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Abstract: The construction of large dams in the upper tributary basin of the Chao Phraya River (CPR)
has been linked to a significant decrease in sediment load in the CPR system, estimated between
75-85%. This study, utilizing historical and recent river flow and sediment data from 1922 to 2019,
examines the impact of three major dams constructed in the Nan River basin (the Sirikit, Naresuan,
and Khwae Noi dams) on river runoff and sediment loads in the CPR. The investigation employed the
Mann-Kendall (MK) test and the double mass curve (DMC) for analysis. Findings indicate that the
Nan River is a major contributor to the CPR, accounting for around 40% of the runoff and 57% of the
total sediment load (TSL). The Naresuan diversion dam’s water regulation was found to significantly
reduce annual runoff and TSL downstream of the dam. Despite an initial increase in sediment load at
the CPR headwater (C.2) post the construction of the Sirikit dam, attributed to expanded irrigation
downstream and channel improvements in the lower Nan River, the operation of the three dams
eventually led to a 31% reduction in sediment load at C.2 compared to pre-construction levels.

Keywords: runoff; environmental impact of dams; river surveying; hydrological regime; environmental
change

1. Introduction

Rivers serve as crucial conduits connecting continents to oceans, transferring sub-
stantial quantities of terrestrial materials such as freshwater, sediments, nutrients, and
notably, carbon into the global ocean [1-4]. Alterations in streamflow and sediment load
have a profound impact on fluvial dynamics, delta development, and riverine as well
as coastal biogeochemical cycles [5,6]. It has been posited in prior research that shifts in
river discharge and sediment load, primarily driven by climatic variations and human
activities, can lead to significant socio-economic impacts [7,8]. Over recent decades, human-
induced changes, including deforestation, dam construction, water diversion, and sand
mining, have been implicated in the alteration of river runoffs and sediment fluxes [9-13],
consequently influencing sediment deposition in the oceans [5,6,14].

Dams, a prevalent feature in global water management systems, can lead to sediment
accumulation within their reservoirs, thereby modifying downstream river flow and sed-
iment transport [15-21]. Major rivers worldwide have experienced sediment reductions
ranging from 40-98% due to damming, with negligible changes in annual river runoff.
Examples include the Yangtze River [17,19,22], the Nile River [10,23], the Red River [15,21],
and the Mekong River [18]. The impact of dam construction on sediment load varies from
river to river, influenced by factors such as geological setting, hydrological conditions, dam
location, and water management practices [24-26]. Given that riverine sediments are key
in shaping coastal morphology and shoreline evolution, understanding the changes in
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runoff and sediment load due to damming is essential for sustainable river and coastal
management [14,27,28].

The Chao Phraya River (CPR) (Figure 1), central to the largest river basin in Thailand
and the fifth largest in Southeast Asia [14], has been a key fluvial conduit to the Gulf of
Thailand, shaping the Chao Phraya Delta (CPD) with a sedimentation rate of 1.5 km?/y
for the last two millennia [29]. Over the past sixty years, however, the CPD has undergone
significant coastal erosion, with an average shoreline retreat rate of over —7 m/y [14,30-32].
The Greater Chao Phraya Project commenced in 1952, marking Asia’s most ambitious water
development initiative at the time. This project included the construction of the Bhumibol
Dam on the Ping River (completed in 1964), the Sirikit Dam on the Nan River (completed
in 1972), and numerous other water management infrastructures across the Greater Chao
Phraya River basin [28]. An analysis of historical sediment data from hydrological station
C.2 (Figure la) indicates that the building of the Bhumibol and Sirikit Dams significantly
reduced the annual sediment supply to the CPR by 75-85%, contributing to the CPD’s
shoreline recession [31-36]. Namsai et al. [12] noted that the Bhumibol Dam’s construction
led to a 5% decrease in annual sediment yield and minimal impact on river discharge
from the Ping tributary (P.17) to the CPR. Similarly, the construction of the Kiew Lom,
Mae Chang, and Kiew Koh Ma dams in the Wang River basin did not markedly alter the
streamflow and sediment load from the Wang River (W.4A) to the CPR [25]. Furthermore,
sediment loads in the Yom River (Y.16) remained stable despite the construction of a major
barrage (the Mae Yom Barrage) on the river’s main course [37].
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Figure 1. Geographical illustration of Thailand’s extensive Chao Phraya River Basin: (a) the Nan
River watershed highlighting the positions of major dams within the Chao Phraya River network;
(b) sites of hydrological monitoring managed by the Royal Irrigation Department (RID) and the
observation sites in this study.
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The Nan River basin is one of the four major basins (the Ping, Wang, Yom, and Nan
River basins) forming the CPR. The basin experiences a dry season from November to
mid-March due to the northeast monsoon and a wet season from mid-May to mid-October
influenced by the southwest monsoon. It has an average annual rainfall of 1287 mm, with
90% during the wet season [38]. The basin contributes 38% to the CPR’s annual runoff,
totaling about 12,000 x 10® m3/y [38]. Over 920 water management projects in the basin
support irrigation, hydroelectric power, flood control, fisheries, and the prevention of
saltwater intrusion. Major projects include the Sirikit Dam, the Naresuan diversion dam,
and the Khwae Noi Dam. The Sirikit Dam, the second-largest in the CPR and third-largest in
Thailand with a capacity of 9510 x 10 m3, is located 460 km from the basin’s outlet and was
completed in 1972 for multiple purposes [39]. The Naresuan Dam, a diversion dam finished
in 1985 about 275 km from the basin’s outlet, aids in irrigation and water management [38].
Lastly, the Khwae Noi Dam, established in 2011 with a capacity of 939 x 10° m3, is situated
about 240 km from the basin’s outlet and aimed at flood mitigation and agricultural water
supply [40].

Previous research has found no significant long-term trends in annual runoff and sedi-
ment load from the Ping and Wang rivers to the CPR [12,25], whereas an increasing trend
in both runoff and sediment load was observed in the Yom River [37]. In contrast, a notable
decreasing trend in sediment load was detected at station C.2 in the CPR [12,25]. Given the
Nan River’s status as the CPR’s largest tributary, this reduction at C.2 might be attributed
to changes in the Nan River’s sediment flux, potentially linked to the construction of major
dams like the Sirikit Dam, the Naresuan diversion dam, and the Khwae Noi Dam. Yet,
detailed studies on sediment characteristics and variations in the Nan River are lacking.
Recognizing rivers as intricate, nonlinear, dynamic systems [41] and acknowledging the
pivotal importance of river sediment data in water management and environmental assess-
ment, this study was undertaken with three key objectives: Firstly, it seeks to explore the
sediment characteristics along the Nan River. Secondly, this study analyzes the temporal
and spatial variations in streamflow and sediment load within the Nan River. Lastly, it
aims to assess the impacts of three major dams—the Sirikit, Naresuan, and Khwae Noi
dams—on the runoff and sediment load of the Nan River as it finally drains into the CPD.
This research seeks to deepen our understanding of how damming and human activities
influence sediment transport in the Nan River and the broader CPR system.

2. Materials and Methods
2.1. Study Area

Spanning approximately 34,680 km?, the Nan River basin is the largest of the four
major basins (including the Ping, Wang, Yom, and Nan River basins) that constitute the
Chao Phraya River (CPR) system. It lies in northern Thailand, between latitudes 15°42’ and
18°37' N, and longitudes 99°51’ to 101°21" E [38], as depicted in Figure 1a. The Nan River,
originating from the Luang Phra Bang Mountain at the eastern edge of the Thai highlands,
flows south through the upper northern valleys and the lower north’s flatlands, eventu-
ally converging with the Ping River to form the CPR in Nakhon Sawan Province [42-44]
(Figure 1b). The river’s gradient, varying from 1:500 to 1:14,300, is illustrated in Figure 2,
with the main river stretching about 770 km [44—47]. The basin’s terrain is categorized into
three sections [38,45]: the upper basin, upstream of hydrological station N.134, is moun-
tainous with a river channel 100-200 m wide and 7-12 m deep, and a gradient between
1:500 and 1:3000. The middle basin, located between stations N.13A and N.5A, features
highlands with a river gradient from 1:1430 to 1:5000 and a width of 150-220 m, at depths
of 8-10 m. Lastly, the lower basin, downstream of station N.5A, includes floodplain areas
with gentler slopes of about 1:14,300 and river dimensions ranging from 100-150 m wide
and 10-17 m deep.
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Figure 2. Profile view of the Nan River detailing the positions of RID hydrological monitoring
stations (indicated by red triangles) and sites of field observations (marked with blue diamonds). The
zero mark on the x-axis represents the confluence of the Ping and Nan rivers.

2.2. Assessing of Fluvial Discharge and Sedimentary Load

In the study of the Nan River basin’s sediment dynamics, comprehensive hydrographic
surveys were carried out at seven strategic locations along the river, designated XN.1
through XN.7 in Figure 2, to gather essential data on river discharge and sediment load.
The surveys, executed during the contrasting periods of the wet and dry seasons of 2018,
targeted the upper (XN.1 and XN.2), middle (XN.3-XN.5), and lower (XN.6 and XN.7)
reaches of the river. These assessments recorded a range of variables including water
flow, area, velocity, depth, and suspended sediment concentration, as well as bedload and
bed material.

River discharge and flow area were precisely quantified using an Acoustic Doppler
Current Profiler (ADCP), specifically the Sontek River Surveyor M9 model (Sontek, San
Diego, CA, USA), which boasts an accuracy of £0.25 cm/s for velocity and 1% for depth.
Suspended sediment load (SSL) was evaluated using a depth-integrating sampler, with
the US D-49 model (Performance Results Plus Inc., Columbus, OH, USA) employed for
deeper sections and the US DH-48 (Performance Results Plus Inc., Columbus, OH, USA)
for shallower ones where manual crossing was possible. The river’s breadth was divided
into segments of equal width, ranging from five to eleven, to ensure comprehensive sample
collection. Water samples were gathered in a vertical direction from the bed to the surface
to capture a representative sediment concentration, which was then analyzed in a soil
laboratory as per procedures outlined in Edwards et al. [48].

For bedload (BL) measurement, the well-established Helley-Smith (U.S. BL-84) sampler
(Performance Results Plus Inc., Columbus, OH, USA) was utilized [49], adhering to a
specified sampling duration. The sediment samples were processed in a laboratory, dried,
and segregated via sieving to determine the granulometry as per standard soil particle-size
analysis protocols detailed in Namsai et al. [12]. Additionally, the riverbed material was
collected from three equidistant points across the river section using a Van Veen grab
to acquire surface samples up to 20 cm deep, which were then analyzed for grain size
distribution following the same method as the bedload samples. The compiled data on SSL
and BL at each section were computed by integrating the sediment concentration with the
flow metrics, adhering to methodologies reported in previous studies [12,50,51].

2.3. Identifying Changes and Patterns in Fluvial Discharge and Sediment Transports

To analyze fluctuations in river discharge and sediment load in the Nan River, a
historical dataset of daily river discharge and suspended sediment load from 1922 to
2019 was sourced from the Royal Irrigation Department (RID). The dataset encompassed
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daily flow and sediment information gathered at eight hydrological stations (N.64, N.1,
N.13A, N.5A, N.7A, N.8A, N.67, and C.2, as depicted in Figure 1b). The stations N.64, N.1,
and N.13A monitor the upper basin, station N.5A surveys the middle basin, and stations
N.7A, N.8A, and N.67 are responsible for the lower basin. For this research, observations
from Station C.2, positioned 5 km downstream from the CPR confluence, were pivotal
in evaluating dam impacts on sediment delivery from the Nan River into the CPR. A
compilation of the discharge and SSL data specifics for each station is provided in Table 1.
In the absence of direct BL data, the TSL for the Nan River system was inferred using
sediment rating curves combined with bed-to-suspended sediment ratios, based on the
river survey data mentioned in Namsai et al. [12].

Table 1. River flow and sediment data at hydrological stations along the Nan and Chao Phraya rivers
provided by the RID.

Station 1 Dist. Drainage
Data Period Max. Ave. Min. 48.D.
(River) (km) (km?)
2
N.64 +667 3432 (mg/“;) 1994-2019 2281 82 2 135
(Nan) 3 Qs (t/d) 2007-2019 199,765 3053 ~0 10,038
N.1 +635 4609 Qw (m3/s)  1922-2019 2636 100 1 171
(Nan) Qs (t/d) 1978-2019 324,347 2966 ~0 12,853
N.13A +590 8784 Qw (m3/s)  1959-2019 4764 197 3 335
(Nan) Qs (t/d) 1994-2007 230,624 5593 19 14,138
N.5A +223 25,286 Qw (m3/s)  1951-2019 2159 244 3 263
(Nan) Qs (t/d) 1978-2019 141,502 2641 10 6018
N.7A +140 29,153 Qw (m3/s)  1944-2019 1786 320 5 320
(Nan) Qs (t/d) 2001-2019 56,373 3566 155 5356
N.8A +72 31,472 Qw (m3/s)  1952-2019 2116 327 1 323
(Nan) Qs (t/d) 1997-2019 54,619 3711 135 5015
N.67 +35 57,384 Qw (m3/s)  1998-2019 1579 418 33 340
(Nan) Qs (t/d) 1999-2019 30,267 5620 84 5904
C2 -5 109,973 Qw (m3/s)  1956-2019 5450 711 15 695
(CPY) Qs (t/d) 1965-2019 493,805 13,705 236 27,596

Note: ! Distance from the Nan River outlet is denoted by a positive (+) sign indicating the upstream direction
from the outlet, and a negative (-) sign indicating the downstream direction; 2Qw represents the river discharge
measured in cubic meters per second (m®/s); 3 Q; denotes the suspended sediment load recorded in tons per day
(t/d); * S.D. refers to the standard deviation.

To discern trends in the annual streamflow and sediment series, the Mann—Kendall (MK)
test, a non-parametric statistical approach, was employed [52,53]. This test is particularly
suited to hydro-meteorological series that exhibit skewness or are incomplete [11,54-56]. The
MK test assesses the sequence of X(x1, xp, . . ., x,) through the MK statistic, S, as expressed in
Equation (1). The analysis used annual totals compiled from daily measurements spanning
from the 1st of April to the 31st of March of each following year, aligning with Thailand’s
hydrological year.

n—1 n
S=Y Y sgn(X;—X;) 1)
i=1 j=it1

where the X; is the sequential data values, 7 is the length of the dataset, and sgn(6) can be
calculated using Equation (2).

1,if6>0
sgn(f@) =4 0,if6=0 )
-1,if8 <0
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For datasets where n is 8 or greater, the S statistic is presumed to follow a nor-
mal distribution. The expected mean and variance for this distribution are provided
in Equations (3) and (4), respectively.

E[S]=0 (©)

V(s) = n(n—1)(2n +5) —1871:1 ti(i—1)(2i +5) "

where m is the number of groups of tied ranks, and t; denotes the count of tied groups of
size 1.

The computation of the normalized test statistic (Z) for the MK test, along with the
associated one-tailed p-value (p), is outlined in Equations (5) through (7).

ﬁ%ygs>o
Z=4 0, ifS=0 ©)

St ifS<0

V()

p=05-a(|Z]) (6)

1 szl e
<<1>\Z|>=ﬁ./0 e dt %

A positive Z value signifies a rising trend, whereas a negative Z value suggests a
decreasing trend. A p-value at or below 0.05 denotes a trend that is statistically significant
at the 5% significance level [54].

2.4. Evaluating the Impact of Human Activities on Fluvial Discharge and Sediment Load

To evaluate human influence on river flow and sediment transport, the double mass
curve (DMC) method is commonly applied [17,57]. A DMC plots the accumulated totals of
two interrelated variables over time, revealing their proportional relationship [58]. A linear
relationship on the graph indicates consistent proportionality, while any deviation or curve
inflection points to a shift in this relationship or a change in the slope of the DMC [59].

In this analysis, to evaluate the influence of the three significant dams on annual river
flow, DMCs of cumulative annual precipitation against cumulative annual river flow were
charted for periods before and after the dams were constructed along the Nan River. For
assessing the impact on sediment load, DMCs comparing cumulative annual river discharge
with cumulative annual TSL were created, encompassing eras preceding and succeeding
the dam constructions. Annual rainfall data was summed from daily records within the
Thai water year, with a quality check in place to exclude any data that significantly deviated
from long-term trends and to interpolate missing entries using adjacent station data or
relevant time series. The Thiessen polygon technique was utilized to determine the average
rainfall over the catchment area pertinent to each hydrologic station [60].

3. Results
3.1. Hydrology and Sedimentology of the Nan River from 2018 Field Data

Data on river hydrology and sediment characteristics gathered at sites XN.1 to XN.7 of
the Nan River during the 2018 dry and wet seasons are reported in Table 2. Concurrently,
Figure 3 graphically represents the variations in river discharge, SSL, BL, and bed material
grain size at these monitoring sites. The findings from the upper (XN.1 and XN.2), middle
(XN.3-XN.5), and lower stretches (XN.6 and XN.7) of the river are summarized in Table 2.
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Table 2. River flow and sediment data observed along the Nan River in 2018.

Site Dist. 1A 2V 3Qw 4 Qs >Qp 6 Q¢ Qp/Qs Qp/Qt dsp
(km) (m?) (m/s) (m3/s) (t/d) (t/d) (t/d) (%) (%) (mm)
Dry season
XN.1 650 55 0.15 8.1 6.2 0 6.2 0 0 1.79
XN.2 590 96 0.19 18.1 7.7 0 7.7 0 0 3.89
XN.3 455 143 0.05 6.7 10.8 0 10.8 0 0 1.12
XN.4 310 577 0.45 259.2 501.7 18.4 520.1 3.7 35 0.66
XN.5 270 263 0.52 137.7 228.5 24.5 253.0 10.7 9.7 2.07
XN.6 140 302 0.78 236.8 814.2 310.6 1124.8 38.2 27.6 0.80
XN.7 35 478 0.51 241.6 1168.9 12.7 1181.6 1.1 1.1 0.94
Wet season
XN.1 650 654 1.34 873.4 75,391.8 6.8 75,398.6 ~0 ~0 1.49
XN.2 590 1512 0.95 1439.8 82,393.2 172.9 82,566.1 0.2 0.2 0.90
XN.3 455 194 0.23 44.6 608.5 0 608.5 0 0 1.05
XN.4 310 523 0.52 272.4 2452.6 45.8 2498.4 1.9 1.8 0.25
XN.5 270 133 1.69 224.7 1681.6 15 1683.1 0.1 0.1 0.15
XN.6 140 435 0.80 349.2 3269.6 67.2 3336.8 2.1 2.0 0.56
XN.7 35 656 0.81 532.0 8380.3 22.0 8402.3 0.3 0.3 0.38

Note: 1 A denotes the cross-sectional area of flow; 2 V represents the velocity of water flow; 3 Q,y stands for river
discharge; 4 Qs indicates the amount of suspended sediment load; ® Q, refers to the bedload; ® Qy is the aggregate
sediment load. The term ds is used to describe the median diameter of sediment grains.
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Figure 3. Hydrological and sediment data measured along the Nan River in 2018: (a) flow rates; (b)
median bed material size (d5); (c) suspended sediment and bed loads.
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During the 2018 dry season, the upper Nan River’s flow, positioned upstream of the
Sirikit Dam, exhibited an increase from 8.1 to 18.1 m3/s. Progressing through the middle
reach, flows augmented from 6.7 to 259.2 m®/s but dipped to 137.7 m3/s past the Naresuan
diversion dam. The lower basin’s flow slightly rose from 236.8 to 241.6 m®/s, as depicted
in Figure 3a. As detailed in Figure 3b, sediment at the upper reach was predominantly
very coarse sand to very fine gravel, with median grain sizes ranging between 1.79 and
3.89 mm. The middle and lower reaches were primarily composed of coarse to very coarse
sand, with median grain sizes of 0.66 to 2.07 mm. In terms of SSL, upper basin measured
data showed an increase from 6.2 to 7.7 t/d. The middle basin’s SSL figures followed the
river’s flow pattern, climbing from 11 to 502 t/d, then reducing to 229 t/d beyond the
Naresuan Dam. In the lower basin, SSL elevated from 814 to 1169 t/d. According to Table 2,
the upper reach’s BL was below the detectable level during this period. In contrast, BL
observed data in the middle reach showed an upsurge from non-detectable levels to 25 t/d,
while the lower reach experienced a reduction from 311 to 13 t/d, as illustrated in Figure 3c.
Furthermore, the BL-to-SSL ratios exhibited variability, ranging between non-detectable to
0.11 in the middle reach and 0.01 to 0.38 in the lower reach, as indicated in Table 2.

During the wet season, flow rates in the Nan River’s upper basin showed an uptrend,
varying from 873.4 to 1439.8 m®/s, then sharply decreased at station XN.3 in the middle
reach to 45 m®/s, a change attributed to the Sirikit Dam’s operations. Flows then increased
to 272.4 m3 /s before the Naresuan diversion dam and subsequently declined to 224.7 m3/s
past it, likely due to upstream water diversions. Further downstream, the flow again
rose, reaching 532 m3/s. Wet season bed materials were finer than in the dry season, with
median grain sizes ranging from 0.9 to 1.49 mm in the upper reaches and 0.15 to 1.05 mm
in the middle reaches, shifting to 0.38 to 0.56 mm in the lower basin. The SSL patterns
mirrored the dry season, increasing downstream, while BL showed variability, with an
increase in the upper reaches and a fluctuating pattern in the middle and lower reaches.
The BL-to-SSL ratios also varied across the basin, with the lowest in the upper reaches and
slightly higher values downstream (as summarized in Table 2 and illustrated in Figure 3).

3.2. Historical Fluvial Discharge and SSL Data of the Nan River

An analysis of the long-term daily river flow and SSL data, recorded at various RID
hydrological stations from 1922 to 2019, is presented in Table 1. Time series representations
of the annual river discharge and SSL are provided in Figures 4 and 5, respectively.

Figure 4 illustrates a downstream increase in river discharge, beginning at 82 m?/s
(N.64) and ascending to 418 m3 /s (N.67; situated 35 km from the river basin’s outlet). The
examination of daily river flow (referenced in Table 1) reveals a downstream augmentation
in the upper basin, with discharge rates ranging from 82 (N.64) to 197 m?/s (N.13A). In the
middle basin at N.5A, the discharge reached 244 m?3/s, and in the lower reach (N.7A, N.8A,
and N.67), the flow rate exhibited an increase from 320 to 418 m3/s. Observations at C.2,
positioned 5 km downstream of the confluence where the Ping and Nan rivers merge to
form the CPR (as seen in Figure 1), showed a marked increase in discharge to 711 m3/s (as
detailed in Table 1).

The historical sediment data outlined in Table 1 reveal a marginal increase in SSL
moving downstream. In the upper basin, the SSL averages grew from 3053 t/d at N.64 to
5593 t/d at N.13A, followed by a slight decrease to 2641 t/d in the middle basin at N.5A.
Progressing downstream, the lower basin’s SSL averages rose from 3566 to 5620 t/d. At C.2,
the SSL was significantly higher, averaging 13,700 t/d, which is approximately 2.4 times
the mean SSL emanating from the Nan River.
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Figure 4. Annual streamflow observed at the RID hydrological stations during 1922-2019: (a) N.64,
N.1, and N.13A; (b) N.5A, N.7A, N.8A, N.67, and C.2.
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Figure 5. Annual suspended sediment data observed at the RID hydrological stations during 1965-
2019: (a) N.64, N.1, and N.13A; (b) N.5A, N.7A, N.8A, N.67, and C.2.



Water 2024, 16, 148

10 of 22

Correlation plots derived from historical daily river discharge against SSL data for
each station reveal insights into the SSL and flow dynamics of the Nan River, as illustrated
in Figure S1. These plots demonstrate a robust correlation between daily SSL and river
flow in the upper and middle reaches, with a coefficient of determination (R?) exceeding
0.82. Meanwhile, stations N.7A, N.8A, N.67, and C.2 displayed a moderate correlation
post-1972, with R? values in the range of 0.6-0.7, as depicted in Figure Sle-h. Notably, in
hydrological analysis, R? values above 0.5 are generally considered acceptable [61]. The
linear regression analysis provided in Equations (8)—(17) further reveals the relationship
between daily streamflow and SSL.

Station N.64 Qs = 0.274QL%%  RZ=10.82 (8)

Station N.1 Qs = 0.222Q18%  R2 =0.84 9)

Station N.13A Qs = 0.405QL92  R2 =0.88 (10)

Station N.5A (from 1978 t0 1997) Qs = 0.062QL7¢  R?> =093 (11)
Station N.5A (from 1998 t0 2019) Qs = 0.638QL**  R?> =058 (12)
Station N.7A Qs = 1.249Q13%  R?2 = 0.60 (13)

Station N.8A Qs =2.656QL27  R?>=0.63 (14)

Station N.67 Qs = 2.684QL26  R2 =0.69 (15)

Station C.2 (from 1965 to 1971) Qs = 0.026Q%%°  R? =0.89 (16)
Station C.2 (from 197210 2019) Qs = 1.221QL***  R?* = 0.63 (17)

where Qs represents daily SSL (t/d), and Q,, represents daily streamflow (m?/s).

3.3. Fluctuations in Anual Water Discharge and Sediment Transport along the Nan River
3.3.1. Temporal and Spatial Variation in Annual River Discharge

Results from statistical analysis and MK tests on long-term annual streamflow and
annual TSL data measured during 1922-2019 are summarized in Table 3. Figure 6 depicts
annual streamflow and TSL averaged over the considered periods, such as 1964-1971
(pre-construction of the Sirikit Dam), 1972-1984 (post-construction of the Sirikit Dam and
pre-construction of the Naresuan Dam), 1985-2010 (post-construction of the Naresuan Dam
and pre-construction of the Khwae Noi Dam), and 2011-2019 (post-construction of the
Khwae Noi Dam).

Table 3 shows that the annual streamflow in the upper basin (N.64, N.1, and N.13A)
varied from 1.34-13.83 x 10° m3/y without a significant increasing or decreasing trend. In
contrast, annual runoff in the middle basin (N.5A) ranged 3.20-15.55 x 10° m3/ y with a
significant decreasing trend. The annual river discharges in the lower basin varied from 4.00
t0 22.72 x 10” m3/y with no significant trend at N.7A and N.8A, but the statistic decreasing
trend was found at N.67 near the Nan basin outlet. The annual streamflow at C.2 in the
CPR ranged 7.30-56.68 x 10° m3/y without a statistical trend (p-values > 0.05). The results
also revealed that the significantly higher discharges found at all stations occurred during
flood events, such as in 1995, 2002, 2006, 2011, and 2017 (Figure 4).
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Table 3. Results of the Mann—Kendall test for annual streamflow (Q,y) and estimated total sediment
load (Q) at RID hydrological stations on the Nan River and the Chao Phraya River (significance
accepted at p-value < 0.05).

Station 1 Dist. Drainage )
Data Period Max. Ave. Min. p-Value 3 Trend
(River) (km) (km?)
N.64 +667 3432 Qw (x10°m3/y)  1994-2019  4.568 2.599 1.338 0.294 Decreasing
(Nan) Q: (x100 t/ y) 2.826 1.155 0.239 0.760 Decreasing
N.1 +635 4609 Qw (x10° m3/y) 1922-2019 6.079 2.964 1.342 0.893 Decreasing
(Nan) Q: (x100 t/ y) 4.733 1.158 0.188 0.929 Decreasing
N.13A +590 8784 Qw (x10° m3/y) 1959-2019  13.830 6.211 2.384 0.093 Increasing
(Nan) Q¢ (x10° t/ y) 4.528 1.400 0.258 0.218 Increasing
N.5A +223 25,286 Qw (x10° m3/y) 19512019  15.548 7.709 3.199 0.027 Decreasing
(Nan) Qr (x10° t/y) 6.882 1.767 0.299 <0.0001 Decreasing
N.7A +140 29,153 Qw (x10° m3/y) 1944-2019  20.119 10.104 4.001 0.578 Decreasing
(Nan) Q: (x100 t/ y) 4.176 1.261 0.344 0.087 Decreasing
N.8A +72 31472 Qw (x10° m3/y) 1952-2019  20.801 10.308 4.608 0.525 Decreasing
(Nan) Q: (x100 t/ y) 3.833 1.239 0.254 0.564 Decreasing
N.67 +35 57,384 Qw (x10° m3/y) 1998-2019  22.725 13.185 4264 0.048 Decreasing
(Nan) Qr (x10° t/y) 3.435 1.875 0.313 0.021 Decreasing
Cc2 -5 109,973 Qw (x10° m3/y) 1956-2019  52.675 22.437 7.296 0.313 Decreasing
(CPY) Q (x10° t/y) 21.811 4.825 0.600 0.003 Decreasing

Note: ! Distance from the Nan River outlet: positive (+) sign is the distance from the outlet toward upstream;
negative (—) sign is the distance from the outlet toward downstream; 2 p-value; 3 trends referring to the Mann-
Kendall test; the statistically significant trend is marked as bold text.
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Figure 6. Results of spatial analysis at hydrological stations along the Nan River: (a) average annual
river runoff; (b) average total sediment load.

The annual average river flow data (referenced in Table 3) indicates an upstream to
downstream increase in the Nan River, from 2.6 x 10° m3/y at the source to 13.2 x 10° m3/y
at the river outlet, with an average flow of 22.44 x 10° m3/y recorded at C.2. Figure 6a
displays the variations in average annual runoff in relation to the construction phases of
key hydraulic structures such as the Sirikit Dam, the Khwae Noi Dam, and the Naresuan
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diversion dam along the river. There was a notable increase in average annual runoff from
upstream to downstream, as shown in Figure 6a. Additionally, the average annual runoff
along the Nan River was lower before the construction of the Sirikit Dam (1963-1971)
compared to the period following its construction (1972-1984). Post the establishment of
the Naresuan diversion dam in 1985, the average annual runoff observed at downstream
stations (N.5A, N.7A, N.8A, N.67, and C.2) after 1985 was significantly less than the pre-
diversion dam period, despite an increase in flow at upstream stations (N.1 and N.13A).
Figure 6a also indicates that the construction of the Khwae Noi Dam on a major Nan River
tributary did not significantly impact the lower Nan River’s runoff (at N.7A and N.8A).
Comparing the average discharge at the Nan River basin’s outlet (N.8A) with the CPR’s
headwater (C.2), the discharge from the Nan River contributes about 60% to overall CPR
runoff, as illustrated in Figure 4.

3.3.2. Temporal and Spatial Variation in Annual TSL

The combination of SSL and BL constitutes the TSL carried by the Nan River. Assess-
ing the variation in sediment load along the river, especially considering the impact of
dam construction on sediment dynamics and contributions to the CPR system, involved
estimating the TSL at each hydrological station. Due to the sporadic availability of SSL
data, which was limited in both time and location, the relationship between river discharge
and SSL at each station (as per Equations (8)—(17)) was applied to estimate the gaps in daily
SSL data over the past decades. Subsequently, BL was inferred from these SSL estimations
using the BL-to-SSL ratios derived from field surveys. For this analysis, long-term BLs at
N.5A, N.7A, N.8A, and N.67 were approximated using ratios of 0.05, 0.20, 0.20, and 0.01,
respectively. In the upper basin (N.64, N.1, and N.13A), BL was found to be negligible
(~0). Additionally, a BL to SSL ratio of 0.03, as reported by Bidorn et al. [62], was used for
estimating BL at C.2. Figure 7 presents the estimated annual TSL for the upper, middle, and
lower reaches of the Nan River over the period of 1922-2019. Table 3 includes a summary
of the basic statistical and trend analysis results for the annual TSL data.
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Figure 7. Annual chronological sequence of total sediment load (TSL) at RID monitoring sites from
1922 to 2019: (a) stations N.64, N.1, and N.13A; (b) stations N.5A, N.7A, N.8A, N.67, and C.2.
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The Mann-Kendall test outcomes (as shown in Table 3) reveal no significant trends
(with p-values < 0.05) in the annual TSL at stations N.64, N.1, N.13A, N.7A, and N.8A.
However, a notable decreasing trend was observed in the annual TSL at stations N.5A and
N.67 (p-values < 0.05). In terms of quantity, the upper and middle basins experienced annual
TSL fluctuations between 0.19 and 4.73 x 10° t/y, and 0.30 to 6.88 x 10° t/y, respectively.
For the lower basin, these values ranged from 0.25 to 4.18 x 10° t/y. Meanwhile, the
annual TSL at station C.2 varied between 0.6 and 21.811 x 10° t/y, exhibiting a significant
decreasing trend (p-values < 0.05). It was also noted that the annual TSLs at all stations
peaked during flood years, such as those recorded in 1995, 2002, 2006, 2011, and 2017,
which is depicted in Figure 7.

The spatial variation analysis of annual TSL revealed that the average long-term
annual TSLs at N.64, N.1, N.13A, N.5A, N.7A, N.8A, N.67, and C.2 were 1.155, 1.158, 1.400,
1.669, 1.476, 1.372, 1.875, and 4.825 x 10° t/ y, respectively (Table 3). Unlike the annual
river discharge, the average annual TSLs after the dams’ building fluctuated along the river.
In the river upstream of the Sirikit Dam, the average sediment load of all time periods
(1964-1971, 1972-1984, 1985-2010, and 2011-2019) increased upstream to downstream
(Figure 6b). Meanwhile, the average annual TSLs downstream of the Sirikit Dam rose along
the river (Figure 6b). However, the average yearly TSL of N.7A was greater than N.8A after
the construction of the Naresuan Dam in 1985. Additionally, the average annual sediment
load of all time periods significantly climbed at C.2 (Figure 6b). Based on Figure 6b, prior
to the construction of the Sirikit and Naresuan dams, there was an observed increase in
the average annual sediment load along the river from the upper to the lower reaches.
The data reveal that the average annual TSLs at N.1 and N.13A, located upstream of the
Sirikit Dam, were higher during 1972-2019 compared to the pre-dam construction period
of 1964-1971. Furthermore, post-construction observations indicate a significant reduction
in the average annual TSL at N.5A: a 30% decrease following the construction of the Sirikit
Dam (1972-1984), a 57% decrease post-Naresuan Dam (1985-2010), and an 83% decrease
following the Khwae Noi Dam (2011-2019). Conversely, the average annual TSL at Station
C.2 exhibited an initial increase of 17% during 1972-1984, followed by reductions of 40%
and 61% in the periods of 1985-2010 and 2010-2019, respectively. The sediment data reveals
that the average annual TSL at N.67 between 1998 and 2019 accounted for 70% of the C.2
(Figure 7).

3.4. Influence of Major Dams on the Nan River’s Discharge and Sediment Dynamics

The study utilized DMCs of cumulative annual precipitation against cumulative
annual runoff, alongside cumulative annual runoff versus cumulative annual TSL, to
evaluate the impact of the Sirikit, Naresuan, and Khwae Noi dams on river hydrology and
sediment transport. Figures 8 and 9 display these DMCs for six stations along the Nan
River, covering the period from 1944 to 2019. An analysis of Figure 8 indicates variations
in the DMC slopes for stations along the Nan River (as seen in Figure 8a—e) during the
period from 1975 to 1994, while a slight decrease was noted in the DMC slope at C.2
during 1985-1994. A notable change in the DMC slope across all stations occurred in 2011,
coinciding with the significant flood event in Thailand that year.

Figure 9 presents DMC plots for annual runoff and TSL, showcasing the influence
of the construction of three dams on the sediment dynamics in the Nan River and its
contribution to the CPR. The DMC slopes for stations N.1 and N.13A (Figure 9a,b) reveal
fluctuations in sediment load in the Nan River’s upper reaches (upstream of the Sirikit
Dam) between 1975 and 1994, in correlation with changes in river runoff. In contrast,
a notable slope reduction in the DMC of N.5A (Figure 9c¢), situated in the middle basin
(downstream of the dams), was observed post-1972, followed by a slope increase from
1975 to 1984. A subsequent decline in slope at N.5A began in 1985, coinciding with the
construction of the Naresuan diversion dam. The DMCs for N.7A and N.8A in the lower
basin (Figure 9d,e) exhibited minimal slope changes from 1997 to 2019. The DMC for C.2,
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as depicted in Figure 9f, showed a significant slope increase from 1972 to 1995, followed by
a gradual decrease after 1996.
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Figure 8. Double-mass curves of annual rainfall and river runoff on the Nan River: (a) at N.1;
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Figure 9. Double-mass curves of annual runoff and total sediment load (TSL) on the Nan River:
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4. Discussion
4.1. Sediment Dynamics in the Nan River

Among the four primary tributaries (the Ping, Wang, Yom, and Nan rivers) that
constitute the CPR, the sediment transport dynamics of the Nan River have not been
extensively researched or detailed in the literature [38]. Based on the observed sediment
data in 2018 (Table 2), the upper Nan River (gradient 1:3000) contained coarse sand to
fine gravel, the middle reach (gradient less than 1:5000) had fine to very coarse sand, and
the lower reach (1:14,300) comprised medium to coarse sand. Although all tributaries
of the upper CPR basin are neighboring and similar in terms of climate [12,25,63], the
bed materials of each river were different. The composition of the Nan River’s riverbed
sediment, characterized by larger particles compared to other tributaries, may be affected
by the operations of the Sirikit, Naresuan, and Khwae Noi dams. The release of clear water
from these dams could have the capacity to transport finer sediments downstream, leaving
behind the coarser sediment on the riverbed.

The TSL of the Nan River primarily consists of suspended sediments, mirroring the
sediment characteristics of the Yom River, yet differing from those of the Ping and Wang
rivers. Post-Bhumibol Dam, the Ping River’s SSL varies from 2% to 70% of its TSL [12].
Following the construction of the Kiew Koh Ma and Kiew Lom dams, the Wang River sees
its SSL contributing 20% to 22% of the TSL [25]. In contrast, beneath the Sirikit Dam, the
Nan River’s SSL accounts for a much larger portion, ranging between 72% and 100% of
the TSL. This higher proportion is largely due to the sediment retention by the Sirikit Dam
and the build-up upstream of the Naresuan diversion dam. Downstream of this diversion
dam, the river’s diminished flow lessens its capacity to carry bed sediment, resulting in an
increase in SSL. This increase in SSL is attributed to finer sediment contributions from major
tributaries such as the Pat River, Tron Canal, Khwae Noi River, Wang Thong River, and
Yom River, in addition to runoff from adjacent agricultural lands (illustrated in Figure 1b).
This surge, along with altered flow patterns, weakens the correlation between daily SSL
and river discharge in the lower reaches of the Nan River and the CPR (at stations N.5A,
N.7A, N.8A, N.67, and C.2), as shown in Figure S1. The moderate correlation seen between
daily SSL and discharge is influenced by the lower flow velocities, a result of the reduced
river gradient shown in Figure 2, leading to pronounced sedimentation in these lower
sections [46]. A similar trend of weak correlation between daily SSL and runoff is also
noted in the lower Yom River [37] and the lower reaches of the Yangtze River [17].

In rivers with gentler gradients (less steep than 1:500), BL usually comprises approxi-
mately 10-20% of the TSL, whereas rivers with steeper gradients (exceeding 1:500) often
see BL contributing about 20-30% [64]. In Thailand’s river systems, the RID generally
estimates BL at around 30% of the SSL, which translates to nearly 23% of the TSL for
various hydro projects [65]. The Nan River, classified as non-mountainous due to its gra-
dient (as illustrated in Figure 2), presents a different scenario with BL percentages in its
upper, middle, and lower reaches at 0-0.2%, 0-9.7%, and 0.1-27.6% of the TSL, respectively.
These proportions are atypical when compared to traditional estimates, likely influenced
by dam regulation and water management initiatives [64]. BL is notably lower in the upper
Nan basin, as the TSL is predominantly comprised of suspended sediments, including
significant wash load components within the SSL.

The riverbed slope transition from 1:500 to 1:3000 leads to a decrease in flow velocity
and sediment carrying capacity, resulting in increased sediment deposition [45]. Smaller
dams upstream may also be intercepting BL from tributaries [38]. This pattern of reduced
BL is consistent with findings from the upper stretches of the Ping, Wang, and Yom
rivers [12,25,37]. Conversely, BL in the middle and lower stretches of the Nan River is
elevated due to the effects of dam activities. For example, BL downstream of the Bhumibol
Dam on the Ping River accounts for more than 80% of the TSL [12], while the Wang River
experiences BL constituting 78-80% of the TSL after the Kiew Koh Ma and Kiew Lom
dams [25]. In the Yom River, which lacks large-scale dams, the BL proportion in its middle
and lower sections remains below 5% of the TSL [37].
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The study underscores the marked variability in sediment characteristics across dif-
ferent rivers and within various segments of the same river, illustrating their unique
area-specific nature. It is imperative that continual and detailed monitoring is carried
out to obtain accurate sediment data, which is indispensable for informed water resource
management and sustainable development planning.

4.2. Hydrological and Sediment Transport Patterns in the Nan River Basin

Environmental conditions and anthropogenic influences, notably precipitation, are
key determinants of variations in runoff and sediment loads [19,22,66]. Analysis using
the Mann-Kendall (MK) statistical approach for the upper Nan River basin’s streamflow
data indicated an absence of a significant trend in annual runoff, with p-values exceeding
0.05. This indicates the predominance of climatic elements, with a particular emphasis on
rainfall, as the primary drivers of discharge fluctuations [8,11,55]. However, a declining
trend in streamflow was observed in the middle reach at station N.5A (p-value = 0.027),
likely due to the Naresuan diversion dam’s impacts, as evidenced by the reduction in
the DMC of cumulative rainfall and discharge between 1985 and 2011 (Figure 8c). In the
lower river, no significant streamflow decrease was found at stations N.7A, N.8A, and C.2,
although the DMCs indicated a decreased slope after 1985 and 2011 (Figure 8d—f). This also
suggests the Naresuan diversion dam may have influenced the lower-reach flow reduction,
while tributaries and irrigation canals might have compensated for the runoff. Additionally,
station N.67 showed a significant decline trend in streamflow (MK test, p-value = 0.048),
reflecting the Naresuan diversion dam’s impact. High streamflow during flood years (1966,
1975, 1995, 2002, 2006, 2011, and 2017) contrasted with a declining trend in 1981-1993 across
all stations, mirroring a low-water period in Thailand [37].

Analysis of average daily water discharge and yearly runoff at various stations showed
an increase in discharge downstream along the Nan River, correlating with catchment area
expansion. From 1972-1984, post-Sirikit Dam and pre-Naresuan Dam, annual streamflow
increased more than in the 1964-1971 pre-Sirikit Dam period, attributed to increased
rainfall [56]. However, post-1985 and post-Naresuan Dam, average annual discharge
upstream of the Sirikit Dam continued to rise, while it decreased downstream due to
the Naresuan and Khwae Noi dams’ operations. The impact of the Khwae Noi Dam on
streamflow was minimal, as storage dams typically release yearly discharge downstream
close to natural conditions (Figure S2a,c). Notably, yearly runoff at station N.7A exceeded
that at N.8A after 1985, likely due to side flow from irrigation canals and the Wang Thong
River (Figures 6a and S3).

Sediment studies (referenced in Table 3 and depicted in Figure 7a) show a stable trend
in the TSL within the upper segment of the Nan River basin, in alighment with streamflow
behavior (MK test, p-value > 0.05). The DMCs for the cumulative annual runoff against
the TSL at stations N.1 and N.13A do not indicate significant shifts from 1922 to 2019 (as
illustrated in Figure 9a,b), suggesting a correlation between TSL fluctuations and river
discharge rates. The middle section of the river at station N.5A, however, has experienced
a noticeable reduction in the annual TSL (MK test, p-value < 0.0001), with significant
slope changes in the DMCs post-1985 (shown in Figure 9¢), a trend that can be tied to the
operations of the Naresuan diversion dam initiated in 1985 and subsequent flood control
measures introduced post-1995. Further downstream, stations N.7A, N.8A, and N.67 in the
lower basin registered a marked decrease in TSL (p-value < 0.05). In contrast, the data from
station C.2 in the Chao Phraya River basin present a notable decline in the TSL, despite
spikes during flooding events in years such as 1995, 2002, 2006, and 2011 (Figure 7). The
construction of dams across the Ping, Wang, and Nan rivers has not significantly impacted
sediment discharge at the mouth of these rivers, implying that the observed sediment
reduction at C.2 over recent decades might stem from changes in the sediment transport
pattern due to intensive water management for irrigation [31,44,62].

The spatial analysis of sediment transport patterns shows a progressive increase in
the average annual TSL from upstream to downstream along the upper Nan River course
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(depicted in Figure 6b), a pattern that is consistent with the sediment dynamics observed in
the upper Ping River [12] and the upper Yangtze River [8]. After the construction of the
Sirikit Dam in 1985, TSL variations were noted, with an increase in the lower Nan River
region (N.7A) likely due to sediment contributions from irrigation channels and the Wang
Thong River, as shown in Figure S3. Conversely, a reduction in TSL was observed at N.8A,
indicating a zone of sediment deposition. The Marine Department’s dredging activities,
removing 200,000 to 700,000 m3/y, are also contributing factors to the TSL decline in the
downstream sections [12,45]. However, an increase in TSL at station N.67 suggests the
influence of sediment from the Yom River, surrounding farmlands, and drainage systems.
At station C.2, within the CPR basin, there was a significant rise in TSL, likely due to
sediment inflows from the Nan, Yom, and Ping rivers (as indicated in Figure 6b).

4.3. Implications of Major Dams on Hydrology and Sediment Process in the Nan River

Large dams’ influence on river flow and sediment dynamics has been extensively
documented [3,10,24,35,67-69], such as the notable reduction in sediment delivery by the
Three Gorges Dam to the Yangtze River, impacting its delta [5,8,17,22,41]. In the Chao
Phraya River basin, which comprises the Ping, Wang, Yom, and Nan rivers, research
has focused on sediment transport and its link to coastal erosion in the upper Gulf of
Thailand [12,25,31-36]. Yet, studies indicated that the Bhumibol Dam on the Ping River
and other dams in the Wang River basin, as well as the barrage on the Yom River, did not
significantly alter their streamflow or sediment transport [12,25,37].

This research identified that the Sirikit Dam on the Nan River, completed in 1972, had
no discernible effect on the annual water discharge, but the Naresuan diversion dam did,
as reflected by the downward shift in the DMC for annual precipitation against runoff after
1985 (seen in Figure 8c—e) [38,40]. The discharge from the Naresuan diversion dam into
the Nan River fluctuated, comprising 43-77% of the incoming flow, thereby affecting the
volume of water withdrawn from the river [38]. The operational impact of large storage
dams on the annual flow appeared minimal, aimed at maintaining ecological balance
downstream [70].

Moreover, the investigation observed a reduction in TSL downstream of the Sirikit
Dam subsequent to the construction of the three dams. This was attributed to sediment re-
tention within the dam reservoirs and its diversion for irrigation use, resulting in increased
sediment deposition upstream of the diversion dam (as illustrated in Figure 9c—e) [26,71].
Nonetheless, sediment load in the lower reaches of the Nan River saw an increase due
to agricultural runoff and inputs from tributaries and irrigation channels, with sediment
losses from rice fields approximated at 4.32 x 10° t/y [38,72]. Furthermore, the transit of
bedload sediment downstream of these dams played a role in altering fluvial dynamics (as
detailed in Table 2).

4.4. Consequences of Large Dams on River Discharge and Sediment Supply to the Chao
Phraya River

The streamflow and sediment supply into the CPR system were assessed at station C.2,
summarizing the Ping and Nan rivers’ contributions. C.2’s average annual streamflow was
22.473 x 10° m?/year with no trend, while its TSL significantly decreased to 4.83 x 10° t/y,
particularly after the construction of three large dams in the Nan River basin (Figure 7,
Table 3). Annual river discharge and TSL data (1954-2019) at P.17 (Ping River), N.67 (Nan
River), and C.2 showed that river discharge at N.67 and P.17 contributed 60% and 35%
to C.2’s runoff, respectively (Figure 10a). The Yom River (Y.16) contributed about 33%
to N.67’s discharge, equating to 20% of C.2’s flow, while the Wang River basin provided
about 15% and 5% to P.17’s and C.2’s runoff, respectively [25,37]. The Nan (N.67) and Ping
(P.17) Rivers accounted for 70% and 26% of the CPR’s annual TSL at C.2 (Figure 10b). The
sediment concentration was higher in the Nan River, especially during the wet season
(Figures S4 and S5). Therefore, the Nan River basin emerged as the largest contributor of
both water (40%) and sediment (57%) to the CPR system.
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Figure 10. Chronological sequence of (a) annual streamflow and (b) annual TSL at RID Stations P.17,
N.67, and C.2 from 1954 to 2019.

As evidenced by the diminishing slope of the cumulative annual rainfall and runoff
DMC at station C.2 (Figure 8f), the construction of the Naresuan and Khwae Noi dams
likely led to a decreased annual streamflow in the CPR post-1985 and 2011. This was
primarily due to the diversion of the Nan River’s flow for irrigation by the Naresuan Dam
(Figure S2b) and water allocation for irrigation from the Khwae Noi Dam [40]. These
developments also obviously reduced the annual TSL in the CPR, indicated by a lower
DMC slope post-1985 and 2011 (Figure 9f). In contrast, increased TSL at C.2 was found after
the construction of the Sirikit Dam in 1972 (Figure 9f). Despite trapping upstream sediment,
the downstream expansion of agriculture [38,43] and intensified rice cultivation in the
Nan River basin (2-3 crops/y) [72] led to an increased sediment load of approximately
432 x 100t/ y. These factors, along with river cross-section improvements by the RID in
the lower Nan River during 1973-1975 [73], contributed to an enhanced sediment load
after 1972.

The remote location of the Sirikit Dam from C.2 (465 km) meant its impact on the
TSL and streamflow at C.2 was minimal. The Kiew Lom Dam on the Wang River also
had little effect on TSL at the river basin outlet due to its downstream agricultural expan-
sion [25]. Conversely, the Bhumibol Dam slightly reduced TSL after 1966 (Figure 9f) due to
sediment trapping, with increased sediment yield downstream from expanded irrigation
(approximately 97,600 ha). Soil loss from agricultural activities in the lower Ping River
basin added approximately 2.135 x 10° t/y of sediment (Figure 9f) [72]. The TSL increase
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during 1964-1966 was influenced by the RID’s river enhancements and agricultural growth
following the Bhumibol Dam’s construction [73].

The research identified a marked decline in the DMC slope at station C.2 after 1995,
a trend linked to the construction of a new hydraulic infrastructure for flood manage-
ment and agricultural water distribution in the lower basins of the Ping, Yom, and Nan
rivers. This was further influenced by intensive dredging activities in the lower Nan River,
downstream from station N.67, where an estimated 360,000 to 1,260,000 t of sediment
were extracted annually [25,45] (as indicated in Figure 9f). The increased channel cross-
section resulting from this dredging led to slower flow rates and sediment conveyance,
causing an accumulation of sediment upstream of the CPR. It is well documented that
major dams retain a large portion of upstream sediments [74], thus diminishing the TSL
further downstream. However, their impact is also critical in modulating sediment dis-
charge at the outlets of river basins. Post-construction of the Sirikit and Bhumibol dams,
there was a surge in TSL at C.2, which contrasts with the subsequent decline following
the establishment of the Khwae Noi Dam and other flood mitigation measures, mirroring
the sediment-reduction trends seen in major rivers such as the Yangtze [8], Yellow [55],
and Nile [23] due to damming. Compared to earlier studies at C.2, this analysis found
only a 31% reduction in CPR sediment load post-2011, as opposed to the 75-85% reduction
observed in the pre-1995 period, before the construction of these mega-dams [33-36,47]
(Figure 9f).

5. Conclusions

In this study, we examined sediment characteristics, streamflow variation, and the
impact of three large dams in the Nan River basin on the runoff and sediment load in the
Nan River and the Chao Phraya River at C.2. Our findings indicate that the Nan River is
a significant contributor to the CPR, providing 40% of the water outflow and 57% of the
TSL. The river, primarily an alluvial system with fine sand to very fine gravel, transports
most sediment in suspension. Notably, the Naresuan diversion dam obviously led to a
decrease in both runoff and TSL in the Nan River, particularly downstream, while the
Sirikit Dam primarily reduced TSL. Post-construction of the Bhumibol and Sirikit dams, the
total sediment load at C.2 increased due to expanded irrigation and agricultural activities
downstream, contrasting with the decline after 1985 due to intensive water regulation in the
upper CPR basin. The sediment load at C.2 decreased by only 31% post-dam construction
compared to the pre-dam period (1956-1963). These findings highlight the complex impact
of dam construction on river basin sediment dynamics, illustrating how dams aimed at
irrigation expansion can increase sediment load, while those for flood control and water use
can decrease it. Additionally, this study underscores the need for integrated approaches in
sustainable food and water management in the CPR basin. Considering the environmental
challenges posed by large-scale reservoir projects, our insights emphasize the importance of
balancing agricultural productivity with environmental conservation. Future efforts should
focus on optimizing water-use efficiency, promoting eco-friendly agricultural practices,
and enhancing sediment management strategies to ensure the long-term sustainability and
resilience of food and water resources in the region.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/w16010148/5s1, Figure S1: Sediment rating curves at eight RID hydrological stations: (a) N.64;
(b) N.1; (c) N.13A; (d) N.5A; (e) N.7A; (f) N.8A; (g) N.67; (h) C.2; Figure S2: Annual inflow and outflow
of dams (a) Sirikit Dam; (b) Naresuan Diversion Dam; (c) Khwae Noi Dam; Figure S3: The streamflow
and sediment supply into the middle and lower reaches of the Nan River from the tributaries and
drainage canals; Figure S4: Comparison between the concentration of sediment in the Ping and Nan
rivers: (a) 1985; (b) 2003; (c) 2010; (d) 2014; (e) 2017; (f) 2020; and Figure S5: Comparison between
the sediment concentration in the Yom and Nan rivers: (a) 2008; (b) 2010; (c) 2014; (d) 2017; (e) 2018;
() 2020.
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