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A B S T R A C T

Monthly water samples were collected from the lower Mississippi and Pearl Rivers between January 2009 and 
August 2011 to investigate the heterogeneity in the dynamic variations of dissolved organic carbon (DOC), 
colloidal organic carbon, chromophoric and fluorescence dissolved organic matter (CDOM and FDOM), 
PARAFAC-derived fluorescent components, and other optical properties including spectral slope, specific UV 
absorbance (SUVA), and fluorescence indices between the two contrasting river systems. The lower Mississippi 
River exhibits relatively lower concentrations of DOC (306 ± 41 μM C) and CDOM (27.9 ± 5.7 m− 1 at 254 nm), 
featuring lower aromaticity (indicated by SUVA254) and apparent molecular weight (or higher spectral slope) 
with weak seasonal variability. The Pearl River, in contrast, has elevated levels of DOC (537 ± 212 μM C) and 
CDOM (66.4 ± 31.4 m− 1), characterized by higher aromaticity, higher molecular weight, and significant sea
sonality, primarily originating from soil-derived allochthonous sources. The abundance of the >1 kDa colloidal 
DOC was, on average, 58 ± 3 % of the bulk DOC in the lower Mississippi River and 68 ± 6 % in the lower Pearl 
River. The >1 kDa high-molecular weight DOM (HMW-DOM) consistently had lower spectral slope and bio
logical index (BIX) values, but higher humification index (HIX) values compared to both bulk DOM and low- 
molecular-weight DOM (LMW-DOM) counterparts. These trends could be representative of other similar large 
and small rivers. Four PARAFAC-derived fluorescent components (three humic-like and one protein-like) were 
identified for both rivers. A positive correlation between discharge and terrestrial humic-like fluorescent com
ponents indicated their dominant allochthonous sources, while the protein-like component decreased with 
increasing discharge, consistent with its autochthonic source and a dilution effect during high flow seasons. The 
occurrence of large flood events during the sampling period contributed to large DOC pulses, with DOM of higher 
aromaticity and HMW-DOM. This has important implications for coastal ocean ecosystems, which are increas
ingly impacted by river flooding events under changing climate conditions. Our results also provide an improved 
understanding of DOM dynamics in two representative rivers and establish a baseline dataset for future studies to 
assess changes in sources and composition of DOM and their impacts on the coastal ocean in response to climate, 
hydrological, and anthropogenic influences.

1. Introduction

Globally, dissolved organic carbon (DOC) export from rivers to the 
ocean is approximately 0.25 Gt annually (Aitkenhead and McDowell, 
2000), with the top 30 largest rivers in terms of discharge contributing 
over 51 % of the total global flux (Raymond and Spencer, 2015). 
Riverine dissolved organic matter (DOM) has been found to influence 
estuarine and coastal marine ecosystems (Bianchi et al., 1997; Findlay 

et al., 1998; Joung et al., 2019) and is thus a major component in marine 
carbon cycles (Bianchi, 2013; Hedges et al., 1997). Knowledge of 
composition and sources of DOM and their temporal variability in river 
systems is important for a better understanding of the transport and fate 
of riverine DOM delivered to the oceans, and the biogeochemical pro
cesses at the land-ocean interface, especially influenced by large rivers 
such as the Mississippi River (D’Sa and DiMarco, 2009; Duan et al., 
2013; Fichot and Benner, 2014; Cai et al., 2015; Raymond and Spencer, 
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2015). Further, extreme climate and weather events such as extreme 
precipitation in river basins increasingly driven by climate change are 
likely to influence the export fluxes of DOM quantity and quality and the 
biogeochemical processes in the coastal ocean (Bauer et al., 2013; 
Hounshell et al., 2019; Lu and Liu, 2019; D’Sa et al., 2023; Liu et al., 
2023).

Natural DOM is ubiquitous in aquatic environments and has been 
shown to be highly heterogeneous along the aquatic continuum (Aiken 
et al., 2011; Xu and Guo, 2017; Lin et al., 2023). The abundance and 
composition of riverine DOM, as well as its diagenetic state, chemical/ 
biological reactivity and ultimate fate, are largely controlled by its 
source material, land use, extent of in situ riverine processes, and other 
hydrological and biogeochemical processes in rivers and their drainage 
basins (Duan et al., 2007a; Findlay and Sinsabaugh, 1999; Guo et al., 
2012; Lu et al., 2013; Xu et al., 2018; Lin et al., 2021). The diverse 
sources and high molecular complexity of DOM make it difficult to 
capture variations in riverine DOM characteristics based on discre
tionary sampling, especially in large rivers such as the Mississippi River 
(Duan et al., 2007a) and time series sampling is needed (Jaffé et al., 
2008; Cai et al., 2015; Lin et al., 2021).

Chromophoric (CDOM) and fluorescent (FDOM) dissolved organic 
matter represent important DOM fractions often used to characterize 
DOM composition (Coble, 1996; Helms et al., 2008). Indeed, optical 
signatures of absorption and fluorescence excitation-emission matrix 
(EEM) have been widely used to examine sources, composition and 
biogeochemical cycling of DOM in aquatic systems (Coble, 1996; 
McKnight et al., 2001; Guéguen et al., 2005; Stedmon and Bro, 2008; 
DeVilbiss et al., 2016; Lu et al., 2023). However, previous studies mostly 
focused on the characterization of bulk DOM pool. Moreover, DOM has 
been shown to be highly heterogeneous in composition, optical prop
erties, molecular size, and chemical/biological reactivity (Guo et al., 
1996; Benner and Amon, 2015; Lin and Guo, 2020). Chemical and op
tical characterization in both bulk and size-fractionated DOM should 
provide new insights into the dynamics of DOM in river systems (Guo 
and Macdonald, 2006; Zou et al., 2006; Guo et al., 2009; Lin et al., 2021; 
Zhao et al., 2021) and its impact on the coastal marine environment 
(Guéguen et al., 2007;Guo et al., 2009;Bauer et al., 2013).

The Mississippi River is one of the largest world rivers and an 
important source of freshwater and DOM for the Gulf of Mexico, ranking 
approximately seventh in DOC flux among the world rivers (Raymond 
and Spencer, 2015). Like other large rivers such as the Changjiang River, 
the Mississippi River is subject to extensive human disturbance with a 
number of studies reporting on the occurrence, composition, fluxes, and 
dynamic cycling of DOM and its impact on the coastal ocean (Bianchi 
et al., 2004; Dagg et al., 2005; Duan et al., 2007a, 2007b; Stolpe et al., 
2010; Shen et al., 2012; Hanley et al., 2013; Cai et al., 2015; Duan et al., 
2017; Stackpoole et al., 2017). The Pearl River, in contrast, is a small 
forest, black water river with relatively less anthropogenic influences 
but high DOM yields (Duan et al., 2007b; Stolpe et al., 2010; Cai et al., 
2016), which, collectively, may have a large impact on estuarine and 
coastal ecosystems (Bianchi et al., 1998). These two rivers are distinct in 
drainage basin areas and human impacts, yet both export at close 
proximity to the Gulf of Mexico, making them model rivers for a 
comparative study on the composition, sources, and fluxes of DOM be
tween large and small rivers as well as their relative role in the contri
bution of terrestrial DOM to the Gulf of Mexico. Further, systematic 
studies with multi-year time-series sampling scheme on the character
ization of CDOM, FDOM, and colloidal DOM of large rivers such as the 
Mississippi River and comparison to small rivers such as the Pearl River 
remain scarce.

In the present study, longer-term time series samplings were carried 
out between January 2009 and August 2011 to examine temporal 
variability in the abundance, size partitioning and optical properties of 
DOM in the lower Mississippi River, Louisiana and the Pearl River, 
Mississippi. The study period included the Mississippi River flood in 
2011 which resulted in enhanced DOC flux to the northern Gulf of 

Mexico and contributed to its waters changing in the summer from a net 
sink to a net source of CO2 to the atmosphere (Bianchi, 2013). Mea
surements included bulk DOC, total dissolved nitrogen (TDN), colloidal 
and LMW-DOM isolated using ultrafiltration, CDOM absorption using 
UV–vis spectroscopy, and fluorescence EEM spectra using fluorescence 
spectroscopy, as well as EEM-PARAFAC analysis. Our main objectives 
were to 1) characterize composition and chemical/optical properties of 
DOM in time-series samples from each river; 2) examine the interrela
tionship between DOM properties and hydrological regime, 3) elucidate 
the similarity and differences in DOM properties between more pristine 
and human-impacted rivers and between large and small rivers and the 
influence of flood events, and 4) provide baseline datasets to identify 
potential DOM proxies for tracking future changes in DOM biogeo
chemistry and impacts on coastal marine ecosystems in response to 
climate and environmental change.

2. Methods

2.1. Study sites

The Mississippi River is the largest river in North America (~3770 
km, average flow rate of 19,218 m3/s), with a drainage basin area of 
~3,220,000 km2 covering about 40 % of the contiguous United States 
and a small part of Canada (Meade et al., 1990; Milliman, 1992). 
Cropland takes about 58 % of its drainage basin, making the Mississippi 
River basin one of the most productive farming regions in the world 
(Goolsby and Battaglin, 2001). In addition, dam systems and flood- 
control levees have restrained the river and reduced sediment 
discharge to the Gulf of Mexico (Meade et al., 1990), influencing the 
biogeochemical cycling of organic carbon species in the lower river 
(Duan et al., 2013; Cai et al., 2020).

The Pearl River is a small black-water river that drains the east- 
central Mississippi and southeastern Louisiana into the northern Gulf 
of Mexico. It is 790 km long and ranks as a 3rd order stream with an 
average discharge of 260 m3/s and a total drainage area of about 22,690 
km2 (Table S1) which is only <1 % of the Mississippi River’s drainage 
base area. In contrast to the Mississippi River, agricultural region in the 
Pearl River basin represents only ~27 % of the land use and natural 
forests cover about 43 % of the drainage basin (http://www.deq.state. 
ms.us). Differences in hydrological and other parameters between the 
Mississippi River and the Pearl River are listed in Table S1.

2.2. Sample collection

Monthly water samples were collected from the lower Mississippi 
River near the U.S. Geological Survey (USGS) hydrological station at 
Baton Rouge, Louisiana (30◦26′17.01”N, 91◦11′33.14”W) from January 
2009 to August 2011 (Fig. 1). The Pearl River water samples were 
collected at Bogalusa (PRB), Louisiana (30◦47′30”N, 89◦49′20”W) and at 
the East Pearl River at Stennis Space Center (SSC), Mississippi 
(30◦20′55.52”N, 89◦38′28.74”W). Selected samples were also collected 
from the West Pearl River (PRW), Mississippi (30◦23′10.92”N, 
89◦44′13.08”W) (Fig. 1). The sampling dates, locations and hydro
graphic parameters are listed in Tables S2 and S3. Discharge data for the 
lower Mississippi River at Baton Rouge and the lower Pearl River at 
Bogalusa hydrological stations were acquired from the USGS national 
water information system (http://waterdata.usgs.gov/nwis/rt).

Large volumes of surface waters were directly pumped peristaltically 
from the rivers and filtered in situ through an online filtration setup with 
a 0.4 μm Memtrex polycarbonate cartridge (GE Water & Process Tech
nologies). About 40 L of the <0.4 μm filtrate was collected for ultrafil
tration in acid cleaned HDPE containers after triple rinsing with filtrate 
(Guo and Macdonald, 2006; Cai et al., 2015). In addition, aliquots of 
filtered waters were collected in amber glass vials for the measurements 
of DOC, dissolved inorganic carbon (DIC), TDN, CDOM and FDOM. 
Samples were kept in an iced cooler and transported back to the lab 

Z. Zhou et al.                                                                                                                                                                                                                                    Marine Chemistry 267 (2024) 104453 

2 

http://www.deq.state.ms.us
http://www.deq.state.ms.us
http://waterdata.usgs.gov/nwis/rt


within 2–3 h of collection for further processing. DOC samples were 
acidified to a pH of ≤2 (Zhou and Guo, 2012). Measurements of DOC, 
DIC, TDN, CDOM and FDOM were usually carried out within one week. 
Water temperature and conductivity were measured with an YSI sonde 
at the time of sample collection (Tables S2 and S3).

2.3. Ultrafiltration

A cross-flow ultrafiltration system equipped with a spiral-wound 
cartridge with a nominal molecular weight cutoff of 1 kDa was used to 
isolate colloidal or high-molecular-weight-DOM (HMW-DOM) and to 
examine the partitioning of DOM between the <1 kDa (or LMW) and the 
>1 kDa colloidal or HMW phases. Colloids here are operationally 
defined as the 1 kDa - 0.4 μm size fraction and were quantified using the 
ultrafiltration permeation model (Cai and Guo, 2009; Guo and Santschi, 
2007).

Specifically, large volumes (20 L) of water samples were ultra
filtered, allowing the collection of time-series permeate samples at 
different concentration factors (CF) to fit the ultrafiltration permeation 
model: 

lnCp = ln
(

Pc ×C0
f

)
+(1 − Pc)× ln(CF)

where Cp is the DOC concentration of the time-series permeate samples, 
Pc is the permeation coefficient of permeable DOC, defined as the ratio 
of Cp (permeate concentration) to Cf (the feed concentration) at any 
given time, and C0

f is the initial feed concentration of the permeable DOC 
or LMW-DOC. The LMW-DOC concentration (C0

f ) and thus the colloidal 
OC abundance in a specific water sample was then derived from the 
above equation and the initial bulk DOC concentration (Guo and Sant
schi, 1996; Belzile and Guo, 2006).

2.4. Measurements of DOC, DIC and TDN

Concentrations of DOC, DIC, and TDN were measured with a Shi
madzu TOC-V total organic carbon analyzer interfaced with a nitrogen 
detector using the high temperature combustion method (Guo et al., 
1995; Cai et al., 2015). Calibration curves were generated each analyt
ical day before sample analysis. The detection limit was 0.8 μM for DOC 
(Guo and Santschi, 1997). The precision was better than 2 % in terms of 
coefficient of variation (cv). Ultrapure water, working standards, and 
certified DOC samples (from University of Miami) were measured every 
eight samples to ensure data quality (Zhou and Guo, 2012).

2.5. Measurements of UV–vis absorption

The UV–vis absorption spectra were measured on a Cary 300 Bio 
UV–visible spectrophotometer using a 1-cm path-length quartz cuvette 
over 200–1100 nm with 1 nm increments (Zhou et al., 2013). The water 
blank was subtracted, and the instrument baseline drift, temperature, 
and refractive index effect were corrected by subtracting the average 
absorbance between 650 and 800 nm (Helms et al., 2008). Samples with 
absorbance values higher than 0.02 at 260 nm were diluted before 
analysis to minimize both reabsorption and inner filter effects (Zhou 
et al., 2016a). Values of specific UV absorbance at 254 nm (SUVA254) 
were calculated as SUVA254 = A(254 nm)/DOC, which is a measure of 
aromaticity, with a dimension of m− 1/(mg-C/L) or m2/g-C (Weishaar 
et al., 2003). Spectral slope values were calculated using non-linear 
regression over wavelength interval between 275 and 295 nm and 
have been used as an indicator of CDOM molecular weight in natural 
waters (Helms et al., 2008).

2.6. Measurements of fluorescence EEMs and PARAFAC analysis

Fluorescence EEM spectra were obtained with a Shimadzu RF- 
5301PC scanning spectrofluorometer and a UV-grade quartz cuvette 
(10 mm light path) running the Panorama fluorescence 1.1 software 
(LabCognition, Dortmund, Germany). For each fluorescence EEM, 
emission spectra were recorded and concatenated over the range of 
240–680 nm with 1 nm steps under excitation from 220 nm to 400 nm 
with 2 nm steps. Scans of ultrapure water were subtracted from the 
sample spectra before EEM contour plots were generated. Fluorescence 
intensities were expressed in quinine sulfate equivalents (QSE) in ppb 
(Coble, 1996; Zhou et al., 2013). In addition to calibrations using qui
nine sulfate, emission correction spectra were generated using rhoda
mine B and barium sulfate with the Shimadzu correction package and 
applied to the EEM spectra for correction of instrument bias (Zhou et al., 
2013). Careful calibrations are needed to address instrument specific 
biases as indicated by comparison studies (Cory et al., 2010; Murphy 
et al., 2010).

The biological index (BIX) was calculated as the ratio of fluorescence 
intensity at 380 nm to that at 430 nm under Ex = 310 nm, which is 
indicative of autochthonous DOM (Huguet et al., 2009). Humification 
index (HIX) was calculated from the EEM by the ratio of the integration 
of fluorescence intensity between the wavelength range of 300–345 nm 
and 435–480 nm at Ex = 254 nm (Zsolnay et al., 1999).

PARAFAC analyses were performed in MATLAB (Mathworks, 
R2018b) using the DOMfluor and drEEM toolbox (Murphy et al., 2013; 
Stedmon and Bro, 2008; Lin and Guo, 2020). Models were constrained to 
nonnegative values, and three outliers were removed in the outlier tests. 
Normalization was done before developing the model. The results were 
validated using split-half analysis (Andersen and Bro, 2003; Stedmon 
et al., 2003). The percentage of explained variations in the validated 
model reached to 99.27 %. Relative percentage of PARAFAC compo
nents were calculated as Fmax of the component normalized to the sum 
of Fmax of all major PARAFAC components.

2.7. Statistical analysis

Statistics analyses were done in MATLAB (Mathworks, R2018b) 
including correlations, one-way ANOVA test, and t-test. Significance 
levels of correlations were examined using one-way ANOVA tests. P- 
values <0.01 were considered statistically significant. Pearson’s corre
lation coefficients were used to examine the relationships between 
different parameters.

Fig. 1. Sampling locations in the lower Mississippi and Pearl Rivers. Red di
amonds represent Pearl River samples taken at the Stennis Space Center. Blue 
squares represent Pearl River samples from Bogalusa, Louisiana. Green circles 
represent samples collected at the West Pearl River. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.)
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3. Results and discussion

3.1. Variations in discharge, physicochemical parameters and bulk DOC

The monthly sample collection covered a large range of discharge 
conditions in the two rivers. Discharge in the lower Mississippi River 
(LMR) at Baton Rouge ranged from 7538 to 40,012 m3/s, with most 
prominent peak during a flood in May 2011 (Table S2, Fig. 2). The 
discharge during this historical flood event (40,012 m3/s) was 108 % 
higher than the long-term average discharge (19,218 m3/s, Table S1). In 
contrast, significantly smaller discharge (p < 0.0001) was found in the 
lower Pearl River (LPR) at Bogalusa, ranging from 37 to 2010 m3/s 
(average 338 ± 494 m3/s), with the highest flow at a flood event in April 
2009 (Table S3, Fig. 2).

Temperature displayed strong seasonal cycles in both LMR (19.5 ±
9.8 ◦C) and LPR (22.1 ± 8.0 ◦C) with low values in winter and high in 
summer/early fall. Specific conductance, a measure of total dissolved 
solutes, in the river water was on average significantly greater in the 
LMR (360.8 ± 65.8 μS/cm) than in the LPR (80.9 ± 47.3 μS/cm) and 
was negatively correlated to discharge in both the rivers (R2 = 0.61, p <
0.01 in LMR, R2 = 0.20, p < 0.05 in LPR). Lowest values of specific 
conductance were measured during the peak flood discharge (Tables S2 
and S3) indicating strong dilution effect during high river discharge 
periods. Rivers transport carbon in dissolved form as DOC and DIC. 
Concentrations of DIC were on average significantly greater in the LMR 
(2366 ± 436 μM) than in LPR (349 ± 150 μM) (Tables S2 and S3). These 
DIC results are similar to those reported for both rivers at different 
sampling time periods (Cai et al., 2013, 2015). Noticeably, the average 
DIC concentration in the LMR is as high as those in global oceans 
(Broecker and Peng, 1982), mostly due to the presence of limestone in 
the Mississippi River basin. Some of the highest values occurred during 
low flow conditions in both rivers resulting from increased groundwater 
proportion. DIC showed a general decreasing trend with increasing 
discharge in the LMR, while it was elevated and variable at low 
discharge conditions (<500 m3/s) but displayed an increasing trend at 
higher discharge levels. In the LPR, the average DIC concentration was 
much lower than that in the LMR. Furthermore, although DIC decreased 
in general with increasing discharge below 200 m3/s, its DIC concen
tration reached a stable low value under discharge higher than 200 m3/ 
s. TDN concentrations were on average higher in the LMR (118.5 ± 39.1 
μM) compared to the LPR (30.2 ± 8.6 μM) (Tables S2 and S3); however, 
TDN was highly variable in the LMR compared to LPR, likely due to its 

diverse dissolved N sources, both natural and anthropogenic. In the 
LMR, nitrate was the major TDN species (61 %) with principal source 
from the agricultural lands (Goolsby and Battaglin, 2001); in compari
son, anthropogenic impacts on nutrients are less in the PR.

Concentrations of DOC in the LMR ranged from 236 to 388 μM, with 
an average of 306 ± 40 μM during the sampling period corresponding to 
the river discharge that varied seasonally and over a large range (7538 
to 40,012 m3/s) between January 2009 and August 2011 (Table S2, 
Fig. 2); generally, monthly sampling indicated elevated DOC concen
trations with peaks in river discharge with DOC positively correlated to 
discharge (p < 0.001, r2 = 0.38, Fig. 3) indicating strong hydrological 
control on DOM dynamics; knowledge of such hydrological linkage is 
important to improve monitoring and modeling of riverine carbon fluxes 
to the coastal ocean (Li et al., 2017; D’Sa et al., 2023). In the LPR, DOC 
concentrations ranged from 225 to 1121 μM with an average of 543 ±
206 μM (Table S3, Fig. 2) showing significant positive correlation with 
discharge (p < 0.0001, r2 = 0.55, Fig. 3) which varied over a much 
smaller discharge range (37 to 2010 m3/s) compared to the LMR. 
Average DOC concentrations in the LPR are higher than those reported 

Fig. 2. Variations in discharge, dissolved organic carbon (DOC), absorption coefficient at 254 nm (a254), specific UV absorbance at 254 nm (SUVA254) and spectral 
slope between 275 and 295 nm (S275–295) in the lower Mississippi and Pearl Rivers between January 2009 and September 2011.

Fig. 3. Relationships between discharge and concentration of DOC (a, b) and 
between CDOM (in terms of a254) and DOC (c, d) in the lower Mississippi and 
Pearl Rivers (see color codes in Fig. 1).
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for similar smaller rivers in the northern Gulf of Mexico such as the 
Mobile River (Spencer et al., 2012) or the Trinity River (Warnken and 
Santschi, 2004).

Significantly lower DOC concentration (p < 0.0001) observed in the 
LMR compared to the LPR is consistent with the land types in the 
drainage basins of the two rivers. The Mississippi River receives less 
DOC input from cropland, while the major forest land type in the Pearl 
River basin leads to higher DOC yields (Mattsson et al., 2005). DOC in 
the LMR also showed smaller seasonal variability than the Pearl River 
(as indicated by its smaller cv, 13 %) that could be attributed to its large 
river volume and capacity to bear large quantities of upstream inputs, 
thus resulting in integrated and less variable signals (Duan et al., 2007a). 
In addition to the difference in land type, a larger number of dams and 
levees along the Mississippi River lead to a longer water residence time 
and hence a higher loss of DOM (Duan et al., 2013; Évrard et al., 2023). 
In contrast, DOC in the LPR has larger temporal variability, as indicated 
by its higher cv (38 %), suggesting its major DOM sources from local 
input of soil DOM and plant litters and controlled by the highly variable 
hydrological conditions (Duan et al., 2007a; Malcolm and Durum, 
1976).

While the average DOC concentration in the LMR (306 ± 40 μM) is 
much lower than that in the LPR (543 ± 206 μM), the opposite holds 
true for their average DIC concentrations (Tables S2 and S3). The 
average DOC:DIC ratio was 0.13 for the LMR, contrasting with the 
substantial ratio of 1.56 in the LPR. This suggests that river export of 
DOC from the LMR to the Gulf of Mexico accounted for only ~13 % of its 
DIC export flux, but DOC export from the LPR was up to 156 % of its DIC 
export or mostly in the form of DOC. Despite the fact that the average 
freshwater discharge from the LMR was 74 times that from the LPR 
(Table 1), the average DOC concentration in the LMR was only ~50 % of 
that in the LPR during the sampling period. In other words, average DOC 
export flux from the LMR was only about 37 times of the DOC flux from 
the LPR. In terms of DOC production (in mass-DOC) per sq. meter of the 
drainage basin area per year, the DOC yield from the Pearl River basin 
(~1.9 g-C/m2/yr) is about 3 times that from the Mississippi River basin 
(0.6 g-C/m2/yr). Therefore, DOC export fluxes from small pristine, black 
water rivers should not be ignored (Liao et al., 2019).

3.2. Variations in CDOM optical properties and flood events

CDOM optical properties, including absorption coefficient at 254 nm 
(a254), specific UV absorbance at 254 nm (SUVA254), and spectral slope 
(S275–295) values, show large variability over the sampling period in the 
two rivers (Fig. 2; Tables S2 and S3). Overall, a254 for both rivers showed 
similar trends to that of DOC concentrations as a function of river 
discharge (Fig. S1). Strong relationships were observed between a254 
and DOC both in the LMR (r2 = 0.69, p < 0.0001) and the LPR (r2 = 0.87, 
p < 0.0001, Fig. 3c, d). This significant correlation between a254 and 
DOC makes CDOM an excellent proxy for DOC in these two rivers, 
suggesting that upon absence of DOC measurement, a254 could be used 
to estimate DOC concentration although specific slope values are 
different for different rivers. Indeed, strong correlation between CDOM 
and DOC extending into the estuaries and shelf waters influenced by the 

MR has been used to estimate DOC from ocean color satellite-derived 
CDOM to study DOM dynamics and fluxes in the coastal ocean 
(Tehrani et al., 2013; Liu et al., 2019).

In the LMR, a254 ranged from 20.1 m− 1 in March 2010 to 42.3 m− 1 in 
May 2011 (average 27.9 ± 5.7 m− 1) and SUVA254 varied from 2.74 m2/ 
g-C in March 2010 to 4.34 m2/g-C1 in May 2011 (average 3.32 ± 0.39 
m2/g-C, Fig. 2). Spectral slope values (S275–295) ranged from 0.0137 to 
0.0180 nm− 1 (average 0.0165 ± 0.0116 nm− 1) in the LMR showing a 
decreasing trend with increasing discharge (p < 0.02, Table S2). The 
Mississippi River flood of spring 2011 was one of the largest on record 
(waterdata.usgs.gov) at a scale that rivaled the great flood of 1927 (see 
also discussion in section 3.1). The floods were triggered by two large 
storms that deposited record levels of rainfall on the drainage basin in 
April 2011, which, combined with spring snowmelt, contributed to re
cord discharge in May 2011 (Fig. 2, Table S2). DOC concentrations in the 
LMR peaked to their highest levels in May 2011 (388 μM), with peaks in 
CDOM or a254 (42.31 m− 1), SUVA254 (4.34 m2/g-C) and lowest value of 
S275–295 (0.0144 nm− 1) suggesting greatest aromaticity and molecular 
size in the bulk DOM pool associated with this extreme flood event over 
the study period. The low value of spectral slope suggest that photo- 
oxidation may not contribute much to changes in the molecular struc
ture of the DOM pool during high flow seasons in large rivers. Such 
anomalously high discharge events have been linked to large DOC fluxes 
into estuaries and coastal waters (Liu et al., 2023) or to enhanced cross- 
shelf export of terrigenous DOC in the northern Gulf of Mexico (Fichot 
and Benner, 2014) with implications for coastal biogeochemical pro
cesses and carbon budgets (Ward et al., 2017).

In the LPR, a254 ranged from 20.1 m− 1 in September 2010 to 142.2 
m− 1 in April 2009 (average 66.4 ± 31.4 m− 1) and SUVA254 varied from 
3.23 m2/g-C in September 2010 to 6.14 m2/g-C in March 2010 (average 
4.24 ± 0.72 m2/g-C). Similarly, the April 2009 flood event in the Pearl 
River resulted in the highest DOC concentrations (1121 μM) and a254 
(142.2 m− 1), with elevated SUVA254 (4.59 m2/g-C) and relatively higher 
S275–295 (0.0163 nm− 1). A second flood event in March 2011 also 
resulted in elevated DOC concentrations (870 μM) and a254 (136.6 m− 1) 
and highest SUVA254 (5.68 m2/g-C) and relatively low S275–295 (0.0142 
nm− 1). Differences in DOM characteristics between different flood 
events suggest that specific season, flood distribution, and flushing 
pathways all play a role in modifying the aromaticity and molecular size 
distribution of the DOM pool in the river. Such flood impacts on DOM 
dynamics have been reported for other rivers with similar discharge 
conditions such as the Arno River in the Mediterranean (Brogi et al., 
2020).

Similar to DOC concentration, significantly lower a254 (p < 0.0001) 
and SUVA254 (p < 0.0001) were found in the LMR compared to the LPR, 
suggesting the presence of less aromatic DOM in the LMR (Weishaar 
et al., 2003), which can be linked to the land type of the their drainage 
basins. In addition, higher DOC, a254 and SUVA254 were found during 
flood events in both rivers (Fig. 2), suggesting a release of DOM with 
higher aromaticity during high flow. Greater proportion of hydrophobic 
carbon and more acidic DOM in surface soils leached during high flows 
likely lead to changes in DOM during different flow conditions (Cronan 
and Aiken, 1985; Yano et al., 2005a; Yano et al., 2005b). In contrast, in 
the LPR, S275–295 ranged from 0.0133 to 0.0172 nm− 1 (0.0153 ± 0.0107 
nm− 1) (Table S3), without significant correlation (p > 0.1) between 
S275–295 and discharge, likely attributed to its unique and less varied 
DOM sources in the Pearl River basin.

The lower aromaticity and smaller DOM size observed in the LMR 
also suggest lower forest coverage, greater photochemical reactions, and 
stronger biodegradation of DOM during its extended downstream 
transport. Indeed, in situ processing of DOM has been linked with 
decreased DOM aromaticity and increased carboxyl carbon in DOM 
under exposure to bacterial decomposition and photochemical oxidation 
(Engelhaupt and Bianchi, 2001; Osburn et al., 2001).

The relationships between DOC and a254 in the LMR and LPR showed 
positive intercepts when a254 or CDOM approaches zero (Fig. 3c, d). This 

Table 1 
Characteristics of major fluorescence DOM components in the combined lower 
Mississippi River and Pearl River identified by PARAFAC analysis.

Fluorescent 
Component

Excitation 
wavelength (nm)

Emission 
wavelength (nm)

Description

Component – 1 250 451 UVC humic-like DOM

Component – 2 366 467
Visible humic-like 
DOM

Component – 3 <250, 328 417
Terrestrially derived 
organic matter

Component – 4 276 376
Amino acids from 
biological production
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intercept value could be associated with the average abundance of non- 
chromophoric DOC in a specific aquatic system (Spencer et al., 2012; 
Zhou et al., 2016a). Accordingly, the non-chromophoric fraction of DOC 
in the LMR and LPR were ~ 138 μM and ~ 114 μM, representing ~46 % 
and ~ 21 % of their corresponding bulk DOC, respectively. The higher 
amount of non-chromophoric DOC in the LMR agrees well with its lower 
aromaticity observed and longer water residence time and thus exten
sive degradation/modification of aromatic DOM in the river 
(Engelhaupt and Bianchi, 2001; Osburn et al., 2001; Chen and Jaffé, 
2016). Another possible contributing factor to the different non- 
chromophoric DOC levels is the difference of DOM sources between 
the two rivers. In the LMR, there is relatively more aquagenic DOM 
present (see discussion below) while more terrestrial DOM that is high in 
humic-like materials and is more chromophoric is introduced to the 
Pearl River (Stolpe et al., 2010; Zhou et al., 2016b). These differences in 
DOM quantity and quality from the two rivers are likely to impact its 
reactivity and fate in the coastal and shelf waters (Bauer et al., 2013).

3.3. Fluorescence indices/components of bulk DOM and linkages to river 
discharge

Examples of two typical fluorescence EEM spectra of samples 
collected from the LMR and LPR (Fig. S2) generally indicate similar EEM 
patterns. The LMR showed signatures of humic-like fluorescent DOM 
(Peaks A and C) with additional protein-like material signals. The LPR 
also showed predominant humic-like fluorescent signatures (Peaks A 
and C) but greater intensity and more red-shifted indicating greater 
aromaticity of the fluorescent DOM, with protein-like peaks relatively 
less important compared to those in the LMR.

The biological index (BIX) in the LMR ranged from 0.61 to 0.77 with 
an average of 0.67 ± 0.04 (Fig. 4a), and decreased with increasing 
discharge (P < 0.00001, r2 = 0.73), while BIX in the LPR (Fig. 4b) ranged 
from 0.45 to 0.66 (average 0.55 ± 0.06), also negatively correlated with 
discharge (P < 0.00001, r2 = 0.48). The decreasing trend of BIX with 
increasing discharge in the two rivers suggests the dilution of autoch
thonously produced DOM during higher flow seasons. Significantly 
higher BIX (P < 0.00001) in the LMR indicated its higher contribution of 
autochthonous DOM and is consistent with higher chlorophyll-a abun
dance and stable carbon isotopic composition, δ13C-DOC, observed in 
the LMR compared to LPR (Cai et al., 2013; Cai et al., 2015; Duan et al., 
2007a). Indeed, prolonged water transition time due to dam and levee 
constructions in the LMR could cause increase in water clarity and 

increase the aquagenic DOM production, altering the composition of 
riverine DOM.

Humification index (HIX) ranged from 5.82 to 12.49 (9.27 ± 1.76) in 
the LMR (Fig. 4c) and increased with increasing discharge (P < 0.05, r2 

= 0.21). Similarly, values of HIX in the LPR ranged from 4.33 to 18.48 
(9.69 ± 4.45) and showed an increasing trend with discharge (P <
0.00001, r2 = 0.50) (Fig. 4d). The positive correlation between HIX and 
discharge indicated the introduction of more humified DOM from soil 
during flushing into the rivers in high flow seasons. Significantly higher 
SUVA254 (see above section) and HIX values in the LPR (P = 0.005) 
suggest more humic-like material in the bulk DOM in the Pearl River 
from soil and plant litter (Lin et al., 2021). However, while both BIX and 
HIX had a general negative and positive correlation with discharge in 
both rivers, their variation trends are distinctly different between the 
LMR and LPR. For example, the HIX values reached a plateau under 
discharge higher than 200 m3/s in the LPR, but this was less the case in 
the LMR (Fig. 4c, d). On the other hand, the BIX values decreased rapidly 
with increasing discharge and reached a stable low value when the 
discharge was >200 m3/s. The unique variation trends in both HIX and 
BIX indicated that DOM sources are somewhat similar or less variable 
during high discharge time periods or flood seasons in the small river 
basin, the Pearl River, contrasting to the large river basin, the Mississippi 
River.

PARAFAC analysis when applied to a larger data set can effectively 
separate some chemical compounds apart into components (Stedmon 
et al., 2003). To statistically identify the major fluorescent DOM com
ponents in both rivers, PARAFAC analysis was applied to the combined 
EEM data of the monthly samples from both the rivers (Stedmon and 
Bro, 2008). As shown in Fig. S3 and Table 1, four major fluorescent 
components were identified. Component 1 (C1) had its maximum peak 
at Ex/Em 250/451 nm, likely associated with the Peak A (UV humic- 
like). Component 2 (C2) had Ex/Em maximum at ~366/467 nm, and 
could be identified as a visible humic- like component (Coble, 1996; 
Stedmon et al., 2003). The third component (C3) with Ex/Em at 250/ 
417 and 328/417 nm seemed to be terrestrially derived organic matter, 
as suggested by Stedmon et al. (2003). While these riverine humic-like 
fluorescent components are being attributed to terrestrial origins, it 
has been shown that these same humic-like components are ubiquitous 
in diverse environments (Murphy et al., 2018; Wünsch et al., 2019; Kida 
et al., 2019). Component 4 (C4, Ex/Em ~276/376 nm) could be Peak T 
or a combination of Peak N and Peak T (Coble, 1996; Stedmon et al., 
2003). The Peak N has been linked to some labile materials derived from 
biological production (Coble et al., 1998), while the Peak T is believed to 
have the indole ring structure of tryptophan and likely to originate from 
biological production in surface waters (Coble, 2007; Zhou et al., 
2016a). Component 4, thus, was linked to amino acids and biological 
production.

The relative contribution of each component to the total fluorescence 
signal showed distinct patterns (Fig. S4). In the LMR, C1 (UV humic-like 
component) was positively correlated with discharge under normal 
seasonal discharge conditions (Fig. S4a). The C4 (protein-like compo
nent) in contrast showed a general decreasing trend with increasing 
discharge, suggesting a dilution of the authochthonous DOM under high 
discharge conditions or reduced primary production due to the high 
suspended particles in the high-discharge season. Meanwhile, in the 
LPR, all three components showed variability with no particular trends 
at discharge levels <200 m3/s (Fig. S4d-f) suggesting different sources 
and processes influencing these fluorescent components under low flow 
conditions. However, with increasing discharge, C1 showed a negative 
trend while C2 exhibited a positive trend, suggesting different levels of 
mobilization with increasing discharge in the LPR. The C4 authochth
onous component showed large variability at <200 m3/s discharge 
levels, with lower values but no clear trends at higher discharge but at 
relatively lower levels compared to that in the LMR. Overall, the re
lations between discharge and the relative abundances of fluorescent 
DOM components showed different trends in the two rivers, consistent 

Fig. 4. Relations between discharge and fluorescence indices including bio
logical index (BIX) and humification index (HIX) in the lower Mississippi River 
and Pearl River, showing a general increase in HIX but a decrease in BIX with 
increasing discharge in both rivers.
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with their unique DOM and hydrological characteristics with historical 
high discharge during 2009–2011 in the Mississippi River compared to 
2006–2008 sampling years (Cai et al., 2015). The other factor causing 
their weak relationship may result from differences in fluorescent 
composition between the two rivers and between base flow and flood 
seasons. For example, the correlation between discharge and the relative 
abundances of fluorescent components in the LPR exhibited two groups: 
low discharge (<200 m3/s) and high discharge (200–1400 m3/s), with 
distinct slope values in their correlations. It should be noted that while 
many studies have examined changes in the relative fluorescent 
component abundances, care should be taken in their interpretation 
(Murphy et al., 2013) and future studies should consider obtaining high 
frequency samples under different discharge conditions in each river or, 
alternately, use the one-sample EEM-PARAFAC approach (Wünsch et al., 
2017; Lin and Guo, 2020; Lin et al., 2023).

The flood events in the rivers not only resulted in elevated bulk DOM 
abundance, including DOC and CDOM (or a254), but also led to differ
ences in fluorescence EEM characteristics (Fig. 5). The fluorescence in
tensity of fulvic- (peak C), humic- (peak A) and protein-like components 
all appear to increase with increasing discharge. However, relative in
tensities differ from before, during and after the flood events. In the 
LMR, the position of peak “A” slightly red-shifted to Ex/Em 250/455 nm 
during the flood in May 2011 as compared to other times of the year (Ex/ 
Em ~240/~445 nm, Fig. 5). However, in spring/summer of 2011, 
component C1 (humic-like), decreased under extreme discharge condi
tions, indicating reduced mobilization of this component during flood 
seasons. In contrast, component C2 (visible humic-like) showed an 
increasing trend under flood conditions suggesting different sources of 
these two humic-like components. Changes in the fluorescence indices 
(low BIX and elevated HIX; Fig. 4) further confirm large changes in both 
the quantity and quality of the DOM pool during large flood events in the 
LMR. Similar humic-like and protein-like fluorescent components were 
detected in the coastal and shelf waters influenced by the MR during 
sampling in 2009, with higher levels in the nearshore waters and 
decreasing offshore (D’Sa et al., 2016), indicating strong terrestrial 
signatures in the FDOM pool of the northern Gulf of Mexico.

The red shift of peak position was also found in the LPR during its 
flood in April 2009 from Ex/Em ~240/~455 nm to 338/459 nm. Red- 
shift of peaks are usually linked to DOM with higher molecular weight 
(McKnight et al., 2001; Stedmon et al., 2003), thus, it seems that more 
higher molecular weight DOM were flushed from soil during flood 
events, in accordance with interpretation from colloidal DOM abun
dance observed and spectral slope values from UV–vis spectra (Tables S2 
and S3) indicating a shift in humic moieties during large flood events. 
Such flood events which are predicted to increase in frequency with 
climate change will potentially increase the fluxes of terrestrial DOM 
magnitude and quality that have been reported to persist in coastal 
environments (Stolpe et al., 2014; Zhou et al., 2016b; Asmala et al., 
2021) with implications to coastal ecosystems.

3.4. Variations in size-fractionated DOC, CDOM and FDOM

Size fractionated DOC: Concentrations of HMW-DOC in the LMR 
varied from 151 to 204 μM with an average of 176 ± 16 μM (cv = 9 %), 
comprising 52–64 % (58 ± 3 %) of the bulk DOC (Table S2). In the LPR, 
HMW-DOC ranged from 140 to 604 μM (327 ± 170 μM, cv = 52 %) 
representing 62–77 % (69 ± 5 %) of the bulk DOM (Table S3). Similar to 
DOC concentrations, both the HMW-DOC concentrations and its pro
portion in the bulk DOC in the LMR are significantly lower than those in 
the LPR (with p < 0.01 and p < 0.0001, respectively). Higher colloidal 
DOC abundances in the LPR are consistent with its higher CDOM 
abundance and higher SUVA254 or aromaticity (Tables S2 and S3; Lin 
et al., 2021). In addition, both the HMW-DOC concentrations and the 
colloidal abundance had a larger variability in the LPR (52 %) compared 
to the LMR (9 %).

In general, concentrations of HMW-DOC increased with increasing 
discharge in the LMR (p < 0.02, r2 = 0.44) and the LPR (p < 0.05, r2 =

0.57), suggesting flushing of more HMW-DOC from surface soil during 
higher discharge (Nugyen et al., 2010). Nevertheless, during the freshet 
season in April 2009, the concentration of HMW-DOC in the LPR 
increased, but not as high as one would expect from the relationship 
between HMW-DOC and discharge at discharge <500 m3/s. This 

Fig. 5. Examples of fluorescence EEM spectra (relative units) of water samples before, beginning of, and after a flood event from the lower Mississippi River (upper 
panels) and the Pearl River (lower panels).
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suggests a limited supply of HMW-DOC from the leaching of surface soil 
during river freshet and thus a dilution effect in the LPR, although the 
HMW-DOC concentration increased in general with discharge. This 
variation trend is similar to that observed for HIX values in the LPR.

Size fractionated CDOM: Significantly higher spectral slope (p <
0.0005) in the LMR suggest that the apparent DOM molecular weight in 
the bulk DOM pool was lower (Helms et al., 2008), matching its lower 
colloidal or HMW-DOM size fraction as determined via ultrafiltration. 
Land use could also play a role in controlling these different DOM 
characteristics in the two rivers. DOM export from agricultural soil has 
been found to have more LMW-DOM components and a decrease in soil 
humic substances (Dalzell et al., 2005; Guo and Chorover, 2003). In the 
lower Mississippi River basin, high percentage of croplands (~58 %) 
also likely contributed to the decrease in DOM molecular weight and 
aromaticity in the LMR.

In the ultrafiltration-derived size-fractionated DOM samples from 
the two rivers, spectral slope values showed a consistent trend, where 
the <1 kDa LMW-DOM fractions had consistently higher spectral slope 
values compared to both the bulk DOM, which had intermediate spectral 
slope values, and the >1 kDa HMW-DOM, which had lowest spectral 
slope values (Fig. 6). This robust inversed correlation between spectral 
slope and DOM molecular weight further supports the use of spectral 
slope as an indicator of DOM molecular weight in aquatic environments 
(Helms et al., 2008). As an example, for the LMR sample (30 July 2009), 
the relatively high bulk DOM spectral slope (0.018 nm− 1) was also 
associated with the elevated value for the LMW-DOM size-fraction 
(Fig. 6) indicating an overall shift to more LMW-CDOM pool, likely due 
to enhanced photobleaching during the summer under low-flow river 
conditions. This also suggest substantial photobleaching could occur 
within the river and during its transit to the coastal ocean, where DOM is 
further subjected to biogeochemical transformations. Similarly, in the 
case for the PR sample, there was a decrease in spectral slope in the 
HMW fraction compared to the bulk DOM although less significant 
compared to those in the LMR (Fig. 6), likely due to the greater HMW 
fraction in the bulk DOM pool in the LPR (Table S3).

Size fractionated FDOM properties: The fluorescence EEMs of bulk 
(<0.45 μM), LMW- (<1 kDa), and HMW-DOM (1 kDa - 0.45 μm) of 
selected samples are shown in Fig. 7. The humic-like fluorescence 
signature (peaks A and C) observed in the bulk DOM and the LMW- and 
HMW-DOM fractions for this study are similar to previously reported 
data observed in river and coastal regions (Coble, 1996). However, the 
maxima of these peaks are shifted to shorter wavelengths for the LMW- 
DOM fraction compared to bulk DOM. Protein-like signatures were also 
observed in the bulk DOM and LMW-DOM fraction (Fig. 7). These results 

are generally representative of the three distinct classes of fluorophores 
(fulvic-, humic- and protein-like) signatures.

Compared to the bulk sample, fluorescence signatures of LMW-DOM 
seemed to have higher relative importance of UV-humic like DOM (peak 
A, ~ Ex/Em 240/460 nm), as opposed to visible terrestrial humic-like 
DOM (peak C, Ex/Em 340/450 nm), and also relatively more tyrosine- 
like materials (peak B, Ex/Em ~230,275/310 nm). In addition, while 
the primary peak in the LMW-DOM was mostly at Ex/Em of 240/460 
nm, the HMW-DOM exhibited not only peak A but also peak C with Ex/ 
Em of 340/450 nm. Another notable difference in HMW-DOM compo
sition between the two rivers is that peak C was the primary fluorescent 
component in the HMW-DOM pool in the LMR, whereas peak A was 
identified as the major fluorescent component in the LPR (Fig. 7).

Similar to other optical properties, the BIX values were found to be 
higher in the LMW-DOM fraction but lower in the HMW-DOM fraction 
as compared with the bulk DOM (Fig. 8). In contrast, HIX were found 
lower in the LMW fraction and higher in the HMW fraction (Fig. 8). 
These observations suggest partitioning of distinct DOM in specific size 
fractions, with DOM from autochthonous sources more partitioned to 
the LMW size range and more humified DOM preferentially present in 
the HMW size range (Lin et al., 2021). Such characterization of the 
optical properties of size fractionated DOM in both large and small rivers 
could improve understanding the biogeochemical cycling and fate of an 
important DOM pool in the coastal ocean (Guo and Macdonald, 2006; 
Guo et al., 2009; Lu et al., 2023).

4. Conclusions

The Mississippi River, one of the largest world rivers and the largest 
in north America, is a major source of DOM to the northern Gulf of 
Mexico. While the quantity of DOC has been reported for numerous 
rivers worldwide, the quality of riverine DOM has been scarce. Based on 
chemical and optical characterization of longer-term monthly water 
samples from the lower Mississippi River and Pearl River between 
January 2009 and August 2011, the following findings have been 
deduced.

DOM in Mississippi River waters showed lower abundance, lower 
aromaticity, and lower fraction of colloidal or HMW-DOM, but higher 
non-chromophoric DOM. These DOM characteristics are consistent with 
the fact that the major land use in the lower Mississippi drainage basin is 
cropland and that there is a great number of dams and levees, which 
largely prolong the water residence time in the basin. In contrast, DOM 
in Pearl River waters was more aromatic with higher levels of HMW- 
DOM, and low abundance of non-chromophoric DOM, showing major 
DOM sources from local surface soil and plant litters with less degra
dation. The differences in DOM sources, hydrological conditions, and 
anthropogenic influences between the lower Mississippi River and Pearl 
River basin played an important role in controlling the optical properties 
and characteristics of DOM in river waters and their influences on the 
northern Gulf of Mexico. In turn, optical properties and CDOM mea
surements could provide valuable insights into understanding DOM 
dynamics in different river basins. Examination of optical properties of 
DOM in size-fractionated samples from ultrafiltration revealed size 
partitioning of specific types of DOM. More humified DOM was associ
ated with the higher abundance of the >1 kDa HMW-DOM fraction. 
Based on EEM-PARAFAC analysis, a four-component model could be 
validated for fluorescent DOM in both rivers. They include terrestrial 
humic-like, UV humic-like, degradation products of terrestrial organic 
matter, and protein-like DOM components. The characteristics of 
riverine fluorescent components are closely related to their sources and 
subsequent degradation and biogeochemical processes. During floods, 
humic-like DOM showed a red shift of peak position in fluorescence EEM 
spectra, linking to higher molecular weight humic-like material flushed 
from soil leachate and plant litters; thus, large flood events not only 
contribute to large increase in DOM quantity but also quality with im
plications to coastal carbon cycling. Although this study is limited to two 

Fig. 6. Examples showing the variations in spectral slope values (S275–295) in 
the <1 kDa LMW-DOM, bulk DOM, and the >1 kDa HMW-DOM size-fractions 
isolated using ultrafiltration.
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rivers in the northern Gulf of Mexico, a better understanding of not only 
DOM quantity but also quality (CDOM absorption and fluorescence 
properties and size fraction) in these rivers should provide greater in
sights on coastal biogeochemical responses to hydrological events 
particularly under climate change.
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