat Coastal Plain
with a gradient of 0.1% and ground surface at about 3 m
above sea level. The Deloss fine sandy loam soil on the
site is classified as very poorly drained with a shallow
water table under natural conditions. Each watershed is
drained by four parallel lateral ditches about 1.4 - 1.8 m
deep, spaced 100 m apart (Figure 1). The mean annual
rainfall over a 21-year period is 1517 mm with a 10% -
15% annual increase due to hurricanes and tropical
storms [47]. The simulated annual Penman-Monteith
potential evapotranspiration (P-M PET) using leaf area
index and stomatal conductance ranges from 978 mm to
1334 mm [47]. The P-M PET simulations are based on
DRAINMOD-FOREST developed by [38]. For a detailed
description of the site soil parameters, climatological
data, and forest vegetation, the readers are referred else-
where [26,38,46,47].

Copyright © 2013 SciRes.

2.2. Data Collection

The three experimental watersheds (Figure 1) were in-
strumented in 1988 to measure and record drainage rate,
water table depth, water quality, rainfall and meteoro-
logical data. Total rainfall is collected with two auto-
matic tipping bucket rain gauges backed up by a manual
gauge in an open area. Air and soil temperatures, relative
humidity, wind speed, solar and net radiation are cur-
rently collected on 15 minute interval using a Campbell
Scientific CR10X full weather station installed in a 10-
foot tower located in an open area near watershed D3. An
adjustable height 120° V-notched weir, located at the
outlet of each watershed, facilitates measurement of
drainage outflow by continuously recording water levels
upstream of the weir where the bottom of the V-notch is
about 100 cm below average soil surface elevation for
each watershed. The V-notch weir has an automatic stage
recorder set in a water level control structure at a depth
of 0.3 m from bottom of outlet ditch to make measure-
ments every 12 minutes. A pump was installed in 1991 at
the roadside collector ditch outlet downstream of all wa-
tersheds to minimize weir submergence during large
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events [26].

Flow was computed using discharge-stage relation-
ships for non-submerged and submerged weir conditions
[48]. Calculated daily flow values greater than the capac-
ity of the downstream culvert were capped to 45 mm/day;
the approximate drainage capacity [47]. Such data were
excluded from analysis of treatment effects because un-
der fully saturated conditions when water table elevation
is at or near the surface, the flows are likely the same in
both watersheds, and therefore treatments effects are
insignificant. Also, the computed flow data during high
weir submergence are susceptible to high uncertainty.
Water table elevation (WTE) is continuously recorded at
the front and back experimental plots (Figure 1) of each
watershed. The average of the back and front WTE is the
representative WTE for each watershed. For this study
only data collected on D1 and D2 are used for comparing
treatment effects before and after reversal of control and
treatment watersheds.

2.3. Study Design and Treatments

A paired watershed approach [12,28] was used to test the
consistency of relationships between daily water table
elevation and daily flow for D1 and D2 watersheds dur-
ing two independent calibration and two independent
treatment periods. Table 1 presents the chronology of
major silvicultural treatments on D1 and D2 watersheds
between 1988 and 2010. The treatment periods were se-
lected to span the same period after harvesting (clear-
cutting) and to end before planting of young pines on the
treated watersheds. The first calibration-treatment peri-
ods consist of watershed D1 as the control while D2,
which was harvested in 1995, as the treatment watershed.
Both watersheds were under 14 tol5-year old pine stands
at the start of the calibration period (1988) when free
drainage at three different weir depths of 60 cm, 80 cm,
and 100 cm below the ground surface elevation (GSE),
was tested. However, watershed D2 underwent con-
trolled drainage (weir depth set at 60 cm below GSE)
from 1990 between June and November of each year
while D1 was at 100 cm depth, until it was harvested in
1995. By 1995, all weir outlets were again set at a depth
of 100 cm. Therefore, daily data for the first calibration
period spanned the period of February 01, 1988 to No-
vember 30, 1989. Watershed D2 was completely har-
vested by July of 1995. Therefore, July 01, 1995 to Feb-
ruary 22, 1996 formed the first harvest-treatment period.
Only data where the weir depth was set at 100 cm is used
to maintain consistency across the two different calibra-
tion periods.

The second calibration-treatment periods consist of
treatment reversal, where watershed D1 that had been the
control since 1988 was completely harvested in April of
2009, when it was a 35 years old pine stand following

Copyright © 2013 SciRes.

Weyerhaeuser’s operational practice. At the time of this
harvesting, watershed D2 had a 12-year old pine stand
that had regenerated after planting in 1997. Thus, for the
reversal of the harvest-treatment period, watershed D2
became the control while D1 became the treatment. Be-
cause harvesting of D1 started in December 2008, Water
table elevation and flow data from the two watersheds
from February 01, 2007 to November 30, 2008 were used
for the second calibration. Although, the stand age of the
treatment watershed D1 was about 33 - 34 years, this
period was chosen because the stand age (12-year old
pine) on the new control watershed (D2) was closer to
the stand age at the beginning of the first calibration pe-
riod (14 to 15-year old pine stand). Also, [49] showed
that the WTE of the treatment watershed D2 returned to
the baseline levels of 1988-1990 by the end of 2004.
Harvesting of the new treatment watershed (D1) was
completed by April, 2009; therefore, May 01, 2009 to
December 22, 2009 formed the period for replication of
treatment effects after treatment reversal. The type of
treatment considered in this study is the combined effect
of pine harvesting and, shearing and bedding (operational
practice before replanting) on daily WTE and daily flow.

2.4. Preliminary Analysis

The cumulative sum of squared recursive residuals test
(CUSUMS; [50]) was used to test whether there were
structural changes in the data for developing regression
equations of the two calibrations and two treatment peri-
ods. The CUSUMS test enables the assessment of exis-
tence of external effects on the watersheds other than
treatment effects by examining the stability of the regres-
sion coefficients during the respective calibration and
treatment periods. The CUSUMS test assumes that the
variability of the cumulative sums of the recursive re-
siduals follow a Brownian motion with an expected mean
of zero and a variance equal to the total degrees of free-
dom of the regression model. According to [50], the
mathematical formulations of recursive residuals are de-
fined by Equation (1). Recursive residuals in contrast to
ordinary least-squares (OLS) residuals for diagnostic
statistics of regression equations are: identically and in-
dependently distributed; not constrained to sum to zero;
and provide a mechanism for detection of change in the
regime of the regression equation [50,51].

C = Z Wr;r=p+1,---,N

r
i=p+l o

’
yr B xrbrfl

\/|:1 + x; (XIY*IX}‘*I )71 xr:|

X :[xl’”' X ]

> -1

W =

r

(M

where C, is the 7" cumulative sum of recursive residuals,
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p is the total number of regression coefficients, N is the
total number of data samples, W, is the 7" recursive re-
sidual, y, is the " observation of the response variable, x,
is the " column vector of the explanatory variables (x!
is the corresponding row vector), b,—; is the ordinary least
squares estimate of parameter b using all data before the
7" sequential data point, and ¢” is the variance of the re-
cursive residuals.

Recursive residuals and the plots of squared recursive
residuals were computed using an econometric toolbox
developed by [52]. Structural changes or instability of
regression coefficients are detected if the cumulative
sums of squared recursive residuals exceed the critical
bounds at a 5% level of significance (bounds of the 95%
confidence interval).

2.5. Paired Water shed Approach

The treatment effects on the water table elevation for
each pair of calibration-treatment data were quantified
using mathematical formulations of a paired watershed
approach by [28]. Given calibration equation [Equation
(2)] and the treatment equation [Equation (3)], the treat-
ment adjustment to the intercept and slope were com-
puted by Equations (4) and (5). Then, the treatment ef-
fects were computed using Equation (6).

Y =a +bX, ®)
Y =a,+bX, 3)
a'=a -a, @)
b =b —b, %)
Y,=a"+b'X,, (6

where Y, and Y, are the hydrologic responses from the
treatment watershed during calibration and treatment
periods, respectively; X, and X, are the responses from
the control watershed during calibration and treatment,
respectively; a. and g, are the linear regression intercepts
for calibration and treatment, respectively; b, and b, are
the linear regression slopes for calibration and treatment,
respectively; ¢ and b are the treatment adjustment to the
intercept and slope, respectively; Y, is the cumulative
effect for the treatment period under consideration; and
X.n 1s the mean of the response from the control water-
shed during the treatment period.

Y=a+pX+yT )

Preliminary analysis gave similar treatment effects us-
ing a dummy variable T for treatment, to fit a single
equation [Equation (7)] for both treatment and control
data. The dummy variable was set to zero during the
calibration period and set to one during the treatment
period. The coefficient y corresponds to the treatment
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effects. The above two approaches gave similar treatment
effects as the mean of the differences between the ob-
served and expected responses (traditional approach)
during the treatment period. A paired t-test statistic and
95% confidence intervals of mean treatment effects were
used to evaluate whether the treatment effects before and
after treatment reversal were significantly different for
daily WTE and daily flow. The t-test analysis was based
on differences between observed and expected responses
of the treatment watershed during the respective treat-
ment periods. Similar analysis was implemented for the
daily flow relationships.

2.6. Bootstrap Geometric Mean Regression

The intercept and slope of the linear relationships [Equa-
tions (2) and (3)], and their respective 95% confidence
intervals were estimated by bootstrap geometric mean
regression, also known as the bootstrap reduced major
axis regression [53]. Bootstrapping resamples a single
dataset a predefined number of times with replacement,
such that subsequent statistics and regression coefficients
are determined from the bootstrap sample. While geo-
metric mean regression first determines the slope of lin-
ear regression line by transforming the response and ex-
planatory variables to have a mean of zero and a standard
deviation of one. The resultant slope is referred to as the
geometric mean of the linear regression of the response
on the explanatory variable [54]. This study used a non-
parametric bootstrap resampling approach and computed
the 95% confidence intervals based on assumption of
asymmetric F-distribution of the estimator [55]. One
thousand bootstrap samples were used to compute for the
regression coefficients and for the corresponding confi-
dence intervals.

2.7. Flow Duration Curves

The flow duration curves (FDCs) for each watershed
during each period were generated using the Weibull
plotting position [56] expressed by Equation (8). Where
P is the probability of exceedence, r is the rank of spe-
cific flow based on the data record, and 7 is the size of
the data under consideration.

p=_"

®)

n+l

3. Results and Discussion
3.1. Calibration and Treatment Data

Daily water table elevation (WTE) and daily flow during
the two calibration (02/01/1988 to 11/30/1989 and
02/01/2007 to 11/30/2008) and two treatment (07/01/
1995 to 02/22/1996 and 05/01/2009 to 12/22/2009) peri-
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ods are presented in Figures 2 and 3, and the corre-
sponding statistics in Table 2. Figure 2 demonstrates the
seasonal effect on WTE and flow, such that the WTE
drops below 1.5 m (above sea level) in the summer with
occasional events that temporarily raise the water table.
For both calibration periods, the lowest WTE is recorded
in July of the first year when the weir depth in both cases
was set at 100 cm below the average surface elevation
(2.75 m). The average WTE on D1 is higher than WTE
on D2 for both calibration periods (Figure 2). This is
reflected by a consistent difference of about 5 cm be-
tween WTE of D1 and D2. Use of a paired t-test to assess
the mean difference of daily WTE between D1 and D2
(D1-D2) during the two calibration periods showed no
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statistically significant difference at 5% level of signifi-
cance. The above statistical test affirms the supposition
that by 2007, the hydrologic response of the WTE on D1
and D2 had definitely returned to 1988 levels. Earlier
analysis by [49] report that by 2004, the WTE for both
watersheds had returned to 1988 levels. The figures also
illustrate the dependency of daily flow on WTE because
most flows coincide with high WTE (WTE > 2.0 m).
Figure 3 shows the expected increase in WTE due to
treatment (clear-cutting). For both treatment periods, the
watershed under treatment (D2 during period 1 and D1
during period 2) shows elevated WTE in contrast to
WTE of watershed under control. The elevated levels are
visually higher than base levels during the calibration
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0.0
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01, 2007 to Nov. 30, 2008)

452

(m) and daily flow (mm) for watersheds D1 and D2 during two

calibration periods. During the first calibration period (1988 to 1989; Figure 2(a)), the weir depth was set at 60 cm, 80 cm,
and 100 cm below the aver age surface elevation of 2.75 m. However, during the second calibration period (2007 to 2008; Fig-
ure 2(b)), weir depth was set at 100 cm. The linesareindicative of WTE trends while area plots areindicative of flow trends.
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Figure 3. Comparison of daily water table elevation, WTE (m) and daily flow (mm) for watersheds D1 and D2 during two
treatment periods. During thefirst treatment period (1995 to 1996; Figure 3(a)), D1 isunder control while D2 isunder treat-
ment (clear-cutting) However, during the second treatment period (2009; Figure 3(b)), D2 is under control while D1 under-
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Table 2. Statistics of daily water table elevation (WTE), discharge (FLOW), and total rain.

WTE (m) FLOW (mm)

Analysis Period 5 Rain® (mm)
MEAN STD MEAN STD n
D1, control 1.584 0.437 0.68 1.39
Calibration 1 02/01/1988-11/30/1989 D2, treatment 1.537 0.420 0.65 1.37 669 2905 [4.34+0.82]
[D2-D1] —0.047 0.065 —0.03 0.36
D1, control 1.771 0.426 0.98 1.70
Treatment 1 07/01/1995-02/22/1996 D2, treatment 1.939 0.345 1.47 2.15 236 811 [3.44+1.15]
[D2-D1] 0.168 0.223 0.49 0.91
D2, control 1.463 0.522 0.67 1.88
Calibration 2 02/01/2007-11/30/2008 D1, treatment 1.517 0.533 0.59 1.93 669 2524 [3.77+1.06]
[D1-D2] 0.054 0.047 -0.07 1.28
D2, control 1.769 0.425 1.04 3.58
Treatment 2 05/01/2009-12/22/2009 D1, treatment 2.267 0.273 1.28 3.26 236 1207 [5.11+£2.21]
[D1-D2] 0.498 0.206 0.25 1.04

*Total rainfall in millimeters with the daily mean and its 95% confidence value in square brackets; "Number of days. Sample size may be less than number of
days due to missing data.
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periods. However, during high-saturation periods (WTE
> 2.5 m), the difference in WTE of treatment and control
watersheds is not as great as during low-saturation dry
periods. The higher difference in WTE at the beginning
of both treatment periods is attributed to higher differ-
ences in evapotranspiration (ET) rates during the grow-
ing season in contrast to ET rates during the dormant
season with less ET demands. This is because the pine
rooting depths on control watersheds are deeper and
therefore, make it possible for pine to access lower WTE
to meet the ET demand yet the clear-cut watershed has
reduced interception of rain and reduced ET demand.
The temporal variation of flow events during the two
treatment periods is different. There are more small-
events (flow <9 mm/day) spread out during the six
months of treatment period 1 while two large events
(flow >20 mm/day) dominate the second treatment pe-
riod as possibly affected by the rainfall intensity, initia-
tion, and duration during the two different periods.

Inspection of means of daily flow data during the two
calibration periods (Table 2) depicts relatively higher
flows from D1 during calibration period Iwhile higher
flows from D2 during calibration period 2. The trend is
as expected for the first calibration period because aver-
age WTE in D1 is relatively higher than average WTE in
D2 and both watersheds are under 14 years old pines.
However, the trend is counterintuitive during calibration
period 2 because, average WTE in D1 is still relatively
higher than average WTE in D2. This may be attributed
to difference in age of the pine trees (34 year for D1 and
14 years for D2) and that the soils of D2 may not have
fully recovered from operational silvicultural practices of
harvesting, shearing, and bedding that occurred during
and after treatment of 1995. The above practices, spe-
cifically bedding affect horizontal flow in the disturbed
soil horizons.

Examination of rainfall data (Table 2) shows more
rain during the first calibration period (average daily of
4.3 mm) than in the second calibration period (average
daily of 3.8 mm). Also, more rain in the second treat-
ment period (average daily of 5.1 mm) compared to the
first treatment period (average daily of 3.4 mm). The
average daily rainfall during the two calibration periods
was not significantly different at 5% level of significance;
however, it was significantly different during the two
treatment periods (Table 2). The above climatic trends
are not reflected in average daily WTE and daily flow.
However, the highest variability of WTE is during the
second calibration period (second-highest variability in
daily rainfall; Table 2), while the highest variability of
daily flow is during the second treatment period (the
highest variability in daily rainfall).

3.2. Structural Stability of Regression Models

Preliminary analysis using ordinary least squares (OLS)
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estimates of linear regression coefficients for WTE
showed no significant structural shifts in the simple lin-
ear coefficients for 1988 to 1989 calibration data (Figure
4(a)), 1995 to 1996 treatment data (Figure 4(c)), and
2009 treatment data (Figure 4(d)). This was determined
by the lack of movement of the cumulative sums of
squared recursive residuals (CUSUMS) outside the criti-
cal bounds (straight lines, indicative of the 5% level of
significance or 95% confidence interval). Thus, there was
no evidence of significant structural instability for the
linear models during the specified periods.

However, there was a single break point in the 2007 to
2008 calibration data (Figure 4(b)). The estimated struc-
tural break point is in the neighborhood of dates with
missing data (December 06-30, 2007). Therefore, the
break was assumed to be caused by missing data than a
major external influence. This assumption was validated
by comparing linear regression coefficients using data
before the break and all 2007 to 2008 calibration data.
The comparison results showed no significant difference
(at 5% level of significance) between the regression co-
efficients of the two datasets. Also, evidence of structural
shifts in regression coefficients would be undesirable if
observed during the treatment period because then the
estimated treatment effects would include external im-
pacts other than the treatment under consideration.

The structural stability of linear models was checked
using OLS estimates of regression coefficients, yet the
final fitted models were based on bootstrapped geometric
mean regression. The two approaches give different co-
efficients (intercepts are significantly different). The use
of OLS was for preliminary analysis because boot-
strapped geometric mean regression provided narrow
confidence intervals at 5% level of significance for the
regression coefficients compared to OLS. Therefore,
estimates of the coefficients based on bootstrapped geo-
metric mean regression were considered to be more sta-
ble and reliable for subsequent analysis. Similar analyses
on the flow data showed no structural instability of the
fitted models.

3.3. Fitted Regression Models

3.3.1. Water Table Elevations

Both the intercept and slope of the WTE based on the
second calibration period (2007 to 2008; Figure 5(a)),
fall within the 95% confidence intervals of the intercept
and slope of the WTE for the first calibration period
(1988 to 1989). Therefore, the relationships of the WTE
between D1 and D2 during the two calibration periods
are strong (R? > 0.98) and consistent, indicating no statis-
tically significant difference (o = 0.05) during the two
periods. This affirms earlier discussion that by 2007, the
WTE dynamics of D1 and D2 had returned to 1988 base-
line levels. The calibration results showed that rainfall
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Figure 4. Plots of cumulative sums of squared recursive residuals (CUSUMYS) of a linear relationship between water table
elevations of control and treatment water sheds. (a) 1988 to 1989 calibration period, (b) 2007 to 2008 calibration period, (c)
1995 to 1996 treatment period (D under control; D2 under treatment), and (d) 2009 treatment period (D2 under control;
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amount and difference in age of the pine stands on the
paired watersheds did not significantly alter the WTE
relationships during the two pre-treatment periods. The
average daily rainfall during the first calibration period
was 4.3 mm/day and an age difference between control
and treatment pine forests of zero (both watersheds with
pine stand age of 14 - 15 years), compared to rainfall of
3.8 mm/day and age difference of about 20 years (D2: 11
- 12 years old and D1: 34 - 35 years old) during the sec-
ond calibration period. One reason may be that the can-
opy coverage and structure, and thus leaf area index (LAI)
on both watersheds with this difference in stand age may
be similarly affecting the WTE [57].

The WTE relationships during the two treatment peri-
ods are strong (R* > 0.72) and significant (p < 0.001).
However, the intercepts and slopes of the WTE regres-
sion equations are significantly different (Figure 5(b)).
This is expected because historically (1988-1989) WTE
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of D1 was consistently higher than WTE of D2. There-
fore, clear-cutting of DI resulted in even higher WTE
than clear-cutting of D2. This is demonstrated by a con-
sistently higher regression line due to higher intercept for
treatment period 2 than treatment period 1 (Figure 5(b)).
Although the WTE relationships are inconsistent (sig-
nificantly different slopes and intercepts) during the two
treatment periods, an hypothesis of similar treatment
effects before and after reversal of control and treatment
watersheds was tested in subsequent subsections because
the paired watershed approach is designed to account for
these differences if the treatment effects are the same.

3.3.2. Daily Flow

The daily flow relationships during the two calibration
and two treatment periods are significantly different (Fi-
gures 6(a) and 6(b)). For both cases of calibration and
treatment, the intercepts and slopes are significantly dif-
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Figure 5. Comparison of daily water table elevation (WTE) relationships between control and treatment water sheds during
two calibration periods (Figure 5(a)) and two treatment periods (Figure 5(b)). The 95% confidence band is for the period
beforereversal of control and treatment water sheds. WTE1 isdaily water table elevation for D1 and WTE2 for D2.

ferent. This difference is primarily attributed to modify-
cation of soil properties of the top layer (0 to 70 cm)
during the operational silvicultural activities of shearing
and bedding, and soil compaction by machinery during
clear-cutting and logging [58-62]. Study by Grace et al.
[59] showed that soil compaction during harvesting of
hardwoods on poorly drained soils of a Tidewater region
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of North Carolina increased the soil bulk density by
18.5% (from 0.22 to 0.27 g-em ) and reduced the satu-
rated hydraulic conductivity by 79.3% (from 397 to 82
cmrhr ). Rab [62] reports that even 10 years after timber
harvesting in Australia, there was a 22% - 68% differ-
ence in soil physical properties of harvested compared to
undisturbed soils. Therefore, the difference in regression
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relationships of daily flow during the two calibration
periods may be attributed to difference in soil properties,
especially properties of the top layer (0 - 70 cm), which
mostly affects the lateral drainage to the ditches. Also,
difference in surface depression storage may have con-
tributed to the observed difference. The surface depress-
sion storage on a 34 - 35 years old stand is smaller due to
settling of beds during that time compared to settling of
such beds on 11 - 12 years old stand.

Copyright © 2013 SciRes.

3.4. Treatment Effects

3.4.1. Mean Treatment Effects

The WTE treatment adjustments are positive for the in-
tercepts (Table 3) and negative for the slopes. Thus
similar directions of shift in intercept and slope for the
two treatment periods. The largest changes both in the
slope and intercept of WTE relationships are exhibited in
the second treatment period. And thus, the mean treat-
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Table 3. Mean treatment effects on the water table elevation
(WTE) and flow (FLOW) six months after treatment, be-
fore and after reversal of control and treatment water sheds.

Hydrologic

e a b
Description Vvariable Case | Case II
Treatment WTE (m) 0.426 1.128
adjustment of the
intercept (a°) FLOW (mm) 0.360 0.400
Treatment WTE (m) —0.134 —0.387
adjustment of the
slope (b°) FLOW (mm) 0.240 0.380
Mean value of WTE (m) 1771 1769
control watershed
during treatment
period FLOW (mm) 0.98 1.04
Mean treatment WTE (m) 0.189 +£0.026 0.45 +0.028
d
effect FLOW (mm)  0.60£0.12  0.80=0.17

“Case I refers to results before treatment reversal (D1 under control and D2
under treatment); °Case II refers to results after treatment reversal (D2 under
control and D1 under treatment); “Refer to Equations (4) and (5) for calcula-
tions of treatment adjustments on intercept and slope; “Mean treatment
effects with 95 % confidence values. All treatment effects are significant at
5 % level of significance.

ment effect on daily WTE after the reversal of treatment
watersheds is greater than the mean treatment effect be-
fore the treatment reversal (Table 3). Statistical analysis
(paired t-test at a = 0.05) showed significantly different
means of treatment effects on WTE before and after re-
versal of treatments. The 95% confidence interval for
each treatment mean shows that all treatment effects are
statistically significant (o = 0.05). There was a 138%
increase (from 18.9 ¢cm to 45 cm) in the mean treatment
effect on WTE after the reversal of the treatments. Al-
though, the average daily rainfall amount was greater
during the second treatment period than the first treat-
ment period, one plausible explanation for the increased
effect may be attributed to a consistently higher WTE on
D1 than D2 such that the paired watershed approach un-
der-estimated the treatment effects when D2 was under
treatment and over-estimated the effects when D1 was
under treatment. Accounting for the difference in the
average rainfall still gives a 59% increase in treatment
effect for every millimeter of rainfall during the 2009
treatment period compared to the 1995 to 1996 period.
During the first treatment period, for every millimeter of
rainfall the treatment effect increased the WTE by 55.6
mm (mean treatment effect of 189 mm/mean rainfall of
3.4 mm) compared to 88.2 mm during the second treat-
ment period (mean treatment effect of 450 mm/mean
rainfall of 5.1 mm). The difference in treatment effects
may also be attributed to seasonal difference in which the
treatment watershed was harvested (clear-cut). The har-
vest-treatment of 1995 (first treatment period) was in
June-July. This is considered to be a dry-weather har-
vest-treatment, while the 2009 harvest-treatment was in

Copyright © 2013 SciRes.

January-April, a winter-spring harvest-treatment (during
wet-weather). Several studies report significant differ-
ences in treatment effects between wet-weather and dry-
weather harvest treatments [61,63-65]. Work by [61]
demonstrates a 50% difference on elevated WTE be-
tween dry-weather (14 cm) and wet-weather (21 cm)
harvest-treatment.

Unlike the observed 138% increase in treatment effect
on daily WTE due to treatment reversal, the same treat-
ment reversal increased the mean effect on daily flow by
33.3% (from 0.60 mm/d before reversal to 0.80 mm/d
after the reversal). Results of a paired t-test (& = 0.05) on
differences between expected and observed daily flows
on the watershed under treatment before and after the
treatment reversal, showed significantly different treat-
ment means. Also, both treatment effects on flow were
significant (a = 0.05) as depicted by the respective 95%
confidence intervals (Table 3). The daily flow treatment
effects before and after reversal of control and treatment
watersheds follow the same trend as WTE because WTE
is the major driver of flow on these forested coastal wa-
tersheds. However, the absolute changes in WTE and
flow are different for the two treatment periods. One
plausible explanation for this observation may be the
difference in temporal distribution of storm events and
their initiation during the two treatment periods (Figure
3) and the degree to which they impact WTE and flow.
The first treatment period is dominated by small events
( flow <9 mm/day) spread across the entire six months,
while the second treatment period is dominated by two
large events (flow >20 mm/day) close to each other
(Figure 3). Earlier analysis of rainfall data showed sig-
nificant different daily means during the two treatment
periods (Table 2).

Cumulative treatment effects on WTE before treat-
ment reversal were less than observations of [66] on the
Florida cypress-pine Flatwoods but greater after treat-
ment reversal. Sun ef al. [66] observed an increase in the
WTE of 29 cm after 31 months and a doubling of flow
after five months. The difference in treatment effects for
the two studies is due to difference in the treatment peri-
ods (six months compared to 31 months), difference in
the tree species, and difference of soils and climatic con-
ditions at the two study sites. However, the average
treatment effects (before and after treatment reversal) for
this study are comparable to results of [66]. Also, the
results were less than observations of [67] on hydric soils
(WTE increase of 48 - 49 c¢m after 3 months) of Florida
Flatwoods landscape but comparable to their observa-
tions on nonhydric soils (WTE increase of 19 - 21 cm).

3.4.2. Flow Duration Curves

The flow duration curves (FDCs) of all periods (Figure 7)
show that watersheds D1 and D2 have no baseflow be-
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Figure 7. Flow duration curves of D1 and D2 during calibration (7(a) and 7(b)) and treatment (7(c) and 7(d)) periods. The
main focus is shifts in the point of “cease to flow” (where the curves meet the abscissa axis) and differences in curve slopes

during different periods.

cause the points of cease to flow (point where the curves
meet the abscissa axis) are less than 70% probability of
exceedence. Thus the two watersheds are under zero-
flow conditions at least 30% of the respective calibration
and treatment periods. The FDCs of D1 and D2 are simi-
lar during calibration period 1 (1988-1989) but slightly
different during the low flows of calibration period 2
(2007-2008) after treatment reversal. For both treatment
periods of harvesting, there are increased flows on DI
and D2 compared to calibration periods. This is demon-
strated by higher flow magnitudes and a shift to the right
of the respective points of cease to flow. The treatment
effects of harvesting are demonstrated by higher flows on
the treatment watershed (D2 for period 1 and D1 for pe-
riod 2) for flows corresponding to probabilities of ex-
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ceedence of less than 5%.

Comparison of FDCs during the two calibration peri-
ods shows a difference between slopes of the two periods.
The slopes during calibration period 2 are steeper than
slopes of calibration period 1. According to [68], steeper
slopes are indicative of higher flow variability (also re-
flected by higher standard deviation in Table 2) with
limited surface and subsurface storage. Although the
low-flow characteristics for D1 and D2 are similar during
calibration period 1, the low-flows of D2 are higher dur-
ing calibration period 2. This slight increase in storage
for D2 may be attributed to soil modifications during
treatment period 1 and difference in surface depression
storage. The difference in flow variability and storage
explains the difference in D1 and D2 flow relationships
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during the two calibration periods (Figure 6(a)).

For both treatment periods, the point of cease to flow
shifts from about 40% probability of exceedence to 50%
for D1 and to 70% for D2 during the first treatment pe-
riod and to 45% for D1 and 70% for D2 during the sec-
ond treatment period. Therefore, after treatment period 1,
D2 consistently had more low-flows based on point of
cease to flow (more storage). During treatment period 1,
treatment effects are evident throughout the entire FDC
(during high and low flow regimes) because the FDC of
D2 is consistently higher than FDC of DI. However,
during treatment period 2, treatment effects are more
pronounced for flows corresponding to probabilities of
exceedence less than 5%.

4. Summary and Conclusions

The study explored the consistency and similarity of
daily water table elevation and flow relationships be-
tween two adjacent paired watersheds (D1 and D2) be-
fore and after reversal of treatment on the two watersheds
during a 21-year span. The studied treatment was the
effect of operational silvicultural practices of harvesting,
shearing, and bedding on daily water table elevation
(WTE) and daily flow of artificially drained pine forested
coastal watersheds. Before the treatment reversal (cali-
bration period: 1988-1989, treatment period: 1995-1996),
D1 was under control while D2 was under treatment and
vice-versa after reversal of treatment (calibration period:
2007-2008, treatment period: 2009). Thus, this unique
data provided an opportunity to test a key assumption of
the paired watershed study design, which is consistency
of relationship between hydrological responses of the
paired watersheds over time, as a surrogate for replicated
design. Preliminary analysis using cumulative sums of
squared recursive residuals test showed no significant
structural shifts in daily WTE and daily flow data during
the two calibration and treatment periods. A simple linear
equation was fitted for the daily WTE and daily flow
relationships. The regression coefficients were estimated
by bootstrapped geometric mean regression to minimize
effects of data autocorrelation and the drawbacks of us-
ing ordinary least squares regression analysis. Cumula-
tive treatment effects for daily WTE and daily flow were
estimated six months after treatment for the two treat-
ment periods.

Water table elevation calibration relationships before
and after the treatment reversals were similar with no
significant statistical difference (a = 0.05). However, the
WTE relationships during the two treatment periods were
significantly different. The cumulative treatment effects
on WTE after the treatment reversal were 138% greater
than cumulative treatment effects before the reversal
(18.9 cm/day vs. 45 cm/day). Both the calibration and
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treatment daily flow relationships before and after treat-
ment reversal were not similar. There was a 33.3% in-
crease in treatment effect on flow after treatment reversal
compared to before (0.60 mm/day vs. 0.80 mm/day). The
difference in WTE and flow response to treatment rever-
sal was attributed to modifications of soil properties of
the top soil layer (0 - 70 cm) such that 12 years after
treatment on D2 (from 1995 when D2 was under treat-
ment to 2007 when D2 was under control), the WTE had
returned to 1988 baseline levels while flow response had
not.

The results show that even for two adjacent similar
small watersheds (drainage area less than 30 ha or 0.3
km?), the choice of the control and treatment watersheds
in addition to the season in which harvesting is imple-
mented, influence the cumulative treatment effects on
WTE and flow. Since the WTE calibration relationships
were similar, the authors believe, the paired watershed
approach under-estimated treatment effects when D2 was
clear-cut (because mean [WTE2-WTE1] < 0 during cali-
bration period) and over-estimated treatment effects
when D1 was clear-cut (mean [WTE1-WTE2] > 0 during
calibration period). Age difference of 20 years (11 - 12
years versus 34 - 35 years), between pine stands on con-
trol and treatment watersheds during 2007 to 2008 cali-
bration gave the same WTE relationship as age differ-
ence of zero (both watersheds under 14 - 15 years old
pine stands) during 1988 to 1989 calibration period.
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