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ABSTRACT

It is proposed that the internal loading of phosphorus (P) from sediments plays an important role in seasonal nitro-
gen (N) limitation for harmful algal blooms (HABs), although there is a lack of experimental evidence. In this study,
an eutrophic bay from the large and shallow Lake Taihu was studied for investigating the contribution of internal P
to N limitation over one-year field sampling (February 2016 to January 2017). A prebloom-bloom period was iden-
tified from February to August according to the increase in Chla concentration in the water column, during which
the ratio of total N to total P (TN/TP) exponentially decreased with month from 43.4 to 7.4. High-resolution dialysis
(HR-Peeper) and diffusive gradients in thin films (DGT) analysis showed large variations in the vertical distribution
of mobile P (SRP and DGT-labile P) in sediments, resulting in the SRP diffusion flux at the sediment-water interface
ranging from —0.01 to 6.76 mg/m?/d (minus sign denotes downward flux). Significant and linear correlations
existed between SRP and soluble Fe(Il) concentrations in pore water, reflecting that the spatial-temporal variation
in mobile P was controlled by microbe-mediated Fe redox cycling. Mass estimation showed that the cumulative flux
of SRP from sediments accounted for 54% of the increase in TP observed in the water column during the prebloom-
bloom period. These findings are supported by the significantly negative correlation (p < 0.01) observed between
sediment SRP flux and water column TN/TP during the same period. Overall, these results provide solid evidence
for the major role of internal P loading in causing N limitation during the prebloom-bloom period.
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1. Introduction

Harmful algal blooms (HABs) are occurring worldwide with increas-
ing magnitude and frequency. They seriously threaten the balance of
lake ecosystems, posing a risk to public health by affecting drinking
water supplies, food security, and recreational use (Brooks et al.
2016). HABs are an established indicator of water eutrophication,
which is caused by the over-enrichment of anthropogenic nutrients in
water bodies (Paerl and Otten 2013). Nitrogen (N) and phosphorus
(P) are key nutrients in eutrophication; they play a dominant role in
the promotion of HABs with significantly increased concentrations in
freshwater ecosystems (Pefiuelas et al. 2013; Schindler et al. 2016;
Tong et al. 2017).

During previous decades, P was regarded as the prime limiting
nutrient in freshwater ecosystems (Schelske 2009; Schindler et al.
2008, 2016), based on the evidence from multiscale experiments in-
cluding long-term case studies and multi-year whole lake assess-
ments (Ho and Michalak 2017; Schindler et al. 2008, 2016).
Accordingly, P limitation has received more research attention than
N limitation, encouraging the development of effective control mea-
sures for P input, while the control of N is assumed to be offset by
cyanobacterial N, fixation (Correll 1998; Lewis et al. 2011;
Schindler et al. 2008). However, the results of nutrient enrichment
experiments at a range of scales, from bottle bioassay to whole
lake, have shown that the mass growth of phytoplankton and the for-
mation of HABs are controlled by enrichment of both N and P, rather
than N or P alone (Chen et al. 2013; Lewis and Wurtsbaugh 2008;
Lewis et al. 2011; Paerl et al. 2016; Xu et al. 2015). The limiting
roles of N and P have been found to vary temporally across seasons,
geographically with regions, and even spatially within a lake. P lim-
itation is commonly observed in spring, whereas it often changes to
N limitation in summer and fall, when temperature and meteorolog-
ical conditions favor the formation of HABs (Bullerjahn et al. 2016;
Chaffin et al. 2013; Janssen et al. 2017). The change in paradigm
from P limitation to dual limitation is because cyanobacterial N, fix-
ation cannot always fulfil the N requirement by lake ecosystems. In-
puts of P can be sustained by the release of P from sediments, while N
deficits often occur due to denitrification (Lewis et al. 2011; Paerl
et al. 2016).

The release of P due to internal sediment loading has been well
recognized (Janssen et al. 2017; Lepori and Roberts 2017; Paytan
et al. 2017; Xie et al. 2003), with P release persisting for typically
5-15 years after the reduction of external P inputs (Jeppesen et al.
2005; Watson et al. 2016; Welch and Cooke 2005). The rate of sedi-
ment P release can vary seasonally, with increases normally ob-
served in warm seasons (Spears et al. 2012; Yang et al. 2013). It
has been reported that in some lakes the contribution of sediment
P release into the water column exceeds the external P input and be-
comes a critical factor influencing HABs (Niirnberg and LaZerte
2016; Penn et al. 2000; Sondergaard et al. 2003; Wu et al. 2017). In
some cases, internal diffusive recycling of P cannot trigger HABs on
its own, but can cause blooms when combined with increased exter-
nal P loads (Matisoff et al. 2016). However, there are few experimen-
tal evidences to prove the theory that internal P loading from
sediments can induce imbalance in N and P concentrations, and
that the seasonal variation changes from P limitation to N limitation
(Orihel et al. 2015).

In this study, a semi-enclosed bay in Lake Taihu was selected to
study the effect of internal P loading on seasonal nutrient limitation
in the water column. High-resolution dialysis (HR-Peeper) and diffu-
sive gradients in thin films (DGT) samplers were used to measure the
distributions of mobile P and Fe(Il) in sediments. The diffusion flux
across the sediment-water interface (SWI) was calculated along
with its contribution to the water column P, allowing the role of in-
ternal P loading on the formation of seasonal N limitation to be
assessed.

2. Materials and methods
2.1. Lake description and field site

Lake Taihu is located in the southeastern region of the Yangtze River
delta, in China's coastal plain (Fig. 1). Itis a large and shallow lake, with a
mean depth of around 2.0 m, covering a 2340 km? area. Harmful algal
blooms were first reported in a few regions of Lake Taihu in the 1960s
(Qin et al. 2004). The impacted regions gradually expanded to most of
the lake by the mid- to late 1990s (Xu et al. 2017). During HAB events,
cyanobacteria have been found to account for the majority of phyto-
plankton biomass (60-90%), based on Chla concentrations (Otten
et al. 2012; Xu et al. 2017). In May 2007, a highly publicized drinking
water crisis occurred, in which the Wuxi city drinking water plant
ceased functioning due to a very large “cyanobacteria mat” (Qin et al.
2010). Following this, a wide range of measures were implemented by
Chinese central and local government to reduce external nutrient load-
ing to the lake (Wu and Hu, 2008; Yang and Liu 2010). As a result, the
concentrations of TN and TP in Meiliang Bay consistently decreased
after 2007, returning to the level observed in the early of 1990s
(Xu et al. 2017). However, Chla concentrations did not respond with
the reductions of TN and TP as anticipated.

The sampling site is located in Meiliang Bay nearby the Taihu Labo-
ratory for Lake Ecosystem Research (TLLER) (31°26/18” N, 120°11/12"
E), Nanjing Institute of Geography and Limnology (Fig. 1). Meiliang
Bay is one of the most eutrophic regions of Lake Taihu (Xu et al.
2014). The annual Chla concentration in Meiliang Bay continued to in-
crease to a peak of 43 pg/L from 2007 to 2009, remaining over 20 ug/L
following this (Xu et al. 2017). The three rivers connecting to Meiliang
Bay, Wujing Gang, Zhihu Gang and Liangxi River, have all been closed
off by local government in order to prevent new input of external
sewage into the bay.

2.2. Principles and preparation of HR-peeper and DGT samplers

The HR-Peeper device contained 30 equally spaced 200 pL. chambers
fully loaded with deionized water, with a 4.0 mm vertical resolution
(Ding et al. 2010; Xu et al. 2012) and the chamber surfaces were cov-
ered using a 0.45 um cellulose nitrate membrane. The concentration of
soluble analytes present in sediment pore water, was measured by an-
alyzing sample solutions in chambers after equilibration.

DGT is a passive sampling technique for the measurement of the la-
bile fraction of analytes (Zhang et al. 2014; Zhang and Davison 1995).
Concurrently, high-resolution DGT measurements were performed at

- 31°25'
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- 30°56'
Tiaoxi River
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Fig. 1. Location of the sampling site in Meiliang Bay of Lake Taihu (modified from Xu et al.
2017).
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the two-dimensional level (2D), allowing a sensitive reflection of the lo-
calized changes of solution concentration and solid phase resupply
(Ding et al. 2015; Santner et al. 2015). For this, a thin diffusion layer of
10 to 100 pm thickness is used, with DGT measurements typically
interpreted as the time-averaged flux (ug cm~2 s~ !) (Santner et al.
2015) as shown in Eq. (1):

M
Fper R 1)

where t is the deployment time (s); A is the exposure area of the gel
(cm?); and M is the corresponding accumulated mass over the full de-
ployment time (g).

Zr-oxide DGT was used to measure labile P at a 2D-, submillimeter
level (Ding et al. 2013), using molybdenum blue surface staining of
the Zr-oxide binding gel (Ding et al. 2011). In the assembly of DGT
probes, the Zr-oxide binding gel was covered with a Durapore® PVDF
membrane (Millipore; 0.45 um pore size; 0.10 mm thickness), assem-
bled together using a new flat-type plastic holder (Ding et al. 2016b).
Both Zr-oxide DGT and HR-Peeper probes were provided by EasySensor
Ltd. (www.easysensor.net). They were deoxygenated with nitrogen for
a minimum of 16 h prior to deployment.

2.3. Sampling and analysis

Nine sediment cores (9 cm in diameter, 30 cm in length) were col-
lected each month from the sampling site, from February 2016 to Janu-
ary 2017. The thicknesses of the sediment and overlying water in each
core were adjusted on site to about 20 cm. The cores were transported
to the laboratory within 3 h post-collection. Three cores were put into
a tank and incubated for 2-3 days to deploy the HR-Peeper and Zr-
oxide DGT probes. The temperature was kept at the same level in the
field using a circulating water bath. For deployment of HR-Peeper and
Zr-oxide DGT probes, one HR-Peeper probe was first inserted into one
of the cores and deployed for 24 h. Following this, a Zr-oxide DGT
probe was then inserted into the same core and they were both incubat-
ed for a further 24 h. A preliminary test using cores collected in July,
showed that in sediments the concentrations of dissolved oxygen
(DO) and the DO penetration depth (OPD) did not change significantly
pre- or post-incubation for 3 days (Fig. S1).

Three cores were used for the measurement of dissolved oxygen
(DO) concentrations and redox state (Eh) in the water-sediment pro-
files, using oxygen and redox microelectrodes (Unisense, Denmark).
The remaining three sediment cores were sliced into 1.0 cm sections
down to a depth of 10 cm below the surface, under a N, atmosphere.
The sediment segments were lyophilized at —80 °C and then stored at
4 °C for analysis. The sediment layer at depths of —20 to —30 mm
(the minus denotes the depth below the SWI) was selected for analysis
of bacterial abundance. The details of sample analyses are shown in
Supporting Information.

2.4. Calculations of SRP flux across the SWI
The diffusion flux of SRP (F) across the SWI was calculated based on

Fick' First Law (Boudreau 1996), according to Eq. (2) and the degree of
sediment tortuosity (Boudreau 1996) was calculated using Eq. (3):

Dy 0C
F- -0 5 @
6’ =1— In(¢?) 3)

where @ represents the sediment porosity (dimensionless); 6 repre-
sents the sediment tortuosity (dimensionless); Dy refers to the solute
diffusion coefficient for H,POZ, Cis the concentration of SRP (mg/L) de-

termined using HR-Peeper; z represents the depth (mm); (%_f)z:o refers

to the SRP concentration gradient (slope) in the vicinity of the SWI in
concentration vs. depth data (typically 20 mm or less).

2.5. Statistical analyses

Statistical analysis was performed using SPSS v19.0 software. The
correlations between each two variables were individually analyzed
using the Pearson correlation coefficient, at the p < 0.05 and p < 0.01
levels of significance. The water quality data between February 2015
and January 2016 were also applied to the analysis, with monitoring
data supplied by the TLLER.

3. Results
3.1. General water and sediment quality

Basic water quality characteristics are outlined in Table 1. Water
temperatures varied from 9.2 to 31.2 °C, the concentration of DO varied
from 5.95 to 12.2 mg/L, with the lowest levels appearing in July
(5.95 mg/L) and August (6.32 mg/L). The pH values varied from 8.29
to 9.57, with the greatest values appearing in July (9.25) and then
June (8.21). The concentration of Chla ranged from 12.3 mg/L in Febru-
ary to 178.4 mg/L in October 2016, with the value in August also being
relatively high (153.4 mg/L). The concentration of TN ranged from
1.63 mg/L in September to 4.92 mg/L in August, while the concentration
of TP showed an increasing trend from 0.056 mg/L in February to
0.46 mg/L in August, followed by a reduction to 0.08 mg/L in January
2017. The ratio of TN to TP (TN/TP) showed a decreasing trend from
434 in February 2016 to 7.4 in September 2016, followed by an increas-
ing trend to 21.2 in January 2017. A similar trend appeared with concen-
trations of Chla, TN, TP, and TN/TP ratio from February 2015 to January
2016. In the two data sets, the concentrations of Chla were positively
correlated with TP concentrations (both p < 0.01), while no correlation
existed between Chla and TN concentrations.

The basic sediment quality characteristics are listed in Table 2. In the
surface sediment layer, the concentrations of TOC, TN and TP showed
slight variations. The concentrations of reactive Fe and P showed similar
distributions at most of the sampling times, with extremely low values
observed from April to May for Fe and from April to June for P (Fig. 2).
The concentrations of bacterial abundance ranged from 1.33E + 11 to
11.4E + 11 copies, with the value in March being significantly greater
than in all other months. The OPD ranged from 0.6 mm in June to
3.4 mm in February, with relatively low values (0.6 to 1.6 mm) apparent
from June to August (Fig. 3). The Eh values decreased with sediment
depth (Fig. 4), and all the mean values in the surface 3.5 cm layer
were >300 mv (Table 2).

3.2. High-resolution distributions of soluble Fe(Il) and SRP

The distributions of soluble Fe(Il) and SRP in overlying water and
pore water profiles are shown in Fig. 5. The concentrations of soluble
Fe(II) and SRP showed a drastic increase from March to April, remaining
high until July and August, followed by a decreasing trend afterwards.
For all sampling times, both soluble Fe(Il) and SRP showed similar
changes with respect to increasing depth, i.e., presenting with an initial-
ly low and stable concentration distribution in the upper profile zones,
followed by an increase in concentration to specific depths and then a
decrease in concentration towards the bottom of the profile. In all sam-
ples, Fe and P showed a positive correlation to a very significant level (p
<0.01) (Fig. 5).

In order to better describe the characteristics of the SRP and soluble
Fe(II) profiles, the depth of the onset of the increasing phase (D;p), the
maximum concentration in each profile (Cpax), and the depth
appearing the maximum concentration (D;,.x) are summarized in
Table 3. For SRP, the D, became shallower from — 20 mm in March to
4 mm from June to August, followed by a reduction to deeper levels of
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Table 1

Water quality characteristics at the sampling site in Meiliang Bay, Lake Taihu, from February 2015 to January 2017.

Month Feb 2016 to Jan 2017 Feb 2015 to Jan 2016

T DO pH Chla TN TP TN/TP Chla TN TP TN/TP

0 (mg/L) (ng/L) (mg/L) (mg/L) (ng/L) (mg/L) (mg/L)
Feb 9.2 12.21 8.31 12.3 243 0.056 434 13.2 235 0.057 413
Mar 10.5 10.05 8.36 214 295 0.078 37.8 215 293 0.073 40.2
Arp 20.0 10.02 8.68 16.7 3.52 0.102 34.5 19.9 3.97 0.117 339
May 19.8 8.41 8.29 12.5 1.97 0.068 289 259 248 0.083 299
Jun 26.1 8.21 9.57 64.3 1.69 0.112 154 55.1 2.28 0.105 21.7
Jul 29.0 5.95 9.25 1123 3.34 0.233 14.5 69.5 1.66 0.097 171
Aug 31.2 6.32 8.54 1534 4.92 0.462 10.7 121.6 224 0.237 9.5
Sep 24.8 7.21 8.39 38.9 1.63 0.221 74 46.3 1.79 0.267 6.7
Oct 19.7 8.66 8.73 534 2.88 0.354 8.2 174.8 4.39 0414 10.6
Nov 16.1 9.67 8.52 178.4 2.52 0.272 9.3 87.0 1.89 0.161 11.8
Dec 9.5 11.28 843 35.5 217 0.123 17.6 214 1.16 0.067 17.3
Jan 7.5 104 8.34 144 1.65 0.078 21.2 12.5 1.43 0.065 220

¢ Monitored by Taihu Laboratory for Lake Ecosystem Research (TLLER).

— 28 mm in December. The D, also became shallower from — 72 mm
in March to —12 mm in July, followed by a lowering of depth to
—84 mm in January 2017. The C,. increased from 0.133 mg/L in Feb-
ruary to 1.73 mg/L in June, followed by a decrease to 0.01 mg/L in Janu-
ary 2017. The changes in Djp, Dax and Cpax for soluble Fe(II) were
similar to those observed for SRP, with the shallowest D;, being 4 mm
between June and August, the shallowest D,.x being —16 mm in Sep-
tember, and the maximum Cp,,x being 5.31 mg/L in June.

3.3. Two-dimensional distributions of DGT-labile P

The 2D distributions of DGT-labile P (represented as DGT flux) for
each month had imaging performed at the submillimeter level (Fig. 6).
It is apparent that the DGT fluxes were relatively low throughout the
full profile in February, but then they exhibited an increasing trend
until June, followed by a decreasing trend until January 2017. The DGT
fluxes were greatest in June, followed by July. Meanwhile, the maxi-
mum concentrations in June and July were higher than those in other
months, with depths showing the maximum concentrations being clos-
er to the SWL

3.4. Diffusion fluxes of SRP across the sediment-water interface

The flux of SRP across the SWI for each month is presented in Fig. 7,
ranging from — 0.01 mg/m?/d in December to 6.76 mg/m?/d in June
(minus sign denotes downward flux). The flux exhibited an increasing

Table 2
Sediment characteristics at the sampling site in Meiliang Bay, Lake Taihu, from Feb 2016 to
Jan 2017.

Reactive Reactive Eh®  OPDS
Fe? p?

(%) (g/kg) (g/kg) (g/kg)

Month TOC* TN* TP? Bacterial

abundance?

(mg/kg) (mV) (mm) (Copies/g)

Feb 449 076 053 1.60 344 369.5 34 2.79E + 11
Mar 414 077 049 1.44 38.7 3943 3.6 114E + 11
Arp 498 090 052 1.09 2.63 3679 3.0 249E + 11
May 469 079 053 0.94 6.36 3726 22 1.33E + 11
Jun 470 096 050 1.54 6.78 3272 06 2.78E + 11
Jul 432 090 050 1.46 65.6 299.7 1.0 4.63E + 11
Aug 404 085 050 1.52 424 3244 16 3.89E + 11
Sep 421 091 0.53 1.78 62.3 3715 2.0 2.43E + 11
Oct 424 092 059 1.99 74.0 369.8 2.2 6.25E + 11
Nov 432 085 053 1.25 315 3149 22 5.12E + 11
Dec 441 086 048 1.26 45.6 3226 26 6.76E + 11
Jan 438 092 047 1.48 294 3476 3.0 4.37E + 11

2 Mean value in the surface 5 cm depth sediment layer.

b Mean value in the surface 3.5 cm depth sediment layer.
€ Oxygen penetration depth.
4 Mean value in the 20-30 mm depth sediment layer.

trend from February to July and remained at a high level until August
(4.75-6.76 mg/m?/d), followed by a decrease until December 2016.
The maximum positive flux was observed in June and it was 337-fold
higher than the minimum positive value in October. The SRP flux was
found to be linearly correlated with OPD, temperature, and the three
profile-feature parameters for mobile P (Djp, Dimax and Cray) (Fig. 8).

4. Discussion
4.1. Response of HABs to monthly changes in nutrients

Chla concentrations exceeding 20 and 40 pg/L have been defined as
blooms, in particular as harmful blooms in Lake Taihu (Xu et al. 2015).In
this study, the monthly mean Chla was 56 pg/L, reflecting that HABs in
Meiliang Bay posed a very serious hazard (Table 1). The concentration
of Chla remained at low levels from February to May, with only the
value in March exceeding 20 pg/L, allowing this period to be regarded
as the prebloom phase. Chla concentrations drastically increased from
June to August with an extremely high concentration range (45-153
pg/L), i.e., identified as the bloom phase. This period is followed by a
sharp decrease in Chla concentration in September and then a rapid in-
crease in November. This phenomenon has been observed in Taihu and
other lakes (Giles et al. 2016), suggesting the occurrence of a bloom col-
lapse in September and then the development of a late season bloom in
November.

A significantly positive correlation was observed between Chla and
TP (p < 0.01), while no such correlation existed between Chla and TN.
This finding agrees with a statistical study performed by Xu et al.,
(2017), in which the annual mean TP concentration was significantly
correlated to Chla concentrations in Lake Taihu according to data cover-
ing the 1992-2012 period. Conversely, TN concentrations had weak or
insignificant correlations with Chla in the periods of 1992-2006 and
2007-2012, respectively. In combination with the study of Xu et al.,
(2017), this study evidences that phytoplankton biomass has a strong
response to the change in TP concentrations, on both annual and
monthly scales.

The concentrations of TP were low in winter (December and Febru-
ary in 2016 and January in 2017) and spring (March to May in 2016),
while high concentrations were observed in summer (June to August
in 2016) and fall (September to November in 2016). An inverse pattern
was observed for TN concentrations in the water column, resulting in
low TN/TP values in the summer and fall (7.4-15.4) compared to
those in winter and spring (17.6-43.4). The variation in TN/TP observed
was mainly caused by the change in TP concentrations, as the monthly
variation in TP was much greater than that of TN (Table 1).

The TN/TP ratio has often been used for predicting whether N or P is
limiting the growth of phytoplankton (Smith 2006; Verburg et al. 2013),
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Fig. 2. Vertical distributions of reactive P and Fe concentrations in sediment cores, with 10 mm intervals sampled from Meiliang bay each month. Result indicate a correlation between
reactive P and Fe concentrations, with significant correlations indicated by *for the 0.05 level and ** for the 0.01 level. Values are means =+ SD of three replicate analyses.

based on the hypothesis that there is an optimal ratio of TN/TP that can
promote maximum phytoplankton biomass production. Guildford and
Hecky (2000) suggested that in both lakes and oceans, N limitation oc-
curred at TN/TP < 9 whereas P limitation occurred when TN/TP > 22.6,
and a TN/TP between 9 and 22 indicated N and P co-limitation. The
TN/TP ratio threshold that causes the shift from P to N limitation varies
in many field studies, partly due to the variation in phytoplankton spe-
cies (Klausmeier et al. 2004). In Lake Taihu, the TN/TP ratio threshold

used to identify N or P limitation was determined to be 21.5-24.7, at
which nutrients were present below 7.75-13.95 mg/L TN and
0.41-0.74 mg/L TP (Ma et al. 2015). According to this criterion, P limita-
tion occurred from February to May in 2016, while N limitation occurred
from June in 2016 to January in 2017. This finding is in agreement with
the results of dilution bioassay studies by Xu et al. (2015), showing that
P limitation controlled the prebloom period and N limitation controlled
the summer-fall bloom period.
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Fig. 3. Change in DO concentration and penetration depth in the sediment-water profiles for each month between Feb 2016 and Jan 2017. Values are means + SD of three replicate

analyses.

The indicative function of TN/TP was further supported by its rela-
tionship with Chla concentrations during the prebloom-bloom phase.
These relationships can be well fitted using an exponential equation
covering the prebloom-bloom phases from February to August in 2015

and 2016 (p <0.01) (Fig. 9A). No correlation could be revealed when
the full annual dataset was analyzed (i.e., from January to December),
demonstrating that the TN/TP ratio is more suitable for predicting nutri-
ent limitation during the prebloom-bloom phases.



878 S. Ding et al. / Science of the Total Environment 625 (2018) 872-884
5 5 5 5
——
——
[ R —— i 0+ [ R Y. (e (I R T S
——
—
-5 54 51 54
-10 -10 -10 -10
—_
g
g 151 -15+ -151 -151
N—
=
§ 220 20 220 20
A
-254 -254 =254 =254
-30 1 =30 -30 -30
-354 -354 -354 =35
February, 2016 March April May
'40 T T T T T '40 T T T T T '40 T T T T T '40 T T T T T
250 300 350 400 450 500 250 300 350 400 450 500 250 300 350 400 450 500 250 300 350 400 450 500
5 5 5 5
()0 IS . & S 130 IO 1) ISR S 0
-5 -5 -5 54
-10 -10 -104 -10
—_
g
g 154 -15 -15 -15-
N
=
o, -20 -20 -20 4 -20
5]
a
=251 =25 -254 =254
30 -30 30 -30-
=351 -35 -354 -354
June July August September
-40 T T T T T -40 T T T T T -40 T T T T T -40 T T T T T
250 300 350 400 450 500 250 300 350 400 450 500 250 300 350 400 450 500 250 300 350 400 450 500
5 5 5 5
p
—
() A S (8 O S () A (1 :E N
—
-5 -5 -5 -5-
-10 -10 -10 -10
~~
g
g 154 -15+ -15 -15+
S~ P o
< o
% -20 =20 -20 =20
a
=25 =254 =251 =254
-304 -304 -30 =30
=354 =354 -35 -354
October November December January, 2017
-40 T T T T T -40 T T T T T -40 T T T T T -40 T T T T T
250 300 350 400 450 500 250 300 350 400 450 500 250 300 350 400 450 500 250 300 350 400 450 500
Eh (mV) Eh (mV) Eh (mV) Eh (mV)

Fig. 4. Vertical change of Eh in the sediment-water profiles for each month between Feb 2016 and Jan 2017. Values are means + SD of three replicate analyses.

4.2. Monthly changes in internal P loading and the controlling mechanisms

Pore water diffusive flux calculations showed a large variation in SRP
flux across the SWI during sampling at Meiliang Bay (Fig. 7), with the re-
lease of P from sediments to overlying waters in all eleven months of the
one-year sampling period. A high level of flux was observed at the SWI
between April and September. The duration of internal P loading was
found to be longer than reported in eutrophic Danish lakes, where sed-
iments had a negative P retention from May to August (Sendergaard
et al. 2013). The maximum flux (6.76 mg/m?/d) appeared in June,
with the lowest OPD (0.6 mm), reflecting that the upper sediment

layer was nearly anoxic. It is of note that this value was much
>1.9 mg/m?/d, which was previously reported in Meiliang Bay using
the static sediment incubation method (Zhang et al. 2006). In the static
incubation experiment, the overlying water was pulled out and filtered
through a 0.45 pm filter membrane to remove particle interference prior
to static incubation; therefore, oxygen was inevitably introduced into
the overlying water, causing the oxygenation of the upper sediment
layer. This may be a contributing factor for the lower flux previously re-
ported (Zhang et al. 2006).

The level of flux observed in this study was also greater than the
values of 1.08 mg/m?/d reported in Meiliang Bay (McCarthy et al.
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Fig. 5. Monthly distributions of soluble reactive P (SRP) and soluble Fe(lI) in the sediment-water profiles of Meiliang Bay, Lake Taihu, from February 2016 to January 2017. Value shown is
the correlation coefficient between SRP and soluble Fe(II), with double asterisks denoting significance to the p < 0.01 level.

2007), 0.16-2.91 mg/m?/d reported in Lake Erie (Matisoff et al. 2016; the values in this study were lower than the previously reported values
Paytan et al. 2017), and 1.49 + 1.8 mg/m?/d reported in Lake Diefenba- of 934 + 648 mg/m?/d (Matisoff et al. 2016) and 16.28 +
ker (Niirnberg et al. 2013) under aerobic incubation. On the other hand, 3.48 mg/m?/d (Doig et al. 2017) observed under anaerobic incubation
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Table 3
Vertical distribution characteristics of the SRP and soluble Fe(II) profiles as shown in Fig. 5,
in Meiliang Bay, Lake Taihu, from February 2016 to January 2017.

Month SRP Soluble Fe(II)

Dipa Dmaxb Cmaxc Dip Dmax Cmax

(mm) (mm) mg/L (mm) (mm) mg/L
Feb —16 —40 0.133 —16 —40 0.817
Mar —20 =72 0.175 —16 —44 0.807
Apr —12 —40 1.097 —12 —40 3.936
May 0 —48 1.159 0 —32 2.363
Jun 4 —16 1.731 4 —20 5.311
Jul 4 —12 1.202 4 —20 5.167
Aug 4 —20 1.472 4 —24 1.772
Sep 0 —16 0.971 0 —16 1.756
Oct —16 —76 0.618 —16 —76 0.933
Nov —16 —68 0316 —28 —68 0.601
Dec —28 —56 0.213 —28 —44 0.823
Jan —-20 —84 0.012 —-20 —56 0.437

2 The depth showing onset of the increasing phase.
" Depth showing the maximum concentration in each profile.
¢ The maximum concentration in each profile.

in Lakes Erie and Diefenbaker. This further demonstrates that the mag-
nitude of SRP flux at the SWI in Meiliang Bay are at an intermediate level
between oxic and anoxic conditions.

The change in SRP flux across the SWI was a result of vertical chang-
es to SRP concentrations in the sediment-water profile. The high SRP
flux originated from a steep SRP concentration gradient at the SWI,
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Fig. 7. Diffusion flux of SRP across the sediment-water interface, in Meiliang Bay, Lake
Taihu, from February 2016 to January 2017.

coupled with a low Dj, and Dyax as well as high Cpax values (Table 3,
Fig. 5). The greatest D,,,x value was observed in the region extending
from the depths of — 12 mm to — 84 mm. This change in mobile P in
sediments was even more evident with 2D imaging of DGT-labile P
(Fig. 6). This reflects the high mobility of P in sediments, which induces
high seasonal fluctuation, with the reactive sediment layer displaying a
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Fig. 6. Two-dimensional heat-map distributions of labile P concentrations in the sediment-water profiles as measured by DGT probe analysis, in Meiliang Bay, Lake Taihu, from February

2016 to January 2017.
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Fig. 8. The SRP flux linear correlations with OPD, temperature and the three profile-featured parameters of mobile P (Djp, Dinax and Crax), between Feb 2016 and Jan 2017.

much greater thickness than previously reported (Giles et al. 2016;
Smith et al. 2011).

Iron redox cycling is recognized as a primary factor in the control of P
mobility in sediments (Sondergaard et al. 2003). The findings of this
study clearly illustrated significant correlations between SRP and solu-
ble Fe(II), reactive Fe and reactive P, and between OPD and SRP flux at
the SWI (Figs. 2, 5, 8). On-site, direct evidence was acquired by using si-
multaneous measurement of labile Fe and P via DGT analysis, showing
that DGT-labile P was positively correlated with DGT-labile Fe in 14
sites across Lake Taihu (Ding et al. 2016a). In contrast to the pore
water measurements, the DGT measurements reflected the release
of Fe(Il) and P via reductive dissolution of readily reducible Fe
oxyhydroxide (Ding et al. 2016a). This phenomenon has also been ob-
served in other lakes (Gao et al. 2016; Yao et al. 2016). This study there-
fore provides direct evidence verifying that the seasonal change in P
remobilization from sediments is controlled by Fe redox cycling.

Previous studies have revealed that the chemical reduction
of Fe oxyhydroxide takes place generally under Eh < 200 mv
(Christophoridis and Fytianos 2006), whereas >300 mv values were de-
tected in the upper 35 mm surface sediment layer in this study (Fig. 4;
Table 2). This may reflect that the reduction of Fe oxyhydroxide should
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be largely microbe-mediated (Melton et al. 2014). Attention should be
paid to the extremely low contents of reactive Fe and P observed in sed-
iments from April to June (Table 2), which were consistently followed
by sharp increases in pore water SRP and soluble Fe(II) from April
(Fig. 5). This may be caused by the promotion of microbial reduction
of Fe oxyhydroxide as reflected by the increase in the bacterial abun-
dance in March (Table 2).

4.3. Contribution of internal P to seasonal nutrient limitation

The causal role of internal P loading in seasonal N limitation has been
emphasized with the establishment of the dual-nutrient paradigm in
freshwater ecosystems. The release of P from sediments has the poten-
tial to increase the concentration of TP and decrease the ratio of TN/TP in
the water column, especially in scenarios where external P inputs have
been significantly reduced (e.g., Lake Taihu). As a result, the limiting sta-
tus transfers from P limitation to N limitation, with this balance regulat-
ing the growth of phytoplankton. Several recent studies have tested this
hypothesis via field investigation of water columns and modelling. For
example, Nikolai and Dzialowski (2014) observed that the anoxic
depth (defined as the water column depth where DO <2 mg/L) in an
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Fig. 9. Relationship between Chla concentration and TN/TP ratio (A) and between SRP flux and TN/TP ratio (B), in Meiliang Bay, Lake Taihu, from February 2015 to January 2017. The red
and black dots show the data from February 2015 to January 2016 and from February 2016 to January 2017, respectively.
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eutrophic reservoir (Lake Grand, USA) had positive and negative corre-
lations with epilimnetic TP and TN/TP, respectively. Based on these find-
ings, the authors inferred that the internal P load can play an important
role in varying nutrient concentrations and TN/TP ratios in the epilimni-
on of eutrophic reservoirs. Wu et al. (2017) modelled the level of contri-
bution of internal cycling to water eutrophication in a hyper-eutrophic
lake (Dianchi, China). Results showed that 77% of TP and 72% of TN
total inputs were attributed to the internal loading process, which dic-
tates nutrient limitation in eutrophic lakes.

In this study, the internal load mass of P per unit of sediment area
(m?) was calculated for each month by multiplying the diffusive flux
of SRP with the number of days within the month. The total mass of
TP in the water column per unit of sediment area (m?) was also calculat-
ed for each month by multiplying the concentration of TP with the total
depth of the water column, the results of which are listed in Table 4. The
amount of TP in the water column per m? increased from 151.2 mg/m?
in February, to 1242 mg/m? in August 2016. The total increase in TP in
the water column from February to August (during prebloom-bloom
period) was 1091 mg/m?, while the internal load mass of P ranged
from 0.32 mg/m? in February to 202.7 mg/m? in June. The total released
amount of P from February to August was 593.6 mg/m?, accounting for
54% of the increase in TP observed in the water column during the
prebloom-bloom period.

It is of note that the estimation of internal P loading using diffusive
flux should be lower than the actual mass, as the release of P from sed-
iments also occurs due to other processes such as hydrodynamic distur-
bance in shallow lakes. Although this effect was not assessed in this
study, Lake Taihu is frequently disturbed by wave processes due to its
shallow depth and topography (You et al. 2007). Field observations in
Lake Taihu have shown that no significant sediment release of P oc-
curred when wind speeds varied from 0 m/s to 7.0 m/s (Zhu et al.
2007). Conversely, concentrations of SRP in the water column when ex-
posed to a wind rate of 8.0 m/s were twice as high as under no wind
conditions (0 m/s), reflecting that strong winds of 8.0 m/s or greater
can cause the disturbance and release of P from sediments (Zhu et al.
2005). Yang et al. (2016) further revealed that strong wind-induced in-
creases in nutrients facilitated the growth of cyanobacterial cells to
reach a high biomass under relatively low nutrient conditions and it
was responsible for 38.3% of the extended bloom events (>300 km?)
from 2007 to 2015 in Lake Taihu.

The present study also investigated the relationship between the dif-
fusive flux of SRP from sediments and TN/TP in the water column, but
no correlation was found when analyzing the dataset covering the en-
tire one-year period. However, a significantly negative correlation (p <
0.01) was observed between these parameters when comparing data
from only the prebloom-bloom period from 2015 to 2016. The underly-
ing assumption was that sediment SRP diffusion fluxes in 2015 were the

Table 4
Mass estimation of the contribution of internal P loading to the monthly change in TP con-
centrations in the water column, in Meiliang Bay, Lake Taihu, from Feb 2016 to Jan 2017.

Month TP in the Water  Amount of Cumulative P amount
water column  depth  water column P released from sediments
(mg/L) (m) (mg/m? (mg/m? sediment)

sediment)

Feb 0.056 2.7 151.2 032

Mar 0.078 2.7 210.6 0.94

Arp 0.102 2.7 2754 8.26

May 0.068 2.8 190.4 4241

Jun 0.112 3.1 3472 202.70

Jul 0.233 43 1001.9 147.21

Aug 0.462 2.7 12474 191.83

Sep 0.221 2.9 640.9 96.97

Oct 0.354 33 1168.2 0.12

Nov 0.272 2.8 761.6 2.49

Dec 0.123 2.8 3444 —0.35

Jan 0.078 2.7 210.6 0.16

same as the 2016 values measured for this study (Fig. 9B). This was con-
sistent with the estimation for the contribution of P from internal load-
ing towards TP concentrations in the water column. A recent 3-year
monitoring data from TLLER showed that the monthly changes of TP
and TN concentrations in the water column of the inner Meiliang Bay
were similar to those in the outer bay, while the SRP flux from sedi-
ments in the inner bay was greater than that in the outer bay
(McCarthy et al. 2007; Zhang et al. 2006). This implies that internal P
loading makes a major contribution to the increase in TP concentrations,
and therefore, the decrease in TN/TP ratio in the water column of
Meiliang Bay during the prebloom-bloom period. The loss of N by deni-
trification might exacerbate N limitation in Meiliang Bay (McCarthy
etal.2007), although its role should be limited as shown by the relative-
ly small variation in TN concentrations in the water column (Table 1).
Further studies are required for combined assessment of the contribu-
tion of internal N loading.

4.4, Field implications

The ability of internal P loading to change the nutrient limiting con-
ditions for HABs has been hypothesized, but there has been a lack of di-
rect evidence to support it. This study provides the direct evidence to
support that internal P loading can play a causal role in seasonal N lim-
itation in the water column. Furthermore, the vital role of internal P
loading occurs during the prebloom-bloom period, when there is a sen-
sitive response by HABs to changes in TN/TP and the transition of nutri-
ent limitation. These results extend the theoretical scope for control of
internal P loading through geoenvironmental engineering approaches,
such as active capping and stabilization treatments (Mackay et al.
2014), potentially controlling the internal P loading and therefore main-
taining P limiting conditions during the prebloom-bloom period. This
strategy presents a useful alternative approach to dual nutrient reduc-
tion, as P concentrations can be controlled more rapidly and cost-
effectively (Douglas et al. 2016).
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