SCCWRP #1277

Journal of Hydrology: Regional Studies 42 (2022) 101162

Contents lists available at ScienceDirect

Journal of Hydrology: Regional Studies

journal homepage: www.elsevier.com/locate/ejrh

Runoff and sediment loads in the Tijuana River: Dam effects,
extreme events, and change during urbanization

Trent Biggs ™', Adam Zeigler®, Kristine T. Taniguchi-Quan "

@ Department of Geography, San Diego State University, San Diego, CA, USA
b Southern California Coastal Water Research Project, 3535 Harbor Blvd Suite 110, Costa Mesa, CA 92626, USA

ARTICLE INFO ABSTRACT

Keywords: Study region: Tijuana River watershed on the US-Mexico border, where urbanization, estuarine
Sus'pended sediment sedimentation, and beach erosion incentivize quantification of runoff and suspended sediment
Rainfall-runoff loads (SSL) and concentrations (SSC).

Extreme events Study focus: Rainfall, runoff and SSL were quantified for 2001-2019 (storm-wise) and 1962-2019

Semi-arid
Uenr:ertz:inty (annual) using sediment rating curves and bootstrapping to quantify uncertainty.
Bootstrapping New hydrological insights: Annual runoff increased for a given rainfall depth following channeli-

zation and the start of imported water in 1978-79, and during urbanization over 1980-2019. SSC
for a given runoff fell between 1970 s and 2000 s, but annual SSL increased severalfold due to
higher annual runoff. Half the SSL over 2001-2019 occurred during nine storms. Nearly half (48
%) of annual SSL occurred in the six wettest years over 1962-2019, though years with recurrence
interval 2-10 years accounted for 50 %. Neglecting the impact of dams on the SSL-rainfall
relationship during extreme wet years over-estimated annual SSL by a factor of 7 and by up to
30x for the wettest year. Long-term mean suspended sediment yield (119 tons km ™2 yr™1) is
similar to other southern California watersheds but much lower than observed (5000 tons km 2
yr~!) in a small watershed that also drains to the Tijuana estuary. Accumulation of sediment in
the estuary may be driven by undammed side canyons, and by low runoff that cannot transport
sediment to the coast.

1. Introduction

Sediment loading to the coast is critical for both ecosystems and coastal geomorphology. Globally (Mentaschi et al., 2018; Walling,
2012) and in California (Slagel and Griggs, 2008; Willis and Griggs, 2003) dam construction has decreased sediment loads to the coast,
threatening wetland and beach stability. In southern California, post-dam sediment loads are less than 50 % of pre-dam loads, resulting
in beach erosion and expensive beach nourishment activities (Slagel and Griggs, 2008). By contrast, land use change, including the
construction phase of urbanization (Wolman, 1967), road construction (Tarolli and Sofia, 2016), mining (Messina and Biggs, 2016),

Abbreviations: Ajower, Area of the lower watershed, km?; Aoras, Area of the whole watershed, km?; bef, Bias correction factor; Qann, Annual runoff,
MCM; Qann _lower, Annual runoff from the lower watershed only, MCM; Qann tota, Annual runoff from the total watershed, MCM; Qpy, Peak runoff for a
given storm, m3 s-1; SSC, Suspended sediment concentration, mg L-1; SSL, Suspended sediment load, ton y-1 or Mt y-1; SSLann, Annual suspended
sediment load, ton y-1 or Mt y-1.
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and agriculture (Dedkov and Mozzherin, 1996) generally increase sediment loads, particularly from small watersheds, though some
urban surfaces may generate less sediment than undisturbed areas due to pavement and revegetation (Wolman, 1967). Other activities,
including channelization (Brown, 1988; Simon, 1989) and importing water for human use (Manago and Hogue, 2017), may also
increase runoff and change sediment loads. Increased sediment loads can increase sedimentation in coastal wetlands, converting them
to upland habitat and triggering costly management interventions (Chapman et al., 2014; Fennessey and Jarrett, 1994).

In southern California and along the US-Mexico border, all four human activities (dams, channelization, water imports and land use
change) occur. Parts of the Tijuana River Estuary in southern San Diego County, which receives loads from the cross-border Tijuana
River, have experienced high sedimentation rates attributed in part to rapid urbanization (Weis et al., 2001), with consequent impacts
on the estuarine ecosystem (Zedler and West, 2008) and tidal channels (Wallace et al., 2005). Rapid urbanization in Tijuana has
increased sediment loads above pre-disturbance levels in some locations, where bare soil with high erosion rates can persist for decades
(Biggs et al., 2010) and where channel erosion rates can be many times the natural background rate (Taniguchi et al., 2018). However,
much of Tijuana has high impervious surface coverage and channelization, which can reduce sediment loads below the natural
background (Wolman, 1967), and the municipal government has installed dozens of sedimentation basins in Tijuana to control
sediment loads. Several large dams on the Tijuana River and its major tributaries have also reduced the active contributing area of the
watershed by 70 %, reducing total runoff and sediment loads by approximately 50 % compared with pre-development conditions,
resulting in beach erosion in both the United States and Mexico (Inman and Masters, 1991; Willis and Griggs, 2003). At the same time,
smaller canyons (drainage areas ~10 km?) on erodible sediments with no dams contribute high sediment loads in the southern part of
the estuary due to unregulated urbanization on steep hillslopes (Biggs et al., 2018; Gudino-Elizondo et al., 2019) and high rates of
stream channel erosion (Taniguchi et al., 2018). The combined impacts of urbanization and dams on the runoff and suspended
sediment load (SSL) of the Tijuana River system remain to be determined, including comparisons before (1960-1970 s) and after the
large-scale urbanization. The need for updated SSL estimates and change over time is especially critical as government agencies
develop plans to mitigate cross-border flows of sewage and sediment.

SSL also varies over time due to climate variability and extreme events. Most of the long-term SSL to coastal California over 1944-
1995 was delivered in a few wet years (Inman and Jenkins, 1999), and calculations of long-term SSL must account for the frequency
distribution of SSL, especially extreme events (Li et al., 2020). The relationship between rainfall, runoff and SSL may change for large
events that trigger releases from dams, since water released from dams typically has lower sediment concentrations than the water
entering the dam. However, monitoring and measurement of SSL may be limited to relatively small events, where there may not be
overflow from large dams. In California, reservoirs trap 84 % of the SSL entering them (Willis and Griggs, 2003), so extrapolation of
sediment rating curves developed using data from small events to extreme events may significantly overestimate SSL.

In this study, data on SSC from historical (1973-1979; 2002-2014) and recent (2019-2021) periods are compiled and combined
with long time series of runoff (Q) and rainfall (P) to estimate the relationship between P, Q and SSL for the Tijuana River. The Q-P
relationship is tested for change over time, and the SSC-Q and SSL-Q relationships observed in 2001-2021 are compared with data
from the 1970 s. The impact of dams on calculations of SSL during wet years receives special attention. We aim to answer: What is the
relationship between storm size and sediment loads? What storm sizes and return intervals account for most of the sediment load on
decadal timescales? What is the impact of different assumptions about sediment retention by dams on SSL calculations? Have the
annual Q-P relationship and sediment rating curves (SSL-Q) changed from the 1970-2010 s? Finally, how does SSL in the Tijuana River
compare with loads from smaller watersheds that drain to the Tijuana estuary, and in other watersheds in California? The major
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Fig. 1. Map of sampling locations (left) and the Tijuana River watershed (right), showing the areas upstream (Upper) and downstream (Lower) of
two major dams (Barrett and Rodriguez).
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contributions of the paper are to 1) quantify decadal means, variability and frequency in runoff and SSL; 2) quantify uncertainty in SSL
caused by dams and by scatter in the Q-SSL relationship and 3) test for changes in runoff and SSL in a rapidly urbanizing section of the
US-Mexico border region.

2. Study area

The Tijuana River watershed (TRW) drains a total of 4483 km?, with approximately 27 % of the drainage area in the United States
and 73 % in Mexico (International Boundary and Water Commission, 2005) (Fig. 1). The central and eastern parts of the TRW are on
the Peninsular range batholith, and the western part is on marine and fluvial deposits of conglomerate, sandstone and siltstone
(Brownlie and Taylor, 1981). TRW has two large dams: Barrett dam was built in 1922, has a total capacity of 42.9 MCM (City of San
Diego, 2021) and receives runoff from the United States portion of the watershed; the Rodriguez dam was completed in 1936 and has a
capacity of 94.0 MCM at the spillway crest (International Boundary and Water Commission, 1966). The drainage area at Barrett Dam is
635 km? (14 % of the TRW)(City of San Diego, 2021), and at Rodriguez dam is 2251 km? (57 % of the TRW) (URS Corporation, 2012a).
The remaining lower watershed (Ajower=1138 km?, 29 %), which is the active contributing watershed in all but very wet years,
straddles the US-Mexico border and includes the urban areas of Tijuana and Tecate. The active contributing area in the US is mostly
undeveloped open space. A third dam, El Carrizo, was added in 1978 to impound water imported from the Colorado River. The
watershed draining to the El Carrizo dam is very small (2.6 % of the watershed) and the dam has no overflow (URS Corporation,
2012b), so we do not include it in the analysis of runoff and SSL.

Urbanization has expanded rapidly in Tijuana due to economic opportunity and consequent immigration (Acosta, 2009). Much of
the urbanization is unregulated, with extensive and chronic soil exposure (Biggs et al., 2010), unpaved roads that generate ephemeral
gullies (Gudino-Elizondo et al., 2018), and extreme channel erosion (Taniguchi et al., 2018). To mitigate the sediment loads, sedi-
mentation basins have been constructed both in the United States and Mexico. Excess sedimentation has buried salt marsh vegetation
in the Tijuana Estuary in the United States (Weis et al., 2001; Zedler and West, 2008). Wetland loss has been most severe at the outlets
of three small watersheds that drain directly to the southern part of the estuary (Safran et al., 2017). The lower reach of Tijuana River
was channelized in early 1979, in part in response to previous flooding. A total of 4 km of channel was lined with concrete from the
border upstream, and an additional 2 km lined with rock downstream of the border (International Boundary and Water Commission,
2021). Tijuana started importing water from the Colorado River in 1978 (URS Corporation, 2012b), increasing to 76.7 MCM y! in
2000 and 101.3 MCM y'! in 2008 (Cohen et al., 2011).

3. Materials and methods

We compiled data on rainfall, runoff (Section 3.1), and SSC (Section 3.2) for the Tijuana River where it enters the Tijuana Estuary.
SSC data included both historical data and our own samples. We then developed a relationship between storm-wise peak runoff (Qp1)
and storm-wise mean SSC for 2002-2021 (Section 3.3). Storm-wise SSL was then estimated for all storms for the water years that had
10-minute runoff data (2001-2020) and aggregated to annual values of SSL. The annual SSL values for 2001-2020 were used to
develop an annual SSL-Q relationship, which was then used to estimate annual SSL for all years over 1962-2020, including sensitivity
analysis of the impact of dams (Section 3.4). Finally, we tested for changes in the Q-P and SSL-Q relationships between 1970 s and
2000 s and compare with other studies (Section 3.5).

3.1. Rainfall and runoff data

Runoff (Q) in the mainstem Tijuana River has been measured by the International Boundary and Water Commission (IBWC) since
1962 upstream of where the river enters the Tijuana Estuary (Fig. 1). Runoff data at ten-minute resolution are available from 2000 to
2020, and daily means from 1962 to 2020 (International Boundary and Water Commission, 2021). Monthly rainfall for both the lower
and total watershed (Fig. 1) was calculated for 1962-2020 from the ERA5-Land dataset (Munoz-Sabater, 2019; Munoz-Sabater et al.,
2021), which has 9 km cell size. Annual rainfall and runoff were aggregated using the Oct-Sept water year.

Data on runoff over the spillway at Barrett Reservoir were obtained from the City of San Diego (R. Morales, personal communi-
cation), and historical observations indicated if spillway overflow occurred at the Rodriguez dam (URS corporation, 2012 for
1970-2009 and R. Morales, personal communication, for 2010-2020).

3.2. SSC data

We compiled historical data on SSC of the Tijuana River from a municipal monitoring program (2002-2014) (Weston Solutions,
2015) and from the United States Geological Survey (USGS) (1970 s). We also collected our own water samples in 2019-2021 and
analyzed them for suspended sediment concentrations (SSC). The historical data were reported as either total suspended solids (TSS)
(2002-2014) or SSC (1970 s), and the new samples (2019-2021) were analyzed for SSC. TSS and SSC differ in the method of sub-
sampling in the laboratory; see S1.0 for details. Following recommendations of Gray et al. (2000), we do not attempt to correct the TSS
values to SSC, and assume that the difference between TSS and SSC values is small compared to other uncertainties in the calculation of
SSL.

TSS values in stormwater were obtained from an existing report (Weston Solutions, 2015). Composite samples were taken from
Hollister Bridge (Fig. 1) for twenty-two storms sampled from January 2002 to March 2014. All samples were volume-weighted
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composites, though some samples had more frequent sampling on the rising limb (see S2.0 and Fig. S1). The USGS reported 182 values
of SSC from Hollister Bridge over 1970-1978, station 11013500 (United States Geological Survey, 2016, http://waterdata.usgs.gov/
nwis/, access date 2021-06-21)(Fig. 1). Additional water samples were taken by the authors from the Tijuana River in 2019-2021 at
Dairy Mart Road Bridge (DMR, Fig. 1) with a combination of grab samples and an autosampler that took samples once an hour. See S3.1
for details of the water sampling, SSC methods and SSC data.

3.3. Storm metrics and SSC

Traditional sediment rating curves, where instantaneous SSL is modeled as a function of instantaneous runoff, may result in sig-
nificant error given intra-event hysteresis in SSC (Warrick et al., 2015). Management agencies also often only collect composite
samples and report storm-wise mean SSC, complicating the use of instantaneous rating curves. Storm metrics, such as total or peak
runoff (Qpy), may provide more accurate predictions of SSC and SSL than instantaneous sediment rating curves (Duvert et al., 2012). In
California, Qp correlates with sediment yield in individual watersheds, but the relationship varies by location (Warrick et al., 2015).
We therefore modeled storm-wise mean SSC as a power function of Qp (Duvert et al., 2012):

SSC = bef sscom 4y e8]

where a and b are determined through linear regression on the log-transformed values of SSC and Q,, and befsscopk is a bias correction
factor (Crawford, 1991) that compensates for the underestimation that occurs when using minimum least-squares on log-transformed
variables. The regression parameters were calibrated to the data collected from 2002 to 2021. Outliers were identified using the Tukey
fence method and the impact of outliers quantified by comparing regression parameters, annual Q and annual SSL with and without
outliers. See S3.2 for details.

In order to calculate annual SSL for the period with 10-minute runoff data (2001-2020), the EcoHydRology package (Fuka et al.,
2018) in R (R Core Team, 2021) was used to separate streamflow into stormflow and baseflow. Qpx and total stormflow volume were
then calculated for each storm. SSC was estimated for each storm using Eq. (1), and SSL calculated as the product of total volume and
SSC. See S3.3 for details. Suspended sediment yield (SSY) was calculated by dividing SSL by the drainage area of the lower watershed
(Aower, Fig. 1) since watersheds upstream of dams contributed flows in only a few years.

3.4. Annual SSL and accounting for dams

Sub-daily runoff data were not available for 1962-2000, so we could not use a storm-wise SSC-Q, relationship (Eq. 1) to estimate
annual SSL (SSLanp) for years before 2001. Instead, we estimated SSLapn (tons) for the whole period (1962-2020) from annual Q (Qann,
MCM):

SSLann = b(’fann ('.ann (2)

where bcf,y, is the bias correction factor for annual values, and ¢ and d are regression parameters.

All of the available SSC data were collected during periods with no overflow from the two main dams (Barrett and Rodriguez);
sediment retention behind the dams could cause SSC and SSL to be lower than predicted by Eq. (2) during wet periods with spillway
overflow. In order to quantify the impact of different assumptions about dam impacts on SSL estimates, we calculated SSL for years
with overflow using Eq. 2 given two different values of Q: 1) Qann tot, Which includes overflow and assumes that overflow from the
dams does not change the SSL-Q relationship (Eq. 2), and 2) Qann lower, Which excludes overflow and is estimated as:

Q“"”-’”"’” = bCfQP gP:nn_lowcr (3)
where bcfqp is the bias correction factor for the Q-P regression, Pann jower is annual rainfall in the lower watershed, and g and h are
regression parameters. SSLan, at the outlet for years with overflow is then calculated from Eq. 2 with Qann 1ower as the predictor, which
assumes complete retention of sediment in the reservoirs and no channel erosion downstream of the dams; the channel downstream of
Rodriguez dam is channelized with concrete and has limited opportunity for erosion (URS Corporation, 2012a). Note that this
sensitivity analysis does not determine the impact of dams per se on long-term sediment load; the SSL-Q relationship (Eq. 2) already
includes the impact of dams because the data to calibrate Eq. 1 were collected in the post-dam period. Rather, we quantify the impact of
assumptions about dams on SSL calculations for years with overflow.

The combined impact of Q-P and SSL-Q on annual SSL was determined by creating an SSL-P relationship:

SSLua = bcfssip MPpyy twer @

where bcfsgyp is the bias correction factor and m and n are regression parameters. This regression assumes that dams retain all sediment
that enters the corresponding reservoir.

Errors in SSL estimates can be quantified using standard statistical techniques, which may be less applicable if the data are non-
normal, or if multiple types of uncertainty are present. Alternatively, bootstrapping and Monte Carlo methods (Rustomji and Wil-
kinson, 2008) can be used to estimate uncertainty. We used bootstrapping with replacement to generate 1000 SSC-Qpy data sets, and
therefore 1000 estimates of the parameters of the SSC-Qpy relationship (Eq. 1). These parameters were used to estimate ensembles of
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1000 values each of 1) SSLyy, for 2001-2020, 2) parameters of Eq. 2, and 3) values of SSLap, for each year from 1962 to 2020.

3.5. Change over time and comparisons with other studies

We tested for changes in the annual Q-P relationship before and after the start of imported water (1978) and channelization (1979)
both of which occurred within several months of each other so we were unable to separate their effects. We instead refer to pre- and
post-1978 periods, where the pre-1978 period includes the 1962-1978 water years. The statistical significance of changes in the
coefficients of the power functions (Eqgs. 2-4) were tested using linear regression on the log-transformed variables, including pre- or
post-1978 as an indicator variable (0 or 1), and an interaction term between the continuous variables (P or Q) and the indicator.

Changes in the annual Q-P relationship during the post-1978 period (1979-2019) were determined using multiple regression with P
and year as independent variables. SSLp, (2001-2019) and instantaneous SSC (2019-2021) were compared with historical data from
1970 to 1978, and with the annual and instantaneous sediment rating curves of (Brownlie and Taylor, 1981) (hereafter BT81), which
were based on data from 1973 to 1975. The combined impact of changes in the Q-P and SSL-Q relationships were quantified by
creating SSL-P relationships in the pre- and post-1978 periods. Q and SSL were calculated for a pre-1978 scenario by applying the Q-P
(Eq. 3) and SSL-P (Eq. 4) relationships from the pre-1978 period to the P time series in the post-1978 period (1980-2019).

Other studies on the Tijuana River used methods similar to ours to quantify long-term SSL. BT81 calculated SSL for 1937-1975
using an instantaneous sediment rating curve (SSC-Q) developed from 43 samples taken at Hollister Bridge by the USGS from 1973 to
1975. BT81 then estimated SSLyy, from a log-linear regression of SSLann against Qanp, equivalent to Eq. 2 but with no bias correction
factor. The highest runoff with SSC data in the analysis of BT81 was very low (3.23 m> s’l) compared with both our largest sampled
runoff (128.4 m® s~1) and with the peak runoff of all storms from 2001 to 2020. BT81 therefore extrapolated well beyond the observed
range of runoff, in part due to low runoff in the pre-1978 conditions, increasing uncertainty about SSL during high runoff and wet years
in the 1970 s.

Inman and Jenkins (1999) (hereafter IJ99) updated the period of record of SSL estimates to 1995 using the same annual sediment
rating curve as BT81 and streamflow data to 1995. 1J99 did not add any more SSC values or recalculate annual rating curves. In order
to compare our SSL values with 1J99, we calculated SSL for the same wet period as 1J99 (1969-1995) using our annual SSL-Q rela-
tionship (Eq. 2). We also compare our SSL estimates with values from URS Corporation (2012a), who also estimated annual sediment
load of the Tijuana River under undisturbed conditions using annual runoff and an empirical equation calibrated to sedimentation
rates for reservoirs across the conterminous United States.

4. Results
4.1. SSC results: 2019-2021
Seven storms were sampled at Dairy Mart Road in 2019-2021, and sixty-two samples were analyzed for SSC (Table S1). Data from

one storm were omitted; see S4.0 for details, including SSC data and sampled hydrographs (Figs. S2-S8 and Tables S2-S8). The
maximum runoff with a water sample during the 2019-2021 period (128.4 m® s!) was close to the largest Qpk of storms sampled over
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2002-2014 (133.6 m® s~1). Instantaneous SSC values over 2019-2021 ranged from 95 mg L™ during pre-storm conditions to
5480 mg L ™! at the largest sampled runoff.

4.2. Storm-wise sediment rating curves

Storm-wise mean SSC increased linearly with event peak runoff (Qpy) in log-log space (years 2001-2014 and 2019-2021) (Fig. 2).
The Tukey (1977) method identified three outliers. The SSC-Q,k regression excluding outliers (R? = 0.61) was used to estimate SSC for
storms with no SSC observations over the 2001-2019 period (See S5.0, Table SO for details). Storm-wise mean SSC of the storms
sampled from 2019 to 2021 fell in the range of the values from 2002 to 2014, with one high mean SSC value at low Qpy (~4 ms7},
Fig. 2). There was no indication of differences in SSC by sampling location (See S4.0 for details).

4.3. Stormflow separation

The stormflow separation algorithm identified 498 storm events over 2001-2020 when using a flow threshold of 1 m® s, a filter
parameter (f) of 0.99 and storm separation duration (sephr) of 12 h. Annual Q and SSL were relatively insensitive to the separation
parameters (See S6.0, Table S10, Figs. S9-S18). Qpk ranged from 1 to 532 m? sl Many of the storms were small (<10 m s
(Fig. $19), and most Qpk values were smaller than the maximum Q in the observed SSC dataset, though 15 storms had Qpy greater
than twice the Qi of the largest storm sampled for SSC. Baseflow was high in 2020 due in part to continual sewage releases (See 56.0)
where the Qp-SSC relationship may not hold, so we excluded the 2020 water year from further analyses.

4.4. Storm-wise and annual suspended sediment load, 2001-2019

SSLann averaged 0.131 =+ 0.037 Mt y ! (SSY = 112.9 tons km ™2 yr 1) over 2001-2019, ranging from 1200 + 300 tons in 2002 to
587,000 + 182,000 tons in 2017 (Table S11). The twenty largest storms delivered 73 % of the total SSL over the 2001-2019 period, the
10 largest storms delivered 53 %, and the single largest storm 9.5 % (Table S12), demonstrating the importance of large events in the
long-term sediment load. However, storms smaller than the 2-year storm accounted for 47 % of the total sediment load, so while a few
large storms were important, more numerous smaller storms also accounted for around half of the cumulative SSL. SSLy, (tons)
correlated with Qupn, (MCM) over 2001-2019 (Fig. 3). Bootstrap regressions provided 1000 estimates of ¢ and d (Fig. 3). The c and
d parameters are inversely related, so could not be sampled independently for sensitivity analysis; instead, ¢ and d pairs were selected
for bootstrapping. The mean and standard deviation of the regression parameters (Eq. 2) from the bootstrapping were: befyn, = 1.1
+0.03,c =260.5+76.9and d = 1.67 + 0.12.

4.5. Annual Q and Q-P relationships: 1962-2019

The runoff time series has three periods (Table 1, Fig. 4): very low runoff (1962-1978), high runoff with several years of dam
overflow (1979-1999), and moderate flow with no dam overflow (2000-2019). Qapy in the 3 wettest years was 5.5, 4.5, and 4.4 times
higher than the largest annual flow observed from 2001 to 2019 (US Army Corps of Engineers, 2018). One or both of the two dams
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—— 2001-2019 Boot Indiv
1973-1975
10°
(2]
c
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5
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10*
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10 | | | | |
5 10 20 50 100
Qanny MCM

Fig. 3. Annual sediment rating curves (Qann VS SSLann) for the Tijuana River for 2001-2019. Each red line (Boot Indiv) is an individual instance of
bootstrapping the SSC-Q, regression and the black line is the mean (Boot Mean). Dotted black lines are the 95 % confidence intervals of the
regression. The gray line for 1973-1975 is from Brownlie and Taylor (1981).
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Table 1

Annual rainfall (P), runoff (Q) and suspended sediment load (SSL) for individual years with overflow, and long-term means including all years over
diffrent periods between 1962 and 2019 . Pann jower a0d Qann 1ower indicate rainfall and runoff from the lower watershed, and Qann total indicates runoff
at the IBWC gage, including both the upper and lower watersheds.

WY P (mm) Q (MCM) SSL (Mt) Ratio”
Pann _lowerOWer Qann_total Qann lower £ (Qann total)” £ (Qann tower)”
1980 686 732 94 19.32 0.57 339
1983 776 591 117 13.35 0.83 16.1
1993 718 599 102 13.67 0.65 21.0
1995 590 217 71 2.38 0.35 6.8
1998 630 89 80 0.52 0.43 1.2
2005 651 88 85 0.51 0.48 1.1
1962-2019 367 58 28 0.92 0.13 7.1
1962-1978 334 6 7 0.03 0.04 0.8
1979-1999 436 124 40 2.39 0.19 12.6
2000-2019 323 33 33 1.30 0.12 10.8

@ . Ratio of SSL calculated using Qann total to SSL calculated using Qann lower.
b SSL calculated using Qann total i Eq. (2). Assumes no impact of dams on the SSLann-Qann relationship.
¢ . SSL calculated using Qann jower it EQ. (2). Assumes complete retention of sediment behind dams in years with overflow.
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Fig. 4. Time series of observed annual runoff (Q,nn) and annual rainfall in the lower watershed (Pann 1ower) for the Tijuana River at the IBWC gage
(1962-2019). Volumetric runoff was normalized by either the lower watershed area only (Ajower, y-axis lhs) or whole watershed (A¢otal, y-axis rhs).
Letters above the bars indicate years when Rodriguez (r), Barrett (b) or both (rb) reservoirs had overflow (spillway runoff). Runoff from the lower
watershed was taken directly from measurements at the IBWC gage for years with no overflow, and from the Q-P relationship for the lower
watershed for years with overflow (Eq. 3).

overflowed in 8 years (14 % of all years) between 1962 and 2019 (Fig. 4). Barrett overflowed more frequently and for lower runoff
values than did Rodriguez. Barrett had zero overflow from 2006 to 2019 (R. Morales, personal communication), so we assume that
Rodriguez also did not overflow in any year after 2010.

Annual Q correlated linearly with annual P in log-log space (Fig. 5). Four years with overflow (1980, 1983, 1993, 1995) had
significantly more runoff than predicted using Eq. 3 (Fig. 5), suggesting either that the upper watershed produced large volumes of
runoff in those years, or that there were non-linearities in the Q-P relationship in the lower watershed that are not captured by the log-
linear function (Eq. 3). Changes in the Q-P relationship are discussed in Section 4.7.1.

4.6. Annual SSL, 1962-2019: Frequency analysis and assumptions about dams

Applying the bootstrapped parameters of Eq. 2 to the Qany time series from 1962 to 2019 generated 1000 values of SSLayy, for each
year, from which we calculated a mean and standard deviation for each year (Fig. 6). The long-term mean SSL,, was 0.128 + 0.165
Mt yr~ !, with a range of 0.0012-0.574 Mt yr~'. The coefficient of variation (CV = standard deviation / mean) of the bootstrapped
values of SSL,nn, was highest (30 %) for years with high rainfall.

Nearly half (46 %) of the cumulative SSLyn, over 1962-2019 occurred during very wet years (recurrence interval (Tr) > = 10
years); the wettest years (Tr >= 20 years) contributed 28 % (Fig. 7) when using Qann lower t0 predict SSLany. Slightly more than half of
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Fig. 5. Annual Q-P relationship for the Tijuana River. Text next to the points indicates the water year (e.g. 62 indicates 1962, 03 indicates 2003).
The lower regression line is for pre-channelization and the upper line is for post-channelization, excluding years with overflow. Qan, is the
observed discharge.
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Fig. 6. Time series of annual suspended sediment load (SSLan,) of the Tijuana River from 1962 to 2019, calculated using the annual SSL-Q rela-
tionship (Eq. 2 for 1979-2019; Brownlie and Taylor 1981 for 1962-1978) and Qann jower as the predictor. Whiskers indicate one standard deviation,
calculated using bootstrapping. SSL is non-zero for all years including 1962-1977.

the long-term SSL was contributed by years with a return interval of less than 10 years. A small fraction of SSL (5 %) was contributed by
annual runoff with a Tr of 2-years or less.
Calculations of SSLany for years with dam overflow were highly sensitive to the Q values used in Eq. 2 and the corresponding
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Fig. 7. Cumulative SSL,y, as a fraction of the total over 1962-2019 versus the exceedance probability and return period using either annual runoff
from the total watershed area (Qann total) (black line) or the lower watershed (Qann 1ower, green line) to calculate SSL,p,,. Both estimates use the same
annual SSL-Q relationship (Eq. 2). Dashed lines indicate return periods of 5, 10, 20, and 50 years. The cumulative SSL over the whole period
(1962-2019) was 23.9 Mt when using Qann totat and 4.9 Mt when using Qann jower t0 €stimate SSLany.
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assumptions about dam impacts on SSL (Table 1). Using Qann total to predict SSLann, which assumes that dams do not impact the SSL-Q
relationship, results in a much larger (7.1x) total SSL (0.920 Mt y’l) over 1962-2019 compared with using Qann jower (0.128 Mt y’l),
which assumes complete retention by dams. Using Qann total also results in a larger contribution (~90 %) of the wettest years (Tr >= 10
years) to cumulative SSLan, compared with using Qann jower (46 % from the wettest years) (Fig. 7). The ratio of SSL estimated by using
Qann_total to SSL estimated using Qann jower ranged from 6.8 to 33.9 for the four wettest years (Table 1). The lower estimate, where SSL
for years with overflow is calculated using Qann lower, is likely more reliable, since dams typically retain a large percentage of the
sediment load into them (85 % for reservoirs in California, Willis and Griggs, 2003). Our purpose here is to quantify the range of
possible SSL values and to demonstrate how not taking dams into account can bias SSL calculations in years with overflow.

4.7. Change over time

4.7.1. Changes in annual Q-P relationships and Q

Annual runoff (Qapp) increased for a given annual rainfall after 1978, coinciding with the start of imported water and channeli-
zation, with the largest percentage increases at low annual rainfall (Fig. 5). The parameters of the Q-P relationship in the pre-1978
condition (1962-1978) were: bef 1.24, g 5.1 x 10’9, and h 3.305 (R2 = 0.62); in the post-1978 condition the parameters were: bcf
1.10, g 4.7 x 10~% h 1.832 (R? = 0.67). The intercepts and slopes of the Q-P relationship were statistically different (p < 0.01) pre-
and post-1978. Using the pre-1978 Q-P parameters to predict Q in the post-1978 period, years with no overflow only, gives mean
annual runoff of 1.8 MCM, compared with 26.5 MCM observed, an approximate 15-fold increase. The mechanisms that could account
for this increase are discussed in Section 5.2.

4.7.2. Changes in SSL-Q relationships

Annual SSL was higher for a given annual runoff in the 1970 s (BT81) compared to the 2000 s, except for the wettest years (Fig. 3).
Additional SSC data from the USGS (1976-1978) not included in BT81 or 1J99 (Fig. 8, Fig. S21) suggests that SSL and SSC were
consistently higher in the 1970 s than in 2019-2021 at low runoff (0.1-1 m® s 1) but were highly variable for runoff greater than 1 m®
s~L. Daily SSL in April, May and June (AMJ) 1978, for example, was significantly lower than daily SSL in 2019-2021, but SSL in AMJ
was not different from other months for all other years in the 1970-1977 period (Fig. 8). Seasonality could account for the low SSC at
high flows in 1978 AMJ, since AMJ is at the end of the wet season, but the available data do not allow for robust conclusions. All
samples from the 1970 s were collected prior to channelization and imported water, which could have either increased or decreased
SSC for a given runoff depending on the role of the channel and wastewater in providing sediment at low flows. Additional sampling
may help quantify seasonal differences in the SSC-Q relationship and allow for a more robust comparison with historical data, though
the lack of historical SSC data at high runoff complicates quantification of changes over time.

4.7.3. Changes in SSL-P relationships and annual SSL

Post-1978 SSL was several times higher than pre-1978 SSL for a given Panp jower (Fig. 9). This suggests that higher SSC in the 1970 s
was more than balanced by higher runoff production in the post-1978 period, resulting in higher SSL for a given annual P in the post-
1978 period, with decreasing differences in wetter years. The slopes and intercepts of the SSL-P relationship were statistically
significantly different pre- and post-1978 (p < 0.05). If the low SSC and SSL values observed in April and May of 1978 (Fig. 8) are more
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Fig. 8. Instantaneous sediment rating curves for 2019-2021 and comparison with data from the USGS (1970-1978) separated by season (Oct-Nov-
Dec-Jan-Feb-Mar (ONDJFM) and Apr-May-June (AMJ)), and with the Brownlie and Taylor (1981) rating curves for the Tijuana River (BT81).
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Fig. 9. Annual rainfall in the lower watershed (Pann 1ower) Versus annual suspended sediment load (SSLann), by water year. Text next to the points
indicate the water year (e.g. 62 indicates 1962, 03 indicates 2003). SSL for years with overflow is predicted from Qann 1ower €stimated from the Q-P
relationship for the lower watershed (Eq. 3).

representative than the higher values in 1970-1977, then the pre-1978 SSL would be even lower than our estimate.

SSLann during the post-1978 period (no overflow years only) calculated assuming pre-1978 parameter values (Eq. 4) was 7831 tons
y~!, while the mean for the same time period using the post-1978 parameter values was 94,888 tons y_*. Combined, the increase in
runoff (15-fold) more than compensated for any potential decrease in SSC, resulting in a 12-fold increase in SSL from pre- to post-1978
conditions. The impact of uncertainties in the historical and recent data, and the plausibility of this magnitude of change will be
discussed in Section 5.2.

4.8. Comparison with other studies on the Tijuana River

Our upper-bound estimate of SSL during the wet period of 1J99 (1969-1995), using Qann total to predict SSL (1.85 Mtons yr’l), was
5.3 times higher than the 1J99 estimate, while our lower-bound estimate using Qann 1ower (0.148 Mtons yr’l) was 58 % lower than the
1J99 estimate (Table 2). Our higher SSLan, estimate when using Qann total is due to our annual SSL-Q relationship (Fig. 5), which has
higher SSL at high runoff (Qann>60 MCM) than the relationship used by 1J99. Our SSL estimate using Qann lower iS lower than 1J99 due
to our assumption of reservoir retention of sediment during years of overflow, which dominate the long-term average. Due to the
likelihood of high rates of sediment retention in the reservoirs and our additional SSC observations at high runoff, we believe that our
revised estimate of 0.148 Mtons yr ! over 1969-1995 is the most reliable, and that 1J99 may overestimate SSL. Not controlling for the

Table 2
Suspended sediment yield (SSY) for the Tijuana River and other watersheds draining similar geology (peninsular ranges) in southern
California.

Watershed SSY (tons km 2 yr™ 1) Reference

Other watersheds, peninsular ranges

San Diego Creek 350 1J99

San Juan Creek 170 1J99

Santa Margarita 50 1J99

San Luis Rey 300 1J99

San Diego River 10 1J99

Sweetwater 36 1J99

Mean peninsular ranges 100 1J99

Tijuana River”

Pre-dam conditions 293" Inman and Masters (1991) Table 9-7
Post-dam conditions 74> Inman and Masters (1991) Table 9-7
Post-dam (1937-1975) 129 BT81 Table C10-5

Post-dam 131 Warrick and Farnsworth (2009)
Post-dam (1944-1995) 188 1J99

Post-dam wet period (1969-1995) 315 1J99

Post-dam wet period (1969-1995) 130 This study

Post dam all years (1962-2019) 119 This study

Los Laureles Canyon 5000 Biggs et al. (2018)

? Yields calculated as total load divided by the active, undammed drainage only (Ajower)-
b Volumes converted to mass using bulk density of 1.67 tons m™~>. Yield in Inman and Masters (1991) is for sand and gravel.
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time period, our estimated mean annual SSY over 1962-2019 is 38 % lower than 1J99 (years 1944-1995), and 15 % lower than the
Warrick and Farnsworth (2009) estimates for the Tijuana River (Table 2).

5. Discussion
5.1. Dam impacts on SSL calculations

Assumptions about dams and their impact on the Q-SSL relationship had a large impact on SSL estimates, both for the years with
overflow and for the long-term mean. Use of runoff from the lower watershed only (Qann jower) to estimate suspended sediment loads
(SSLann), which assumes complete retention of sediment behind dams, results in significantly lower SSL values compared with the use
of Qann total, (Table 1) and compared to previous estimates (1J99). It also reduces the importance of the wettest years, which have much
higher runoff (Fig. 4) but not significantly higher SSL (Fig. 6) due to retention of sediment behind the dams. This conclusion depends on
accurate estimation of Qann jower; NON-linearities in the Q-P response could result in inaccurate estimates of Qann jower, €specially for
years with high rainfall. Future research could use more detailed Q-P modeling of the lower watershed.

Our documentation of dam impacts on SSL estimates is important for estimates of SSL in other river basins with dams. Samples of
SSC are often collected for relatively small, frequent storms when dam overflow may be unlikely; extrapolation of the SSL-Q rela-
tionship for years with overflow would then overestimate SSL. A systematic review of existing SSL estimates (e.g. [J99) and sensitivity
analysis using the method proposed here would help determine the magnitude of this potential overestimation.

5.2. Change over time

5.2.1. Annual runoff

Mean annual runoff increased by 24.7 MCM (15x) after 1978, controlling for precipitation variability. The increase in Q could be
due to channelization of the Tijuana River in 1979 and to the start of importing of water from the Colorado River (1978). Channel-
ization reduces channel infiltration, and could have reduced groundwater flow down the valley and reduced evapotranspiration from
riparian vegetation. Limited data are available to determine the extent of the pre-1978 riparian vegetation, but riparian evapo-
transpiration (ET) can be approximated to a first-order: assuming riparian vegetation width ranging from 100 m to 500 m along the
4 km of channelized river, and 1260 mm per year of ET, equal to potential ET of the coastal region (Hart et al., 2009), gives annual ET
of the pre-channel riparian zone of 2.5-3.8 MCM, which is much smaller than the change in annual runoff (24.7 MCM). Infiltration in
the channel and floodplain with resulting down-valley groundwater flow may have further reduced surface flow before channelization,
but estimation of this flow is beyond the scope of this paper. The volume of water imported from the Colorado River was 101.3 MCM by
2008 (Cohen et al., 2011), which is larger than the observed increase in runoff. Wastewater from Tijuana discharged directly to the
river until 1997 when the International Water Treatment Plant was finalized. Further research is needed, including on how wastewater
effluent, dams, channelization and urbanization affect the Q-P relationship, baseflow, stormflow, and annual Q.

5.2.2. Sediment rating curves and SSL

Annual (Fig. 5) and instantaneous sediment rating curves (Q vs SSL or SSC) (Fig. 8, Fig. S20) suggest that SSL for a given runoff was
lower in 2001-2019 than in the 1970 s for low annual runoff but similar for higher runoff. There is considerable uncertainty in SSC for
high flows as most of the 1970 s samples were collected at low flow (<3.28 m® s~1). Instantaneous SSL was approximately 10x higher
in 1970 s compared with 2019-2021 for low runoff (Fig. 8), except for April-June 1978, which had lower annual SSL for a given annual
Q. Higher runoff post-1978 resulted in higher SSL despite the lower SSL for a given discharge. Our analysis suggests that SSL was 12x
higher in the post-1978 condition than it would have been under pre-1978 conditions, assuming the sediment rating curves were stable
for the full range of runoff observed. However, SSL in the post-dam period was still ~60% lower than SSL estimated for pre-dam
conditions by Inman and Masters (1991), suggesting that SSL increased post-1978 compared with 1962-1978 conditions, but likely
not to pre-dam levels (Table 2).

5.3. Land use and channelization impacts on SSL

Sediment management in Tijuana, especially the installation of sedimentation basins, may have reduced the sediment load under
conditions of low runoff; large human impacts on small runoff events, with limited impacts on large events, is also seen in floods, where
land use has the biggest impact for return periods of < 5 years (White and Greer 2006). In addition, impervious cover is high (50-80 %)
in the urban core of Tijuana (Biggs et al., 2010), and many stream channels have been lined with concrete, both of which could reduce
SSL below the pre-urban background (Wolman, 1967). More work is needed to calculate the historical and contemporary rating curves
and SSL of the Tijuana River and how they are impacted by seasonality, management, and land cover change.

5.4. Comparisons with other watersheds in southern California

SSL for watersheds in the peninsular ranges of southern California averaged 100 tons km~2 yr! and ranged from 10 to 350 tons
km~2 yr~! (1J99). Tijuana River SSL from our study (Table 2) is within the range of other watersheds in the peninsular range, sug-
gesting that, while urbanization may have increased SSL above the pre-urban baseline, urbanization does not appear to have increased

the SSL of the Tijuana River beyond the range observed in other watersheds in southern California. However, channelization and

11



T. Biggs et al. Journal of Hydrology: Regional Studies 42 (2022) 101162

imported water coincided with a large increase in runoff for a given annual rainfall (Fig. 4), and year was a significant predictor of
annual runoff after controlling for annual rainfall; combined this resulted in a ~12-fold increase in SSL compared with pre-1978
conditions. However, dam construction has likely reduced sediment load by 50-75 % from pre-dam conditions (Table 2) (1J99,
Inman and Masters, 1991). Significant uncertainty remains about the combined impacts of dam construction, imported water, ur-
banization and channelization on runoff and sediment loads.

In contrast with the Tijuana River and other peninsular ranges, SSY in the Los Laureles Canyon watershed (LLCW) (~11.6 kmz),
which drains directly into the Tijuana Estuary, was extremely high (5000 tons km~2 y~%; Biggs et al., 2018) and roughly 42 times the
SSY of the Tijuana River. The trap data used for the LLCW includes bedload, but the trapped sediment was only approximately 10-15 %
by weight cobbles or larger (>64 mm diameter), and most of the sediment in the trap is fine to very fine sand (Taniguchi, unpublished
data). The undammed side canyons draining to the Tijuana Estuary have much higher sediment yields than the mainstem of the
Tijuana River, with consequent high sedimentation rates and impacts on the southern part of the estuary.

5.5. Implications for sediment accumulation and management

Our results suggest a paradox: runoff and annual suspended sediment load from the Tijuana River has likely increased during
urbanization, but loads in the post-dam period (1936-present) are likely still lower than the pre-dam load (Table 2), and yet the Tijuana
Estuary has lost most of its tidal prism due to high rates of sediment accumulation (Safran et al., 2017). The Tijuana River also does not
have significantly higher loads than other streams on similar lithology. The paradox could be explained in part by the reduction in
stormflow and consequent reduced transport capacity of the river following dam construction: BT81 estimate that annual flow in the
Tijuana River decreased from 8.6 MCM in pre-dam conditions to 1.6 MCM in the post-dam but pre-channelization period (1951-1975),
a reduction of 81 % (Table C11-3 in BT81). Annual and peak runoff increased following channelization and urbanization in the
post-dam period (Fig. 5), though it is unclear whether flows reached their pre-dam levels. Significant uncertainty remains about the
magnitudes of pre-dam runoff and SSL, and the runoff necessary to transport sediment through the estuary to the coast.

6. Conclusion
6.1. Main findings

Flood events larger than the 2-year recurrence interval (N = 10) accounted for more than half of total suspended sediment load
(SSL) of the Tijuana River over 2001-2019, but frequent floods smaller than the 2-year event also accounted for nearly half of SSL.
Over the longer time period (1962-2019), the 10 % wettest years accounted for 48 % of SSL, while the driest 50 % of years accounted
for less than 5 %. Extreme events may have less impact on decadal cumulative SSL than previously documented (1J99), due to the
impact of sediment retention by dams on SSL estimates during years with dam overflow. Overall, large events and wet years are
important for the long-term load, but more frequently occurring years and events are also important.

SSL in the Tijuana River likely decreased from 1970 s to 2019-2021 for small storms due to higher suspended sediment concen-
trations in the 1970 s, but annual runoff increased markedly, resulting in a net increase in annual SSL. The SSL from the Tijuana River is
still likely around half of the load prior to construction of dams upstream (IJ99, Inman and Masters, 1991), and delivery of sediment to
the coast is likely further reduced by a reduction in flow and transport capacity (Willis and Griggs, 2003). Reduced flow in the
post-dam period likely contributes to accumulation of sediment in the Tijuana estuary, and to low sediment loads to the ocean and
consequent beach erosion.

6.2. Limitations and future work

Sediment load estimates are uncertain, especially during the wet years (Tr > 10 y) that account for approximately half of the total
SSL. Our calculations of SSL and the impact of dams depend on accurate estimation of runoff from the lower watershed, and stability of
the annual SSL-Q relationship. The abrupt increase in runoff post-1978 coincides with channelization and the start of imported water,
but changes in measured runoff could also be caused in part by changes in the methods, equipment or rating curves associated with
channelization. Q-P and SSL-Q relationships may change markedly during extreme events, but the current dataset, and most similar
datasets, do not have SSC data for those events. Future work could model annual runoff and sediment loads for upper and lower
watersheds in the few extreme wet years, including the trapping efficiencies of the two main reservoirs. Sediment loads may have
increased post-channelization and post-urbanization due to increased runoff, but significant uncertainty in the historical (1960-70 s)
relationship between runoff and SSL precludes precise estimates.

Our analysis quantifies changes in runoff and sediment loading over time, but does not identify the mechanism responsible for the
changes. Channelization, urban wastewater, impervious surface, soil exposure, and channel erosion could all contribute to changes in
runoff and/or sediment loads. Future work could model runoff and sediment loads and analyze intra-annual changes in flow duration
curves to identify mechanisms responsible for the observed changes.

Both drought and flood frequency are projected to increase in the region (Ashraf Vaghefi et al., 2017; Modrick and Georgakakos,
2015). SSL is a non-linear function of rainfall, so increases in both wet and dry years could cause a net increase in SSL to the estuary,
even if long-term mean rainfall does not change. The interacting effects of climate variability, channelization, urbanization, imported
water, runoff, sediment loads, estuarine sedimentation rates and ecosystem impacts require further quantification.
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6.3. Implications and broader impacts

Our methods and findings have implications for calculations of sediment loads in other locations. First, event-wise modeling of
sediment loads can leverage municipal monitoring datasets, which may be event-wise composites and not instantaneous values used in
traditional rating curve construction. Second, the relationships between annual rainfall, runoff and sediment loads can be highly
impacted by dams upstream, especially during extreme wet years when dams overflow, but this is often difficult to quantify due to
limited data availability for extreme events. Sediment retention behind dams can reduce sediment concentrations downstream, but
such effects may not be included in sediment rating curves fit to SSC measurements taken at low runoff without dam overflow. Un-
certainty analysis as performed here can help quantity possible dam impacts on calculations of long-term sediment loads. Third, we
quantify uncertainty in the sediment-runoff relationships using bootstrapping and provide an updated estimation of long-term sedi-
ment loads and trends, which can be used to inform future sediment management and restoration efforts. Revised sediment-runoff
relationships can also be used to calibrate watershed models to evaluate the effects of sea level rise, climate change, and land use
changes on future sediment loads and resilience of coastal wetlands.
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