ﬁ‘{? sustainability

Article

Seasonality and Predictability of Hydrometeorological and Water
Chemistry Indicators in Three Coastal Forested Watersheds

Andrzej Watega '*(, Devendra M. Amatya 2(0, Carl Trettin 2, Timothy Callahan 3, Dariusz Mtyriski !

and Vijay Vulava 3

check for
updates

Citation: Walega, A.; Amatya, D.M.;
Trettin, C.; Callahan, T.; Miynski, D.;
Vulava, V. Seasonality and
Predictability of Hydrometeorological
and Water Chemistry Indicators in
Three Coastal Forested Watersheds.
Sustainability 2024, 16, 9756. https://
doi.org/10.3390/5u16229756

Academic Editor: Yong Xiao

Received: 23 September 2024
Revised: 29 October 2024
Accepted: 30 October 2024
Published: 8 November 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Sanitary Engineering and Water Management, University of Agriculture in Krakow,
Mickiewicza 21, 31-120 Krakow, Poland; dariusz.mlynski@urk.edu.pl

2 USDA Forest Service, Center for Forest Watershed Research, 3734 Highway 402, Cordesville, SC 29434, USA;
devendra.m.amatya@usda.gov (D.M.A.); carl.c.trettin@usda.gov (C.T.)

Department of Geology and Environmental Geosciences, College of Charleston, 66 George Street,
Charleston, SC 29424, USA; callahant@cofc.edu (T.C.); vulavav@cofc.edu (V.V.)

Correspondence: andrzej.walega@urk.edu.pl

Abstract: Forests are recognized for sustaining good water chemistry within landscapes. This study
focuses on the water chemistry parameters and their hydrological predictability and seasonality (as
a component of predictability) in watersheds of varying scales, with and without human (forest
management) activities on them, using Colwell indicators for data collected during 2011-2019.
The research was conducted in three forested watersheds located at the US Forest Service Santee
Experimental Forest in South Carolina USA. The analysis revealed statistically significant (x = 0.05)
differences between seasons for stream flow, water table elevation (WTE), and all water chemistry
indicators in the examined watersheds for the post-Hurricane Joaquin period (2015-2019), compared
to the 2011-2014 period. WTE and flow were identified as having the greatest influence on nitrogen
concentrations. During extreme precipitations events, such as hurricanes or tropical storms, increases
in WTE and flow led to a decrease in the concentrations of total dissolved nitrogen (TDN), NHy4-N,
and NO3-N+NO;-N, likely due to dilution. Colwell indicators demonstrated higher predictability (P)
for most hydrologic and water chemistry indicators in the 2011-2014 period compared to 2015-2019,
indicating an increase in the seasonality component compared to constancy (C), with a larger decrease
in C/P for 2015-2019 compared to 2011-2014. The analysis further highlighted the influence of
extreme hydrometeorological events on the changing predictability of hydrology and water chemistry
indicators in forested streams. The results demonstrate the influence of hurricanes on hydrological
behavior in forested watersheds and, thus, the seasonality and predictability of water chemistry
variables within and emanating out of the watershed, potentially influencing the downstream
ecosystem. The findings of this study can inform forest watershed management in response to natural
or anthropogenic disturbances.

Keywords: Colwell indicators; forest ecosystem; biogenic compounds; forest management practices;
extreme events

1. Introduction

Ineffective management practices in water resources can cause increased risks of both
water scarcity and quality for whole ecosystem. Climate and land use change additionally
increases negative effects on water resources [1-4]. Forests play a significant role in water
chemistry, particularly clean water quality, and provide important ecosystem services [5].
Forest ecosystems, due to their micro-organisms, soil biogeochemical processes, soil charac-
teristics, root systems, and canopy cover, have been the main contributors of good water
chemistry. An increase in forest cover in watersheds generally significantly decreases total
nitrogen (TN), total phosphorus (TP), and suspended sediment (SS) concentrations and can
also protect water chemistry and water supply in watersheds [6,7].
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Global multisite studies have shown that silvicultural management can influence
hydrology and water chemistry. Forest management activities may have a negative impact
on water chemistry parameters, depending on the site preparation, intensity and extent of
tree removal, climatic conditions, and watershed characteristics [7-11]. Based on a study
performed in the Pacific Northwest, Deval et al. [12] showed that nitrate + nitrite and
orthophosphate increased in streams after clearcutting and that concentrations were lower
in downstream watersheds due to dilution and nutrient assimilation effects.

As reported by Shepard [13], the greatest impact on water quantity and quality in
a managed forest system is observed during harvesting and site preparation. Amatya
et al. [14] and Grace and Carter [15] showed that harvesting reduces evapotranspiration
(ET) and increases runoff, consequently leading to increased nutrient and sediment loads.
Harvested forest can also lead to an increased intensity of soil loss after intense precipitation
events [16]. Other management practices, like controlled drainage [17,18] and fertilization,
can also influence water chemistry, mainly nitrate concentration [19]. Muwamba et al. [20]
reported that in areas where cellulosic, biofuel-based switchgrass (Panicum vergatim) was
intercropped between pine beds, the following processes influencing the quality of drainage
outflow were observed: (1) the transformation of nitrogen components, (2) NH4-N and
phosphate transformation, which influence the sorption process, and (3) transporting total
suspended sediment (TSS). Hughes and Quinn [21], based on a study performed on a
steep headwater catchment within the Waikato region, New Zealand, reported that stand-
planting and stand-thinning operations were the cause of increasing nitrate-N and total
nitrogen (TN) concentrations in water, suggesting that NO3-N uptake by growing trees
is an important process. In continuously covered forested areas, Palvinainen et al. [22]
showed decreased nutrient concentrations as well as CO, emissions from inland waters
compared to the areas with conventional clearcutting.

Leppa at al. [23] reported that water table elevation in a partially harvested forest
was shallower compared to that in a clearcut forest. The authors concluded that partial
harvesting may lead to decreased nutrient leaching due to changing redox reactions, as
compared to clearcutting operations; whereas, the oxidation and mineralization of deep
peat layers can be smaller than in uncut forest because of higher water table elevation.
On the other hand, a study performed in the Bavarian Forest National Park [24] showed
that forest disturbances led to a temporal increase in nitrate concentration in stream water,
but salvage logging did not have a strong impact on nitrate and dissolved organic carbon
(DOC) concentrations.

Land use conversion from forest to agriculture can also have negative influence on
water chemistry and the depletion of soil organic carbon [25,26]. The results of 10 years of
study at a lowland raised bog that was afforested with conifers followed by clearcutting
showed an increase in phosphorus soon after clearcutting, nitrate concentrations, mainly in
the summer after clearcutting, and phosphorus concentrations returning to the baseline
level 3-5 years after clearcutting [7]. Erdogan et al. [27] reported that a decrease of 18%
forest cover as a result of harvesting can substantially affect physical water chemistry
parameters, like pH, color, turbidity, electrical conductivity (EC), suspended sediment
concentration (SSC), and water and air temperatures and, hence, has an adverse impact
on aquatic life. Muwamba et al. [10] reported increased nutrients when converting a pine
plantation (Pinus taeda) forest to cellulosic biofuel-based switchgrass (Panicum verbatim) on
a coastal site in North Carolina.

Forest ecosystems are generally resilient with a strong potential for their hydrology and
water chemistry to return to pretreatment levels [28-30]. Based on a long-term experiment
in a forest located in Oregon, Safeeq et al. [31] indicated that sediment and bed load
increased significantly after a harvest, but annual suspended sediment yields returned to
pretreatment levels in the first two decades following treatment. Also, natural disasters,
like windfall or hurricanes, that cause substantial damage to forest canopy [32,33] can also
strongly influence water quantity and quality. Based on a study performed in the Western
Tatras in the Polish Carpathians, Kosmowska et al. [34] reported that deforestation after
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windfall caused changes in the chemical composition of water, with an observed increase
in NO3™ concentrations. Forest management practices also impact seasonal in-stream
water chemistry and transport dynamics. Erdozain et al. [35] showed a cumulative effect of
forest management on downstream water chemistry, with a greater observed outflow of
sediments and DOC and warmer temperatures. Their results also showed that a greater
overall intensity of forestry operations does not necessarily result in greater environmental
impacts, when and if more sustainable practices, like partial as opposed to clearcut harvest,
are followed. Best management practices (BMPs) with partial harvesting can mitigate the
negative impact of human activities in forests [36]. The levels of observed impacts may also
depend upon the seasonality of flow draining the watersheds.

A full understanding of the seasonality of water chemistry is important for monitoring
water pollution and to introduce strategies to prevent water chemistry degradation. Duan
et al. [37] used a combined seasonal Mann-Kendall test and timeseries decomposition
to detect trends and the seasonality of water chemistry parameters, like pH, dissolved
oxygen, and ammonia nitrogen, in the Yangtze River. Analysis described by Xu et al. [38]
in the Dan River showed that the seasonal variability of water levels in rivers plays a
significant role in water chemistry in the different seasons, and the contributions of land
use to water chemistry gradually increased from spring to winter. The presented studies
show that the surface water chemistry of watersheds is influenced by the seasonality of
the hydrological cycle process, and this knowledge is very important to understand all
processes determining water and pollution balance in a watershed.

Based on the above studies, it was shown that forest management practices can signifi-
cantly influence water chemistry. However, thus far, there is a limited understanding of the
seasonality of hydrology and stream water chemistry on both managed and unmanaged
forest lands. Understanding seasonality helps design management strategies for sustain-
able and resilient water resources. Seasonality analysis of water chemistry indicators so
far has been analyzed for large catchments using trends analysis, like the seasonal Mann—
Kendall test [37], simple correlations [39], analysis of variance (ANOVA), and a multivariate
analysis of variance (MANOVA) [40]. In ecohydrological analysis, Colwell’s indicators, like
predictability (P) and its components, constancy (C) and seasonality (M), are used to detect
the stability of hydrometeorology timeseries [3,41]. However, so far, the indicators have
not been used in water chemistry analysis, including in forested watersheds. The values
of C and M parameters taken together, as a compound predictability, show variability or
stability in the analyses of timeseries data [42]. For example, in forestry practices, knowl-
edge about constancy and contingency (seasonality) can be useful in the monitoring and
management of water chemistry and quantity to help assess the effects on changes in forest
ecosystem health.

Considering the significant impact of seasonality on the chemistry of water draining
forest watersheds, the aim of the study was to analyze the seasonality of hydrometeoro-
logical and quality parameters. The analysis covered characteristics, such as precipitation,
streamflow, groundwater table elevation (WTE), potential evapotranspiration (PET), and
water chemistry (nutrients, dissolved organic carbon (DOC), conductivity, temperature,
and dissolved oxygen), using nine years of data. The study was conducted for three
forest watersheds of different sizes, observing both human activity and the absence of
such activity. The seasonality of the abovementioned indicators was analyzed using the
Colwell index. Since these indicators had not been previously used in the examined aspect,
this represents a novelty for the conducted research. Additionally, the impact of extreme
meteorological events, such as hurricanes and tropical storms that occurred during the
study period, on the seasonality of hydrology and water chemistry in the three research
watersheds was assessed. The research hypothesis is as follows: the seasonality and pre-
dictability of hydrology and water chemistry parameters in forested streams is determined
by extreme meteorologic events, like hurricanes and tropical storms or droughts.
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2. Study Area

The study was conducted in three forested watersheds located within the Santee
Experimental Forest and the Francis Marion National Forest in South Carolina, USA.
These watersheds, WS80, WS77, and WS78, represent a range of hydrological and land
management conditions. Figure 1 presents the location of the investigated watersheds.

Met Stations Auto Wells & WS 78 Gauge
O Lotti Met O Goldshoro — Streams
B Met25 @ Lenoir E—] WS 77 Boundary
O Met5 O Lynchburg |1 ws 78 Boundary
B SHQ Met @ Rains E WS 80 Boundary
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South
Carolina

Figure 1. Location map of study watersheds WS77 (treatment) and WS80 (control) in the paired
system and WS78 watershed, all within Francis Marion National Forest in coastal South Carolina.

2.1. Watershed Characteristics

The study watershed WS80, located within the Santee Experimental Forest (SEF)
(33.15° N, 79.8° W) (Figure 1), is representative of the humid, subtropical coastal forest
throughout much of the Southeastern US. The low-gradient (<3% slope), 160 ha watershed is
covered with a pine/mixed hardwood forest. This watershed, undisturbed by management
activities since 1936, was established in 1968 as a control in the paired system with WS77
(below) as the treatment (Figure 1) [28]. Soils are moderately to poorly drained with low
permeability and high available water capacity [43]. Approximately 60%, on average, of
the event runoff is contributed by shallow surface or runoff/rainwater, with the rest by
subsurface flow [44]. A detailed site description can be found elsewhere [28,43,44].

The watershed WS77, a 155 ha headwater watershed in the Santee Experimental Forest,
was established in 1963 as a treatment in a paired system (Figure 1) with the objective of
studying the hydrologic and water chemistry effects of prescribed burning on the poorly
drained coastal plain soils [28]. This low-gradient watershed has an average slope of <2%.
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Soils in WS77 are mainly of a Wahee-Craven soil association, which are somewhat poorly
to moderately drained sandy loam to clayey soils with seasonally high water tables [45].
Land use is predominantly forest comprising of loblolly pine (Pinus taeda L.), longleaf pine
(Pinus palustris), and some bottomland hardwoods along the stream riparian bank [14,28].
The watershed underwent periodic prescribed burning during the study period. Common
soils in the area are somewhat poorly to very poorly drained Aquic Alfisols and Ultisols of
clayey and fine sediments, which typically contain argillic horizons at 1.5 to 2.0 m depth
(Figure 1) and are influenced by seasonally high WT [45]. These topographic and soil
characteristics indicate a high surface water detention capacity and slow surface water
drainage. The watersheds were heavily affected by Hurricane Hugo in 1989 that damaged
at least 80% of the forest canopy [46].

This study watershed WS78, draining 52.4 km? area through a 3rd-order stream, is
located at 33°08" N latitude and 79°47" W longitude within the Francis Marion Nation
National Forest (Figure 1). The WS78 watershed is similar to other low-gradient forest
watersheds in the south Atlantic coastal plain where rapid urban development is taking
place [47]. The topographic elevation of the watershed varies from 3.6 m at the outlet to
14 m above mean sea level (a.m.s.l.) [48]. Land use within the watershed is comprised of 88%
pine forest (mostly regenerated loblolly (Pinus taeda L.) and long leaf pine (Pinus palustris)),
10% wetlands and water, and 2% agricultural lands, roads, and open areas [49]. Detailed
descriptions of forest stand types and management are provided by Amatya et al. [47] and
Morrison [50]. The current forests on the watershed are a mixture of remnant large trees,
natural regeneration, and about 1000 ha of planted pine [47]. The forests are managed using
prescribed fire and thinning for efforts to reduce fuel hazards for minimizing the risks
of wildfire as well as restoring wildlife habitat, particularly, red-cockaded woodpeckers
(Picoides borealis), an endangered species, and longleaf pine in the watershed after Hurricane
Hugo. The soils in the watershed are mostly poorly drained soils of Wahee (clayey, mixed,
thermic Aeric Ochraquults) and Lenoir (clayey, mixed, thermic Aeric Paleaquults) series [45].

2.2. Hydrological and Water Chemistry Data

Precipitation in the watersheds WS77 and WS80 was monitored from 2011 to 2019
at the Met5 and Met25 stations, respectively, using automatic rain gauges backed by an
adjacent manual gauge within each of the watersheds (Figure 1). The study period was
primarily chosen because the forest stands at the study site impacted by Hurricane Hugo
in 1989 [46] were assumed to be fully recovered by 2011 (22 years after the hurricane
impact. This assumption was made based on Jayakaran et al. [32] who reported the start
of the recovery of forest stands on nearby paired watersheds by 2004. In addition, the
period included some extreme events, induced by summer hurricanes and tropical storms,
providing a basis for the seasonal analysis of timeseries of hydrology and water chemistry
data. Continuously measured micrometeorologic parameters, including air temperature,
relative humidity, wind speed and direction, vapor pressure, and solar and net radiation,
using a Campbell Scientific weather station on a tower above forest canopy in the WS80
watershed were used to estimate the Penman—-Monteith (P-M) forest PET that was assumed
to be the same for both the WS77 and WS80 watersheds. Similarly, a complete Campbell
Scientific weather station in the WS78 watershed measured precipitation and weather
variables, except for net radiation, that were used to estimate the P-M PET.

Streamflow rates (stream discharge) at the WS77 and WS80 watershed outlets were
integrated to obtain daily flows normalized to mm per day by dividing by the watershed
area. Discharge was calculated based on stage—discharge relationships of compound V-
notch weirs using continuously monitored stream stage upstream of the weir at each
gauging station. Daily flow data for the WS78 were obtained from the USGS gauging site
instrumented with a real-time stream gauge sensor and a rain gauge (http:/ /waterdata.usgs.
gov/sc/nwis/uv?site_no=02172035, (accessed on 15 October 2024)), which was recently
discontinued (Figure 1).
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Hourly water table measurements continuously recorded in wells of about 3 m depth
located in WS77 (Well J), WS78 (Wells on Rains, Lenoir, Goldsboro, and Lynchburg soils),
and WS80 (Well H) were averaged to obtain daily values. Details of the hydrometeorological
measurements and data processing for the paired watersheds (WS77 and WS80) as well as
the large WS78 watershed are reported elsewhere [47,51,52].

Grab samples for water chemistry were collected at the stream gauging outlet of each
watershed weekly or more frequently, depending upon the storm size, and analyzed for N
(NH4-N, NOs-N, and total N) and total dissolved phosphorus TDP (in the form of phos-
phate). The sample analysis also included for stream water parameters, like temperature,
pH, specific conductance, and dissolved oxygen (DO) concentrations. Water samples at the
watershed outlets were collected using an automated ISCO 3700 sampler programmed with
an algorithm to take samples on a flow-proportional basis. Dissolved inorganic nitrogen
(DIN) was calculated as a sum of NH4-N and NOj3-N, and DON was calculated as total
N minus DIN. The details of water chemistry measurements and analyses are provided
elsewhere [30,48,53].

3. Methods
3.1. Preliminary Data Analysis

As part of the preliminary data analysis of hydrometeorological and water quality data,
descriptive statistics were calculated including minimum, mean, median, maximum, 10th
and 90th percentiles, standard deviation, coefficient of variation, skewness, and kurtosis.
These measures helped define the range of observations, central tendencies, potential
extreme values, and data stability. The calculated descriptive statistics facilitated a more
comprehensive analysis of hydrometeorological and water quality data, which is crucial
for understanding their variability influenced by various factors.

3.2. The Impact of Hydrometeorological Extremes and Human Activities on Hydrology and
Water Quality

The Mann-Whitney U-test was used to detect the effects of extreme hydrometeo-
rological events and human activities on hydrology and water chemistry. The U-test is
a nonparametric test to compare two independent groups [54], which, in this case, are
two periods of 2011-2014 (for the pre-Hurricane Joaquin) and 2015-2019 (for the post-
Hurricane Joaquin). Two research hypotheses were tested: HO: the 2011-2014 and 2015-2019
data are taken from the same population, and HA: the 2011-2014 and 2015-2019 data are
taken from different populations. The U-statistic is described as:

niny niny

where:

Rj—the sum of ranks of elements from the first sample.
nj, np—the sizes (or counts) of the first and second sample, respectively.

The test statistic is considered significant when the calculated value of the Mann-—
Whitney U-test exceeds the critical value for the assumed significance level of & = 0.05.

Also, the average values of each of the hydrological and water chemistry indica-
tors were compared between the two periods 2011-2014 and 2015-2019 and also com-
pared between seasons (dormant November—-March and growing April-October) using the
MANOVA method.

3.3. The Colwell Indicators

Colwell indicators [42] were calculated for daily data of flow, precipitation, air tem-
perature, water table elevation (WTE), potential evapotranspiration (PET), total dissolved
nitrogen (TDN), total dissolved phosphorus (TDP), ammonium (NHy4-N), nitrate + nitrite
(NO3-N+NO,-N), dissolved organic carbon (DOC), dissolved oxygen (DO), and total dis-



Sustainability 2024, 16, 9756

7 of 33

solved phosphorus (TDP) for the whole 2011-2019 period and separately for both the
2011-2014 and 2015-2019 periods. The two separate periods were considered to examine
the influence, if any, of Hurricane Joaquin on water chemistry indicators. The hurricane,
which occurred on 3—4 October 2015, induced extreme precipitation. The Colwell indicators
are expressed by predictability (P), constancy (C), and contingency or seasonality (M). Pre-
dictability is a measure of stability of occurrence of the analyzed events. When P exceeds
50%, the regularity of occurrence of the event is above average; when it is less than 50%,
the regularity of the event is below average. The measure of seasonality of the studied
events is given as the index M. When it represents at least 50% of predictability, seasonality
is regular; when the M is below 50%, seasonality is irregular [42]. The values of P, C, and M
vary in the interval (0,1). Constancy C takes on the maximum value (C = 1) if the analyzed
variable has the same value for all the studied periods. The index of contingency M takes
on the maximum value (M = 1) when the value of the variable is different in successive
time steps, but the occurrence of the given values is predictable. Colwell’s indices are
determined based on frequency matrices of the studied event, where columns describe the
studied periods of its occurrence and rows show states of the event. The values of states
are most often described by means of class intervals whose number is selected intuitively.
The Colwell indicators were calculated based on equations described by [41].

4. Results and Discussion
4.1. Comparison of Data from the 2011-2014 and 2015-2019 Periods
4.1.1. Hydrologic Variables

The exploratory statistics of analyzed parameters for WS80, WS77, and WS78 are pre-
sented in Tables A1-A3 for the two separate periods, 2011-2014 and 2015-2019
(2015-2018 for WS78), in order to examine the impact of Hurricane Joaquin, if any, on
hydrological processes. It is evident from the statistics for the watersheds that the post-2014
period means of the hydrological parameters, flow and precipitation, were the highest,
and WTE the lowest compared to the 2011-2014 period. Large differences were observed
for flow in each watershed, with their average values almost three times higher, and
WTE almost two to three times shallower in the 2015-2019 period compared to 2011-2014
in WS80 (Table Al). In the 2011-2014 period, shallower mean WTEs were observed on
Rains and Lenoir and were deeper on the Wahee and Goldsboro series compared to the
2015-2019 period (Table A3). A maximum WTE, exceeding 13 cm above ground level, was
observed in Rains soil after high rainfall (event 23 September-9 October 2015)
(Table A3). After the year 2014 (2015-2019), much shallower WTEs were observed com-
pared to the 2011-2014 period. Maximum differences in the mean WTEs were found
for Rains soil (271%) followed by Goldsboro (125%). After the heavy rainfall event of
23 September—9 October 2015, maximum WTEs of 40.7 cm and 32.6 cm above ground level
were observed for Lenoir and Rains soils, respectively. In case of WS78 (Table A3), a higher
average flow and deeper WTEs, except for Rains and Lenoir soils, were observed compared
to WS77 and WS80 (Tables A1 and A2). Higher outflow in WS78 can be attributed to the
harvesting and thinning effects in parts of forest area in WS78 with or adjacent to these
wells on this watershed (see Appendix A Table A1) [47], as these treatments can reduce
evapotranspiration, increasing WTE and recession flow characteristics [55]. On all the
watersheds, higher variabilities, expressed by the standard deviation and coefficient of
variation, were observed in flow, WTE, and precipitation in 2015-2019 than the earlier
2011-2014 period. In case of precipitation, the difference in average values between the
two periods is smallest, with the second period yielding 26% higher compared to the first
period, for all the watersheds. The range of annual precipitation in 2011-2019 varied from
934 to 2171 mm, from 977 to 2146 mm, and from 1040 to 2243 mm in WS80, WS77, and
WE78, respectively. The average annual precipitation for the period 2011-2019 was equal to
1476, 1497, and 1533 mm for WS80, WS77, and WS78, respectively, all of which were higher
than the long-term average precipitation of 1370 mm reported by [56] for the 19462008
period. The average annual precipitation of 1533 mm on W78 in the 2011-2019 period was
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higher than 1470 mm, as reported by Amatya et al. [47] for the 2005-2021 period. However,
the range of variability of precipitation in 2011-2019 on the three analyzed watersheds
was similar to those reported by Dai at al. [56] and Amatya at al. [47]. In the case of the
PET, similar relationships, like precipitation, were observed. The annual PET of 1172 mm
in WS80 in the 2011-2019 period was slightly (~4%) higher than the value reported by
Dai et al. [56]. The higher annual precipitation and lower PET for the period 2011-2019
compared to 2005-2021 in WS78 caused the higher annual flow (426 mm) to equal 426 mm
compared to 362 mm in the later period, reported by Amatya et al. [47].

Similarity between PET from the two compared periods may be explained by a small
difference in temperature (average temperature in the 2015-2019 period was about 5.5%
higher than in 2011-2014), solar radiation, and forest cover, because the PET is the most
robust climatic predictor of forest biomass [57]. As all the study watersheds, except
the control (WS80), go through only a minimal treatment for restoration practices, they
were all assumed to be in a good growth condition and fully recovered since the impacts
of Hurricane Hugo in 1989 [28,47]. Since the index P/PET of 1.05 and 1.45 for both
periods exceeds unity, excess water was assumed to be available for streamflow and
groundwater recharge, supporting aquatic ecosystems. Ojima et al. [58] showed that the
P/PET index of Southeastern US forests is higher than unity, consistent with Amatya
et al. [59], indicating that these systems were rather energy-limited. Ojima et al. [58] also
reported that areas where P/PET is higher than unity may be less vulnerable to lower P and
higher PET, causing drier conditions, but in some cases, they may be more vulnerable to
flooding, if a higher P is associated with more extreme rainfall [60]. In the case of the study
watersheds, higher precipitation in the 2015-2019 period caused an increase in the P/PET
ratio, which was mainly caused by extreme precipitation events, like the one on 3—4 October
2015 during hurricane Joaquin (https://weather.com/news/news/south-carolina-historic-
flood-rainfall-record-extreme, accessed on 27 April 2023, South Carolina Department of
Natural Resources 2022).

4.1.2. Water Chemistry Indicators

High variability in all analyzed water chemistry indicators was observed on each
watershed between the two periods, with higher differences for some indicators between
the periods in WS80. The smallest variations in chemical indicators observed in WS78
(Table A3) were likely attributed to its much larger size compared to WS80 and WS77
(Tables A1 and A2), buffering the variability of concentrations. The highest decrease in
average concentration in the later period was observed for NO3-N+NO;-N, with more
than 65%, 47%, and 46% decreases for WS80, WS77, and WS78, respectively. The smallest
reduction of almost 8% between the two periods was observed for conductivity. An increase
in the concentrations of TDP and NH4-N in the range of 36% and 26%, respectively, was
observed in WS80 during the second period. On the other hand, all water chemistry
parameters in WS77 were reduced during the 2015-2019 period compared to 2011-2014. In
the 2015-2019 period, higher reductions of 47% and 32% in average values were observed
in WS77 for NO3-N+NO,-N and conductivity, respectively. The smallest difference of
11% between the two periods was observed for DOC on watershed WS78, which yielded
an increase in DO concentration of 28% in the 20152019 period compared to 2011-2014
(Table A3). For the rest of the chemical indicators, concentrations decreased from the first
to the second period differences.

4.1.3. Statistical Evaluations and Responses of Water Chemistry on Rainfall Events

Differences in analyzed parameters, based on statistical significance tests for both
periods are presented in Table 1, with very similar results for all watersheds. Among
hydrological parameters, differences in only flow and WTE between the two periods were
found to be statistically significant with p = 0.00. Despite a lack of statistically significant
difference in precipitation, a more than 20% increase in precipitation was observed for
the period after 2014, resulting in an increase in both the P/PET ratio as well as WTE in
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2015-2019; although, PET was stable as stated above in both the periods. The conductivity
in WS80 was found to be not statistically different (p = 0.24) between both periods in contrast
with WS77, in which the difference was statistically significant (p = 0.000). Conductivity
is a measure of water’s capability to pass electrical flow. This ability is directly related to
the concentration of ions in the water and its value can be determined by soil properties,
mainly soil salinity, clay content, cation exchange capacity (CEC), clay mineralogy, soil
pore size and distribution, and soil moisture content observed in soil layers [61]. The
difference between conductivity in WS80 and WS77 watersheds can be caused by dissolved
ions. For example, the average pH in WS80 in 2011-2019 was 5.77 compared to 5.09 in
WS77. Conductivity is related to pH such that the lower the pH value, the higher the
conductivity parameter. This relationship is correct for pH values less than 7. For example,
Aini et al. [62] reported a significant negative correlation between conductivity and soil pH
on an oil plantation site.

Table 1. Results of the Mann-Whitney U-test for significant difference in analyzed parameters
between the 2011-2014 and 2015-2019 periods *.

WS80 WS77 WS78
Indicator Statistics U Mann-Whitney

V4 p Value V4 p Value z p Value
Flow —20.65 0.00 —17.04 0.00 —21.56 0.00
Precipitation —1.48 0.14 -1.39 0.17 —1.38 0.17

WTE —26.07 0.00 —22.22 0.00 NULL NULL
WTERains NULL NULL NULL NULL —23.76 0.00
WTELenoir NULL NULL NULL NULL —13.50 0.00
WTEGoldsboro NULL NULL NULL NULL —27.39 0.00
WTELynchnurg NULL NULL NULL NULL —21.02 0.00
WTEWahee NULL NULL NULL NULL —21.40 0.00
PET 0.65 0.52 0.65 0.52 0.65 0.52
TDN 13.85 0.00 8.52 0.00 8.38 0.00
TDP 13.74 0.00 9.71 0.00 2.73 0.01
NH4-N —-3.10 0.00 6.28 0.00 1.86 0.06
NO3-N 9.67 0.00 11.14 0.00 6.54 0.00
Temperature —1.04 0.30 —0.85 0.40 0.09 0.93
DOC 11.96 0.00 5.49 0.00 5.48 0.00
Conductivity 117 0.24 7.58 0.00 6.09 0.00
DO 2.16 0.03 2.42 0.02 —3.24 0.00

* Values with statistically significant differences for a = 0.05 are shown in red color font. Z—statistic Mann-Whitney
U-test, pv—p value (when pv < « then difference is statistically significant), NULL—not applicable.

Higher flows and WTE in 2015-2019 compared to 2011-2014 promoted a higher
dynamic outflow of nutrients and DOC. A statistically significant (x = 0.05) difference
for almost all chemical indicators was observed. Li et al. [2] noted that excess runoff on
high WTE conditions, promoting shallow flow path, can accelerate the mobilization of
particulates and carbon- and nitrogen-containing solutes, such as DOC and nitrate from
topsoil. This is particularly noticeable in agricultural areas, where large hydrological events,
such as storms and rain-on-snow, flush out nutrients in topsoils, making water chemistry
especially vulnerable to shifting hydroclimate patterns. On the other hand, Li et al. [2]
reported that rainfall intensity had only a small influence on nutrient concentrations in
runoff, with a decrease in nutrient loss on flat watersheds because of the increase in
infiltration. Also, the authors noted that the soil texture, porosity, and water content
influenced both the soil water transport and the transformation of nutrients in the soil
through oxidation and reduction processes. It is true that extreme flow and WTE, especially
in flat areas, depend on precipitation intensity and duration, as is shown in Figure 2 for an
extreme precipitation event that lasted from the last day of September to the beginning of
October 2015 in WS80 and in Figure 3 in WS78. This was also shown by Amatya et al. [60]
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for WS80 and another adjacent WS79 watershed. During this event, the WTE increased
from 29 September 2015 with increased precipitation. The WTE peaked on 4 October 2015,
with a ponding equivalent to 5.4 cm above ground level. The observed maximum WTE
lagged one day to a maximum precipitation of 241.4 mm and rate peak flow of 316.6 mm
that occurred on 4 October 2015. It is evident that maximum flow depends on precipitation,
soil saturation, and an increase in the WTE, resulting in filled soil storage capacity, reduced
water infiltration, and the potential occurrence of overland flow. During this extreme event,
different temporal distributions of TDN, THP, NH4-N, and NO3-N+NO,-N compounds
were observed. This is consistent with Li et al. [2] who reported that extreme wet conditions
connect rivers to uplands that are often disconnected under nonflooding conditions, leading
to disproportionally large pulses of “stored” legacy solutes and nutrients entering rivers.
In the case of the TDN and NO3-N+NO,-N, their concentrations decreased due to dilution,
as the WTE and flow increased. After the flow and WTE decreased, concentrations of
both forms of nitrogen increased again. Regarding NHy-N, at the beginning of this event,
a slight decrease in its concentration was observed until the peak flow, with an increase
afterwards. Similar behavior was observed for the TDN, with an increased concentration
after peak flow and WTE. From a practical management point of view, knowledge about
the export of biogenic compound outflow to stream during storm events is very important.
For example, nutrient load dynamics during an observed event are presented in Figure 2.
For all analyzed biogenic compounds, strong relationships between the runoff and loading
were observed, as expected, with the maximum loads for all of the parameters occurring at
the same time, like the maximum flow. Nutrient loads, which are quantified as a product of
nutrient concentration and stream discharge, typically increase with discharge regardless of
concentration—discharge relationships, because discharge often rises by orders of magnitude
as the system transitions from dry to wet conditions, far exceeding the typical within-an-
order change in solute concentrations [2]. In period after the peak flow, the nutrient loads
indicated decreasing trends. It was evident that flow determines the loading of transported
nutrients during storm events [26,63]. It suggests that nitrogen, particularly the particulate
form (e.g., TKN), in streams are observed mainly from surface/overland runoff. The
results were confirmed in a study by Bhat et al. [64], who reported 73%, on average, of the
observed total nitrogen load at the forested watershed outlet was contributed by the surface
runoff during storm events. These authors suggested that the surface runoff during the
storm events washed off the nitrogen from the forest floor and transported it to the stream.
Distributed loads of nitrogen suggest the effects of “first flush”, especially for TDN and
NHj4-N, which can be linked to a dominant soluble form of these compounds. However,
NO3-N and NO;-N did not yield such strong relationships with flow.

These data indicate that the flush mechanisms of nutrients due to an event soon after
a dry period [17] can be distinguished between the particulate and dissolved matters
or rapid hydrological response of a watershed to rainfall events, particularly in a small
headwater catchment, like WS80. Based on a study performed on an agricultural watershed,
Jiang et al. [65] showed that the concentrations of particulate forms of nutrients derived
from soil erosion were related to surface runoff. However, in the case of the NO3-N, this
soluble form of the N likely originates from the near-surface soil layer associated with
the rising shallow groundwater table and is mainly flushed with subsurface runoff or
drainage [17,66]. Possibly similar mechanisms have occurred for these low-gradient WS80
and WS77 watersheds on high water table soils [14,30,53].

In case of watershed WS78, which is larger than WS77 and WS80 (Figure 3), approx-
imately a one-day lag can be observed between a maximum precipitation of 271.4 mm
occurring on 4 October 2015 and a maximum daily flow of 256.8 mm on 5 October 2015.
Amatya et al. [47], however, found a higher correlation of peak flow rate with 48 h than
the 24 h precipitation in this watershed. Similar to WS80, maximum peak flow occurrence
on this watershed also coincides with the WTE elevation. However, a similar response
of WTE rising to the surface was observed for all series of soils [67], except for the Rains
and Lenoir, in which WTE rose above ground with maximum ponding depths of 31.9 cm
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and 40.7 cm, respectively. Despite the lowest WTE at the beginning of the storm event on
4 October 2015, the groundwater table on Wahee soil also rose above the soil layer, achiev-
ing a ponding depth of 15.4 cm. The lowest peak WTE during this event was observed for
the well-drained Goldsboro soil series with a ponding depth of just 1.6 cm above ground.
Results show that the wells at the Wahee and Lenoir series, as poorly drained soils, had the
shallower WTEs, potentially due to their lower infiltration rates compared to the Goldsboro
and Lynchburg series (https:/ /soilseries.sc.egov.usda.gov/OSD_Docs/L/LENOIR.html,
accessed on 1 May 2023).
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Figure 2. Response of (A) flow to precipitation, (B) water table elevation (WTE), (C) concentrations of
TDN, TDP, NO3-N+NO,-N, and NH4-N, and (D) loads of biogenic compounds for the WS80 during
event 23 September-9 October 2015.

Due to its much larger drainage area than the WS80 and WS77 watersheds, the WS78
watershed yielded the highest concentration time, exceeding 24 h [47], resulting in the
lagged response of the watershed to rainfall events. Accordingly, peak flow rate on Turkey
Creek (WS78) was dampened with a slightly lower value compared to smaller watersheds.
This is consistent with Fu et al. [68], who reported that the peak flow value depends on
the size of catchments, main channel length of the watershed, the mean slope gradient of
the watershed, and land cover. Moreover, higher organic content and extensive, relatively
deep root systems create highly macroporous soils, low bulk density, and high saturated
hydraulic conductivity and infiltration rates. As a consequence, subsurface flow pathways
dominate in forested watersheds compared to agricultural and grassland areas. These
factors also influence the dynamic transport of nutrients [69].
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Figure 3. Response of (A) flow to precipitation, (B) water table elevation (WTE), (C) concentrations of
TDN, TDP, NO3-N+NO,-N, and NH4-N, and (D) loads of biogenic compounds for the WS78 during
event 23 September-9 October 2015.

However, in case of the chemical indicators, although their data during the peak flow
event were lacking unfortunately, it is evident from the plots in Figure 3 that concentrations
of TDN and NHy-N are decreasing and that of NO3-N+NO,-N and TDP are increasing with
increasing flow. The dynamics of nutrient indicators were similar to that in WS80, except
for the NO3-N+NO,-N, concentrations of which decreased during peak flow. Generally,
slightly lower concentrations of all chemical indicators observed in the WS78 watershed
compared to WS80 were attributed to the larger drainage area of the watershed, with
higher flows potentially diluting the concentrations of analyzed indicators. Similar to
WS80, nitrogen loads in the WS78 watershed also increased with increasing flow.

4.1.4. Seasonality Variation in Hydrologic and Water Chemistry Indicators

Plots in Figure 4 show seasonal variations in hydrological and nutrient indicators for
WS80. A strong relationship for flow is evident only between periods, but not for seasons.
As described above, flow was also substantially higher during the 2015-2019 period with
higher precipitation compared to the 2011-2014 period. Differences in flow between the
dormant and growing seasons are negligible (p = 0.648), despite a significant difference in
observed precipitation between the two seasons (p = 0.000). An increase in precipitation
during the growing season did not necessarily increase the flow due to lower WTE caused
by higher PET (Figure 4A-D). The WTE elevation seems to be influenced by the PET
(Figure 4C,D). The lower dormant season PET (e.g., evaporative demand) along with the
lower canopy leaf area compared to the growing season (statistically significant difference,
p = 0.00) likely reduced the interception loss of precipitation, resulting in a higher WTE
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than in the growing season (statistically significant, p = 0.000). Harder et al. [43] reported
that daily outflows in the WS80 were sensitive to rainfall event sizes and to the antecedent
WTE. In addition, the authors concluded that a large flow corresponded to large rainfall
events with water table positions already close to the surface, and most of the large surface
runoff events potentially occurred under saturated soil conditions.

Nutrients also indicated variability in their concentrations between periods as well as
seasons (Figure 4). For example, the average TDN concentration was lower in the 2015-2019
period compared to 2011-2014 for both the dormant and growing seasons. The growing
season average TDN concentration in 2011-2014 was slightly higher than in the dormant
season (not statistically significant though, p = 0.453), but in 2015-2019, the average value
between the two seasons was the same. Lower TDN concentrations in both seasons in the
2015-2019 period can be attributed to higher flows causing the dilution of this parameter.
Differences, but not significant ones, in TDP concentrations were observed for both seasons
(p = 0.076) and periods (p = 0.138). In the 20112014 period, TDP was slightly higher in
the dormant season compared to that of the growing season. This is likely due to the
reduced assimilation of phosphorus by vegetation and plants during the dormant season,
resulting in its increased outflow concentration. In the 20152019 period, large differences
between TDP concentrations in dormant and growing seasons were visible (Figure 4).
TDP could possibly have been exported via shallow overland saturated outflow in the
2015-2019 period with observed higher precipitations and flows. The NH4-N concentration
increased in both seasons, with a stronger increasing trend during the growing season.
Changes in NH4-N were nonsignificant between the seasons (p = 0.390) but significant
between periods (p = 0.009). NHy4-N is mineralized nitrogen and can be flushed during high
flows and/or first flows after a dry period [17], However, in case of the NO3-N+NO;-N, a
statistically significant negative trend (p = 0.000) was observed between analyzed periods,
with a higher slope during the dormant season. For example, in the 2011-2014 period,
the average NO3-N+NO;-N concentration was lower in the growing season compared
to that of the dormant season; although, the average concentration was almost the same,
with no significant difference (p = 0.144) for both seasons in the 2015-2019 period. The
lower concentration of NO3-N+NO,-N in the 20152019 period could likely be explained
by dilution during large precipitation events resulting in high flows and shallow WTE.
For example, Tian et al. [66] reported that precipitation and WTE significantly regulated
temporal annual nitrate concentrations at a loblolly pine plantation site in the Atlantic
Lower Coastal Plain of North Carolina, United States. Seasonal variations in hydrological
and nutrient indicators in WS77 are shown in Figure 5.

The flow, precipitation, WTE, TDN, and NOs3-N observed in WS77 yielded relation-
ships similar to those for the WS80 for periods as well as seasons (Figures 4 and 5). Flow
and WTE in WS77 yielded higher differences in their averages between the seasons during
the 2015-2019 period compared to 2011-2014. However, differences between seasons for
flow were insignificant (p = 0.299) but significant between periods (0.001). The response
of WTE was also similar, with an insignificant difference between seasons (p = 0.131) and
significant between periods (p = 0.000). Similarly, TDN differences between seasons were
insignificant (p = 0.068) and significant between periods (p = 0.000). TDP in WS77 showed
a slightly decreasing concentration in 20152019 compared to the 2011-2014 period. In
addition, lower, but not significant (p = 0.333), TDP concentrations were observed during
the growing season in both periods, likely due to higher plant uptake of phosphorus from
the soil and vegetation compared to the dormant season with reduced vegetation biomass.
Higher TDP concentrations were observed in the outflow only after heavy storms. The
tendency of the NH4-N response in WS77 was opposite to that observed in WS80. For
example, a decreased concentration trend of NH4-N in WS77 was observed in the second
period with an insignificant difference between seasons (p = 0.982). A decreasing trend of
nutrients in WS77 was likely caused by dilution during high outflow after heavy precipita-
tion and partly due to prescribed burning that might have removed most of the understory
vegetation potentially reducing N uptake.
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Figure 4. Relationships between observed average daily hydrological indicators: (A) flow,
(B) precipitation, (C) WTE, and (D) PET and water chemistry indicators: (E) TDN, (F) TDP,
(G) NH4-N, and (H) NOs3-N by seasons for two periods in WS80: Period A—2011-2014, Period
B—2015-2019, vertical lines represent standard deviations.
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Figure 5. Relationships between observed average seasonal hydrological indicators: (A) flow,
(B) precipitation, and (C) WTE and water chemistry indicators: (D) TDN, (E) TDP, (F) NHy4-N,
and (G) NOs3-N by periods in WS77: Period A—2011-2014, Period B—2015-2019, vertical lines
represent standard deviations.
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Seasonal variations in average values of hydrological and nutrient indicators in the
WS78 watershed are presented in Figure 6. Results for flow indicator in Figure 6 show
no substantial difference between dormant and growing seasons of the 2011-2014 period.
However, a much larger difference between seasons is observed in 2015-2019 when dormant
season flow was more than twice that of the growing season; although, the difference
between the growing seasons in both periods is negligible. On the other hand, differences
in flow between seasons for analyzed periods are significant (p = 0.001). These results are
completely different compared to those observed in the small WS80 and WS77 watersheds.
It can be likely explained by precipitation, where, similar to flow, differences between
growing seasons for both periods were negligible, but significantly (p = 0.03) different
precipitation means were observed in the dormant season, with the higher precipitation
in the 2nd 2015-2019 period. Similarly, the higher WTE is also a factor that influences
higher flow in the dormant season. For all analyzed soil series, higher WTE is evident
in the dormant season of 2015-2019 and higher WTE in the growing season of 2011-2014
(Figure 6). It is attributed to higher precipitation in the growing season of 2011-2014 and the
opposite relationship with the higher precipitation during the dormant season of 2015-2019.
Significantly higher WTEs were observed for all four soil series (Rains, p = 0.031; Lenoir,
p = 0.03; Lynchburg, p = 0.000; Wahee, p = 0.000) for both seasons in the 2015-2019 period
than in the 2011-2014 period. Similar results in the WTE are observed for both periods
for all series. In the Lynchburg series, the difference in WTE between the 2011-2014
and 2015-2019 periods for the growing season was smaller. An insignificant (p = 0.149)
difference in WTE between the seasons was found only for the Goldsboro series. Generally,
a tendency in the seasonality of the WTE in WS78 was quite similar to that observed in WS80
and WS77.

Regarding nutrient indicators, TDN concentration was relatively higher in 2011-2014
compared to the 2015-2019 period for both seasons, but with higher growing season
concentrations than in the dormant season. Differences between seasons were statistically
significant (p = 0.001). These relationships were similar to the rest of the watersheds
(WS77 and WS80) (Figures 4 and 5, plots for TDN). Similar to TDN, TDP concentrations
resulted in a much higher difference between seasons in the 2011-2014 period than in
2015-2019. An opposite tendency was observed in the 2015-2019 period. Differences
between seasons for TDP concentrations were not statistically significant (p = 0.424). This
may likely be attributed to some silvicultural operations, like the thinning of some parts
of the forest, which influences the transportation of phosphorus and its bioavailability
in soils and water [70]. However, the relationships and tendencies observed for NH4-N
and NO3-N+NO,-N concentrations were similar to those of TDN observed in WS80 and
WSE77. In case of the NHy-N and NO3-N, differences between seasons were significant with
p = 0.049 and p = 0.000, respectively.

4.2. Predictability of Hydrology and Water Chemistry
4.2.1. Hydrological Indicators for Period 2011-2019

Computed values of Colwell indicators for predictability, P, are presented in Tables 2—4
for all three study watersheds. The indicators were calculated based on daily data for the
whole period 2011-2019 as well as individually for the 2011-2014 and 2015-2019 periods.
For the whole period, predictability for the flow was slightly above average, equal to
0.56 and 0.53 for WS80 and WS77, respectively (Table 4). However, a lowest average
predictability of 0.45 was calculated for the WS78 watershed (Table 4). The fact that the
computed contribution constancy, C, in predictability C/P was equal to 0.60 and 0.59 for
WS80 and WS77, respectively, shows a similar hydrological regime in both watersheds. The
lowest C/P of 0.50 was in WS78. Despite its lowest predictability, P, the results show quite
a similar stability of flow in WS78 (Figure A3).
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Figure 6. Relationships between observed average seasonal hydrological indicators (A) flow,
(B) precipitation, (C) WTE in Rain series, (D) WTE in Lenoir series, (E) WTE in Goldsboro se-
ries, (F) WTE in Lynchburg, and (G) WTE in Wahee series and water chemistry indicators: (H) TDN,
(I) TDP, (J) NH4-N, and (K) NOs3-N by periods in WS78: Period A—2011-2014, Period B—2015-2019,
vertical lines represent standard deviations.
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Table 2. Values of Colwell indicators for WS80 watershed.
2011-2019 2011-2014 2015-2019

Parameter

P C/P C M P c/p C M P c/p C M
Flow 0.56 0.60 0.34 0.22 0.77 0.62 0.48 0.29 0.59 0.42 0.25 0.34
Precipitation 0.60 0.68 0.41 0.19 0.71 0.59 0.42 0.29 0.68 0.59 0.40 0.28
WTE 0.40 0.53 0.21 0.19 0.66 0.59 0.39 0.27 0.54 0.41 0.22 0.32
PET 0.66 0.58 0.38 0.28 0.73 0.53 0.39 0.34 0.73 0.52 0.38 0.35
TDN 0.73 0.91 0.66 0.07 0.80 0.90 0.72 0.08 0.82 0.82 0.67 0.15
TDP 0.55 0.77 0.42 0.13 0.71 0.82 0.58 0.13 0.70 0.65 0.46 0.25
NHy-N 0.46 0.59 0.27 0.19 0.59 0.49 0.29 0.30 0.56 0.50 0.28 0.28
NO3-N+NO,-N 0.43 0.66 0.28 0.15 0.69 0.58 0.40 0.29 0.52 0.53 0.28 0.24
DOC 0.75 0.92 0.69 0.06 0.77 0.97 0.75 0.02 0.86 0.78 0.67 0.19
Temperature 0.79 0.75 0.59 0.20 0.86 0.70 0.60 0.26 0.77 0.75 0.58 0.19
Conductivity 0.68 0.94 0.64 0.04 0.72 0.91 0.66 0.06 0.74 0.88 0.65 0.09

Dissolved oxygen

0.63 0.73 0.46 0.17 0.75 0.70 0.53 0.23 0.75 0.57 0.43 0.32

Table 3. Values of Colwell indicators for WS77 watershed.

2011-2019 2011-2014 2015-2019
Parameter
P C/P C M P c/p C M P C/P C M

Flow 0.53 0.59 0.31 0.22 0.73 0.55 0.40 0.33 0.59 0.44 0.26 0.33
Precipitation 0.60 0.68 0.41 0.19 0.72 0.59 0.42 0.30 0.68 0.59 0.40 0.28
WTE 0.45 0.66 0.30 0.15 0.61 0.53 0.32 0.29 0.60 0.59 0.35 0.25
TDN 0.69 0.87 0.60 0.09 0.82 0.84 0.69 0.13 0.77 0.79 0.61 0.16
TDP 0.50 0.70 0.35 0.15 0.62 0.69 0.43 0.19 0.64 0.56 0.36 0.28
NH4-N 0.53 0.76 0.40 0.13 0.66 0.75 0.50 0.17 0.64 0.63 0.40 0.24
NO;3-N+NO,-N 0.44 0.75 0.33 0.11 0.64 0.77 0.49 0.15 0.56 0.68 0.38 0.18
DOC 0.67 0.89 0.60 0.07 0.78 0.86 0.67 0.11 0.80 0.77 0.62 0.18
Temperature 0.87 0.70 0.61 0.26 0.88 0.70 0.62 0.26 0.89 0.69 0.61 0.28
Conductivity 0.70 0.94 0.66 0.04 0.73 0.89 0.65 0.08 0.81 0.89 0.72 0.09

Dissolved oxygen

0.71 0.71 0.50 0.21 0.75 0.68 0.51 0.24 0.78 0.63 0.49 0.29

Table 4. Values of Colwell indicators for WS78 watershed.

2011-2019 2011-2014 2015-2018
Parameter
P C/P C M P c/p C M P C/P C M

Flow 0.45 0.50 0.23 0.23 0.69 0.47 0.32 0.37 0.52 0.33 0.17 0.35
Precipitation 0.62 0.69 0.43 0.19 0.73 0.62 0.45 0.28 0.69 0.61 0.42 0.27
WTERains 0.38 0.48 0.18 0.20 0.38 0.48 0.18 0.20 0.58 0.36 0.21 0.37
WTELenoir 0.41 0.55 0.23 0.18 0.57 0.42 0.24 0.33 0.49 0.44 0.22 0.27
WTEGoldsboro 0.52 0.77 0.40 0.12 0.71 0.76 0.54 0.17 0.63 0.73 0.46 0.17
WTELynchnurg 0.44 0.62 0.27 0.17 0.64 0.53 0.34 0.30 0.55 0.55 0.30 0.25
WTEWahee 0.50 0.71 0.36 0.15 0.64 0.56 0.36 0.28 0.67 0.73 0.49 0.18
TDN 0.74 0.94 0.70 0.04 0.77 0.87 0.67 0.10 0.77 0.96 0.74 0.03
TDP 0.68 0.86 0.58 0.10 0.72 0.69 0.50 0.22 0.72 0.89 0.64 0.08
NH4-N 0.39 0.61 0.24 0.15 0.65 0.58 0.38 0.27 0.50 0.56 0.28 0.22
NO3-N+NO,-N 0.36 0.65 0.23 0.13 0.62 0.61 0.38 0.24 0.46 0.57 0.26 0.20
DOC 0.75 0.96 0.72 0.03 0.82 0.86 0.71 0.11 0.74 0.98 0.73 0.01
Temperature 0.88 0.70 0.62 0.26 0.92 0.71 0.65 0.27 0.89 0.68 0.61 0.28
Conductivity 0.66 0.91 0.60 0.06 0.67 0.85 0.57 0.10 0.82 0.91 0.75 0.07

Dissolved oxygen

0.71 0.74 0.53 0.18 0.77 0.65 0.50 0.27 0.82 0.73 0.60 0.22

The seasonality component of predictability, P, plays an important role in the flow
regime of WS78. Since the calculated C/P = 0.50 for this watershed, it shows that sea-
sonality, M, explains 50% of predictability, which is a higher contribution compared to
WS80 and WS77, where seasonality, M, explains 40 and 41% predictability, respectively.
Radecki et al. [41] reported that seasonality plays a lesser role in total predictability in
smaller watersheds compared to that on the larger watersheds. Moderately drained soils,
such as Goldsboro and Lynchburg, in WS78 watershed, can enhance higher soil water stor-
age during the growing season, and thus, the seasonality component in total predictability
can likely increase. For example, Iliopoulu et al. [71] reported that storage mechanisms,
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groundwater-dominated basins, and slower catchment response times observed in larger
watersheds amplify their seasonality. Higher flows were generally determined mainly
by extreme precipitation events, and a lack of or low flow due to days without precipi-
tation (Figures A1-A3). For all watersheds, similar P, C, and M values were calculated
for the precipitation. In the case of flow, the same value of p = 0.53 was obtained for
WS80 and WS77, but a slightly lower value (0.45) was found for WS78. The fact that the
computed predictability for WTE is the lowest for all watersheds (Tables 2—4) suggests
a more random behavior of the WTE variability. Interestingly, a much higher effect for
constancy than seasonality was observed in the total predictability of the WTE for the
WS77 and WS78 watersheds (Tables 3 and 4). A smaller predictability, P, of WTE (0.40 for
WS80, 0.45 for WS77, and 0.38-0.52 for WS78), compared to other hydrologic variables,
can cause the higher variability of WTE in particular days of each year on all analyzed
watersheds (Figures A1-A3). Notably, both the WS77 and W578 watersheds often undergo
similar silvicultural treatments, like prescribed burning and thinning, both of which may
temporarily affect WTE through ET/water uptake.

4.2.2. Water Chemistry for Period 2011-2019

Regarding nutrient indicators observed during the 2011-2019 period, the highest
predictability of 0.73, 0.69, and 0.74 for TDN was found for WS80, WS77, and WS78, respec-
tively (Tables 2—4). In the total predictability of the TDN for each watershed, constancy,
C, played a higher dominant role, with C/P at about 90%, indicating that seasonality had
only a marginal effect in the TDN regime; in other words, TDN concentration might have
yielded similar variabilities in each year. The predictability of NH4-N and NO3-N+NO,-N
was lower compared to the TDN, yielding a range of 0.36-0.53 for all watersheds. A slightly
higher predictability for NH4-N and NO3-N+NO,-N values was obtained for WS77. Again,
constancy dominated in the total predictability, with C/P at about 59% or higher for both
of these indicators as well. A predictability of approximately 0.50 within the above range
was also obtained for the TDP in the WS80 and WS77 watersheds for the whole period. In
addition, similar to other chemical indicators, constancy played a more dominant role in
the total predictability of the TDP than the seasonality. In the case of the WS78 watershed,
the total predictability of the TDP was also the highest, equaling 0.68. Similar values of
Colwell’s indicators (P, C, and M) showed that the predictability of nutrient concentrations
in both the WS77 and WS80 watersheds was determined by the same processes. Like in the
WS77 and WS80 watersheds, in the WS78 watershed, except for the TDP, similar hydrologic
processes, like shallow subsurface runoff generation, in most cases, based on water table
position determined by a balance of rainfall and ET Appendix A [47,52], determined the
predictability of the chemical indicators. The larger size of watersheds, periodical forest
thinning, and prescribed burning, which potentially reduces ET and increases WTE, giving
rise to shallow surface runoff during large storm events, may play a role in the higher
predictability of the TDP. This result is supported by studies by the authors of [30,53],
who reported that nutrient variability depends on the size of watershed, land use, and
vegetation type.

DOC, similar to other parameters, yielded the same structure of predictability. As
stated above, constancy played a dominant role, with C/P > 89% compared to seasonality
in all study watersheds. The total predictability of DOC in WS80 was higher (0.75) than
in WS77 (0.67), which was the same as in the WS78 watershed with similar silvicultural
treatments, as stated above. The lower predictability value of DOC in WS77 could likely
depend on the variability of WTE. A large value of C/P of 0.96 for the DOC was observed
in the WS78 watershed. In the WS77 and WS78 watersheds, especially for the Lenoir series,
a slightly shallower WTE compared to WS80 can reduce decomposition and the formation
of recalcitrant DOC. Also, DOC and nutrients in watercourses can decrease due to partial
harvesting, similar to the DOC biodegradability phenomenon [22].

Temperature also had similar predictability in all study watersheds, with constancy
dominating the total predictability. However, temperature had a higher predictability than
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PET (Tables 2—4) for all watersheds. Similarly, a similarity was found for conductivity and
dissolved oxygen between both watersheds, with constancy playing a dominant role.

4.2.3. Hydrological Indicators for Individual Periods of 2011-2014 and 2015-2019

The examination of Colwell indicators for each of the individual 2011-2014 and
2015-2019 periods indicates negligible differences in the case of the precipitation and PET.
Constancy still played a dominant role (for most hydrological and chemical indicators with
C/P > 0.50) but was not as high as for the whole period (Tables 2-4). However, seasonality
seems to play a more important role. For example, an increasing role of seasonality in
total predictability, expressed as higher M values or a smaller C/P ratio, was observed for
flow and WTE Rains in the WS78 watershed. Higher changes in predictability between
both periods were also observed for the flow and WTE indicators for the WS78 watershed,
with lower predictability in 2015-2019 compared to the 2011-2014 period. In addition, an
increased seasonality in total predictability for flow was observed for WS78 (Figure A3).
A lower predictability of flow in the 2015-2019 period can likely be caused by a high
variability of flow. A decrease in the predictability of flow was observed in WS80 in
2015-2019. As shown in Figure A3, changes in WTE were more irregular after the year
2014, likely due to the higher variability of precipitation. In addition, shallower WTE soon
after 2014 was likely caused by frequent wet events due to Hurricane Joaquin in 2015 and
other large storms in 2016 to 2019 (Figures A1-A3).

4.2.4. Water Chemistry Indicators for Individual Periods of 2011-2014 and 2015-2019

The predictability of stream water chemistry in three analyzed watersheds was similar
for both periods for most indicators, except NH4-N, DOC, NO3-N+NO;-N, and tempera-
ture. A large decrease in predictability was observed for NO3-N+NO,-N for all watersheds
and NH4-N for WS78. Long periods with very low NO3-N+NO,-N concentrations were
observed in the 2015-2019 period, perhaps due to its dilution caused by substantially
shallower WTE and higher flows in this period, as shown above. Shallow subsurface flow
driven by a shallow water table position plays an important role in the transportation of
nitrate + nitrite to stream, and during higher flows, their concentration is lower compared
to low-flow periods [2,17]. Griffiths et al. [72] reported that shallow subsurface flow paths
can play a significant role, contributing to nitrified N transportation to stream on low-relief
coastal plain watersheds of the southeastern United States. In addition, increased seasonal-
ity in total predictability for all indicators was observed in the 2015-2019 period in WS77
and WS80. The opposite behavior was observed in WS78 (Tables 2—4).

4.2.5. Limitations of the Study

In this study, the main factor influencing hydrological processes and water chemistry
in the later study period on the coastal forested watersheds was Hurricane Joaquin, which
occurred on 3-4 October 2015, yielding > 300 mm rain in 48 h that inundated much of
the lowlands with extreme discharge. It is commonly known that the El Nifio Southern
Oscillation (ENSO) can affect runoff variability and sediment transport, as reported by
Thi et al. [73] in the Lower Mekong. Furthermore, Park et al. (2024) noted that the winter
Atlantic Nifio exerts a significant and greater effect on ENSO compared to the summer
Atlantic Nifio. In the present study, the effect of ENSO on hydrology and water chemistry
variability was not included. The factor that influenced the seasonality and predictability
of hydrological indicators and water chemistry was extreme outflow produced by intense
and prolonged precipitation, as the indirect effects of Hurricane Joaquin stayed just off the
Atlantic coast near the study site. Amatya et al. [28] assumed that the extreme outflow
that occurred in two study watersheds (WS77 and WS80) was an outlier in their paired
calibration relationships. With its inclusion, the paired flow relationship had higher R?
but was biased due that single extreme outflow. This hurricane, which did not have
tropical origins—a rare occurrence for a major hurricane—only indirectly contributed to
these hazardous conditions. Contributing to the coastal flooding was a strong pressure
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gradient off the New England coast behind a frontal boundary, producing a long fetch of
northeasterly gales directed at the mid-Atlantic coast at the start of the month, while tides
were already running higher than normal [74].

Another limitation of the study is that only in situ data were used to analyze the
seasonality and predictability of hydrological and water chemistry indicators. Satellite-
based hydrometeorologic observations could have supplemented in situ observations and
provided deeper insights into water balance and the seasonality of the analyzed variables,
including other environmental factors, such as soil moisture and vegetation parameters,
like leaf area index and their seasonality [75]. One other possible limitation is that forests
on these watersheds were substantially damaged by the winds of Hurricane Hugo in 1989
and were reported as fully recovered by 2004 [32]. However, Joaquin’s impacts were more
on flooding than the forest damage.

To analyze the relationships between meteorological, hydrological, and water chemistry
factors, more in-depth multidimensional statistical analyses, such as principal component
analysis (PCA), could be used [20,76]. Unfortunately, in this case, PCA was not possible due
to missing data, particularly water chemistry, during extreme hydrological events.

5. Summary and Conclusions

In this paper, statistical analyses of hydrological and stream water chemistry indi-
cators were conducted for three coastal forested watersheds located at US Forest Service
Santee Experimental Forest in South Carolina, U.S.A. The analyses were performed for
all indicators (flow, precipitation, potential evapotranspiration (PET), water table eleva-
tion (WTE), nutrients, dissolved oxygen, temperature, and conductivity) for each of the
three watersheds using data for the 2011-2019 period as a whole and individually for the
two periods of 2011-2014 before Hurricane Joaquin (October 2015) and after for 2015-2019.
Additionally, hydrological and water chemistry indicators were compared for dormant
(November—March) and growing (April-October) seasons between and within each of the
periods. Analysis showed statistically significant differences between the seasons for flow,
WTE, and all water chemistry indicators in all the analyzed watersheds, except for temper-
ature. The differences were observed particularly in the 2015-2019 period (post-Hurricane
Joaquin) compared to the 2011-2014 period. WTE and flow had the highest influences
on water concentrations of nitrogen constituents. As expected, only the concentration of
total dissolved phosphorus (TDP), a soluble part of phosphorus, slightly increased during
storm events. Accordingly, it can be concluded that the export of phosphorus to streams
in this area can mainly be attributed to shallow overland surface runoff during excessive
rainfall events, likely caused by saturation excess runoff (water table flooding) due to the
shallow water table position. Regarding the difference between dormant and growing
seasons, the highest differences were found in all watersheds for total dissolved nitro-
gen (TDN) and TDP, as water chemistry indicators, and WTE, PET, and precipitation, as
hydrological indicators.

Colwell’s indicators showed a higher predictability for almost all hydrologic and
water chemistry indicators in the 2011-2014 period compared to 2015-2019. Seasonality for
most of the water chemistry indicators increased in WS80 (control watershed) and WS77
in the second period, despite the dominance of constancy (a measure that describes the
tendency of a variable to remain unchanged for a given period of time) in their predictability
but decreased in WS78 in the second period. The high contribution of constancy in total
predictability shows similar variability in the daily values for indicators in each of the
years. The results also showed that similar hydrological processes on these low-gradient
watersheds, which generally have a shallow water table position (poorly drained soils),
determined the predictability of the water chemistry concentrations in all watersheds. The
predictability of hydrological indicators in WS78 was lower compared to WS80 and WS77,
but seasonality was similar. The results of the analyses confirmed the first hypothesis:
extreme hydrometeorologic events, like hurricanes, can influence the seasonality and
predictability of hydrology and water chemistry indicators in forested streams.
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In conclusion, Colwell’s indicators, as a universal approach, are simple tools compared
to other more advanced statistical methods. They are useful for detecting similarities
or differences in the behaviors of hydrometeorological timeseries and water chemistry
indicators in paired watersheds. Knowledge about the behavior of these processes, assessed
using these indicators, can help detect disparities in the seasonality and predictability of
observed hydrochemical timeseries on watersheds caused by climate conditions or human
activities. Additionally, they help analyze the influence of different mitigation techniques
on the seasonality of timeseries. One limitation of using this method is the requirement for
at least 10 years of timeseries data without gaps.

Further studies should be focused on the influence of harvesting, thinning, and haz-
ardous fuel treatments on the seasonality of hydrology and chemical indicators after 2019,
where partial harvesting and thinning were performed in WS77 for the purpose of restoring
longleaf pine (Pinus palustris) forests.

The results and analyses presented in this paper demonstrate the influence of extreme
precipitation events, like hurricanes, on the hydrological behavior in forested watersheds
and, thus, the transportation of nutrients within and emanating out of the watershed. In
addition, these results can help assess changes in the seasonal hydroperiod and biogeo-
chemical processes in tidally mediated downstream riparian forests, which are the estuary
headwaters in this region. This study can assist with the sustainable management and
planning of water resources in low-gradient headwater watersheds in forested landscapes,
such as the introduction of forest species more suitable to the protection and conservation
of water resources (e.g., restoration of long leaf pine (Pinus palustris)). However, multisite
studies on similar forest landscapes may be warranted to understand these complex sea-
sonal ecosystem processes and their predictabilities in the face of climate change and sea
level rise.
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Appendix A
Table A1. Basic exploratory statistics of daily hydrological and water chemistry indicators for WS80 watershed.
Hydrological Indicators for the Period 2011-2014

Indicat

neicator Numbe1: of Average Median  Minimum Maximum Perc 10% Perc 90% S.td'. C?ef.f Ofo Skewnes, - Kurtozis, -

Observations Deviation = Variation %
Flow, mm 1461 0.3 0.0 0.0 26.5 0.0 0.5 1.5 473.2 94 113.2
Precipitation, mm 1461 34 0.0 0.0 141.3 0.0 11.3 9.5 282.8 54 45.9
WTE, cm 1461 —156.5 —179.4 —282.9 15 —279.4 —11.4 113.7 -72.7 0.1 -1.8
PET, mm 1461 3.2 2.7 —-0.1 124 09 6.2 2.0 63.1 0.6 -0.3
For the period 2015-2019
Flow, mm 1826 1.27 0.06 0.00 316.58 0.00 1.68 9.73 768.44 24.06 692.94
Precipitation, mm 1826 4.58 0.00 0.00 242.63 0.00 13.46 15.21 331.79 8.14 96.37
WTE, cm 1785 —46.31 —30.70 —238.30 5.40 —115.00 —4.20 46.30 —99.97 —1.46 1.84
PET, mm 1826 3.19 2.80 —0.02 10.13 0.86 6.12 2.00 62.73 0.46 —0.78
Water chemistry indicators for the period 2011-2014
Temperature, C 97 16.72 17.76 4.67 27.72 8.05 24.86 6.63 39.67 —0.14 -1.37
DOC, mg/L 230 29.87 29.16 12.60 57.64 24.10 35.93 5.50 18.42 0.94 3.85
Conductivity, ms/cm 96 0.11 0.11 0.04 0.25 0.06 0.17 0.04 37.66 0.60 0.61
DO, mg/L 96 3.60 3.06 0.78 8.95 1.35 6.82 2.04 56.81 0.69 —0.66
TDN, mg/L 287 0.83 0.76 0.33 2.02 0.60 1.17 0.24 29.13 1.57 3.10
TDP, mg/L 288 0.03 0.02 0.01 0.52 0.01 0.05 0.03 119.07 10.30 142.16
NH;4-N, mg/L 285 0.05 0.02 0.00 0.41 0.01 0.14 0.07 144.54 2.69 7.86
NO3-N, mg/L 287 0.03 0.02 0.00 0.75 0.00 0.07 0.07 204.68 7.56 69.61
For the period 2015-2019

Temperature, C 55 17.88 17.97 6.09 27.90 8.69 25.00 6.40 35.82 —0.32 —1.22
DOC, mg/L 361 2294 22.30 0.97 47.11 14.80 31.91 7.03 30.64 0.55 0.48
Conductivity, ms/cm 55 0.10 0.10 0.04 0.17 0.05 0.15 0.03 32.41 0.17 —0.54
DO, mg/L 55 2.94 2.27 0.16 8.01 0.78 6.28 2.06 70.31 0.99 0.17
TDN, mg/L 361 0.59 0.55 0.04 1.65 0.38 0.85 0.20 34.73 1.43 3.81
TDP, mg/L 362 0.04 0.01 0.00 3.30 0.01 0.02 0.27 681.40 10.78 117.34
NH;4-N, mg/L 362 0.06 0.04 0.00 0.83 0.00 0.14 0.09 153.17 4.58 29.34
NO3-N, mg/L 337 0.01 0.01 0.00 0.16 0.00 0.03 0.02 127.35 4.70 33.38
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Table A2. Basic exploratory statistics of daily hydrological and water chemistry indicators for WS77 watershed.
Hydrological Indicators for the Period 2011-2014

Indicat

neicator No Of. Average Median Minimum  Maximum Perc 10% Perc 90% .St . Cf)ef.f Ofo Skewnes, - Kurtozis, -

Observations Deviation = Variation %
Flow, mm 1461 0.51 0.00 0.00 38.33 0.00 0.88 2.24 437.50 8.55 94.29
Precipitation, mm 1461 3.40 0.00 0.00 137.10 0.00 10.96 9.64 283.43 5.33 42.84
WTE, cm 1461 —104.28 —93.00 —286.10 —0.60 —204.60 —18.40 74.56 —71.50 —0.57 —0.59
For the period 2015-2019
Flow, mm 1826 1.53 0.07 0.00 316.50 0.00 2.09 10.99 719.31 20.64 512.85
Precipitation, mm 1826 4.65 0.00 0.00 253.63 0.00 13.75 15.53 333.59 8.24 98.18
WTE, cm 1785 —45.87 —38.10 —157.20 5.10 —95.95 —9.80 32.13 —70.05 —0.76 —0.15
Water chemistry indicators for the period 2011-2014
Temperature, °C 97 15.68 17.14 4.23 26.06 7.08 23.98 6.59 42.06 —0.11 —1.41
DOC, mg/L 230 17.85 17.13 8.72 47.70 12.16 2413 5.34 29.90 1.55 5.22
Conductivity, ms/cm 96 0.06 0.06 0.03 0.14 0.05 0.09 0.02 32.42 1.27 297
DO, mg/L 96 3.74 3.17 0.74 9.26 1.26 6.93 2.14 57.26 0.61 —0.57
TDN, mg/L 287 0.55 0.49 0.00 1.71 0.36 0.77 0.22 39.38 1.99 6.10
TDP, mg/L 288 0.01 0.01 0.00 0.28 0.00 0.01 0.02 225.53 14.29 224.10
NH;4-N, mg/L 285 0.10 0.08 0.01 1.11 0.04 0.19 0.09 89.06 5.86 55.00
NO3-N, mg/L 287 0.02 0.01 0.00 0.22 0.01 0.03 0.02 102.36 7.63 88.03
For the period 2015-2019

Temperature, °C 55 16.57 17.11 5.56 27.46 7.08 24.46 6.69 40.36 —0.15 -1.37
DOC, mg/L 361 15.45 14.92 6.27 34.92 9.48 22.48 5.06 32.72 0.71 0.53
Conductivity, ms/cm 55 0.04 0.04 0.03 0.07 0.03 0.05 0.01 19.42 1.15 2.35
DO, mg/L 55 2.86 241 0.75 6.70 1.16 5.48 1.68 58.60 0.78 —0.46
TDN, mg/L 361 0.43 0.41 0.17 4.03 0.26 0.60 0.23 54.19 9.98 150.66
TDP, mg/L 362 0.01 0.00 0.00 0.41 0.00 0.01 0.03 403.18 12.67 177.96
NH;y4-N, mg/L 362 0.08 0.06 0.01 2.52 0.03 0.12 0.14 173.58 15.93 286.15
NO3-N, mg/L 337 0.01 0.01 0.00 0.07 0.00 0.02 0.01 80.02 4.40 34.47
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Table A3. Basic exploratory statistics of daily hydrological and water chemistry indicators for WS78 (WS78) watershed.
Hydrological Indicators for the Period 2011-2014
Indicat -
ndicator No of.Obser Average Median Minimum Maximum Perc 10% Perc 90% St Deviation Cf)ef.f Ofo Skewnes, - Kurtozis, -
vations Variation %
Flow, mm 1461 0.45 0.01 0.00 11.02 0.00 1.37 1.25 279.83 451 24.61
:;C‘P“at“’“' 1461 351 0.00 0.00 86.01 0.00 12.34 9.48 269.85 3.99 1891
WTERains 1396 —69.21 —58.40 —204.80 13.60 —173.72 4.00 67.09 —96.94 —0.45 —1.18
WTELenoir 1461 —57.71 —52.00 —197.80 10.10 —126.12 —2.50 48.53 —84.09 —0.57 —0.62
WTEGoldsboro 1461 —158.58 —207.90 —244.14 —7.20 —236.42 —36.80 82.36 —51.94 0.52 —1.49
WTELynchnurg 1461 —113.44 —116.40 —234.60 0.50 —215.10 —7.60 72.69 —64.08 0.00 —1.20
WTEWahee 1236 —126.44 —126.05 —235.00 —10.50 —213.50 —33.90 66.77 —52.81 0.05 —1.35
For the period 2015-2019
Flow, mm 1826 1.74 0.23 0.00 256.83 0.00 3.21 10.76 617.22 18.56 390.41
II:;CIP“““’“' 1826 474 0.00 0.00 271.40 0.00 12.88 16.19 341.29 7.97 91.10
WTERains 1776 —18.64 —1.47 —157.20 32.62 —75.78 11.42 36.87 —197.82 —1.43 1.33
WTELenoir 1589 —32.91 —24.09 —137.66 40.70 —81.62 —0.90 32.41 —98.48 —1.05 0.44
WTEGoldsboro 1589 —70.30 —57.42 —217.67 1.60 —137.67 —28.06 45.13 —64.21 —1.20 0.95
WTELynchnurg 1584 —56.73 —47.90 —205.89 5.70 —127.22 —6.41 47.37 —83.50 —0.84 —0.07
WTEWahee 1587 —71.51 —64.80 —188.00 15.40 —127.60 —26.20 40.17 —56.18 —0.63 —0.34
Water chemistry indicators for the period 2011-2014

DOC, mg/L 227 0.60 0.54 0.18 2.23 0.41 0.83 0.26 42.97 3.52 17.05
E\‘;‘/‘C‘:;‘Ct“"ty' 228 0.01 0.01 0.00 0.12 0.01 0.02 0.01 85.34 412 24.43
DO, mg/L 227 0.07 0.03 0.00 1.19 0.01 0.15 0.14 201.18 5.90 40.80
TDN, mg/L 217 0.02 0.02 0.00 0.13 0.01 0.05 0.02 95.67 2.32 6.93
TDP, mg/L 99 17.29 18.73 4.37 27.72 8.08 25.26 6.68 38.60 —0.24 —1.34
zlg{/{N’ 199 19.40 18.90 6.61 31.24 13.47 25.39 4.80 24.77 0.05 —0.57
E(g)/{N' 98 0.08 0.08 0.02 0.18 0.03 0.11 0.03 41.98 0.90 1.59
DOC, mg/L 97 497 494 0.88 11.17 1.52 9.42 2.79 56.24 0.43 —0.78
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Table A3. Cont.

Hydrological Indicators for the Period 2011-2014

Indicator -
No of.Obser Average Median Minimum Maximum Perc 10% Perc 90% St Deviation Cf)ef.f Ofo Skewnes, - Kurtozis, -
vations Variation %

For the period 2015-2018

DOC, mg/L 160 0.45 0.44 0.26 0.83 0.29 0.62 0.12 26.85 0.77 0.45
Conductivity, 160 0.01 0.01 0.00 0.04 0.01 0.02 0.01 58.76 2.03 5.58
ms/cm

DO, mg/L 160 0.04 0.03 0.00 0.24 0.01 0.09 0.04 106.66 255 7.60
TDN, mg/L 153 0.01 0.01 0.00 0.07 0.00 0.03 0.01 103.59 217 5.61
TDP, mg/L 72 17.17 17.84 4.64 26.51 7.41 2540 6.50 37.88 —025 120
ﬂ;{N' 160 16.67 16.38 935 29.53 11.79 21.98 4.00 24.01 0.52 ~0.08
EE{N' 72 0.05 0.04 0.03 0.10 0.03 0.07 0.02 34.68 1.75 2.93

DOC, mg/L 71 6.38 5.84 1.48 12.09 4.03 10.08 2.56 40.07 0.42 —0.01
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Figure Al. Daily values of hydrologic and water chemistry indicators in WS80 (control watershed)

during the 2011-2019 period.
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Figure A2. Daily values of hydrologic and water chemistry indicators in WS77 (treatment watershed)
during the 2011-2019 period.



Sustainability 2024, 16, 9756

29 of 33

Flow Turkey Creek 2011-2019

300
250
= 20
E
§~150
= 100
50
0
R R SR
R A K
N R R R O I
Data
WTE Turkey Creek_Rains 2011-2019
50.0
0.0
g
3
S -500
2 1000
s
B-150.0
=]
~200.0
-250.0
¢ ¥ & QK &P
FFFFLSFTLSS S
NN N SN S I
Data
WTE Turkey Creek_Lynchburg 2011-2019
500

TDP Turkey Creek 2011-2019
0.14

012

01
%
2008
% 006

o

0.02

0 - b
3/28/2009  2/26/2011 1/26/2013 12/27/2014 11/26/2016 10/27/2018 9/26/2020
Data

DOC Turkey Creek 2011-2019

3
30 ’
. e L)
2% — %
5 . % .
¥20 o ) .
K, . 3 ..
815 : ' % ’ o —2
8 O Wi 1 ]!'
10 . .3
. . L
5
0
12212010 9/142011 5/6/2013 12/27/2014 8/18/2016 4/10/2018 12/1/2019 7/23/2021
Data
Dissolved oxygen Turkey Creek 2011-2018
14
12
10
Z 8
£
g 6
4
2
o oo eocs amm o .
1/22/2010  9/14/2011 5/6/2013  12/27/2014 8/18/2016  4/10/2018  12/1/2019

Data

Precipitation Turkey Creek 2011-2019

300.00

250.00

Precipitation, mm

g 2 E
g & 8

50.00

8L

NH4_N m,

Temp C

Dept of WTE cm

Dept of W

N P I A )
N N N N N N ) N
\ \ (v \ \ \ \ \z
NN N R R

8
&
SN

Data
WTE Turkey Creek_Lenoir 2011-2019
50.0

0.0

&
z
=

-100.0

L
g
=

-200.0

~250.0

112011 112012 112013 112014

Data

WTE Turkey Creek_Wahee 2011-2019

| (e

=250

g

'
2

b
8

)
&

&
& & &
\i¢ »

g & P & & @
AN\ S & @W“ & 0\"\9 &
NGNS NG\

Data

NH4_N Turkey Creek 2011-2019

=

04 .

.
LI} .
02 0
.iﬁ; .Ivi! ﬁ ¢
0 - o& [
1/22/2010 9/1412011 5/6/2013 12/27/2014 8/18/2016 4/10/2018 12/1/2019 7/23/2021
Data

Temp Turkey Creek 2011-2018

0 ®e eir amn momsamme o an
12212010 9/14/2011  5/6/2013  12/27/2014 8/18/2016  4/10/2018
Data

1212019

PET WS80 2011-2019

PET mm

0 B
Y2011 132012 132013 132014 132015 13206 132017 /12018 /12019
Data

WTE Turkey Creek_Goldsboro 2011-2019

-250.0

-300.0

1/1/2011 1/1/2012 1/1/2013 1/1/2014

Data

TDN Turkey Creek 2011-2019

05

AN .
i 118 [T
A iy .h
:
1/26/2013 12/27/2014 11/26/2016 10/27/2018  9/26/2020
Data

0

3/28/2009  2/26/2011

NO3_N Turkey Creek 2011-2019

1222010 9/14/2011 5/6/2013 12/27/2014 8/18/2016 4/10/2018 12/1/2019 7/23/2021
Data

Conductivity Turkey Creek 2011-2018
02
018 .
0.16
7 0u ¢

- 2
=S~}

0.08

Conductivity m

=
8

0.04
0.02
0
3/28/2009  2/26/2011

1/26/2013  12/27/2014 11/26/2016 10/27/2018  9/26/2020
Data

Figure A3. Daily values of hydrologic and water chemistry indicators in WS78 (Turkey Creek) during
the 2011-2019 period.
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