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ARTICLE INFO ABSTRACT

Keywords: As the running time of reservoirs is increasing, a large number of reservoirs are becoming eutrophicated. Organic
Carbon phosphorus (OP) is a key factor in eutrophication. However, the mechanism and extent to which organic matter
Phosphorus

degradation affects P recycling in water column of large deep reservoirs are unclear, especially for the newly-
built ones. In this study, different forms of carbon (C) and P in the water column of Hongjiadu Reservoir
were investigated. The contents of particulate organic carbon (POC) and particulate organic phosphorus (POP)
both decreased with depth in summer, indicating that organic matter was degraded during the deposition of
particulates. In contrast, the contents of POC and POP varied slightly with depth in winter. This difference may
result from the double thermal stratification and the corresponding double oxygen stratification in summer. The
POC/POP ratios were lower in the epilimnion and increased with depth, suggesting that P was preferentially
regenerated relative to C during organic matter degradation. The contents of particulate inorganic phosphorus
(PIP) and POP were significantly negatively correlated, indicating that POP transformed into PIP in deeper water.
The double thermoclines and oxyclines in Hongjiadu Reservoir lead to very low dissolved oxygen (DO) con-
centrations in the hypolimnion, which should receive sufficient attention. If water becomes hypoxic, enhanced P
release during organic matter degradation will promote phytoplankton growth, leading to higher phytoplankton
biomass and more severe DO depletion. Thus, a positive feedback loop may form among hypoxia, enhanced P
release, higher primary productivity, and more severe hypoxia, accelerating P recycling in large deep reservoirs.
Once if eutrophication occurs in these reservoirs, it will be very difficult to restore the water ecosystem. Thus, it
is particularly important to prevent the occurrence of eutrophication and the formation of positive feedback loop
as early as possible. This highlights the importance of both reducing external loading and improving DO level in
large deep reservoirs.

Organic matter degradation
Particulate matter
Large deep reservoir

1. Introduction

In the past century, high numbers of dams have been constructed on
rivers for supplying drinking water, generating power, flood control,
irrigation, recreation, and aquaculture (Gao et al., 2013). Although
these hydrological landscapes have provided many societal benefits,
dams have also altered the riparian ecosystem, including both the
physical structure of the river system and nutrients transport, causing
nutrients to be retained in reservoir (Bao et al., 2018; Wang et al,,
2019a). Maavara et al. (2015) estimated that approximately 42 Gmol
y~1 of total phosphorus (TP) was trapped by dammed reservoirs in 2000.
In addition, the storage of water has decreased the oxygen concentration
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at the water-sediment interface, which might lead to nutrient release
from sediments in large deep reservoirs (Wang et al., 2012).
Phytoplankton fixes dissolved inorganic carbon (DIC) and soluble
reactive phosphorus (SRP) to form organic matter such as carbohy-
drates, phospholipids, and nucleotides (Van Mooy et al., 2009). The
fixed C and P are preserved as organic matter and sink into sediments
(Chen and Liu, 2017). During deposition, parts of endogenous organic
matter is degraded, leading to the release of C and P into water (Yan
et al., 2018). Han et al. (1994) estimated that 35% of POC generated by
primary production was mineralized and recycled in the euphotic layer.
Other exogenous particulates also decompose and release nutrients to
water column, although they are recalcitrant (Reitzel et al., 2007).
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Roden et al. (1995) reported that approximately 36%-74% of POC could
be deposited to sediment in the mesohaline Chesapeake Bay, indicating
that approximately 26%-64% of POC decomposed in water column.
POC mineralization would release greenhouse gases, such as COy and
CH4 to the atmosphere, and the regeneration of P from particulates is
also considerable (Maavara et al., 2020). Chen et al. (2019) suggested
that approximately 25.1 + 9.0 t P could be released from sestons and
sediments each year in the Hongfeng Lake, and increasing numbers of
studies have suggested that OP is a key factor in eutrophication (Ahlgren
et al., 2005; Wu et al., 2010; Baldwin, 2013; Joshi et al., 2015). OP
contains many labile species, and the degradation of OP releases phos-
phate, which could be directly assimilated by organisms (Rydin, 2000;
Zhu et al., 2018). Therefore, particulate matter plays an important role
in C and P cycling in the aquatic ecosystem, particularly for the large
deep reservoir/lake, where particulates retain in water column for a
longer period.

Lots of studies have focused on the activation of particulate C and P
in the marine ecosystem (Knauer et al., 1979; Jilbert et al., 2011; Dijk-
stra et al., 2018). However, there have been relatively few investigations
of large deep reservoirs (He et al., 2009), especially for the newly-built
oligotrophic ones. The mechanism and extent to which organic matter
degradation during precipitation of particulates affects P recycling in
water column of large deep reservoirs remain unclear. Therefore, in this
study, we selected Hongjiadu Reservoir, a typical large and deep
reservoir constructed in 2004, to investigate the transformation of C and
P during the deposition of particulates in water column with the aim to
provide guidance for formulating effective strategies on eutrophication
control in large deep reservoirs.

2. Materials and methods
2.1. Study region

Hongjiadu Reservoir is located in the suburb of Bijie City, Guizhou
Province in southwest of China (Fig. 1). It is a cascade reservoir situated
at the upstream of Wujiang River, the largest tributary of the Yangtze
River on the right bank. Two rivers feed the reservoir. The largest one is
Liuchong River (total length: 268 km, catchment area: 10665 kmz),
which is the largest tributary of Wujiang River (Li et al., 2019b). The
other one is Aushui River. The catchment area of Hongjiadu Reservoir is
9940 kmz, and the total volume is 49.25 x 10® m>. The normal and dead
storage levels are 1140 and 1076 m, respectively, and the average
residence time is 368.8 d (Liu et al., 2011; Xiang et al., 2016). The
maximum water depth is > 120 m. The whole catchment is enriched in
limestone. The topography of the reservoir is characterized as long and
narrow, and the pollution sources are mainly river inputs. Hongjiadu
Reservoir was constructed in 2004 and is still oligotrophic.

2.2. Sampling

Water samples were collected at six representative sites using a
Niskin sampler in August 2017 and January 2018 (Fig. 1, Table 1). The
temperature (T), pH, DO and chlorophyll-a (Chl-a) were monitored in
situ using an automated multi-parameter instrument (YSI 6600 V2). The
water transparency was measured using a Secchi disk. Combined with
the data from YSI, we sampled water from the epilimnion (3 m), the
middle layer (45-55 m) and the hypolimnion (90-120 m) at each site.
Some water samples were filtered on-board with a stainless steel canister
and pre-combusted (450 °C,3h) and pre-weighed glass-fiber membranes
(0.70 pm, Whatman GF/F). The filtrates were collected in glass bottles
for the analysis of DIC and dissolved organic carbon (DOC), and the filter
samples were packed in pre-combusted (450 °C,3 h) aluminum foil to
analyze the particulate C and P contents. Some water samples were
filtered through acetate-fiber membranes in lab. The filtrates were
collected in polyethylene bottles for the analysis of dissolved nutrient
contents, and the filter samples were collected at the Site 2 and Site 5 for
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measuring the contents of particulate metals. Bulk water samples
without any filtration were used to analyze total phosphorus (TP). All
liquid samples were stored at 4 °C, and all filter samples were stored at
—20 °C until analysis.

2.3. Measurements of TP and dissolved C, N, and P

The concentration of DOC was measured using a total organic carbon
analysis instrument (Elementar-Vario TOC select). As the pH of Hon-
gjiadu Reservoir ranged from 7.5 to 9.6, HCO3 was the primary
component of DIC. An alkalinity titration test kit was used to measure
the concentration of HCO3 in situ, which represented the content of DIC.
The total dissolved nitrogen (TDN) content was determined following
the alkaline potassium persulfate digestion-UV spectrophotometric
method, while nitrate-nitrogen (NO3-N) and ammonia-nitrogen (NHZ-
N) were measured by ion liquid chromatography and Nessler’s reagent
spectrophotometry, respectively. The SRP content was determined
following the colorimetric molybdenum blue method, while the content
of total dissolved phosphorus (TDP) was determined by potassium per-
sulfate digestion, followed by the same method as SRP. The TP content
was determined following the same method as TDP without filtration.
Three parallel samples were measured at the intervals of 5 samples for
all of these analysis. The results of the parallel sample analysis showed
that relative standard deviations (RSD) were less than 5% and 3% for
DOC and DIC, less than 4%, 2% and 6% for NHi-N, NO3-N and TDN
respectively, and less than 10% for TP. Almost all the results of the
determination of SRP and TDP were below detectable limits.

2.4. Measurements of particulate C and N

After freeze-drying, the filter samples were weighed again to calcu-
late the particulate mass. The particulate total carbon (PTC) content was
measured using an element analyzer (Elementar-Vario MACRO cube),
POC and the particulate nitrogen (PN) contents were measured using the
same instrument following vapor acidification (Hedges and Stern, 1984;
Komada et al., 2008). The particulate inorganic carbon (PIC) content
was determined by the difference between the contents of PTC and POC.
Because of the inhomogeneity of the particulates in the membranes,
each sample was measured at least in triplicate to ensure that the RSD of
every sample was less than 10%, and the mean values were reported.

2.5. POP and PIP determination

The particulate phosphorus fraction was measured following the
Standards Measurements and Testing Program (SMT). The particulate
total phosphorus (PTP) was determined by 3.5 mol L~! HCl extraction
(16 h) after ashing at 500 °C in a resistance furnace for 2 h. PIP content
was determined by 1 mol L~! HCl extraction (16 h) without ashing. Both
extracted solutions were neutralized in 4 mol L™' NaOH, and the con-
centrations were measured with the colorimetric molybdenum blue
method. POP content was calculated as the difference between the
contents of PTP and PIP (Aspila et al., 1976). Each sample was also
measured at least in triplicate, and the average values were reported
with the RSD less than 10%.

2.6. Measurement of particulate Al, Zr, Fe, and Mn

Site 2 and Site 5 were selected for the analysis of the particulate
metal contents, because the samples of the two sites can roughly reflect
the characteristics of inflow water and inlake water respectively. As
shown in Fig. 1, Site 2 is located near the estuary of Aushui River, while
Site 5 is located at the center of the whole reservoir.

The lyophilized acetate-fiber membranes were weighed again to
determine the particulate mass. Particulate samples were digested in
nitric (HNO3), hydrofluoric (HF) and perchloric (HCIO4) acid. The
digested samples were diluted to 100 mL with deionized water.
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Fig. 1. Map of the sampling sites in Hongjiadu Reservoir. Site 6 was located in front of the dam of Hongjiadu Reservoir.
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Table 1
Sampling sites description of latitude, longitude and sampling depth in Hon-
gjiadu Reservoir.

Latitude Longitude Epilimnion Middle Hypolimnion
) (E) (m) layer (m) (m)
Site 26°55'31" 105°45'49" 3 55 100
1
Site 26°57'20" 105°48'01"” 3 50 90
2
Site 26°55'20" 105°46'30” 3 45 100
3
Site 26°55'18" 105°50'08" 3 45 920
4
Site  26°54'21”  105°51'29" 3 55 120
5
Site 26°53'07" 105°51'54" 3 55 120

Inductively coupled plasma mass spectrometry (ICP-MS) was used to
determine the contents of aluminum (Al), zirconium (Zr), iron (Fe) and
manganese (Mn). The systemic error was below +5%, with 95%-105%
recovery.

3. Results
3.1. Physical and chemical parameters in water column

The profiles of the physical and chemical parameters in water col-
umn exhibited thermal stratification in August 2017, and vertical mix-
ing in January 2018, respectively (Fig. 2a and b). Two thermoclines
(water layer where the temperature gradient is > 0.2 °C m™!) appeared
in August 2017. The first thermocline occurred in the euphotic zone
(5-15 m), where the temperature decreased from 26 °C to approxi-
mately 19 °C. The second thermocline occurred between 55 and 65 m,
where the temperature decreased from 16 °C to approximately 13 °C.
The pH also decreased sharply in the first thermocline and then declined
gradually with depth (Fig. 2c). The contents of DO and Chl-a both
increased from the surface and peaked in the upper layer of the first
thermocline, and then decreased sharply. The DO content declined
rapidly again in the second thermocline (Fig. 2e and g). In the mixing
period, the temperature and Chl-a content in the surface water were
significantly lower than those in August 2017, and these parameters all
varied slightly in the vertical direction (Fig. 2b,2d,2f,2h). The water
transparency was 3.1-4.6 m in the stratification period, and 5.4-6 m in
the mixing period.

3.2. Concentrations of C, N, and P in water column

The concentrations of DOC and DIC varied from 0.68 to 1.73 mg L™*
and 19.2-31.2 mg L7lin August 2017, respectively, while they varied
from 1.45 to 4.32 mg L™! and 27.6-34.8 mg L™! in January 2018,
respectively. Generally, DIC was the dominant dissolved carbon frac-
tion. The DOC concentration decreased with depth, while the DIC con-
centration exhibited an opposite trend in August 2017. The DIC
concentration varied slightly in vertical direction in January 2018.
Furthermore, the concentrations of DOC and DIC were both much higher
in January than in August (Fig. 3a-d).

The concentrations of TDN, NO3-N, and NH}-N varied from 3.43 to
6.81 mg L7}, 3.25-5.22 mg L™}, and 0.03-0.72 mg L~! in August 2017,
respectively, while they varied from 2.90 to 4.75 mg L™}, 1.82-3.65 mg
L7!, and 0.02-0.27 mg L™! in January 2018, respectively (Fig. 3e—j).
TDN consisted mainly of NO3-N in both periods. In August 2017, the
NO3-N concentration increased sharply from the epilimnion to the
middle layer, and then decreased in the hypolimnion (excluding Site 5).
The NH4-N concentration varied slightly with depth, however, an
extremely high concentration of NH;-N was observed in the epilimnion
at Site 2. The concentrations of TDN and NO3-N both changed slightly in
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the vertical profile in January 2018.

The TDP and SRP concentrations were both below the detectable
limit of the colorimetric molybdenum blue method (0.01 mg L’l), and
the concentrations of TP in August 2017 and January 2018 were
0.01-0.02 and 0.01-0.04 mg L™}, respectively (Fig. 3k and 1). The TDN/
TP ratios in the epilimnion were 380-1187 and 160-1051 in August
2017 and January 2018. Therefore, the TDN/TDP ratios would be even
higher. The ratio indicates that P is the limiting factor of phytoplankton
growth in Hongjiadu Reservoir.

3.3. Contents of particulate C, N, and P

The contents of PTC, PIC, and POC varied from 65.9 to 88.9, 6.73 to
24.3 and 47.1-80.3 mg g~ ! in August 2017, respectively, and varied
from 41.1 to 56.9, 1.39 t0 6.93, and 39.0-51.6 mg g~ * in January 2018,
respectively. POC was the main fraction of PTC in both periods. The
contents of PTC and POC both decreased with depth, while that of PIC
increased in the stratification period (excluding Site 6). However, all
these factors decreased slightly with depth in the mixing period (Fig. 4a
and b).

The PTP, PIP, and POP contents ranged from 1.23 to 1.78, 0.65 to
1.24, and 0.36-0.74 mg g~ ' in August 2017, respectively, while they
ranged from 1.84 to 2.38, 0.87 to 1.69, and 0.65-1.24 mg g~ in January
2018, respectively. Generally, the contents of PIP and POP were higher
in January 2018. During summer, the contents of PIP increased from the
epilimnion to the hypolimnion, while that of POP decreased with depth.
Meanwhile, the contents of PTP, PIP, and POP were also less variable in
the vertical direction in the mixing period (Fig. 4c and d).

The POC/POP ratios increased from the epilimnion (222-341) to the
middle layer (288-367), but declined to the hypolimnion (253-363) in
August 2017 (Fig. 4e). In January 2018, the POC/POP ratios varied
slightly in the vertical direction (90-183) (Fig. 4f). The POC/PN ratios
also increased with depth during August 2017, and varied slightly
during January 2018 (Fig. 4g and h). Furthermore, the POC/POP and
POC/PN ratios in the epilimnion were both highest at Site 2 in August
2017.

3.4. Contents of AL Zr, Fe, and Mn in particulates

Among the four elements, the contents of Fe and Al in particulates
were highest at both sites, while the content of Zr was lowest (Table 2).
In August 2017, the contents of Al and Fe decreased with depth, while
the Mn content increased at the two sites. In the hypolimnion, the
contents of Al and Fe still remained high. While Zr varied slightly in the
vertical profile. The contents of Al, Fe, Mn and Zr were higher in the
epilimnion at Site 2 than those at Site 5. In January 2018, the contents of
the four metal elements all varied slightly in the vertical direction.
Additionally, the contents of Al and Fe were higher in the epilimnion in
the stratification period, while the contents of Mn and Zr were lower.

4. Discussion

4.1. Spatial and temporal variations of physical and chemical parameters
in water column

The first thermocline could be created by stronger solar radiation
providing the surface water with heat, causing it to become more
buoyant and preventing exchange with deeper water (Wang et al,,
2017). The first thermocline caused the inflowing water to form a
density current and flow downwards. The temperature of the inflowing
water was higher, causing turbulence to erode the middle layer, which
had a lower temperature, forming the second thermocline (Li et al.,
2014). The “two thermoclines” could also be formed by wind speed
(Branco and Torgersen, 2009), but it was not likely to be the dominant
factor. Hongjiadu Reservoir is very deep, and the water depth of every
observed site exceeds 120 m. Therefore, the water could not be affected
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Fig. 2. Seasonal variations of physical and chemical parameters in water column of Hongjiadu Reservoir.

by the wind so strongly to form the second thermocline. Additionally,
Hongjiadu Reservoir is surrounded by mountains, which could also limit
the wind speed (Zhang et al., 2015).

Two oxyclines were observed (water layer where the DO concen-
tration gradient is > 0.2 mg L~ m~!) in Hongjiadu Reservoir (excluding
Site 6). The first oxycline existed at the bottom of the first thermocline,
and the other was located in the second thermocline. Zhang et al. (2015)
demonstrated that the oxycline depth positively correlated with the
thermocline depth, indicating that the thermal stratification pattern
strongly affected the stratification of DO in the deep reservoir/lake (Liu
et al., 2019). Phytoplankton photosynthesis also influences DO stratifi-
cation (Zhang et al., 2015). In the epilimnion, the concentrations of
Chl-a and DO both peaked at 7-8 m (upper layer of the first

thermocline), due to intense photosynthesis. The water transparency of
Hongjiadu Reservoir was only 3.1-4.6 m in the stratification period, and
lower light availability would limit phytoplankton photosynthesis at the
bottom of the first thermocline (Zhou et al., 2019), declining the
phytoplankton community size and oxygen content. Additionally, the
water densities at the top and bottom of the thermocline are different,
organic matter subsides gently and the stagnation time is longer in the
thermocline. Therefore, part of easily degradable organic matter would
decompose in the thermocline, causing the DO to significantly decline
(Chen et al., 2018). Although the parameters of the bottom water were
not available, the DO contents at the bottom were likely lower than that
at the maximum depth we measured. Furthermore, at Site 6, which was
located in front of the dam of Hongjiadu Reservoir, the dam operation
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Fig. 3. Spatial distributions of DOC, DIC, NH4-N, NO3-N, TDN and TP in August 2017 and January 2018.

would ventilate the water, therefore, the second oxycline did not form at
the middle layer in summer.

Double thermoclines have also been observed in Pingzhai Reservoir
(data not published), Fuxian Lake, and Songtao Reservoir, indicating
that the multi-thermoclines could form in the deep reservoir/lake (Fang
et al., 2019). The thermal gradients persist longer in the deep reser-
voir/lake (Edlund et al., 2017). Along with the bithermocline formation,
bioxycline would be generated correspondingly in most cases, leading to
the formation of an anoxic environment in the bottom water.

4.2. Characteristics of C and P during the deposition of particulate matter

The contents of POC and POP both decreased with depth in the
stratification period, indicating that organic matter was degraded dur-
ing the deposition of particulate matter. From the epilimnion to the
middle layer, where the organic matter deposited through the thermo-
cline, organic matter degradation resulted in a dramatic decline in the
POC and POP concentrations. The contents of POC and POP decreased
by approximately 9% and 15%, respectively, from the epilimnion to the
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Fig. 4. Spatial distributions of the contents of particulate C, P, and the ratios of POC/POP, POC/PN in August 2017 and January 2018. 17, “2”, and “3” represented

the epilimnion, the middle layer, and the hypolimnion, respectively.

middle layer at Site 2, while the POC and POP contents at the other sites
decreased by approximately 11%-22% and 19%—41% in August 2017,
respectively. The higher sedimentation efficiency at Site 2 might result
from the higher proportion of terrestrial organic matter, which was less
reactive than aquatic organic matter (Ingall et al., 2005).
Phytoplankton photosynthesis utilizes DIC to form organics, while
the respiration and degradation of organic matter release DIC and DOC
(Murrell and Hollibaugh, 2000; Parker et al., 2010; Chen et al., 2018; Li
et al., 2018). Photosynthesis is the dominant process in the epilimnion,
which leads to higher primary productivity. Simultaneously, organic
matter could decompose into DOC and DIC, but the regeneration of DIC

may be lower than its consumption, resulting in higher DOC concen-
trations and lower DIC concentrations in the epilimnion. Photosynthesis
is weaker in deeper water, while the respiration and degradation of
organic matter are predominant, so DIC is released into water again.
DOC is synchronously mineralized (Kim et al., 2006; Li and Wang,
2011). The lower DOC concentrations in the deep layer indicates that
the mineralization rate is greater than production rate there. The NO3-N
content significantly negatively correlated with the contents of POC,
POP, and DOC (Table 3). This phenomenon was also observed in Hon-
gfeng Lake (Li et al., 2008). In the euphotic zone, NO3-N is assimilated
by algae as a nutrient, while the degradation of dissolved and particulate
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Table 2
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Contents of Al, Zr, Fe, Mn and the ratio of PTP/Zr, PIP/Zr and POP/Zr in particulate matters at Site 2 and Site 5 in August 2017 and January 2018.

Al (ugg™) Zr (ug g’l) Fe (ugg ") Mn (ug g™h PTP/Zr ratio PIP/Zr ratio POP/Zr ratio
Site 2 (Aug 2017) Epilimnion 11140 58 13772 349 25 16 9
Middle layer 10828 53 11241 501 26 17 8
Hypolimnion 9709 53 9647 728 24 17 7
Site 5 (Aug 2017) Epilimnion 10126 50 11802 260 30 15 15
Middle layer 9491 49 10920 449 28 19 9
Hypolimnion 8348 51 10049 557 27 20 7
Site 2 (Jan 2018) Epilimnion 9073 62 10043 441 37 26 10
Middle layer 9287 62 9312 504 38 27 11
Hypolimnion 8642 58 9609 449 38 27 11
Site 5 (Jan 2018) Epilimnion 8556 68 8208 442 32 19 13
Middle layer 8774 65 8665 472 33 20 13
Hypolimnion 8161 66 8444 501 31 18 13

organic matter releases NO3-N into deeper water. Additionally, owing to
the thermal stratification, the deeper water is not likely to well up,
leading to the increase of the DIC and NO3-N contents there.

The contents of particulate and dissolved C and P all varied slightly
in the water column in the mixing period. In winter, the temperature is
lower and the cold surface water could not sustain phytoplankton in the
photic zone, limiting the growth of phytoplankton (Sommer, 1985). The
lower phytoplankton biomass and external influx result in the lower
contents of POC, PIC, and Chl-a, and higher water transparency. The
slight variations of the contents of particulate and dissolved C and P in
vertical profiles are due to vertical mixing and the lower availability of
microorganisms (Wang et al., 2017). Microbial respiration and the
sinking velocity of particulates could be the main factors controlling the
sedimentation efficiency of particulate matter (De La Rocha and Passow,
2007; Trull et al., 2008; Mcdonnell et al., 2015). The sinking velocity is
higher due to the intensive hydrodynamics, and microbial respiration is
lower due to the lower temperature in the mixing period (Gudasz et al.,
2010; Toseland et al., 2013). The sedimentation efficiencies of POC and
POP were 79 + 6% and 68 + 10% respectively in the stratification
period, while they were 94 + 5% and 98 + 2% respectively in the mixing
period in Hongjiadu Reservoir.

The contents of PTP and POP in the stratification period were lower
than those in the mixing period, which was likely due to the higher
proportion of coarse particles, such as sand, in the particulate matters in
August 2017. Heavy rainfall could cause more coarse particles from the
catchment to enter lakes/reservoirs. Xiong et al. (2008) also found that
the sand quantity positively correlated with rainfall in Wujiang Basin,
and the coarse particles contained lower P contents (Yang et al., 2019).
Therefore, the lower contents of PTP and POP in August 2017 were
likely due to the dilution of coarse terrigenous matter input.

4.3. Variations of POC/POP ratios in both periods

The intense photosynthesis in summer increases the phytoplankton
biomass, while the SRP amount is insufficient to support phytoplankton

growth. Therefore, the phytoplankton would utilize phosphatase to
hydrolyze the cellular phosphorus for sustenance (Wang et al., 2018).
This results in higher POC/POP ratios in summer (Fig. 4e and f). In
winter, the moderate photosynthesis results in a lower POC content
(Fig. 4a and b), and the phosphatase activity is lower due to the lower
temperature (Chuai et al., 2011). The organic matter source also affects
the POC/POP ratio (Ingall and Vancappellen, 1990), but it is not the
dominant factor, as the POC/PN ratios were all below 10 in the
epilimnion, suggesting that organic matter came mainly from phyto-
plankton in the two periods (Meyers, 1994).

The POC/POP ratios also increased with depth in the stratification
period (Fig. 4e), particularly from the epilimnion to the middle layer,
indicating that P was preferentially regenerated relative to C during
organic matter decomposition. This phenomenon is consistent with that
observed in previous studies conducted in the marine ecosystem (Bishop
et al., 1978; Knauer et al., 1979). However, the ratios declined slightly
from the middle layer to the hypolimnion, which might be attributed to
the intense decomposition of the fraction of easily decomposed organic
matter (Ingall and Jahnke, 1997; Jilbert et al., 2011). This is supported
by the slight decline in the contents of POC and POP.

4.4. Transformation of particulate P in the stratification period

POP decreased during organic matter decomposition in the stratifi-
cation period, but the concentrations of DTP and SRP were still below
0.01 mg L. On the contrary, the content of PIP increased with
increasing depth (Fig. 4c). Organic matter degradation declines the net
mass of particulate matters, which may result in higher contents of PIP.
In order to estimate the influence of organic matter degradation on the
PIP contents, the Zr content was used to standardize the PIP contents.
The PIP/Zr ratios increased with depth in the stratification period
(Table 2), indicating that the increase of PIP with depth was not caused
by the lower mass. Additionally, there was a significant negative cor-
relation between PIP and POP (R? = 0.387, p < 0.01), indicating that
POP transformed into PIP in deeper water. The physiological status of

Table 3
Pearson’s correlation coefficients (R) of dissolved and particulate C, N and P in August 2017.
DOC DIC NO3-N NH;N DTN TP POC PIC POP PIP
DOC 1
DIC -0.559" 1
NO3-N - 0.820° 0.572" 1
NHZ-N 0.258 - 0.565" -0.357 1
DTN 0.613" 0.260 0.573" 0.106 1
TP 0.221 -0.516" 0.102 0.172 - 0.044 1
POC 0.563" -0.585" -0.544" 0.303 -0.392 0.367 1
PIC -0.136 0.344 0.221 -0.200 0.271 -0.361 - 0.596" 1
POP 0.823" -0.448 -0.732% 0.068 - 0.461 0.139 0.708" -0.173 1
PIP - 0.694° 0.210 0.639" 0.100 0.592" 0.191 - 0.354 0.035 - 0.6227 1

@ Correlation was significant at the 0.01 level.
b Correlation was significant at the 0.05 level.
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phytoplankton may influence the proportion of PIP (Yoshimura et al.,
2018). In the epilimnion, the intense photosynthesis accelerates
phytoplankton growth, resulting in higher POP/PTP ratios. Organic
matter degradation is the main process in deeper water, with some en-
zymes (such as alkaline phosphatase) contributing to the mineralization
of POP to phosphate. Furthermore, the influx of external soils containing
metal hydroxides minerals (Di et al., 2015), which could adsorb PO3~
under oxic conditions (Sanudo-Wilhelmy et al., 2004; Fu et al., 2005;
Wang et al., 2019b), may lead to an increase in the PIP content. How-
ever, these redox-sensitive phosphorus would be released in the hypoxic
water environment (Gomez et al., 1999).

4.5. Potential risk of nutrient release in the large deep reservoir

Two thermoclines exist in Hongjiadu Reservoir in the stratification
period, leading to low DO concentration in the hypolimnion, even
though the oxygen consumption of the water is not very high at present.
If the hypolimnion environment is hypoxic, P would be released. For
example, Fe(OH)s could be reduced into Fe(OH)s, which is soluble
under hypoxic conditions, leading to the regeneration of inorganic
phosphorus from particulates (Fan et al., 2006). The POC/POP ratio
demonstrates that POP is preferentially regenerated relative to POC in
the stratification period. P is the limiting factor of phytoplankton growth
in Hongjiadu Reservoir. Therefore, the release of P would enhance pri-
mary productivity. The greater primary productivity increases the oxy-
gen demand, further reducing the DO content in water column (Ingall
et al., 1993; Zhu et al., 2013). If the water becomes hypoxic, the release
of P from the particulates and sediments into the water would be stim-
ulated, further increasing the primary productivity, such as in Lake
Soyang (Korea) (Kim et al., 2016) and Fei-Tsui Reservoir (Taiwan)
(Chen and Wu, 2003). This positive feedback may accelerate P recycling
and sustain water eutrophication in large deep reservoirs. Once if
eutrophication occurs in these reservoirs, it will be very difficult to
restore the water ecosystem. Thus, it is particularly important to prevent
the occurrence of eutrophication and the formation of positive feedback
loop as early as possible. Firstly, the external input of nutrients should be
strictly controlled to prevent eutrophication. Secondly, the rational
operation of reservoir is helpful to weaken the stability of stratification
and improve the DO level of the bottom water. Besides, aeration/ox-
ygenation is also an effective way to increase DO of bottom water
(Huang et al., 2014). In the stratification period, the bottom water can
be aerated/oxygenated to improve the DO level so as to prevent P
release in the bottom water and sediments. In addition, the Palladium
based nanoparticle catalysts, which can effectively reduce nitrite and
nitrate and selectively produce Ny (Guo et al., 2017; Li et al., 2019a),
also provide a promising way to reduce primary productivity in the
N-replete reservoirs.

5. Conclusion

The contents of both POC and POP decreased with depth in summer,
indicating that organic matter was degraded during the deposition of
particulate matter. The POC/POP ratios were lower in the epilimnion
and increased with depth, suggesting that P was preferentially regen-
erated relative to C during organic matter degradation. However, the
contents of POC and POP varied slightly with depth in winter. The
thermal stratification in summer is the main cause of this difference.
Solar radiation and the warm inflowing water cause the formation of
bithermocline and bioxycline in the water column in Hongjiadu Reser-
voir in the stratification period. The PIP content and PIP/Zr ratio
increased with depth in summer, and the contents of PIP and POP were
significantly negatively correlated. This indicates that POP transformed
into PIP in deeper water.

The bithermocline and bioxycline impede the upper and bottom
water exchange and result in low DO concentrations in the hypolimnion
in Hongjiadu Reservoir. If the water becomes hypoxic, enhanced P
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release during organic matter degradation will promote phytoplankton
growth, leading to higher phytoplankton biomass and more severe DO
depletion in the bottom water. Thus, a positive feedback loop would
form among hypoxia, enhanced P release, higher primary productivity
and more severe hypoxia in large deep lakes/reservoirs, like Hongjiadu
Reservoir. This positive feedback may accelerate P recycling and sustain
water eutrophication in large deep reservoirs. Once if eutrophication
occurs in these reservoirs, it will be very difficult to restore the water
ecosystem. Thus, it is particularly important to prevent the occurrence of
eutrophication and the formation of positive feedback loop as early as
possible. This highlights the importance of both reducing external
loading and improving DO level in large deep reservoirs.
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