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Abstract: Dynamic changes in total organic carbon (TOC) concentration in lakes and reservoirs
affect the functions of aquatic ecosystems and are a key component of water quality management,
especially in drinking water sources. The Danjiangkou Reservoir is the water source area of the
Middle Route Project of the South-to-North Water Diversion in China. Its water quality is of critical
importance to the safety of water diversion. TOC concentration and other environmental factors
at 19 sampling sites in the Danjiangkou Reservoir were investigated quarterly during 2020-2021
to explore the differences at the spatio-temporal scales. A generalized additive model (GAM) was
used to analyze the environmental factors correlated with the observed spatio-temporal variations
of TOC concentration. The results showed that the comprehensive trophic level index (TLI) of the
Danjiangkou Reservoir was under the state of intermediate nutrition, and the water quality was
overall good. In terms of temporal patterns, TOC concentration was higher in both spring and
summer and lower in other seasons. Spatially, TOC concentrations were found in descending order
from the site of outlet, Han reservoir, entrance of reservoir, and Dan reservoir. The single-factor GAM
model showed that TOC correlated with different environmental factors across spatio-temporal scales.
Water temperature (WT), permanganate index (CODyy,), and ammonia nitrogen (NHy*-N) were
significantly correlated with TOC in autumn, but only total nitrogen (TN) and transparency (SD) were
significant in winter. Spatially, WT, chemical oxygen demand (COD), NH4*-N, TN, and conductivity
(Cond) correlated with TOC in the Dan reservoir, but WT, COD, NH*-N, total phosphorus (TP), and
chlorophyll a (Chl.a) were significant in the Han reservoir. The multi-factor GAM model indicated
that the environmental factors correlated with TOC concentration were mainly WT, TN, Cond,
CODppy,, and TP, among which WT and Cond showed a significant linear relationship with TOC
concentration (edf = 1, p < 0.05), while TN, CODyyy,, and TP had a significant nonlinear relationship
with TOC concentration (edf > 1, p < 0.05). Comprehensive trophic level index (TLI) and TOC
concentration revealed a highly significant correlation (RZ2=0.414, p <0.001). Therefore, the GAM
model could well explain the environmental factors associated with the spatio-temporal dynamics
of TOC concentration, providing a reference for the evaluation of water quality and research on the
carbon cycle in similar inland reservoirs.
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1. Introduction

The South-to-North Water Diversion Project is the world’s largest inter-basin water
diversion project [1]. It is a major component of the strategic infrastructure for optimizing
water resources and protecting and improving livelihoods in China. As the water source
area of the South-to-North Water Diversion Project, the Danjiangkou Reservoir provides
water supply to more than 40 cities and 140 million people in the water receiving area.
Therefore, the protection of water quality and aquatic ecosystem health in the Danjiangkou
Reservoir is extremely important, which is an important part of the ecological management
of major rivers in China [2]. Previous studies on the Danjiangkou Reservoir mainly focused
on the evaluation of water quality, the structural characteristics of phytoplankton and
zooplankton communities [3-8], but rarely on organic carbon.

Total organic carbon (TOC) is an important indicator of the degree of organic carbon-
containing pollution in aquatic bodies. TOC refers to the carbon content of organic matter
dissolved or suspended in water (expressed as mass concentration), including dissolved
organic carbon (DOC) and particulate organic carbon (POC) [9]. TOC mainly comes from
photosynthesis of phytoplankton, death of plankton and degradation of excreta, large
inputs of terrestrial organic matter, and natural dissolution of lake sediments, which
interact with the ecological environment and constrain each other [10]. Compared with
other indicators of water quality, TOC analysis has the advantages of high speed, high
accuracy, and less hazardous waste, and it is not affected by potential substances in the
detection process [11]. Organic carbon in water is the largest reservoir of active organic
carbon in the biosphere [12], playing an important role in the carbon cycle of lakes and
reservoirs [13], which has generated increasing attention on TOC. Using three-dimensional
kriging analysis on sediment TOC and field measurements in Cedar and Ortega Rivers,
Florida, USA, it was found that the southern part of the Ortega River received more TOC,
while almost all of the hydrocarbons entered into the Cedar River [14]. Analyzing the
distribution of TOC and the influencing aspects in the Daya Bay, Pearl River, China, it was
shown that TOC was mainly impacted by seasonal input of river runoff, phytoplankton,
and petroleum [15]. By contrasting the effects of hydrologic characteristics on the sources
and spatio-temporal characteristics of organic carbon in Paldang Lake and Chungju Lake
in Korea, meteorologic and hydrologic controls strongly influenced the source and spatio-
temporal dynamics of lacustrine organic carbon [16].

Previous research on TOC in water bodies has mainly focused on oceans, shallow lakes,
and rivers, but least on inland deep-water and river-type reservoirs. The Danjiangkou
Reservoir is a subtropical deep-water reservoir. As the largest source of drinking water for
a population of 140 million people, the safety of its water quality is particularly important.
This study was conducted through a seasonal survey of TOC concentration at 19 sampling
sites in the Danjiangkou Reservoir to investigate the spatio-temporal distribution of TOC
and the driving factors behind this distribution. Considering the complexity of the relation-
ship between TOC concentration and environmental factors, GAM models were used to
analyze these correlations. The broader goal of this project was to provide further insight
into the carbon cycle in freshwater reservoirs and basic guidelines for establishing water
quality evaluation systems for similar reservoirs.

2. Materials and Methods
2.1. Study Area

The Danjiangkou Reservoir is in the city of Danjiangkou in Hubei Province and
Xichuan County in Henan Province. It provides water supply, flood control, and power
generation services [17]. The reservoir area is in a subtropical monsoon climate, with four
distinct seasons and abundant rainfall. Composed of Han and Dan reservoirs [18], the
Danjiangkou Reservoir is the largest artificial freshwater lake in Asia with a basin area of
9.5 x 10* km, a normal storage level of 157 m, a total reservoir capacity of 174.5 x 108 m?,
and a reservoir area of 1050 km?.
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According to the geographical characteristics of the Danjiangkou Reservoir and the
degree of human activities, 19 typical sampling sites were set up in the Danjiangkou
Reservoir (Figure 1). There were 13 sampling sites in Dan Reservoir: Zhangying (ZY),
Dashigiao (DSQ), Caowan (CW), Guojiashan (GJS), Baxiandong (BXD), Taibaitan (TBT),
Heijizui (HJZ), Lijiagou (L]JG), Shigiao (SQ), Songgang (SG), Kuxin (KX), QS, and Taizishan
(TZS). The ZY and DSQ sites are located near the entrance of Dan Reservoir at the Guan
and Danjiang Rivers, respectively, and QS is near the intake of the head of the Middle
Route of the South-to-North Water Diversion Project. There were five sampling sites in Han
Reservoir: the dam (BS), below the Longhekou (LHK), Tianjialing (TJL), Magou Village
(MGC), and Gongjia Village (GJC). The LHK and MGC sites are located at the entrance of
Han Reservoir. There was one sampling site located 100 m downstream of the Danjiangkou
Dam: below the dam (BX).
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Figure 1. Distribution map of sampling sites in the Danjiangkou Reservoir.

2.2. Sample Collection and Determination

Samples of TOC and environmental factors were collected in May (spring), July
(summer), October (autumn) 2020, and January (winter) 2021. A columnar water sampler
was used to collect 2 L samples at 0~50 cm surface water, which were stored at low
temperature, protected from light, and brought back to the laboratory for analysis.

TOC was determined using a total organic carbon analyzer (Jena multi N/C3100,
Germany), with reference to the environmental protection standard “Water quality—
Determination of total organic carbon—Combustion oxidation nondispersive infrared
absorption method” (HJ501-2009) [19].

Water quality parameters such as water temperature (WT), pH, electrical conductivity
(Cond), and dissolved oxygen (DO) were measured on-site using a YSI handheld multi-
parameter instrument (Model YSI 6920, YSI Incorporated, Yellow Springs, OH, USA).
Transparency (SD) was determined with a Secchi disk. Total phosphorus (TP), total nitrogen
(TN), ammonium nitrogen (NH4*-N), nitrate nitrogen (NO3 ~-N), chemical oxygen demand
(COD), permanganate index (CODyyy,), and chlorophyll a (Chl.a) were determined in the
laboratory with reference to the “water and wastewater monitoring analytical methods”
(fourth edition) [20].
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2.3. Data Processing and Analysis
2.3.1. Data Processing

Statistics and analysis of the basic data were performed with Microsoft Excel 2019. The
spatio-temporal distribution of TOC was visually presented with ArcGis 10.2. Principal
component analysis (PCA), changes in monitored values of 12 environmental variables
over space and time were evaluated by analysis of variance (ANOVA), and the GAM model
was composed on the R 3.6.2 software “vegan” [21], “ggplot2,” and “mgcv” [22] packages.

2.3.2. Comprehensive Nutrient Status Evaluation of Water Quality

The comprehensive trophic level index (TLI) was adopted to evaluate the trophic
status of the Danjiangkou Reservoir [23,24]. The index is based on Chl.a, TP, TN, SD, and
CODyp, as the evaluation indicators. The calculation formula is:

TLI() ) = f Wj - TLI(j) ¢y

j=1

where TLI(X) is the comprehensive trophic state index W; is the weight corresponding to
the parameter j, TLI(j) represents the trophic state index of the parameter j, and m is the
number of evaluation parameters. A series of numbers from 0 to 100 was used to classify
the trophic status of the lakes, as shown in Table 1.

Table 1. Classification of nutritional status of lakes (reservoirs).

TLI(X) Trophic State
TLI(X) < 30 Oligotrophic
30 < TLI(X) <50 Mesotrophic
50 < TLI(Z) < 60 Lightly eutrophic
60 < TLI(Z) <70 Moderately eutrophic
TLI(Z) > 70 Severely eutrophic

2.3.3. Generalized Additive Model (GAM)

The GAM model is an extension of the generalized linear model, which provides
insight into the relationship between response variables and explanatory variables and
determines the importance of each explanatory variable by building a non-parametric
model [25]. It has been applied to various research areas such as agriculture and ecology,
especially for the analysis of monitoring data [26]. The GAM model used a connection
function to establish the relationship between the response variable (TOC concentration)
and explanatory variables (environmental factors). The general formula is:

s(u) = ao + Z:;l fi(xi) + ¢ (2)

where s (i) is the link function, 4y is the constant intercept term, f; (x;) is i variable interpreted
by the non-parametric smoothing function, k is the total number of explanatory variables,
and ¢; is a random variable that obeys normal distribution.

After the basic model was constructed, the model variables were selected according to
the Akaike information criterion (AIC), and the best explanatory variables were screened
out [27]. The smaller the AIC, the better the model fit. The estimated degrees of freedom
(d.f.) were used to determine whether the dependent variable was linearly related to the
respective variable (d.f. = 1, represents a linear relationship between the environmental
factor and TOC concentration, and the larger d.f. value, the more obvious nonlinear
relationship). The p-value was used to determine the significance level of statistical results.
The variance explanation rate (deviance explained) was the model’s interpretation rate of
the overall change of the dependent variable.
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3. Results
3.1. Spatio-Temporal Characteristics of TOC Concentration

The spatio-temporal characteristics of TOC concentration in surface waters of the
Danjiangkou Reservoir from May 2020 to January 2021 are shown in Figure 2. TOC
concentration ranged between 0.29 and 7.10 mg/L (mean = 3.77 mg/L). The minimum
value occurred at site QS in January 2021, while the maximum value was at site MGC in
July 2020. TOC concentration was higher in spring and summer and lower in autumn and
winter. In spring, TOC concentration was between 2.46 and 6.36 mg/L. The highest value
appeared at ZY and the lowest value at HJZ (Figure 2a). In summer, TOC concentration
was higher at CW, ZY wharf, and inflow tributaries of Han reservoir. The highest value
(7.10 mg/L) appeared at MGC site, and the lowest value (2.19 mg/L) appeared at LHK site
(Figure 2b). In autumn, TOC concentrations ranged from 2.36 to 5.99 mg/L. Except for the
highest value at BS (5.99 mg/L), the overall difference was slight (Figure 2¢). In winter,
TOC concentration ranged from 0.29 to 4.10 mg/L and showed low values in the main body
of Dan reservoir, with the lowest value (0.29 mg/L) at QS (Figure 2d). Taken as a whole,
TOC concentrations from largest to smallest were the Danjiangkou reservoir outlet, Han
reservoir, the entrance of Danjiangkou reservoir, and Dan reservoir. TOC concentration
was higher in upstream tributaries except in autumn. At Han Reservoir, TOC concentration
was higher at Danjiangkou dam except in summer.
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Figure 2. Spatio-temporal distribution of TOC concentration in the Danjiangkou Reservoir: (a) spring,
(b) summer, (¢) autumn, and (d) winter.

3.2. Spatio-Temporal Analysis of Environmental Factors

Some environmental factors were found to be strongly correlated with TOC concen-
tration [28]. The PCA ranking analysis of environmental factors (Figure 3) showed that
the explanatory axis 1 was 99.21%, and the explanatory axis 2 was 0.53%. The difference
between spring and summer was not significant, but autumn and winter were clearly
segregated in PC1 vs. PC2 space. Different reservoir zones (Dan and Han Reservoirs, and
the entrance) of environmental factors all had aggregation phenomenon, and the entrance
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of reservoir was different from Dan reservoir and Han reservoir, and the phenomenon of
aggregation in Dan and Han reservoirs was obvious except in summer.

Season L 3 A
Spring
® Winter

PC2(0.53%)

. 3

® Autumn | 5
i

Summer ! li
Reservoir area

® Dan Reservoir

A Han Reservoir -

o . |
B Entrance of reservoir

10 S
PC1(99.21%)
Figure 3. PCA of environmental factors of the Danjiangkou Reservoir in different seasons and
different reservoir areas.

Temporal trends of water quality parameters from May 2020 to January 2021 by
location in the Danjiangkou Reservoir are shown in Figure 4. The parameters WT, pH,
DO, Cond, SD, CODy,, COD, TN, TP, and NH,-N showed evident seasonal variations
(p < 0.05). WT tended to be higher in spring and summer and lower in autumn and
winter (Figure 4a). The pH range (7.96-9.07) was weakly alkaline as a whole, reaching the
maximum value in summer, with the greatest difference between summer and autumn
(p < 0.0001) (Figure 4b). The maximum DO was found at the SQ site in winter (14.62 mg/L),
and the minimum at DSQ in spring (5.69 mg/L), a significant (p < 0.0001) seasonal difference
(Figure 4c). The variation range of Cond was 84.57~613.00 uS/cm, with a significant
difference between spring and autumn (p < 0.0001) (Figure 4d). SD reached its maximum in
autumn, with a significant difference between autumn and winter (p < 0.0001) (Figure 4e).
CODyn was high in summer and autumn and low in spring and winter (Figure 4f). The
COD varied from 0.33 to 15.67 mg/L, high in spring and summer and low in autumn and
winter (Figure 4g). The mean TN concentration reached the maximum (1.97 mg/L) in
summer and the minimum (1.07 mg/L) in winter, with no significant difference in spring
and autumn (Figure 4h). The TP varied at 0.01~0.07 mg/L, reaching the maximum in
summer, with a significant difference between spring and summer (p < 0.0001)(Figure 4i).
There was seasonally no significant difference of NO3; ~-N and Chl.a (p > 0.05)(Figure 4kl).

The parameters pH, Cond, SD, TN, TP, NO3;™-N, and Chl.a had significant spatial
differences (p < 0.05). Significant differences in Cond, SD, TN, NO3;~-N, and Chl.a were
found between Dan and Han reservoirs and the entrance of the reservoir (p < 0.05). The
mean of SD was highest in the Dan Reservoir, lower in the Han Reservoir, and lowest at
the entrance of the reservoir. The average values of other environmental indicators were all
highest at the entrance of the reservoir. The reason might be that the entrance of the reservoir
was located in a residential area, which had strong anthropogenic interference, resulting
in low water clarity. The pH and TP at the entrance of the reservoir were significantly
different from Dan Reservoir (p < 0.05) but not significantly different from Han Reservoir.
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Figure 4. Seasonal variation of environmental factors in the Danjiangkou Reservoir: (a) WT, (b) pH,
(c) DO, (d) Cond, (e) SD, (f) CODpy, , (g) COD, (h) TN, (i) TP, (j) NH4*-N, (k) NO3; ™ -N, (1) Chl.a;
ns denotes p > 0.05; * indicates p < 0.05; ** denotes p < 0.01; *** denotes p < 0.001; **** denotes
p <0.0001.

The eutrophication of the Danjiangkou Reservoir was evaluated according to the lake
and reservoir nutrition evaluation standard (Figure 5). The overall water quality was
under the mesotrophic state, except that the Dan Reservoir was under the oligotrophic
state in winter. The TLI value was arranged in ascending order from Dan Reservoir to Han
Reservoir and the entrance of the reservoir. The TLI minimum value (25.52) was found in
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the Dan Reservoir in winter, and the maximum value (42.05) was present at the entrance of
the reservoir in summer.

50 @ —m—m———————— e ——

I Dan Reservoir I Han Reservoir W Entrance of Reservoir
====Oligotrophic == = Mesotrophic

Figure 5. Spatio-temporal characteristics of the integrated trophic state index in the Danjiangkou Reservoir.

3.3. GAM Model Analysis of TOC Concentration and Environmental Factors
3.3.1. Single-Factor GAM Model Analysis

Each of the 12 environmental factors (WT, pH, DO, Cond, SD, CODy,, COD, TN,
TP, NH4*-N, NO3 ™ -N, and Chl.a) was selected as the explanatory variable; in turn, TOC
concentration was used as the response variable, and a spline smoothing function was used
to construct a GAM model. The effect and significance of each explanatory variable on the
response variable and the fit of the model were analyzed with respect to the spatio-temporal
domain of the monitoring program.

Because the impact of environmental factors on TOC concentration was not significant
in spring and summer, the analysis was confined to autumn and winter (Tables 2 and 3). In
autumn, environmental factors (WT, pH, CODy,, and NH;-N) had significant non-linear
relationships with TOC concentration (d.f. > 1, p < 0.05), among which WT, CODyy,, and
NH4*-N explained a higher amount of the deviance (98.5%, 78.6%, and 95.2%, respectively)
and produced larger R? values (0.958, 0.765, and 0.896, respectively). In winter, TN and
TOC concentration had significant non-linear relationships with TOC (d.f. > 1, p < 0.05),
the deviance explained was higher (97.8%), and R? was larger (0.970). A significant linear
relationship between SD and TOC concentration (d.f. =1, p < 0.05) was also found in the
winter season.

Table 2. GAM model analysis of TOC concentration and environmental factors in the Danjiangkou
Reservoir in Autumn.

Environmental

Factor d.f. Ref.d.f. F p-Value Deviance Explained (%) R?
WT 11.530 11.930 35.560 0.000148 *** 98.50 0.958
pH 1.826 1.970 5.539 0.0235 * 39.80 0.330
DO 1.000 1.000 0.079 0.782 0.46 —0.054

Cond 1.000 1.000 0.634 0.437 3.59 —0.021
SD 1.580 1.824 0.635 0.537 10.70 0.021

CODpwm 1.608 1.847 34.780 491 x 1076 #** 78.60 0.765
COD 1.000 1.000 0.388 0.542 2.23 —0.035
TN 1.602 1.842 0.909 0.320 16.20 0.080
TP 1.457 1.705 0.300 0.673 7.56 —0.006
NH;*-N 9.616 10.500 14.940 0.000382 *** 95.20 0.896
NO3; ™ -N 1.000 1.000 0.062 0.806 0.37 —0.055
Chl.a 1.000 1.000 0.195 0.664 1.14 —0.047

Note: Variables with significant influences are indicated by: * p < 0.05 and *** p < 0.001 (same below).
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Table 3. GAM model analysis of TOC concentration and environmental factors in the Danjiangkou
Reservoir in Winter.

Environmental

F d.f. Ref.d.f. F p-Value Deviance Explained (%) R?
actor
WT 1.000 1.000 1.858 0.191 9.85 0.046
pH 1.000 1.000 0.715 0.410 4.04 —0.016
DO 3.625 4.331 1.211 0.351 32.60 0.156
Cond 1.000 1.000 1.996 0.176 10.50 0.052
SD 1.000 1.000 5.444 0.032* 24.30 0.198
CODp 2.690 3.171 1.379 0.277 26.50 0.136
COD 1.000 1.000 0.480 0.498 2.74 —0.030
TN 4.593 4.885 119.600 <2 x 10—16 *** 97.80 0.970
TP 1.000 1.000 3.470 0.080. 17.00 0.121
NH;*-N 1.029 1.057 2.318 0.151 12.50 0.072
NO3;~-N 1.000 1.000 3.103 0.096. 15.40 0.105
Chla 1.000 1.000 2.775 0.114 14.00 0.090

For the spatialNoNote: Variables with significant influences are indicated by: * p < 0.05 and *** p < 0.001.

Scale analysis, the Danjiangkou Reservoir was divided into Dan Reservoir and Han
Reservoir. The GAM model fitting results for the Dan Reservoir were obtained by AIC value
and model fitting degree (Table 4). WT, pH, Cond, COD, and TN had highly significant
non-linear relationships with TOC concentrations (d.f. > 1, p < 0.001), and DO, CODyyy,
NH,*-N had significant non-linear relationships with TOC concentration (d.f. > 1, p < 0.05).
Among the environmental factors, WT, TN, and Cond (60%, 62.9%, and 72.7%, respectively)
contributed more to the explanation of the variation of TOC concentration, followed by
COD and pH (44.2% and 48.4%, respectively). The smallest contribution to the explanation
of the variation in TOC concentration was by NO3;™-N (1.31%).

Table 4. GAM model analysis of TOC concentration and environmental factors in the Dan Reservoir.

Environmental

F d.f. Ref.d.f. F p-Value Deviance Explained (%) R?
actor
WT 2.808 2,972 23.340 <2 x 10—16 *** 60.00 0.577
pH 6.413 7.747 4914 0.000 *** 48.40 0.410
DO 5.453 6.305 3.037 0.016 * 31.80 0.236
Cond 8.528 8.915 12.030 <2 x 10—16 *** 72.70 0.672
SD 1.000 1.000 3.560 0.062 6.80 0.049
CODwn 6.290 7.209 2.592 0.025* 33.00 0.236
COD 1.950 2.342 15.840 2.63 x 100 ** 44.20 0.420
N 6.404 7.686 9.358 <2 x 10—16 *** 62.90 0.575
TP 8.680 10.200 2.016 0.053 37.30 0.245
NH4*-N 1.840 1.974 6.498 0.006 ** 20.30 0.173
NO;~-N 1.000 1.000 0.662 0.420 1.31 —0.007
Chla 1.000 1.000 3.467 0.069 6.48 0.046

Note: Variables with significant influences are indicated by: * p < 0.05, ** p < 0.01, and *** p < 0.001.

The fitting results of the Han Reservoir model include the AIC value and the model
fitting degree of the GAM model (Table 5). From the F-test, it was concluded that TP and
TOC concentration showed a highly significant non-linear correlation (d.f. > 1, p < 0.001)
and CODy, showed a significant non-linear relationship with TOC concentration (d.f. > 1,
p < 0.05), where WT, COD, NH;*-N, and Chl.a had significant linear relationships with
TOC concentration (d.f. =1, p < 0.05). The largest contribution to the explained variation of
TOC concentration was TP (91.7%) with a good model fit (R? = 0.824), followed by CODpy,
DO, and SD (57.6%, 35.8%, and 31.3%, respectively). Among the measured environmental
factors, the least contribution to the explanation of the variation in TOC concentration was
pH (5.44%).



Water 2022, 14, 891

10 0of 18

Table 5. GAM model analysis of TOC concentration and environmental factors in Han Reservoir.

Envg‘:cllr;ental d.f. Ref.d.f. F p-Value Deviance Explained (%) R?
WT 1.000 1.000 5.355 0.030 * 19.60 0.159
pH 1.231 1.409 0.828 0.526 5.44 0.001
DO 5954  7.282 0.818 0.586 35.80 0.134

Cond 1.874 2.314 1.922 0.168 20.80 0.138
SD 5.184 6.259 0.895 0.524 31.30 0.113
CODwn 6.161 7.124 2.730 0.042 * 57.60 0.421
COD 1.000 1.000 5.412 0.030 * 19.70 0.161
TN 1.430 1.706 3.498 0.093 20.40 0.152
TP 12.18 12.82 8.834 0.001 *** 91.70 0.824
NH4*-N 1.000 1.000 6.793 0.016 * 23.60 0.201
NO;™-N 2.145 2.512 2.225 0.093 27.00 0.195
Chl.a 1.000 1.000 5.114 0.034 * 18.90 0.152

Note: Variables with significant influences are indicated by: * p < 0.05 and *** p < 0.001.

3.3.2. Multi-Factor GAM Model Analysis of TOC Concentration and Environmental Factors

The selected explanatory variables were tested for co-linearity before multi-factor
correlation analysis to eliminate model estimation distortion. If the Pearson correlation co-
efficient between the explanatory variables was greater than 0.8, one of any two explanatory
variables could be removed during model construction [29,30]. After analysis of person
correlation coefficient, TN and NO3 ~-N were found to be potentially co-linear (correlation
coefficient is 0.81); thus, TN was selected because it was more highly correlated with TOC,
and NO3;™-N was removed from the model. The significance test yielded significant corre-
lations (p < 0.05) between TOC concentration and WT, DO, Cond, CODy,, COD, TN, TP,
NH,4"-N, and Chl.a concentrations, and no significant correlations (p > 0.05) with pH, SD,
and NO3z; ~-N (Figure 6).

The principle of the selection of explanatory variables in the GAM model was to
select explanatory variables that were strongly correlated with the response variable. After
single-factor GAM model analysis and elimination of co-linearity, nine environmental
factors (WT, Cond, COD, TN, NH;*-N, CODpp, DO, TP, and Chl.a) were taken as necessary
explanatory variables, and TOC concentration was used as the response variable. The GAM
model was constructed by smoothing function to analyze the correlation between TOC
concentration and multiple influencing factors. When the essential explanatory variables
were incorporated into the GAM model in turn, it was found that the AIC values of the
model continued to become smaller, indicating that the fit of the model was also gradually
improved (R? = 0.732), and the contribution to the explanation of TOC concentration
changes was 79.5% (Table 6). Therefore, the nine environmental factors were eventually
retained as explanatory variables, among which WT and Cond had significant linear
relationships with TOC (d.f. =1, p < 0.05), while TN, CODyy,, and TP had significant
nonlinear relationship (d.f. > 1, p < 0.05). The order of F-values fitted to the model, from
large to small, was WT, TN, Cond, CODpyy,, and TP.

Table 6. GAM model analysis of TOC concentration and environmental factors in the Danjiangkou Reservoir.

Environmental af.

Factor Ref.d.f. F p-Value
WT 1 1 11.468 0.00129 **
Cond 1 1 9.446 0.00324 **
COD 1.021 1.041 1.602 0.20214
N 3.693 4.35 9.997 2.98 x 10—6 ***
NH;*-N 1 1 0.033 0.85677
CODwin 5.559 5911 3.558 0.00330 **
DO 1 1 3.943 0.05187
P 2.394 2.975 297 0.04632 *
Chl.a 1 1 0.07 0.79199

Note: Variables with significant influences are indicated by: * p < 0.05, ** p < 0.01, and *** p < 0.001.
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Figure 6. Correlation analysis of TOC concentration and environmental factors in the Danjiangkou Reservoir.

After the development of the multi-factor GAM model, we obtained the effect plots of
WT, Cond, TN, CODpp, and TP on TOC concentration. WT and Cond had positive linear
correlations with TOC concentration, where TOC increased with increasing values of the
explanatory variables. The variation area of WT values and Cond values was mainly among
5~12 °C and 20~30 °C (Figure 7a), and less than 400 pg/L (Figure 7b), respectively. When
TN values were lower than 3 mg/L, there was a tendency to increase and then decrease.
However, above 3 mg/L, it had a positive correlation with TOC concentration (Figure 7c).
When the CODyy, value was 1-3.5 mg/L, TOC concentration did not change significantly.
After that, TOC concentration showed a trend of first decreasing and then increasing
(Figure 7d). TOC concentration became larger as the TP value increased (Figure 7e).
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Figure 7. Effect of major environmental factors on the change of TOC concentration in the Dan-
jlangkou Reservoir: (a) WT, (b) Cond, (c) TN, (d) CODypy,, (e) TP. The solid line in the figure indicates
the smoothed fit of the explanatory variables to TOC concentration, the shaded area indicates the
point-by-point standard deviation of the fitted additivity function (that is, the upper and lower limits
of the confidence interval), the horizontal coordinates indicate the observed values of the explanatory
variables, and the vertical coordinates indicate the smoothed fit of the explanatory variables to
TOC concentration.
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4. Discussion
4.1. Spatio-Temporal Distribution of TOC Concentration

As a measure of the total organic matter contained in a water sample, TOC can be
a comprehensive indicator of the degree of organic contamination of water bodies. The
United Nations Economic Commission for Europe countries use TOC as an indicator
parameter during the evaluation of drinking water [31], and TOC was also introduced into
the “Standards for drinking water quality” (GB/T5749-2006) with the limit value of 5 mg/L
in China. In this study, TOC concentration in the Danjiangkou Reservoir was monitored,
and the range of variation was 0.29-7.10 mg/L, with a mean value of 3.77 mg/L. Although
TOC content was high in some areas, the total TOC concentration was lower than the limit
value and met the demand of the drinking water.

In terms of seasonal variation, the average TOC concentration in the Danjiangkou
Reservoir was sorted in descending order of spring, summer, autumn, and winter. It had
the characteristics of higher in the warm season and lower in the cold season. The result of
our research was consistent with those obtained in different seasons of Daya Bay seawater.
It was also pointed out that the TOC value of source water greatly fluctuates with the
seasonal changes [32]. TOC concentrations were the highest in spring, potentially reflecting
the fact that the average phytoplankton biomass in the Danjiangkou Reservoir is highest
in spring and lowest in winter [4]. With sufficient light in spring and WT increasing, the
growth of phytoplankton and biological activity accelerates, including the decomposition
of suspended organic matter, increasing soluble carbon and TOC concentrations. TOC
concentration in summer was lower than that in spring, which might be due to the influ-
ence of continuous rainfall in the upper reaches of the Hanjiang River beginning in the
middle of July, causing more water inflow into the Danjiangkou Reservoir and the dilution
of TOC. High rates of nutrients consumed by phytoplankton compared to in summer
limits the growth of phytoplankton in autumn, which in turn decreases the production
of DOC, resulting in the decrease in TOC concentration [33]. In winter, the decrease in
water temperature and light decreases biological activity, and TOC concentrations reach
the lowest value. TOC concentration in winter was also the lowest in 13 small forest
lakes in Finland [34]. Furthermore, this study was limited to the surface waters of the
Danjiangkou Reservoir, where concentrations of TOC were also likely impacted by changes
in stratification and mixing of the reservoir water column between seasons, which should
be investigated further.

From the spatial distribution characteristics, the average TOC concentration of the
Danjiangkou Reservoir was sorted in descending order from the outlet, Han reservoir,
the entrance of the reservoir, and Dan Reservoir. The shoreline of Han reservoir is long
and narrow with many tributaries, the surrounding area is mountainous and hilly, and
the aquatic system is developed with rising water levels, so the drainage area delivering
exogenous nutrients through surface runoff is vast, causing the phytoplankton biomass to
be larger than that of Dan Reservoir [4]. The integrated trophic state index of the aquatic
body in the Han Reservoir was significantly higher than that in the Dan Reservoir [2].
As a result, the TOC concentration in the Han reservoir was higher than that in the Dan
Reservoir. In addition, the TOC concentration at the entrance of Dan Reservoir was higher
than that at the entrance of Han Reservoir, probably because the entrance area of Dan
Reservoir is a traditional agricultural area with less surface vegetation, which is susceptible
to the influence of seasonal runoff on the surface scouring. The Danjiangkou Reservoir
is significantly influenced by upstream water and human activities in the surrounding
area [2]. The BX site located at the entrance is a water conservancy scenic area with the
Danjiangkou Water conservancy hub as the core, which was strongly disturbed by human
activities and had the maximum TOC concentration. In the study of the spatio-temporal
distribution of TOC in East Lake, it was also found that TOC content would increase during
the peak tourism season [9], which may be a future issue of concern as recreation use of the
Danjiangkou Reservoir increases.
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The spatio-temporal distribution characteristics of TOC concentration in the Dan-
jlangkou Reservoir were mainly influenced by light, rainfall, surface runoff, biological
activities, and agricultural and human activities. The average TOC concentration for each
site concentration met the requirements of the drinking water. However, some sites were
found to have persistently high TOC concentrations. In particular, the ZY site was affected
by serious soil erosion, dense adjacent population with a large production of domestic
pollution, and the MV site was at the mouth of the Shending River [35]. It was suggested
that the watershed erosion control should be strengthened, the area of vegetation increased,
the ecological effect of the riparian zone maintained, and the pollution of the agricultural
surface source controlled [36] in order to reduce the impact of human activities on reservoir
water quality, especially TOC, and ensure the safety of water supply.

4.2. Driving Factors Affecting TOC Concentration

TOC is an important indicator of water quality, and the concentration and distribution
of TOC in lakes and reservoirs are correlated with several factors [16,37-39]. The results
of single-factor and multi-factor GAM model analysis showed that the main physical
environmental factors affecting TOC concentration in the Danjiangkou Reservoir were WT,
pH, Cond, and SD, and the main dissolved constituents were CODyy,, COD, TN, TP, and
NH,*-N, as well as indicators that could respond to the primary productivity of water
bodies (Chl.a).

WT was the main influencing factor of TOC in autumn. In the analysis of the annual
multi-factor GAM model, there was a significant linear relationship between WT and TOC
concentration, and TOC concentration increased with the increase in WT value. This was
consistent with the findings of East Lake [9] and Erhai Lake [10]. The study on the Shuibuya
reservoir also showed a direct relationship between DOC and WT [40]. Higher WT allows
the decomposition of organic matter and increases enzymatic activity in organisms, leading
to the proliferation of algae and microorganisms and increased secretion of DOC, resulting
in an increase in TOC concentration. pH had a certain effect on TOC concentration in
autumn. Previously, it was found that pH was the main factor influencing phytoplankton
biomass in the Danjiangkou Reservoir, and phytoplankton was the main source of TOC
production [4], so pH indirectly influences TOC concentration. The change of Cond could
reflect the eutrophication degree in the reservoir. The electrical conductivity is mainly
reflected by the type and concentration of ions dissolved in the water body and the water
temperature [41]. In this study, conductivity was the water quality parameter most highly
correlated with TOC in Dan Reservoir. The multi-factor GAM model showed that TOC
concentration also increased with the increase in electrical conductivity. Contrary to the
results of East Lake [9], the reason is that Danjiangkou Reservoir and East Lake were affected
by different environmental factors. The possible reason for the positive correlation between
electrical conductivity and TOC concentration in this study was that conductivity was
the driving force affecting the distribution of phytoplankton community in Danjiangkou
and was previously found to be the main environmental factor influencing phytoplankton
composition in Dan reservoir in winter, spring, and summer [42]. Factors such as increased
consumption of phytoplankton growth and increased metabolites caused to increase TOC
concentration. SD only had some effects on TOC concentration in winter. The low WT in
winter decreased phytoplankton photosynthesis and bioactivity, which in turn affected the
variation of TOC concentration [43].

The multivariate GAM model analysis in this study showed that CODy, was the
environmental factor most highly correlated with TOC concentration in Danjiangkou
surface waters. This is unsurprising because CODjy, is a commonly used indicator to
reflect the status of organic pollution, and many studies have shown a good correlation
between CODy, and TOC concentration [44-47]. This is consistent with the results of TOC
and CODyy,, in the surface water of the Dandong section of the Yalu River [48]. COD was
the main influencing factor of TOC concentration in Dan reservoir. The increase in COD is
a result of eutrophication in the aquatic body.
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Nitrogen and phosphorus nutrients promote the growth of phytoplankton, and the
photosynthesis of organic carbon by plants influenced the changes of eutrophication and
TOC concentration [49]. The analysis of the multi-factor GAM model in this study showed
that both TN and TP were significantly and positively correlated with TOC, while TN was
the main influencing factor of TOC in Dan Reservoir and TP was the main influencing
factor of TOC in Han Reservoir in the single-factor GAM model. Previously, TN and TP
have been identified as the main factors affecting the cell density of phytoplankton in
the Danjiangkou Reservoir [50], while the Han Reservoir was found to be more affected
by phosphorus pollution [42]. The analysis of the single-factor GAM model showed that
NH,*-N had a significant effect on TOC concentration in both Dan and Han reservoirs.
There was a significantly positive correlation between TOC and NH;"-N in Erhai Lake [10].
NH,*-N had a direct effect on water quality [1].

Chl.a was an important indicator of the primary productivity of aquatic bodies and
a major indicator of the eutrophication degree of aquatic bodies. With the increase in
Chl.a, the photosynthesis of phytoplankton was enhanced, and the secretion produced by
phytoplankton was also increased, which could lead to the increase in TOC concentration.
The analysis of the single-factor GAM model showed that Chl.a had a good correlation
with TOC concentration in Han reservoir, but there was no significant correlation in Dan
reservoir. The reason was that Chl.a concentration often showed the highest at the dam
water, and the general trend was increasing from northeast to southwest, with Han reservoir
being larger than that in Dan reservoir [51]. The phytoplankton biomass was greater in the
Han reservoir than that in the Dan reservoir [4].

4.3. Evaluation of Water Quality in Large Drinking Water Reservoirs and the Relationship
with TOC Concentration

The TLI(X) based on five indicators (Chl.a, TP, TN, SD, and CODy,) with Chl.a as the
core has been widely used during the eutrophication assessment of lakes and reservoirs [52].
The water quality of the Danjiangkou Reservoir was under the mesotrophic state, which
was consistent with the evaluation results of the water quality in Danjiangkou Reservoir by
Guo [51], Wan [53], and Zhang [54]. The TLI value from small to large was Dan Reservoir,
Han Reservoir, and the entrance of reservoir. The comprehensive nutrient state of the
Danjiangkou Reservoir was higher in the Han reservoir than in the Dan reservoir, and the
tail area was higher than the head area [2]. The minimum TLI value occurs in the Dan
reservoir area in winter. This might be due to the fact that the overall development of
the Danjiangkou Reservoir catchment area was low and less influenced by industry. In
addition, the short duration of light and low biological activity in winter resulted in lower
Chl.a concentration, leading to the decrease in its nutritional status.

The maximum value of TLI was found in the inlet area in summer, maybe because
of many traditional agricultural areas in the reservoir area, greatly affected by the surface
runoff. On the other hand, it had a large rainfall in summer and increased organic pollutants
entering the reservoir area with water flow [55], leading to a higher nutritional status.
Linear regression analysis between TLI and TOC concentration revealed (Figure 8) a
highly significant correlation (R? = 0.414, p < 0.001), indicating that TOC could be used
as a key factor for water quality evaluation in the Danjiangkou Reservoir. With different
hydrological characteristics in Korea, a strong correlation between TOC concentrations
and environmental factors was also found, which could be regarded as a key factor in the
management of water quality [16].
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Strong spatio-temporal patterns of TOC concentration were found in the surface
waters of the Danjiangkou Reservoir. Concentrations tended to decrease from spring
to summer, autumn, and winter. The highest concentrations of TOC were found in
Han reservoir, then the entrance of the reservoir and Dan Reservoir.

Through the analysis of the single factor GAM model, the driving factors of TOC
concentration varied with time and location. The main environmental factors affecting
TOC concentration were temporally WT, CODyy,, and NHs*-N in autumn, but TN
and SD in winter. In the Dan Reservoir, the main environmental factors affecting TOC
concentration were WT, COD, NH;"-N, TN, and Cond, while WT, COD, NH,*-N, TP,
and Chl.a explained the most variability of TOC in the Han reservoir.

By the multi-factor GAM model, the environmental factors affecting TOC concen-
tration were mainly WT, Cond, TN, CODyy,, and TP, among which WT showed a
significant linear relationship with both Cond value and TN, CODyy,, and TP had a
significant nonlinear relationship.

The water quality of the Danjiangkou Reservoir was under the mesotrophic state, and
the average value of TOC concentration met the demand for drinking water. TOC
parameter could be regarded as a key factor in the management of water quality.
This study was limited to the evaluation of surface waters of the Danjiangkou Reser-
voir. Future studies should investigate differences in water quality parameters
throughout the water column.
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