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Abstract Estuaries are key areas for terrestrial material transport and marine biogeochemical processes,
particularly those of dissolved inorganic nitrogen (DIN) and dissolved organic nitrogen (DON). However,
the fate of DON in estuaries with a high runoff remains poorly understood. In this study, we explored the
translocation and transformation of DON in the Pearl River Estuary (PRE) and adjacent coastal areas of
southern China based on DON concentrations, optical and fluorescence characteristics, and environmental
parameters. The results revealed that DIN and DON exhibited dissimilar distributions. The distribution

of DIN was primarily influenced by freshwater-seawater mixing. In contrast, biological processes and
freshwater-seawater mixing shaped the distribution of DON. High levels of DON in the terrestrial-dominated
zone were predominantly anthropogenic sources through terrestrial inputs, whereas DON in the
freshwater-seawater mixing zone and seawater-based zone were mainly influenced by biological activities,

as high concentrations of Chla were observed in these two areas. DON exhibits fast dilution in low-salinity
areas and retention in moderate-salinity areas (freshwater-seawater mixing area) in summer and winter, while
undergoes a rapid decrease in open water areas during winter. Consequently, DON in the PRE and adjacent
coastal areas exhibited nonconservative mixing despite seasonal variations. These findings provide novel
insights into the role of DON in nitrogen biogeochemical processes in river-dominated estuaries and adjacent
coastal areas.

Plain Language Summary Physical and biological mechanisms affect the fate of dissolved
organic nitrogen (DON) in estuaries and coastal waters. The results revealed that dissolved inorganic nitrogen
(DIN) and DON exhibited dissimilar distributions. Freshwater discharge governed DON in areas dominated
by terrestrial inputs, whereas biological activities shaped the DON fate in less affected areas. Increasing
phytoplankton-derived autochthonous DON triggered by terrestrial inputs and seawater intrusion jointly
promoted DON retention in brackish waters. This study shed light on how terrestrial inputs and biological
activities shape DON dynamics in distinct areas, contributing to a deeper understanding of nitrogen cycling in
high-runoff estuaries.

1. Introduction

Estuaries, which connect continents and oceans, are among the most productive, resourceful, and dynamic aquatic
ecosystems in coastal regions (Bianchi & Allison, 2009; Paerl, 2006). This vast area experiences the most inten-
sive human activities, making them highly dynamic and complex regions (M. Cai et al., 2016; Cloern et al., 2016;
Rabouille et al., 2001). These areas are characterized by rapid nutrient utilization and transformation, particularly
in estuaries with significant runoff and human activity (Boynton et al., 1995; K. Wu et al., 2017). Consequently,
substantial quantities of nutrients from terrestrial sources enter coastal water. These nutrients are transported,
mixed, and utilized during freshwater and seawater mixing processes, particularly in estuaries with high net flows
and human population densities (F.-H. Lu et al., 2009; B. Wang, Ming, Wei, & Xie, 2018).
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Nitrogen represents the largest pool of actively cycled nutrients in the ocean (Galloway et al., 2003). Dissolved
inorganic nitrogen (DIN) is an essential nutrient for marine organisms and has caused ecological and environmen-
tal issues (e.g., eutrophication and pollution) in estuaries, as indicated by in-depth reports (Huang et al., 2003;
McClelland & Valiela, 1998; Statham, 2012). While DIN has attracted much attention in coastal waters, mainly
because of its high bioavailability and association with anthropogenic pollution (McCallum et al., 2021), less
concern has been raised regarding DON owing to its complex composition. Recent studies have shown that
DON is an important component of aquatic N pools and plays a crucial role in regulating N cycling and primary
production in marine ecosystems (Bradley et al., 2010; Bronk et al., 2007; Zhang et al., 2022). Notably, DON
dominates total dissolved nitrogen (TDN) in the open ocean and accounts for nearly half of the TDN in estuaries
and coastal waters (D. Lu et al., 2016; Sipler & Bronk, 2015; Worsfold et al., 2008).

Despite the crucial role of DON in global biogeochemical cycles, characterization of its distribution regimes
and sources in coastal waters remains challenging. Hydrological and biological processes influence the chemi-
cal fate and dynamics of organic nitrogen species in estuaries and coastal environments (Harrison et al., 2008).
Meanwhile, DON comprises a range of highly labile and semi-labile compounds (e.g., urea and amino acids) that
have a relatively rapid turnover and refractory components (e.g., amides and humic-like substances) that persist
in water for years (Berman & Bronk, 2003; Bronk et al., 2007). Additionally, DON accumulation may trigger
negative effects in coastal waters, including hypoxia, harmful algal blooms, and eutrophication (Bronk, 2002;
Geeraert et al., 2021; Glibert et al., 2006; Lusk & Toor, 2016).

DON in estuaries and coastal waters is derived from various sources, for example, allochthonous (rivers, ground-
water, and atmospheric deposition) and autochthonous (phytoplankton, N, fixers, bacteria, viruses, microzo-
oplankton, and macrozooplankton) sources (Berman & Bronk, 2003; Sipler & Bronk, 2015). In addition,
anthropogenic activities greatly affect coastal water quality by introducing excess nitrogen into rivers (Pennino
et al., 2016; Strokal et al., 2017). The composition and structure of DON differ among variable sources (Y. Li
et al., 2019; Petrone et al., 2008). As a major fraction of dissolved organic matter (DOM), DON is in line with
dissolved organic carbon (DOC) in coastal waters (Hildebrand et al., 2022; Lee et al., 2020). This synergistic
change enables the characterization of DON using similar techniques, such as ultraviolet-visible (UV-vis) adsorp-
tion spectroscopy and the emission-excitation matrix combined with parallel factor analysis (EEM-PARAFAC),
to explore its composition and distinguish its sources (Osburn et al., 2016; L. Wang et al., 2021).

DIN dynamics in coastal areas have been fully explored and are comprehensively understood (Furtula et al., 2012;
Keetal., 2022; M. Wu et al., 2016); however, few attempts have been made to determine the composition, source,
and quantity of DON. Based on the different geochemical cycle processes of DIN, understanding the sources
and fate of DON in estuaries and adjacent coastal areas help to better constrain the nitrogen cycle processes in
coastal areas. Therefore, we selected a large nearshore estuary, the Pearl River Estuary (PRE), and its adjacent
areas in southern China as the target area. The PRE and adjacent coastal waters receive bulk discharge from the
largest river system (the Zhujiang River) in southern China, which shows active biological activities exerting
idiosyncratic biogeochemical processes of organic nitrogen compared to that in the open ocean (Su, 2004; Q.
Wang et al., 2021). In this study, we aim to: (a) determine the spatial distribution of DIN and DON in the coastal
water column and the potential impact processes, (b) interpret the autochthonous DON during strong runoff
and mixing processes, and (c) ascertain how strong river runoff and potential biological effects drive the DON
dynamics and its distribution regime in coastal waters. This study will help reveal the organic nitrogen biogeo-
chemical processes and provide new insights into nitrogen dynamics in large estuarine areas with strong human
disturbance and runoff input.

2. Materials and Methods
2.1. Sample Collection

This study was conducted in the PRE and adjacent coastal area (21.30°-22.73°N, 113.09°-114.94°E, Figure 1)
(see detailed site description in the supplementary material). Water samples were collected during two cruises in
July 2019 (summer) and January 2020 (winter) (Figure 1). Three typical transects were positioned from east to
west in the PRE coastal waters. Transect A (hereafter referred to as TA) was in the middle of the Lingdingyang
estuary and extended for 50 km, transect B (hereafter referred to as TB) was set from inner Daya Bay to 60 km
away from the bay, and transect C (hereafter referred to as TC) was extended from the Huangmaohai Estuary to
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Figure 1. Bathymetric map displaying sampling stations in the Pearl River Estuary and adjacent coastal area during summer and winter cruises.

its adjacent sea area. A total of 29 sampling sites were designated, with 14 stations in TA, seven stations in TB,
and eight stations in TC (for detailed information on the seawater column layers, see the Table S1 in Supporting
Information S1).

Water samples were collected from the surface, middle, and bottom layers at each station using a 5 L Niskin bottle.
The surface seawater samples were collected at a depth of 0.5 m; the bottom samples were collected at a depth of
2 m above the seabed; and 0-3 (e.g., 10, 20, and 30 m) middle samples were collected according to the bottom
depth at each station. Seawater samples were immediately vacuum-filtered in the field using pre-combusted
(450°C, 4 hr) glass-fiber filters (Whatman GF/F, 47 mm in diameter, 0.7 pm in pore size), and subsamples for
subsequent analyses were preserved. All filtered samples were preserved in pre-cleaned polyethylene bottles and
stored at —20°C until analysis. Environmental parameters including chlorophyll a (Chla) concentration, dissolved
oxygen (DO), salinity (S), pH, water temperature (Temp), and turbidity (Turb), were measured in situ using a YSI
profiler (RBR Brevio3, Canada).

2.2. Analytical Methods

TDN was measured using a high-temperature catalytic oxidation method using a total organic carbon (TOC)
automatic analyzer (Shimadzu, TOC-VCPH-NML, Japan) equipped with a Total Nitrogen Module (detection
limit = 0.002 mg N/L), with an accuracy of 2.3%. Reference samples of TDN (GBW(E)081020), national stand-
ard material by the Department of Water Ecology and Environment were measured every 10 samples to moni-
tor accuracy. The DIN species, such as ammonia (NH,"), nitrate (NO;3~), and nitrite (NO,~), were analyzed
using an AA3 autoflow analyzer. The accuracies and recoveries of NH4* and NO,™ were better than 3.5% and
96.0%-103.2%, respectively. NO; ™ recovery was better than 90%. DIN was calculated as the sum of NH,*, NO; ™,
and NO,~, and DON was calculated by subtracting DIN from TDN. The accuracy of DON detection was greater
than 5.6%.

The UV-vis absorption spectra were recorded with a 3 cm quartz cuvette using a UV spectrophotometer (UV,
Shimadzu, Japan) in the wavelength range of 220-800 nm. Baseline correction of the spectra was performed
using ultrapure water. The spectra were corrected by subtracting the absorbance value at 700 nm. The spectral
slopes at wavelengths from 275 to 295 nm (S,,5 ,5) Were used to determine the DON molecular weight (Helms
et al., 2008).
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Fluorescence EEMs were measured at an excitation (E,) wavelength of 220-600 nm in 1 nm increments and
an emission (E_) wavelength of 230-450 nm in 2 nm increments using a fluorescence spectrophotometer. The
scan rate was 12,000 nm/min. A blank sample of ultrapure water was measured each time, and the spectra were
blank subtracted to remove the Raman scattering peak of water. The fluorescence intensity was converted into
Raman units (R.U.) (Lawaetz & Stedmon, 2009). EEMs were used to calculate the humification index (HIX),
biological index (BIX), and fluorescence index (FI). The HIX was calculated using Ex:Em at wavelength
254:435-480/254:300-345, BIX was calculated using Ex:Em at wavelength 310:380/310:430, and FI was calcu-
lated using Ex:Em at wavelength 370:450/370:500 (Fellman et al., 2010; Xie et al., 2018). To define the different
components of DON, a PARAFAC (see details in the Figure S1 in Supporting Information S1) was conducted
based on the corrected EEMs (Stedmon et al., 2003).

2.3. Conservative Mixing Model

In a large river-discharge estuary system, the theoretical dissolved inorganic and organic nitrogen concentra-
tions from conservative mixing (N, ) between river water and seawater could be calculated by applying a
two-endmember conservative mixing model (Equation 1) (Middelburg & Nieuwenhuize, 2001):

Nmix =qgX Ny + (1 — q) X Nj 1)

where N and N refer to the dissolved inorganic and organic nitrogen concentrations of freshwater (samples with
the lowest salinity [0.20 PSU in summer and 11.01 PSU in winter]) and seawater end-members (samples with the
highest salinity [34.55 PSU in summer and 34.30 PSU in winter]), respectively; g is the fraction of freshwater,
which is calculated from the salinities as follows (Equation 2):

q=(Ss — SmiX)/(Ss - Sf) 2)

where S, S, and S, ;. are the salinities of the seawater, freshwater, and sample water, respectively.

2.4. Data Process and Statistical Analysis

PARAFAC analysis was performed on the EEM data acquired from all the seawater samples using the drEEM
0.6.0 toolbox (Murphy et al., 2011). Detailed information about PARAFAC is available in Stedmon and Bro (2008)
and Supporting Information S1.

The sampling map was plotted using Surfer 16.0. The nutrient distribution profiles were plotted using Ocean Data
View (version 5.2.0). Pearson's correlation analysis was performed using the pheatmap and ggplot2 packages in R
(version 2021.09.1). All other statistical analyses were performed using IBM SPSS Statistics version 26. Statisti-
cal significance was defined as a level of significance less than 0.05 (p < 0.05). Redundancy analysis (RDA) was
used to characterize the linkages between dissolved nitrogen species and physiochemical parameters in Canoco
5.0. Hierarchical clustering analysis (HCA) was used to distinguish the seawater samples. HCA was realized
using Origin Pro 2022 with the Ward linkage rule combined with the squared Euclidean distance.

3. Results
3.1. Dissolved Organic Nitrogen Distribution

The PRE and its adjacent coastal waters receive significant amounts of anthropogenic nutrients from riverine
sources. Under this circumstance, the DIN concentration in the water column varied substantially between 0.66
and 220.71 pmol/L (Figure 2a). The average DIN concentration was 36.59 + 48.18 and 35.74 + 53.65 pmol/L
in wet summer and dry winter, respectively (Table S2 in Supporting Information S1). No significant
difference in DIN concentration was observed between summer and winter (Figure 2a). NOs;~ (average:
30.12 + 44.00 pmol/L) was the dominant form of DIN, followed by NH4* (average: 4.46 + 7.43 pmol/L) and
NO,™ (average: 1.57 + 2.01 pmol/L). NOs~ was higher in summer (average: 32.93 + 45.47 pmol/L) than in
winter (27.45 + 42.39 pmol/L), while NH,* was higher in winter (6.51 + 9.75 pmol/L) than in summer (average:
2.27 + 1.81 pmol/L) (Table S2 in Supporting Information S1). The highest DIN values (the highest value is
220.71 pmol/L) were found in the inner stations of TA during winter. The average of the surface and bottom DIN
concentrations decreased progressively from nearshore to offshore at TA and TC, whereas TB showed relatively
low DIN concentrations (Figures 3a and 3b). In terms of the vertical distribution, the concentration of DIN was
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Figure 2. Concentrations of dissolved inorganic nitrogen (DIN) and dissolved organic nitrogen (DON) in all samples
collected in summer and winter: (a) DIN and (b) DON.

generally higher in the surface waters of TA and TC during summer (Figures 4a and 4c). In winter, the DIN
concentration was relatively homogeneous in the vertical section of the three transects, with higher values in the
surface water of the inner stations in TA and TC (Figures 4g and 4i).

DON concentration varied from 0.98 to 129.80 pmol/L, displaying a narrower range than DIN (Table S2 in
Supporting Information S1). DON accounted for 48.98% + 27.10% of TDN (Table S2 in Supporting Informa-
tion S1), which was comparable to the contribution of DIN, indicating the important role of DON in nitrogen
biogeochemical processes. The mean concentration of DON in summer (16.94 + 18.09 pmol/L) was lower than
that in winter (19.53 + 25.01 pmol/L), though no significant difference was found between the two seasons
(Figure 2b and Table S2 in Supporting Information S1).

DON showed heterogeneity and random distribution, with high values observed at the inner sites of TA and TC
(Figures 3c and 3d), where the DIN concentration was also high. Notably, the highest DON values were observed
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Figure 3. Horizontal distribution of the average of the surface and bottom dissolved nitrogen concentration: (a) dissolved inorganic nitrogen (DIN) in summer, (b) DIN
in winter, (c) dissolved organic nitrogen (DON) in summer, (d) DON in winter.
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DIN in transect C (TC) in summer, (d) dissolved organic nitrogen (DON) in TA in summer, (¢) DON in TB in summer, (f) DON in TC in summer, (g) DIN in TA in
winter, (h) DIN in TB in winter, (i) DIN in TC in winter, (j) DON in TA in winter, (k) DON in TB in winter, (I) DON in TC in winter.

in the inner sites of the TA in winter; however, an increased DON concentration was found in the middle of the
TA (Figure 3d). DON exhibited a similar distribution pattern at the outer stations in TA and TC and all stations
in TB, with relatively low values observed at sites with high salinity (>30 PSU) (Figure 3 and Figure S2 in
Supporting Information S1). The vertical distribution of DON in the PRE and adjacent coastal waters is shown in
Figure 4. In general, the DON concentration was relatively higher in the surface water of the inner stations in TA
and TC during summer, whereas it was patchily distributed in the rest of the area. In winter, the DON distribution
was relatively homogeneous in the inner TA, whereas it was patchily distributed in the remaining zones.

3.2. DON in Different Regions

Water samples were classified into three categories based on HCA (Figure S3 in Supporting Informa-
tion S1), representing three areas influenced by distinct degree of terrestrial inputs and human activities: the
terrigenous-dominated zone (T zone), the freshwater-seawater mixing zone (M zone), and the seawater-based
zone (S zone) (Figure S3 in Supporting Information S1). Stations in the three zones varied between seasons,
indicating the divergent impact of human activities and terrestrial inputs (Table 1). The salinity yielded a gradient
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Figure 5. Comparisons of dissolved inorganic nitrogen (DIN) and dissolved organic nitrogen (DON) concentrations in three
zones: (a) DIN and (b) DON. The p levels: **p < 0.01; *p < 0.05; ns, not significant; T, T zone; M, M zone; S, S zone,

similarly hereinafter.

from the T zone to the S zone (average: 8.27 + 6.59, 23.45 + 3.71, and 33.21 + 1.18 PSU in the T, M, and
S zones, respectively) (Table 1). In addition, the concentration of DIN differed significantly among the three
zones (p < 0.01), with the highest mean value in the T zone (136.67 + 34.60 pmol/L), followed by the M zone
(80.31 + 39.28 pmol/L) and S zone (8.50 + 8.66 pmol/L) (Figure 5a and Table 1). These findings indicate that
terrestrial inputs had the greatest effect in the T zone and displayed a decreasing tendency in the M and S zones.
The concentration of DON in the S zone (40.96 + 38.57 pmol/L) was significantly lower (p < 0.05) than that in
the T zone (24.85 + 14.70 pmol/L) and the M zone (12.50 + 14.60 pmol/L), while no significant difference was
observed between the T and M zones (Figure 5b and Table 1).

To identify the environmental factors contributing to the distribution of DIN and DON, Chla, DO, salinity, pH,
and temperature were selected as environmental variables, whereas DIN and DON were defined as species for

1.0
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i T Mw
g o wonn
§ \ / ()ﬁ
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§ """"""""""""""""""""" 3 /v,\ """""""" O
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P/cm:a
DO |
o
1.0 " RDA1(73.73%) 1.0

Figure 6. Hierarchical clustering analysis categories incorporate with
redundancy analysis (RDA) triplot. (a) Black hollow cycles represent samples
from the T zone in summer (TS); (b) black solid cycles represent samples from
the T zone in winter (TW); (c) yellow hollow diamonds represent samples
from the M zone in summer (MS); (d) yellow solid diamonds represent
samples from M zone in winter (MW); (e) blue hollow squares represent
samples from S zone in summer (SS); (f) blue solid squares represent samples
from S zone in winter (SW). The red T in the figure represents temperature.

RDA. RDAI and RDA?2 explained 73.73% and 0.74% of the total variation,
respectively, and the two RDA axes explained 74.47% (Figure 6). Salinity
and pH settled in the negative RDA1, displayed an obvious negative corre-
lation with water samples in the T zone, and were weakened in the M and S
zones (Figure 6), indicating a weakened influence of river runoff on DON
distribution from the T zone to the S zone. In addition, Chla and DO were
two other environmental factors that influenced the DON distribution in the
S zone, indicating the effect of biological activities.

3.3. Correlations of DON With Fluorescence Components

Regarding DON as N-containing DOM, the relationship among the fluo-
rescence intensities of DOM components (F to F

max1 max6?

see Supporting
Information S1), concentrations of DIN and DON, and key environmental
parameters (temperature, DO, Chla, and salinity) was revealed (Figure 7 and
Figure S4 in Supporting Information S1). The results showed that F, , | was
significantly correlated with Chla (p < 0.05), whereas F,, ,, F,, . .., and F_ .
were significantly negatively correlated with salinity (p < 0.001, p < 0.05,
and p < 0.001, respectively) (Figure 7a). In contrast, F, , and F,_ . were
significantly positively correlated with salinity (»p < 0.05 and p < 0.001,
respectively) (Figure 7a). Mantel's analysis revealed that DIN was signifi-
cantly negatively correlated with salinity (p < 0.01), indicating a strong
terrestrial control of the DIN concentration. However, DON was slightly
influenced by terrestrial inputs and F, ,  (algae-derived autochthonous fluo-
rescence component, which was also found in the wastewater and aquaculture
water) (Figure 7a).

In the T zone, DON exhibited no significant correlation with the fluores-
cence components (Figure 7b). In the M zone, DON was significantly corre-
lated with F . (p < 0.01) (Figure 7¢c), indicating autochthonous sources of
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Figure 7. Correlations among fluorescence intensities of emission-excitation matrix components, dissolved inorganic nitrogen (DIN) and dissolved organic nitrogen
(DON) concentrations, and key environmental parameters in (a) the Pearl River Estuary and adjacent coastal water, (b) the T zone, (c) the M zone, and (d) the S zone.

DON in this area. BIX, FI, and HIX in the M zone were 1.28 + 0.10, 2.33 + 0.07, and 0.32 + 0.09 (Table 1 and
Figure S5 in Supporting Information S1), respectively, further supporting a predominantly autochthonous origin
for DON. In the S zone, DON was significantly correlated with F_, , (Figure 7d). As indicated by the RDA
results (Figure 6), DON was correlated with biological parameters such as Chla and DO in the S zone, suggest-
ing a dominant autochthonous estuary origin in this area. Above all, DON in the T zone was mainly derived
from terrestrial inputs, autochthonous production from freshwater algae, and C3 and C4 plants were secondary
sources, while DON in the M and S zones was primarily derived from estuarine autochthonous production and
was slightly influenced by terrestrial inputs.

3.4. Mixing Behavior of DIN and DON

As shown in Figure 8a, the DIN concentrations in the PRE and adjacent coastal areas were consistent with the
DIN concentrations predicted by the two-end-member model in summer (slope = 0.98, R? = 0.81). In winter,
the DIN mixing behavior was similar to that in summer (slope = 0.59, R? = 0.85). However, the dilution effect
of seawater was not as intense as that in summer (the regression slope in summer and winter were 0.98 and 0.59,
respectively), mainly because of the retention of nutrients in the inner estuary (TA and TC). However, the DON
concentrations in the PRE and adjacent coastal areas deviated from those predicted by the two-end-member
model in both seasons (Figure 8b), indicating nonconservative mixing behavior.

To better understand the fate and mixing law of DON along the salinity gradient in the PRE and adjacent coastal
waters, regression statistical functions (best-fit regression with p < 0.01) were used to explore the dissipation
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Figure 8. Predicted and in situ measured concentrations of dissolved inorganic nitrogen (DIN) (a) and dissolved organic
nitrogen (DON) (b) using the two-endmember mixing model. The 1:1 line (red dashed line) is the modeled data for DIN
and DON concentrations. A slope lower than 1:1 indicates a well-conservative mixing process. The green cycles represent
summer samples, and the orange cycles represent winter samples.

patterns of DON and discuss the effects of biotic and abiotic impacts on the dissipation process, particularly
during summer. By comparing the DON concentrations in summer and winter, it was observed that a large
amount of terrestrial runoff input of nutrients in the flood season (i.e., summer) was negatively logarithmi-
cally dissipated (y = —11.45In(x) + 49.57, R* = 0.64, p < 0.001, Figure 9b). The most rapid DON dissipation
occurred at the intersection of high-salinity, low-nutrient seawater and low-salinity, high-nutrient freshwater (i.e.,
upstream) affected by anthropogenic activities, indicating a rapid dilution effect of seawater on the nutrients in
dilute water during the flood season. In contrast, DON concentrations in winter were the best cubic polynomial
fitted and dissipated (y = —0.031x> + 2.29x% — 56.23x + 494.12, R* = 0.41, p < 0.01, Figure 9b). Notably, we
observed a significant negative correlation between salinity and DIN concentration in both summer and winter
seasons, suggesting distinct dilution processes of DIN when high freshwater inputs mix with seawater, primarily
influenced by conservative mixing until the flushing water diminishes at salinities ranging from 33 to 35 PSU.

4. Discussion
4.1. Dissimilar Distribution of DON and DIN

The PRE and adjacent coastal waters (particularly in TA and TC in this study) are characterized as river
input-dominated areas with significant freshwater inputs (3.5 x 10!! m? annual discharge) (X. Wang et al., 2021).
Anthropogenic, industrial, and agricultural activities contribute to the substantial nutrient loading in river outlets
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Figure 9. Runoff-induced seasonal distribution patterns of (a) dissolved inorganic nitrogen (DIN) and (b) dissolved organic
nitrogen (DON) along the salinity gradient in the Pearl River Estuary and adjacent coastal waters. All data are best fitted
for the regression analysis. Green circles represent nutrient species concentrations in summer, and orange circles represent
that in winter. The dashed lines are the best-fitted regression line for nutrient species (the significant level is p < 0.01). The
coefficient g at the top of the figure is the fraction of freshwater.
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(red arrows in Figure 1) (Strokal et al., 2015). Consequently, the inner sites of the TA and TC exhibited high
DIN and DON concentrations. DIN and DON concentrations surpass 100 pmol/L in the Zhujiang River, particu-
larly in areas influenced by strong terrestrial inputs or sewage discharge. The geostrophic deflection force also
drove the transportation of DIN and DON from the Zhujiang River and major outlets (inner stations of the TA
in Figure 1) to the inner sites of the TC. This phenomenon was covered in previous reports (Tao et al., 2021; M.
Wu et al., 2016).

However, DIN and DON exhibited dissimilar distribution in TB and the outer sites in TA and TC, which were
less influenced by terrestrial input. The inorganic nutrients required for nearshore phytoplankton and bacterial
production mainly come from terrestrial inputs, and excessive inputs can result in algal blooms (R. H. et al., 2014;
Y. Xu et al., 2019). Although inorganic nutrients are absorbed throughout these processes, a significant amount
of organic nutrients is released. Consequently, DIN and DON exhibit dissimilar distributions (D. Lu et al., 2016;
Y. Wang et al., 2012). This process is typically absent when newly discharged DIN and DON enter the estuary,
particularly in the inner TA and TC sites, which have high turbidity and low plankton biomass. At the outer sites
of TA and TC, the DIN concentration gradually decreased with increasing salinity (Figures 3a and 3b), whereas
the DON concentration did not exhibit a clear trend. This indicates that the distribution of DIN is affected by the
mixing process, whereas the distribution of DON may be affected by sophisticated biogeochemical processes
(e.g., biological and photochemical activities) in addition to freshwater and seawater mixing (Bushaw et al., 1996;
Grosse et al., 2019; laniri et al., 2022). Additionally, sufficient nutrients and high water transparency can stim-
ulate phytoplankton growth (Rath et al., 2021), which in turn enhances the production of autochthonous DON.
High Chla levels in the inner sites of the TB indicated active biological activity. A previous study found that the
relative content of N-containing DOM molecules exhibited no clear trend as salinity increased within the PRE
(He et al., 2020). This was probably due to autochthonous inputs. The high DON/TDN ratio in the TB further
supported the impacts of biological activity. Overall, the biological activities induced dissimilar distributions of
DIN and DON in areas where the terrestrial nutrient load was reduced.

4.2. Freshwater Discharge Governing DON Distribution in the Main Estuary

Continuous freshwater discharge during the rainy season (generally April to October in the Lingdingyang Estu-
ary) plays an important role in facilitating the cross-boundary transportation of nutrients between terrestrial and
marine environments (Niu et al., 2020; M. Wu et al., 2016; Ye et al., 2018). Nitrogen from allochthonous sources
transported during these “hot moments” has the potential to significantly subsidize ecosystem metabolism (Z.
Lu et al., 2018). As we focused on the main estuary of the PRE (Lingdingyang region, TA in Figure 1), an area
that experiences drastic fluctuations due to complex human activities and estuary dynamic processes, the govern-
ing effect of freshwater on DON distribution was evident. First, a negative correlation between salinity and DON
concentration was observed in TA (Figure S6 in Supporting Information S1), indicating a freshwater-governed
distribution of DON. Second, TB, which has high salinity and low DON concentrations (Figure 4 and Table S1
in Supporting Information S1), appeared to be less affected by freshwater input. However, significantly higher
DON concentrations at the inner sites of the TA (Figures 3¢ and 3d), suggest that freshwater discharge is crucial
in affecting DON distribution. Furthermore, a substantial amount of freshwater (2.8 x 10'! m?) flows from the
Zhujiang River and is discharged into the PRE in the wet season (W.-J. Cai et al., 2004; Harrison et al., 2008),
which significantly affects the salinity distribution and transportation of terrestrial nutrients, such as DIN, in
the estuary. Consequently, salinity stratification prevailed in the TA during summer (Figure 10a). However, the
concentration of DON rapidly decreased as freshwater was discharged into the estuary and remained at a rela-
tively low concentration at the outer sites. In the dry season, the DON concentration was higher than that in the
wet season, as reported in previous studies (Liu et al., 2020; Ye et al., 2018). This increase in DON concentration
during the dry season (e.g., winter) could be attributed to reduced rainfall and diminished freshwater discharge,
resulting in an extended residence time of DON in the estuary (Harrison et al., 2008). Additionally, the intrusion
of saline seawater during winter was supported by a significant elevation in salinity levels in the inner estuary,
which resulted in higher DON concentrations in the middle estuary (Figure 10b). Consequently, a considerable
amount of terrestrial-origin DON was trapped within the salinity front (Figure 10b).

4.3. Autochthonous DON Increase in the Freshwater-Seawater Mixing Zone

Due to the diversity and bio-sensitivity of DON, identifying its sources in aquatic ecosystems can be challenging
(Hansen et al., 2016). However, because DON is an N-containing component of DOM, its sources can be tracked
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Figure 10. Vertical distribution of dissolved organic nitrogen (DON) and salinity in transect A: (a) in summer, (b) in winter. The colors in the plot represent DON
concentrations and the contour lines demonstrate salinity distribution.

in a manner similar to that of DOM. Regarding the significant correlations between DON and the fluorescence
intensities of DOM components (such as F, ,  in Figure 7), it is reasonable to infer the sources of DON in the
PRE and adjacent coastal areas include wastewater, aquaculture waste, and autochthonous production (Table S3
in Supporting Information S1). The present study found that the BIX, FI, and HIX values ranged from 0.87 to
2.24,1.61 to 2.86, and 0.04 to 0.65, respectively (Table S4 in Supporting Information S1), indicating that DON
in the PRE and adjacent coastal waters originates from multiple sources, with a predominant contribution from
autochthonous sources. This result is consistent with that reported by Xie et al. (2018), who identified autochtho-
nous sources of DOC in the PRE based on the EEM results, despite the fact that terrestrial inputs are important
sources of DOM in the upstream of the PRE (Meng et al., 2013).

The concentrations and characteristics (reflected by the fluorescence indices) of DON varied significantly across
the three zones in the PRE and adjacent coastal waters (Table 1 and Figure 5), primarily owing to diverse sources
and biogeochemical processes such as freshwater discharge, phytoplankton uptake, and hydrological mixing (D.
Li et al., 2020; Qian et al., 2018). In the M zone, the correlation between DON and C6 (Figure 7c) and BIX and
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C6 (p < 0.01) indicated that protein-like compounds were released. The increase in protein-like compounds in
eutrophic aquatic ecosystems can be attributed to phytoplankton growth (e.g., priming effect). Excessive terres-
trial nutrient inputs (including inorganic and organic forms) promote phytoplankton growth and trigger blooms
(Jiang et al., 2015; Paerl, 1997). Notably, phytoplankton blooms (e.g., diatoms and Synechococcus) occasion-
ally occurred in the M zone, as reported in previous studies (J. Li et al., 2019; Z. Lu & Gan, 2015; S. Xu
et al., 2022). In the S zone, the correlation between DON and C2 (Figure 7d) likely indicates a terrestrial origin
of DON. However, the DON concentration was relatively low, whereas the Chla concentration was relatively
high in this area. Additionally, DON in the M and S zones was more bioavailable (with higher BIX than in the
T zone; see Table 1), indicating that labile DON would be exuded due to phytoplankton provision or bacte-
rial priming. Nitrogen-containing DOM components, including protein-like compounds, aliphatic compounds,
and peptides produced from phytoplankton, contribute to the bioavailable DOM pool (Y. Zhou et al., 2021). A
recent study showed that diatoms produce DON and promote bacteria growth in a river-dominated estuary (Ma
et al., 2022). Moreover, previous studies have suggested that marine DOM is produced from phytoplankton and
bacteria in the offshore area of the river-dominated Amazon River-to-ocean continuum (Medeiros et al., 2015;
Seidel et al., 2015). The RDA result indicated that DON in the T zone could be inferred to be mainly derived
from terrestrial sources (Figure 6), and there was no significant correlation between DON and fluorescence
components in the T zone (Figure 7b). DON in the upstream areas may be derived from sewage during the dry
season, whereas terrestrial organic matter is the major source of DON in the upper estuary during the wet season
(Ye et al., 2018). Additionally, fluorescence indices, including BIX (1.36 + 0.02), FI (2.34 + 0.08), and HIX
(0.40 + 0.10) (Table 1) in the T zone, were in the range of an obvious terrestrial autochthonous origin (e.g., C3
plant, C4 plant, or freshwater algal) of DON. Therefore, we can conclude that the M and S zones were dominated
by autochthonous DON, while the T zone was dominated by terrestrial DON.

4.4. DON Translocation Regimes in River-Discharge Estuaries

Coastal waters are among the most disturbed and receive large amounts of nutrients from anthropogenic sources
through terrestrial inputs. Seasonal runoff in large river discharge estuary systems determines the effects of nutri-
ents subject to traceable and regular dilution or dissipation characteristics in these areas (C. Wang, Lv, & Li, 2018;
Ye et al., 2018). In these estuaries, the dilution of inorganic nutrients (M. Wu et al., 2016; Yan et al., 2019) and
trace elements (X. Chen et al., 2021) during the strong freshwater-seawater mixing process is an expected event.
However, in this study, the mixing behavior of DON was distinct from that of DIN, which was also reported by
Ye et al. (2018) for the PRE. Conservative behavior for DON was not clearly observed, as evidenced by signif-
icant deviations between in situ DON concentrations and model-predicted values (1:1) (Figure 8b), particularly
in low-salinity areas, presumably in response to stronger freshwater dilution or variability in DON sources. The
predicted DON concentrations were significantly higher than those measured, indicating a rapid dilution rate.
However, a pronounced retention phenomenon was observed at the moderate salinity (freshwater-seawater mixing
area) (Figures 9 and 10). In addition to the interaction between seawater and freshwater, the conversion of nitrogen
species is another factor that influences DON translocation. As reported by Dai et al. (2008), nitrification is the
main DIN (mostly NO;~) removal process in the PRE. However, seawater's direct dilution effect is stronger than that
of ammonification or nitrification. Reduced runoff input in winter weakened the estuarine hydrodynamic exchange
rate and the apparent nonconservative mixing behavior of DON during moderate mixing (0.25 < ¢ < 0.55). This
nonconservative mixing behavior is more pronounced in areas affected by runoff input, such as the upper TA and
TC, where higher DON concentrations also occurred during intensive mixing (g = 0.10) (top right in Figure 9b).

That needs to be verified further, which is why DON did not have rapid linear mixing, similar to DIN. DON can
be produced by the release of living organisms or the decomposition of residues, which may cause differential
behavior in coastal waters (laniri et al., 2022; Liao et al., 2019). Coincidentally, the offshore phytoplankton
and bacteria released a large amount of DON after entering the intersection area after 2 days of cultivation, with
nearly five times the promotion of the proliferation of diatoms (the main algae species in the PRE and adjacent
area) (Cheung et al., 2021). A similar result that episodic nutrient inputs may support increased phytoplankton
and bacterial production was also found by N. Chen et al. (2018). Therefore, phytoplankton proliferation accel-
erates the release of DON (e.g., directly release, sloppy feeding by zooplankton, and lysis by viral infections)
(Bronk, 2002; Z. Zhou et al., 2023). This goes a step further to explain why the DON concentration does not
linearly decrease with DIN between the intersections at salinities of 20-30 PSU and exhibits a nonconservative
mixing behavior.
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In summary, our findings indicate that DON and DIN are differently distributed in the PRE and adjacent coastal
waters. DIN imported through runoff from the Zhujiang River mainly dissipates in estuarine seawater, whereas
DON exhibits a nonconservative mixing behavior. The mixing process of DON varies with seasons, with negative
logarithmic mixing in low-salinity areas in summer, stable or rising stages in moderate salinity (1626 PSU), and
a rapid decline in areas dominated by open water (salinity higher than 33 PSU) in winter.

5. Conclusion

The DON and DIN in the PRE were dissimilarly dispersed via different mechanisms. Conservative mixing
processes dominate DIN, whereas DON is affected by physical mixing and biological activities (i.e., noncon-
servative mixing behavior), and this process varies across seasons. In the terrestrial-dominated zone, the input of
terrestrial materials from human activities causes high DON concentrations. In the freshwater-seawater mixing
zone, terrestrial materials promote the growth of primary producers (including DIN assimilation and DON
release), and DON is retained in the salinity fronts. In the seawater-based zone, DON concentrations are rela-
tively low, with high biological activity, representing a dominant endogenous source of DON. This consequently
led to source deviation in different physical mixing areas, terrestrial inputs in the terrigenous-dominated zone
and the freshwater-seawater mixing and seawater-based zones from autochthonous production. In simple terms,
the fate of DON is profoundly shaped by terrestrial and biological activities during transportation in the PRE and
adjacent coastal areas.
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