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ARTICLE INFO ABSTRACT

Keywords: The utilization of dissolved organic phosphorus (DOP) driven by alkaline phosphatase hydrolysis contributes
Organic phosphorus utilization significantly to mitigating coastal nitrogen pollution through alleviating phosphorus (P) limitation. However, the
Parameterization

lack of a parameterization for this process limits the quantitative assessment of its impact on marine nutrient
pollution and cycling. Our study addresses this issue using data from a series of on-board microcosm experiments
conducted in the Yellow Sea, where P limitation prevails. In addition to incorporating the conventional
temperature-dependent DOP decomposition, we improve this process by accounting for the effects of dissolved
inorganic phosphorus (DIP) and dissolved inorganic nitrogen (DIN) on DOP utilization, based on well-established
relationships among these variables. The improved model well reproduces nutrient dynamics observed during
the incubations. Simulation results further indicate that DOP utilization can contribute up to 80% of bioavailable
P in DIP-deficient environments. Without this process, DIP concentrations would decrease by over 50% within
2-5 days, leading to a 20%-60% decrease in chlorophyll a concentration and an approximately 100% increase in
P turnover time. Moreover, the DOP-to-DIP conversion efficiency (i.e., DOP utilization rate) exhibits substantial
spatiotemporal variability in surface seawater, with rates as high as 0.1 day ! in the central Yellow Sea during
spring and summer, and notable interannual variations with changes up to 0.1 day ™! from 2003 to 2019. This
study establishes a parameterization scheme modeling the dynamics of DOP utilization rate, providing valuable
insights into the transformation and ecological effects of organic phosphorus in coastal waters influenced by
anthropogenic nitrogen pollution.

Dissolved inorganic phosphorus
Nutrient pollution
Ecological model

1. Introduction deficiency (Wang et al., 2011; Liang et al., 2022; Su et al., 2023). In

P-deficient environments, planktonic cells synthesize alkaline phos-

In recent decades, many coastal regions worldwide have experienced
severe phosphorus (P) deficiency relative to nitrogen (N), primarily due
to multiple terrestrial N inputs such as riverine discharge and atmo-
spheric deposition (Prasad et al., 2010; Malone and Newton, 2020; Li
et al., 2024). The utilization of dissolved organic phosphorus (DOP)
serves as a primary adaptive strategy for phytoplankton to cope with P
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phatase (AP) to hydrolyze DOP into dissolved inorganic phosphorus
(DIP), thereby increasing the availability of organic phosphorus (Lin
etal., 2016; Jin et al., 2024). Evidence suggests that DOP utilization can
account for as much as 90% of the bioavailable P in the open ocean
(Karl, 2014). In nutrient-rich coastal waters, although DIP stocks are
much higher than in open oceans, the deficiency of DIP relative to
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dissolved inorganic N (DIN) makes DOP utilization become the potential
source of bioavailable P (Duhamel et al., 2021; Liang et al., 2022). A
recent study demonstrates that phytoplankton can absorb substantial
and even excess DIN for growth through enhancing DOP utilization in
coastal waters, i.e., Anthropogenic N Pump (Jin et al., 2024). Globally,
the overall decomposition rate of DOP (including DOP utilization and
other mineralization processes) is twice that of other dissolved organic
compounds including carbon and nitrogen (Duhamel et al., 2021).
Increasing attention is being directed toward understanding the role of
DOP utilization and its implications for biogeochemical cycles in
seawater (Chu et al., 2018; Jin et al., 2024).

Various environmental factors influence the rate of DOP utilization
by regulating alkaline phosphatase activity (APA). Numerous studies
have highlighted the significant stimulation of APA by low DIP con-
centrations (Dyhrman and Ruttenburg, 2006; Lomas et al., 2010; Lin
et al., 2016). APA is generally inversely correlated with DIP levels, and
inducible AP becomes activated when DIP concentrations drop below a
specific threshold (Suzumura et al., 2012; Mahaffey et al., 2014). This
DIP threshold varies considerably across different coastal waters due to
variations in nutrient levels and phytoplankton communities. For
instance, APA reaches high levels when DIP concentration falls below
0.03 mmol m 2 in the northern Adriatic Sea (Ivancié et al., 201 6), while
in Daya Bay, a noticeable increase in APA occurs at a DIP threshold of
0.20 mmol m~3 (Zhang et al., 2018). In the Yellow Sea, the DIP
threshold has been reported as 0.02 mmol m~3 (Jin et al., 2024). At-
mospheric deposition and riverine input significantly stimulate the DOP
utilization in coastal seas by depleting DIP due to increasing N con-
centrations (Rees et al., 2009; Jin et al., 2024). Additionally, factors such
as seawater temperature and the availability of iron and zinc can also
influence APA (Ruttenberg et al., 2012; Browning et al., 2017). The
complexity of coastal environments hinders the effective development
of parameterization schemes for calculating DOP utilization rates by
marine ecological models.

Marine ecological models, developed from field observations and
experiments, can simulate the dynamic variations of biogeochemical
processes, serving as valuable tools for quantitatively analyzing marine
processes (Shukla et al., 2021; Gao et al., 2022). Most marine ecological
models are structured around the conversion between nutrients,
phytoplankton, zooplankton, and detritus, and are primarily used to
analyze changes in inorganic nutrients and primary production pro-
cesses (Fennel et al., 2006; Fan and Song, 2014; Zhang et al., 2019; Fang
et al., 2022). Enhanced ecological models have been applied to inves-
tigate issues such as nitrous oxide emissions, hypoxia, and iron cycling
(Yoshikawa et al., 2015; Zhou et al., 2017; Xiu and Chai, 2021; Yu et al.,
2021). Despite these advancements, the role of DOP utilization in
ecological simulation has not received sufficient attention, and DOP is
often not considered a state variable. This is largely because traditional
models focus on inorganic nutrients, treating DOP primarily as an in-
termediate pool between particulate organic P and DIP, rather than a
direct contributor to primary production (Laurent et al., 2012; Yu et al.,
2021). However, as P limitation becomes increasingly common in
coastal waters, DOP utilization plays a more critical role in sustaining
phytoplankton growth and should be explicitly represented in biogeo-
chemical models.

Some ecological models have integrated DOP utilization, but their
calculated methods are often oversimplified. For example, the utiliza-
tion rate of DOP has been set as a fixed empirical constant when
modelling its effect on phytoplankton growth in the Mediterranean Sea
(Llebot et al., 2010). Letscher et al. (2022) highlighted the significant
contribution of DOP to net community production using an inverse
P-cycling model, replacing the global oceanic annual DOP utilization
rate with nine fixed constants. Chu et al. (2018) attempted to simulate
DOP transformation based on a constant P principle, fixing the DIP
limiting factor at 0.3 when the DIP concentration falls below 0.03 mmol
m 3, Overall, the parameterization of DOP utilization remains under-
developed in current ecological models, failing to capture the dynamic
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variations of DOP utilization, and thus hindering the quantitative
analysis of its contributions to nutrient cycling and primary production
at high spatiotemporal resolution.

The Yellow Sea, a shallow marginal sea off the eastern coast of China
with a mean depth of approximately 44 m (Fig. 1), has experienced a
significant P deficiency due to continuous terrestrial N inputs (IMoon
et al., 2021; Zhong and Ran, 2024). This pronounced P deficiency cre-
ates conditions that can trigger DOP utilization (Mahaffey et al., 2014;
Lin et al., 2016), making the Yellow Sea a favorable environment to
study the impact of DOP utilization on P cycling in coastal waters. In this
study, we conducted a series of on-board incubation experiments in the
Yellow Sea to address key knowledge gaps regarding DOP utilization
dynamics. Specifically, we aimed to develop an improved parameteri-
zation scheme that incorporates the effects of environmental factors on
DOP utilization, thereby enhancing the predictive accuracy of ecological
models. The findings provide a quantitative assessment of DOP utiliza-
tion and its impact on nutrient cycling, offering insights into mitigating
P limitation and maintaining ecosystem stability in anthropogenically
impacted coastal waters.

2. Materials and methods
2.1. On-board microcosm experiments

Four on-board microcosm experiments were conducted at three
stations in the Yellow Sea during the summer (July-August) cruise in
2018 and spring (March-April) and summer cruises in 2019, respec-
tively, aboard the R/V Dongfanghong 2 and R/V Beidou (Fig. 1). Surface
seawater (3-5 m depth) was collected from three stations, designated as
Y1, Y2, and Y3. Additionally, seawater collected from the deep chloro-
phyll a (Chl-a) maximum layer at station Y1 was labeled as Y1lpcy.

The collected seawater was transferred into acid-washed poly-
carbonate bottles (20 L, Nalgene 2251-0050) after filtration through a
200 pm acid-washed nylon mesh. To estimate the impact of increasing N
concentrations on DOP utilization, N-rich aerosol extracts were imme-
diately added to simulate different atmospheric deposition scenarios.
Atmospheric aerosols were collected from the Atmospheric Environ-
ment Monitoring Station at the Laoshan campus of Ocean University of
China, Qingdao, China (36.16° N, 120.50° E). Low, medium, and high
concentrations of aerosol additions were performed at all stations,
except at Y1 and Ylpgy where the medium concentration was not
applied (Fig. 1; Table A1). After aerosol addition, the bottles were placed
in three microcosm tanks and incubated for 4-6 days for 20 L experi-
ments. Flow-through surface seawater was used to maintain a stable
temperature, closely resembling in-situ conditions.

During the microcosm experiments, water temperature, light in-
tensity, DIN, DIP, dissolved silicate (DSi), Chl-a concentrations, and APA
were measured every 24 h. Concentrations of particulate organic car-
bon, total dissolved phosphorus, and DOP were measured at the
beginning and end of the incubations. Detailed protocols for incubation
experiments, aerosol collection, and sample measurement methods can
be found in Jin et al. (2024).

2.2. Numerical simulation

An ecological box model was used to estimate the impact of DOP
utilization on P cycling. As shown in Fig. A1, the model includes 13 state
variables: two forms of DIN (nitrate and ammonium), DIP, DSi, dino-
flagellate, diatom, microzooplankton, mesozooplankton, dissolved
organic nitrogen, DOP, particulate organic nitrogen, particulate organic
phosphorus, and biogenic silica. This selection of state variables ensures
that key processes of nutrient cycling, particularly those related to DOP
production, transformation, and utilization, are accurately represented.
The model is based on the NPZD (Nutrient-Phytoplankton-Zooplankton-
Detritus) framework, which has been extended to include organic
nutrient pools and nutrient cycling for a more comprehensive
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Fig. 1. Seawater sampling stations for the microcosm experiments. Experiment for the deep chlorophyll a maximum layer at Y1 is labeled as Y1pcm. At four stations,
14 microcosm experiments were conducted, including control groups and treatments with atmospheric aerosol additions containing varying DIN concentrations.
These experiments also formed the basis for numerical simulations under corresponding scenarios. The background color indicates the DIN-to-DIP ratio, sourced from
Liu et al. (2022). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

representation of coastal ecosystems. A detailed description of the model
can be found in Ding et al. (2021). In this study, a new parameterization
scheme for DOP utilization (Section 3.1) was developed based on
experimental data to replace the simplified calculation of the DOP
decomposition rate in the original model.

The box model was initialized using data from the first day of in-
cubation experiments. It was then run to simulate the daily variation of
nutrient cycling across 14 experimental scenarios, driven by observed
daily temperature and light intensity. The values of all biological pa-
rameters are provided in Table A2. To assess the ecological impact of
DOP utilization, an additional 14 numerical experiments were con-
ducted in which the DOP utilization rate was set to zero. Following these
two series of simulations, the effects of DOP utilization on DIN con-
centration, Chl-a concentration, and phosphorus turnover time (PTime)
were calculated:

Rpip = (DIPpyy, — DIP,) / DIP, (€))
Reni = (Chlyone — Chl,) / Chl, )
Rprime = (PTimenon, — PTime,) / PTime, 3
PTime = Cpp /PHYP (C))

where Rpp, Rcp, and Rprime represent the change in DIP, Chl-a, and
PTime, respectively, when the DOP utilization process is excluded; DIP,,

Chl., and PTime. denote DIP concentration, Chl-a concentration, and
PTime in control groups, while DIP,,ne, Chlyone, and PTimep,p, represent
the corresponding values in the simulations without DOP utilization;
Cprp represents the concentration of DIP, and PHYP,; denotes the
assimilation rate of DIP by phytoplankton. In addition, to estimate the
impact of DOP utilization on the N cycle, the N turnover time (NTime)
was also calculated:

NTime = Cpiy /PHYNgss %)

where Cpy represents the concentration of DIN, and PHYN; is the
assimilation rate of DIN by phytoplankton.

2.3. Data source

To evaluate the spatial-temporal variation of DOP utilization rate in
the Yellow Sea, monthly data of DIN and DIP in surface water from 2003
to 2019 were collected from the outputs of a machine-learning model
(Liu et al., 2022). Additionally, monthly sea surface temperature (SST)
data at a 4-km resolution from the Moderate Resolution Imaging Spec-
troradiometer (MODIS) were obtained from the NASA Ocean Color
website (http://oceancolour.gsfc.nasa.gov).
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3. Results and discussion
3.1. Parameterization scheme of DOP utilization

The DOP utilization rate was defined as the ratio of APA to DOP
concentration, representing the potential conversion efficiency of
existing DOP within a given timeframe. Experimental data demonstrate
a significant inverse relationship between the DOP utilization rate and
the DIP concentration (Fig. 2a). A distinct DIP threshold of 0.02 mmol
m 2 is observed, below which reductions in DIP concentration result in a
rapid increase in DOP utilization rate, while the rate remains relatively
low when DIP concentration exceeds this threshold. Under conditions of
low DIP concentration, phytoplankton synthesize large amounts of
alkaline phosphatase, enhancing APA and thereby stimulating DOP
utilization (Ghyoot et al., 2015; Lu et al., 2021). Consequently, low DIP
concentration is considered a critical factor influencing DOP utilization.

Previous studies suggest that high DIN concentrations can intensify
the consumption of DIP and have a positive effect on APA (Anthropo-
genic N Pump, Jin et al., 2024). However, correlation analyses incor-
porating all experimental data indicate that there was no significant
relationship between DOP utilization rate and DIN concentration in our
study (Fig. 2b). A significantly positive correlation between DOP utili-
zation rate and DIN concentration was observed only when DIP con-
centrations were below 0.02 mmol m~> (Fig. 2c—d). This suggests the
following two points: first, low DIP concentration is a key factor that
determines the changing pattern of DOP utilization rate; second, once
DIP concentration decreases to a certain threshold, the extra supply of
DIN can further enhance the utilization rate of DOP. However, the in-
fluence of DIN on DOP utilization under high phosphorus conditions
remains complex. Studies have shown that even at relatively high DIP
concentrations, an increase in nitrogen concentration can still stimulate
APA (Neddermann and Nausch, 2005; Rees et al., 2009; Fitzsimons
etal., 2020; Jin et al., 2024). These discrepancies indicate that the effect
of nitrogen on DOP utilization is not solely dependent on DIP concen-
tration but may also be influenced by phytoplankton community
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composition, ambient temperature, and other biogeochemical factors
(Rees et al., 2009; Fitzsimons et al., 2020; Zhou et al., 2021). Therefore,
further research is needed across different ecosystems and nutrient
conditions to fully elucidate the role of nitrogen in DOP utilization.

Phytoplankton are considered one of the major contributors to AP
production in aquatic environments (Lin et al., 2016). Numerous studies
have shown that P deficiency relative to N favors the proliferation of
harmful algae in coastal waters, due to their capacity of enhancing APA
(Chen and Liu, 2010; Wang et al., 2022). Jin et al. (2024) emphasized
the positive effect of elevated Chl-a/DIP ratios on the surge of APA.
However, our experimental data reveal a slight negative correlation
between the DOP utilization rate and Chl-a concentration (R? = 0.14, p
< 0.05, Fig. A2), which has also been observed in other coastal seas
(Davies and Smith, 1988), suggesting the limited control of Chl-a on the
conversion efficiency of DOP. This inconsistency may arise under
P-deficient conditions, where increasing DIP levels can have contrasting
effects on phytoplankton growth and DOP utilization. Elevated DIP
concentrations can stimulate phytoplankton growth by alleviating P
limitation while reducing DOP utilization, since APA enhancement is
typically triggered by low DIP levels (Mahaffey et al., 2014; Lin et al.,
2016). This leads to a decrease in the DOP-to-DIP conversion rate, which
inhibits the recycling of P from DOP and reduces DOP utilization.

As described above, we preliminarily propose a parameterization
scheme for the DOP utilization rate, by integrating the effects of DIN and
DIP on DOP utilization observed in this study (Fig. 2):

[APA / DOP| — (k1DIP™'?° +k,DIN) @ exp (ksT) DIP <0.02mmolem >
- k4DIP™'*° e exp (k3T) DIP>0.02mmolem™>
(6)

where the fitting coefficients k;, k2, and k4 were assigned values of
0.00019, 0.63, and 0.0054, respectively. The effect of water temperature
(T) was incorporated into the scheme, given its significant influence on
biochemical processes (Eppley, 1971; Kremer et al., 2017), following the
Eppley curve with a coefficient k3 of 0.0693 (Yoshikawa et al., 2005;
Fennel et al., 2006; Fan and Song, 2014). The accuracy of the fitting
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Fig. 2. Relationship between DOP utilization rate and concentration of (a) DIP, (b) DIN, (c) DIN (where DIP <0.02 mmol m~), and (d) DIN (where DIP >0.02

mmol m~3).
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equation (Eq. (6)) was validated through significance testing (p < 0.05)
using experimental data. Additionally, the conventional measurement of
APA is based on 4-methylumbelliferyl phosphate as the only DOP source
(Hoppe, 1983), which may overestimate the actual DOP utilization rate
considering the complexity of DOP in realistic conditions. Moreover, the
DOP utilization rate is generally difficult to determine accurately due to
the continuous synthesis and decomposition processes of DOP over
diurnal cycles. Previous studies suggested that the DOP decomposition
rate is approximately 0.01-0.28 day ! in coastal waters based on the
time-series approach using replicated incubation bottles in total dark-
ness (Benitez-Nelson, 2000; Hopkinson et al., 2002; M. Nausch and G.
Nausch, 2006). Some ecological models have used similar empirical
constants for the DOP decomposition rate (Llebot et al., 2010; Letscher
et al., 2022). Consequently, an empirical correction was applied to the
calculated APA/DOP ratio to estimate the actual DOP utilization rate:

Rate of DOP utilization =k.[APA / DOP) @

where the correction coefficient k. was set to 0.004 (details can be seen
in the next paragraph) to ensure that the calculated DOP utilization rates
are in the range reported in previous studies. This adjustment is essential
for developing biochemical process parameterization schemes, as
measuring ecological parameters directly remains challenging
(Yoshikawa et al., 2005; Ding et al., 2021).

Sensitivity numerical experiments were conducted to examine how
nutrient cycling varied in response to changes in k.. The predicted state
variables for the sensitivity analysis were represented by the mean nu-
trients and Chl-a concentration over the entire simulation period. Using
a k. of 0.004 as the control, k. was increased and decreased by 50% in
each sensitivity experiment. The sensitivity of the predicted state vari-
AF/F
Ak [k
resents the concentration of DIN, DIP, DSi, or Chl-a. Here, AF represents
the variation in F corresponding to the change (Ak,) in the parameter k..
As shown in Table A3, the sensitivity factors for all 14 groups were less
than 0.4, indicating that the calculated results were robust to variations
in k..

ables to k. was quantified using the factor S(F) = , where F rep-

3.2. Impact of DOP utilization on P cycling

The ecological model, incorporating the newly established parame-
terization scheme for DOP utilization, successfully replicated the
nutrient cycling observed in all 14 incubation experiments
(Figs. A3-A6). Notably, the new parameterization scheme can dynami-
cally simulate changes in DOP utilization rates in response to variations
in nutrient concentration. As shown in Table 1, the DOP utilization rate

Table 1

Rate of DOP utilization in simulations of the control group (Control), low
addition group (Low), medium addition group (Middle), and high addition
group (High) of atmospheric aerosols.

Station Treatment Range (day 1) Average (day™!)
Y1 Control 0.019-0.022 0.020
Low 0.031-0.036 0.033
High 0.041-0.046 0.044
Ylpcm Control 0.003-0.005 0.004
Low 0.003-0.007 0.004
High 0.003-0.006 0.004
Y2 Control 0.007-0.009 0.008
Low 0.010-0.012 0.011
Middle 0.014-0.019 0.018
High 0.023-0.032 0.028
Y3 Control 0.007-0.013 0.016
Low 0.005-0.043 0.018
Middle 0.006-0.042 0.022
High 0.006-0.044 0.024
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varies significantly across different scenarios. For example, the DOP
utilization rate at station Y1 ranges from 2.0% to 4.4% per day, signif-
icantly higher than at station Ylpcy (0.4% per day). Additionally,
aerosol additions at all stations increased the DOP utilization rate.
Similarly, studies in other regions have also reported large variations in
DOP utilization rates, sometimes differing by more than two orders of
magnitude (Bjorkman et al., 2018; Bell et al., 2020). However, the
complexity of environmental factors makes it challenging to establish
precise quantitative relationships for assessing DOP utilization (Lin
et al., 2016; Nausch et al., 2018; Duhamel et al., 2021). Our findings
demonstrate the superiority of the new DOP utilization parameteriza-
tion scheme, highlighting the limitations of using a fixed empirical
constant for the DOP decomposition rate in previous models. These
simulation results enable further quantitative analysis of the ecological
impacts of DOP utilization.

3.2.1. Influence on DIP concentration

DOP utilization is regarded as a significant source of DIP in the
Yellow Sea (Jin et al., 2021). Simulations for stations Y1 and Y3 show
that the DIP production rate from DOP utilization is substantially higher
than that from particle decomposition and plankton metabolism
(Fig. A7). According to Fig. 3a, DOP utilization can contribute up to 80%
of the total DIP sources at stations Y1 and Y3. At station Y2, DOP uti-
lization accounted for 20%-60% of the DIP source. Consequently,
excluding DOP utilization can lead to a significant decrease (24%-65%)
in DIP concentration within a few days at stations Y1, Y2, and Y3
(Fig. 3b). However, at station Y1lpcy, DOP utilization contributed less
than 20% of the DIP source (Fig. 3a2). No significant change in DIP
concentration was observed at station Y1pcy when DOP utilization was
excluded, likely due to the relatively high DIP stock (Fig. A4b). Aerosol
addition can amplify the impact of DOP utilization on DIP by increasing
its rate, highlighting the significant role of the "Anthropogenic N Pump"
(Jin et al., 2024). DOP utilization has also become an important P
nutrient source in many other coastal seas worldwide. For example,
studies have shown that DOP supplied 40%-70% of P nutrients in the
offshore Northwest Atlantic Ocean (Diaz et al., 2018), and up to 82% in
the Sargasso Sea (McLaughlin et al., 2013).

3.2.2. Influence on Chl-a concentration

DIP concentration is the main limiting factor for phytoplankton
growth in the Yellow Sea (Moon et al., 2021). At stations Y1 and Y2,
surface Chl-a concentrations could decrease by about 20%-60% within
several days if DOP utilization is excluded (Fig. 3c). DOP utilization
enhances primary productivity by supplying DIP, a crucial nutrient for
phytoplankton growth (Wang et al., 2022; Jin et al., 2024). Studies have
found that DOP utilization accounted for 25% of primary production in
the Sargasso Sea (Lomas et al., 2010) and facilitated primary produc-
tivity recovery within 48 h in the DIP-deficient Mediterranean Sea
(Sisma-Ventura and Rahav, 2019). Letscher and Moore (2015) have also
found that DOP utilization can enhance net primary productivity by
10% in the global ocean, and a recent study suggests that about 15% of
global marine net primary productivity is supported by
autotroph-driven DOP utilization (Shen and Wang, 2025), highlighting
the crucial role of DOP utilization in global marine primary production.
Additionally, aerosol additions can further influence Chl-a concentra-
tions by accelerating DOP utilization. At station Y1lpcy, the high DIP
stock resulted in a minimal impact of DOP utilization on Chl-a concen-
tration. At station Y3, Chl-a concentration began to decrease slightly
from the third day onward if DOP utilization was excluded, due to a drop
in DIP concentration to around the threshold value of 0.02 mmol m 3
(Fig. A4d).

Currently, with the widespread input of N-containing substances
from terrestrial sources globally, phytoplankton growth in coastal areas
is limited by low DIP concentrations (Laurent et al., 2012; Ding et al.,
2021). Our simulations indicate that the addition of N-containing nu-
trients could double primary productivity by stimulating DOP utilization
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Fig. 3. Simulated influence of DOP utilization on P cycling. Negative values correspond to the decreasing value of the variable after excluding the DOP utilization in

the simulation.

(Figs. A7a and c). If DOP utilization is excluded, the high nutrient
addition group showed a ~30% lower Chl-a concentration compared to
the no-addition group (Fig. 3c). Without DOP utilization, the nutrient
structure in coastal areas with high N-to-P ratios could become further
imbalanced, leading to a rapid decline in Chl-a concentration over time,
eventually transforming the area into a low-productivity environment.

3.2.3. Influence on P turnover rate

Rapid P turnover rates within dissolved and particulate pools suggest
that even low P concentrations can sustain relatively high primary
production (Benitez-Nelson and Buesseler, 1999). In this study, we use
DIP turnover time to represent the P cycling rate, calculated as described
in Eq. (4). As shown in Fig. A8d, PTime ranges from approximately 0.3
days-9.2 days in the Yellow Sea, consistent with values reported in
previous studies of coastal waters (Benitez-Nelson, 2000; Zhang and Yin,
2007). Aerosol additions can reduce PTime by up to 35% within a few
days, highlighting the significant impact of terrestrial N inputs on
coastal P cycling. A longer PTime was observed when the DOP utiliza-
tion process was excluded in the model (Fig. A8cl&c3). As shown in
Fig. 3d, excluding DOP utilization in seawater could result in a 130%
increase in PTime at station Y1 and a 90% increase at station Y2 over the
following days, particularly in the high aerosol addition group. These
findings provide new insights into the quantitative role of DOP utiliza-
tion in accelerating P cycling in P-limited marine environments. The
impact of DOP utilization on P turnover is minimal at DIP-sufficient
stations Y1pcy and Y3.

On the other hand, DOP utilization also significantly affects N
cycling. Excluding DOP utilization could increase DIN concentrations by
20% at station Y1 and by 60% at station Y2 (Fig. A10a). Without DOP
utilization, NTime would more than double, especially in the high
addition group at station Y1, where it would increase over fivefold.
Therefore, in P-deficient environments, DOP utilization can significantly
increase DIN assimilation rate by providing DIP, thereby accelerating N
cycling. However, the impact of DOP utilization on N cycling at stations
Y1pcm and Y2 is relatively weak (Fig. A10), due to its limited influence
on phytoplankton growth (Fig. 3c). Furthermore, NTime varies signifi-
cantly due to regional differences in DIN stocks and phytoplankton

growth conditions (Fig. A10c; Middelburg and Nieuwenhuize, 2000;
Cheung et al., 2022). Studies on the global ocean have suggested that
DOP utilization enhances N fixation capacity by 26%, while the N fix-
ation rate would decrease by 9% without DOP utilization (Letscher and
Moore, 2015; Shen and Wang, 2025). These findings support our
assertion that DOP utilization can stimulate the marine nutrient cycling.

3.3. Spatial-temporal variation of DOP utilization rate

Using collected data on nutrient concentrations and SST, the newly
established parameterization scheme (Eq. (7)) was applied to calculate
the DOP utilization rate in the Yellow Sea. Fig. 4 shows that the DOP
utilization rate is significantly higher in spring and summer compared to
autumn and winter. In June, a high-value zone of approximately 0.1
day ™! emerged in the central region of the southern Yellow Sea. The
high DOP utilization zones in spring and summer predominantly coin-
cided with areas where DIP concentrations were below 0.02 mmol m 3
(Fig. A11), highlighting the crucial role of low DIP levels in controlling
DOP utilization. However, in the southwestern coastal waters of the
Yellow Sea, the DOP utilization rate was below 0.001 day ™! in summer
(Fig. 4g-1), likely due to the inhibitory effect of DIP inputs from coastal
river inflows (Figs. A12g-A12i; Fan and Song, 2014). During autumn
and winter, intensified vertical mixing in the seawater increases DIP
concentrations (Zhu et al., 2018; Ding et al., 2021). Phytoplankton ac-
quire P nutrients more efficiently by directly absorbing DIP, leading to a
significant reduction in the DOP utilization rate. The occurrence of low
DOP utilization rates alongside high DIN concentrations or temperatures
(Figs. A12-A13) suggests that the influence of temperature and DIN on
DOP utilization might be limited.

We also calculated the interannual variation in DOP utilization rate
for each month from 2003 to 2019 (defined as the difference between
maximum and minimum values, Fig. 5). In spring and summer, the
range of DOP utilization rates was relatively large across most areas of
the Yellow Sea, especially in June, with values in the southern Yellow
Sea reaching nearly 0.1 day . The southwestern offshore region also
showed significant interannual variability in DOP utilization rates, pri-
marily due to substantial fluctuations in estuarine nutrient conditions
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Fig. 4. Monthly variations of DOP utilization rate in surface water.

from riverine inputs (Wang et al., 2018). In contrast, the interannual
variation in DOP utilization rates during winter was minimal, as rates
remained consistently low (<0.003 day ™!, Fig. 4). Coastal seas often
experience significant spatiotemporal variations in DIP concentrations
and other environmental factors due to climate change and terrestrial
inputs, particularly during the peak period of phytoplankton growth in
spring and summer (Zhang et al., 2019; Ding et al., 2024). These vari-
ations can lead to substantial spatiotemporal changes in DOP utilization
rates. The significant temporal and spatial variability in DOP utilization
rates has been documented in numerous studies, yet a systematic
quantitative analysis has yet to be conducted (Hung et al., 2003; Rut-
tenberg and Dyhrman, 2005; Casey et al., 2009; Bjorkman et al., 2018).
Collectively, our study provides a parameterization of DOP utilization
and highlights its key role in affecting biogeochemical cycles and pri-
mary productivity in coastal waters (Fig. 6).

3.4. Uncertainty and implication for other coastal seas

Traditional long-term dark incubation experiments have been widely
used to estimate DOP utilization rates by minimizing light-driven DOP
production (Hopkinson et al., 2002; M. Nausch and G. Nausch, 2006).
However, these methods are time-consuming, labor-intensive, and
difficult to scale, limiting their ability to capture the dynamic nature of
DOP utilization in coastal ecosystems. As a result, available experi-
mental data remain scarce. In the Middle Atlantic Bight, Hopkinson et al.
(2002) reported DOP utilization rates ranging from 0.01 day ! to 0.20
day ! during spring and summer, while in the Baltic Sea, rates of

0.04-0.28 day ! were observed from May to July (M. Nausch and G.
Nausch, 2006). In contrast, direct experimental measurements of DOP
utilization rates are currently lacking for China’s coastal waters, where
APA is commonly used as a proxy for DOP turnover (Wang et al., 2014;
Ou et al., 2018). The parameterization scheme developed in this study
estimated DOP utilization rates in the Yellow Sea ranging from 0.01
day ! to 0.14 day ! during spring and summer, which aligns well with
previous findings from other coastal regions.

Although on-board microcosm experiments provide a controlled
environment for investigating biogeochemical processes, they also have
inherent limitations. Boundary effects and confinement within incuba-
tion bottles may alter phytoplankton growth dynamics and nutrient
availability, potentially affecting the extrapolation of experimental re-
sults to natural ecosystems. In this study, we took several measures to
mitigate these limitations, including the use of low-adsorption poly-
carbonate bottles, daily manual agitation to prevent stratification, and
large-volume incubations to minimize confinement effects. Addition-
ally, natural light and temperature conditions were maintained using a
photomask and a flow-through seawater system, ensuring that experi-
mental conditions closely resembled those in situ (Jin et al., 2024).

In contrast, in situ experiments provide the advantage of capturing
real-time interactions between phytoplankton and their surrounding
environment. However, these measurements are often subject to high
variability due to hydrodynamic mixing, which can obscure the specific
role of DOP utilization. The controlled conditions of our microcosm
experiments ensured stable environments necessary for parameterizing
DOP utilization rates while eliminating confounding effects from
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physical transport processes. Despite these methodological constraints,
our approach remains a valid and practical way to quantify DOP utili-
zation and its role in P cycling under P-limited conditions.

Several alternative techniques, such as >'P nuclear magnetic reso-
nance spectroscopy (*'P NMR) and radioactive phosphorus isotopes
(32p, %3p), have been employed to investigate phosphorus trans-
formations in marine environments (Sokoll et al., 2017; Defforey and
Paytan, 2018). However, their application in directly quantifying DOP
utilization rates remains limited. In particular, the radiotracer method
using 33P-ATP primarily reflects the turnover of labile DOP compounds
rather than the total DOP pool, making it unsuitable for assessing bulk
DOP utilization (M. Nausch and G. Nausch, 2006). Given these

limitations, our APA-based approach offers a viable alternative for
obtaining high-resolution estimates of DOP utilization rates in coastal
waters. While APA does not directly quantify absolute DOP utilization
rates, this method enables a more comprehensive understanding of the
dynamic nature of P cycling, which remains difficult to achieve using
conventional experimental techniques.

The DIP threshold is a critical factor controlling DOP utilization, with
substantial variations observed across different coastal systems. For
instance, the DIP threshold is 0.03 mmol m 2 in the South China Sea and
the Sargasso Sea (Mclaughlin et al., 2013; Chu et al., 2018), while it can
reach up to 0.2 mmol m 2 in the Baltic Sea and Daya Bay (Nausch et al.,
1998; Zhang et al., 2018). These variations can be influenced by
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complex environmental factors, including cell abundance, sea temper-
ature, and pH (Dyhrman and Kathleen, 2006; Browning et al., 2017; Jin
et al., 2024). The parameterization scheme developed in this study is
based on a DIP threshold of 0.02 mmol m~3 specific to the Yellow Sea
and may not apply directly to regions with significantly different DIP
thresholds. However, the methodology and functional forms used in this
parameterization can provide valuable insights for quantifying DOP
utilization rates in other coastal areas. In particular, the established
scheme may be particularly useful for coastal regions with similar
nutrient environments. For example, the summertime DIP threshold is
also 0.02 mmol m 2 in the Bohai Sea, where environmental character-
istics resemble those of the Yellow Sea (Jin et al., 2024). Preliminary
calculations suggest that spatiotemporal variations in DOP utilization
rates in the Bohai Sea follow a similar pattern, with significantly higher
values in spring and summer compared to other seasons (Fig. 4). These
findings suggest that our parameterization scheme could serve as a
useful tool for understanding DOP dynamics in other P-limited coastal
ecosystems.

4. Conclusions

Based on 14 incubation experiments conducted in the Yellow Sea, we
quantified the negative correlation between the DOP utilization rate and
DIP concentration, along with the positive effect of DIN concentration
on DOP utilization when DIP concentration was below 0.02 mmol m 3,
A parameterization scheme for the DOP utilization rate was further
developed, which effectively illustrates the distinct spatiotemporal
variations in surface DOP utilization across the Yellow Sea. The incor-
poration of this parameterization into an ecological model enhances its
ability to simulate daily nutrient cycling under varying nutrient sce-
narios. Model results indicate that excluding DOP utilization leads to
reductions of over 50% in both DIP and Chl-a concentrations. while
simultaneously doubling P and N turnover times, thereby substantially
altering nutrient cycling dynamics.

While our findings provide valuable insights into DOP utilization and
its role in nutrient cycling, further research is needed to validate and
refine the proposed parameterization. Future studies could integrate
field-based isotopic tracer techniques and in situ mesocosm experiments
to directly quantify DOP utilization rates across diverse coastal envi-
ronments. Additionally, larger-scale incubation experiments and long-
term biogeochemical monitoring, coupled with phytoplankton com-
munity analyses, could improve our understanding of the regulatory
mechanisms controlling DOP utilization under varying nutrient regimes.
Given the potential influence of physical transport processes and the
extended retention time of active alkaline phosphatase in seawater
(Davis and Mahaffey, 2017; Thomson et al., 2019), coupling
hydrodynamic-biogeochemical models with empirical datasets may
offer a more comprehensive framework for evaluating DOP turnover in
dynamic coastal systems.

Expanding the spatial and temporal coverage of DOP utilization
measurements, particularly in other P-limited coastal regions, could
further validate the robustness of our parameterization scheme. Such
efforts would not only enhance our understanding of DOP dynamics but
also provide critical insights for refining marine ecological models and
informing coastal nutrient management strategies.
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