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a b s t r a c t 

Intense storms pose a serious threat to ecosystem functioning and services. However, the effects of ty- 

phoons (tropical cyclones) on the biogeochemical processes mediating risk of eutrophication in deep 

freshwater ecosystems remain unclear. Here, we conducted a three-year study to elucidate linkages be- 

tween environmental change, stable isotopes and the stoichiometry of particulate organic matter (POM), 

and nutrient cycling (i.e., carbon, nitrogen and phosphorus) in a subtropical deep reservoir subjected to 

typhoon events. The typhoons significantly changed the nutrient levels in the deep waters as well as 

the thermocline position. Increased typhoon-driven organic matter input, algae sinking and heterotrophic 

decomposition interacted with each other to cause steep and prolonged increases of total nitrogen, am- 

monium nitrogen and total phosphorus in the bottom waters of the reservoir. Small-sized or pico-sized 

POM (i.e., 0.2–3 μm) showed a substantial increase in bottom waters, and it exhibited stronger response 

than large-sized POM (i.e., 3–20, 20–64, 64–200 μm) to the typhoons. Our results also indicated that 

typhoons boost the nutrient cycling in deep waters mainly through pico-sized POM. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

In tropical and subtropical regions, the intensity of typhoon 

vents (also termed tropical cyclones or hurricanes) are expected 

o increase as a consequence of the ongoing climate changes 

s well as to cause economic and ecosystem functioning losses 

ue to the strong wind and torrential rain ( Mumby et al., 2011 ;

oumou and Rahmstorf, 2012 ; Fang, 2016 ; Emanuel, 2020 ). Deep 

eservoirs and lakes are typically characterized by algae-rich sur- 

ace waters (epilimnion) and potential nutrient-rich bottom wa- 

ers (hypolimnion) ( Boehrer and Schultze, 2008 ; Yu et al., 2014 ). 

ind-induced mixing disturbances can bring the hypolimnetic nu- 

rients up into the photic zone, and heavy precipitation may lead 
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o an increase in the influx of terrestrial material, including nutri- 

nts, into these waterbodies ( Paerl et al., 2006 ; Sinha et al., 2017 ).

uch pulse disturbances are typically accompanied by an increased 

lgae biomass or a shift in the plankton community composition 

 Tseng et al., 2013 ; Ji et al., 2018 ; Stockwell et al., 2020 ). However,

he underlying processes and mechanisms driving the variations of 

lankton community after typhoon are difficult to estimate from 

ypical low-frequency monitoring. High-frequency observations us- 

ng novel methodology, however, may enhance our understanding 

f the biogeochemical processes following episodic climatic dis- 

urbances in freshwater ecosystems in an increasingly changing 

orld. 

The stoichiometry and stable isotopes of particulate organic 

atter (POM) are useful tools for the understanding of the bio- 

eochemical processes associated with plankton dynamics and eu- 

rophication processes ( Leal et al., 2017 ; Glibert et al., 2019 ). The

https://doi.org/10.1016/j.watres.2020.116470
http://www.ScienceDirect.com
http://www.elsevier.com/locate/watres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2020.116470&domain=pdf
mailto:jyang@iue.ac.cn
https://doi.org/10.1016/j.watres.2020.116470
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toichiometric variations of grazer and algae can influence the 

ates of nutrient release, altering the structure and functioning of 

reshwater ecosystems ( Elser and Urabe, 1999 ). Stable isotopes of 

OM have been widely used to study the biogeochemical processes 

nd to track element sources ( Fry, 2006 ; Gu, 2009 ; Gu et al., 2011 ;

libert et al., 2019 ). The stable carbon isotope ( δ13 C) of POM is

onsidered as a good proxy for CO 2 concentration and primary pro- 

uction, and stable nitrogen isotope ( δ15 N) can be used as indica- 

ors of the N 2 fixation process and trophic position along a food 

hain in lakes ( Gu et al., 2006 ; Trochine et al., 2017 ). Therefore, the

emporally and spatially integrated information on biogeochemi- 

al processes provided by stable isotopes and the stoichiometry of 

OM are important for understanding the nutrient cycling in fresh- 

ater ecosystems following typhoon events. 

The size of POM is an important functional trait, as it af- 

ects the bioavailability and biogeochemical cycles of nutrients in 

quatic ecosystems ( Woodward et al., 2005 ). POM mainly con- 

ists of plankton and dead organic matter ( Moore et al., 2004 ). 

he sizes of most free-living bacteria are typically < 3 μm, while 

ost planktonic algae are larger and within the range 3–20 μm, 

nd most protozoans and metazoan are > 20 μm and > 64 μm, 

espectively ( Chételat et al., 2006 ). The responses of plankton to 

yphoon-driven disturbances vary among size classes and along 

he water column ( Jones et al., 2008 ; Ji et al., 2018 ). In a nat-

ral lake, Jones et al. (2008) , for example, found that the bacte- 

ial community composition recovered fast after a typhoon distur- 

ance, while the algal communities did not. Moreover, microbial 

ommunities exhibited a higher ability to recover from an artificial 

ixing disturbance in the surface waters than in the deep waters 

 Shade et al., 2012 ). Therefore, studies should not only focus on the

icrobial communities in the surface waters but also explore the 

otentially prolonged responses of the microbially mediated bio- 

eochemical processes in the deep waters following strong winds 

e.g., typhoons). 

Stoichiometry plays a key role for the nutrient cycling and com- 

unity composition ( Sardans et al., 2012 ). The C:P ratio of organic 

atter, for example, can greatly influence the global nitrogen fixa- 

ion rate ( Wang et al., 2019 ). The multi-nutrient cycling index (i.e., 

arbon, nitrogen and phosphorus) has been used to address the 

mportance of different taxonomic groups for the nutrient cycling 

n terrestrial ecosystems ( Delgado-Baquerizo et al., 2016 ; Jiao et al., 

018 ). However, less is known about the contribution of key drivers 

nd the implications of different POM size classes for the multi- 

utrient cycling in freshwater ecosystems, especially following ty- 

hoon events. 

We explored the susceptibility and drivers of nutrient cycling 

sing meteorological and physicochemical variables, stable isotopes 

nd the stoichiometry of different POM size classes following ty- 

hoon events in a subtropical reservoir (Fig. S1). We focused on the 

wo questions: (1) How did the typhoon affect the biotic and abi- 

tic conditions in different water layers of the reservoir? (2) Which 

ize fraction of POMs can be a key indicator of changes in nutrient 

ycling? To answer these questions, we explored the environmen- 

al change throughout the water column during one month before 

nd after typhoon events in Tingxi Reservoir in southeast China. 

e then assessed the importance of different POM size classes 

or the multi-nutrient cycling using the stable isotopes and stoi- 

hiometry of POM. We hypothesized that (1) POM changes (con- 

entration and size) driven by the typhoon events would differ 

mong the different water layers, and that (2) POM would be a key 

ontributor to the nutrient cycling, differing though in importance 

mong particle size classes and water layers. This study highlights 

he importance of using stable isotopes and stoichiometry of POM 

o elucidate the nutrient cycling in different water layers and pro- 

ides new insight into the biogeochemical processes of freshwater 

cosystems following typhoon events. 
2 
. Materials and methods 

.1. Study site and sampling processes 

A three-year (2015–2017) field sampling campaign was con- 

ucted near the dam of the Tingxi Reservoir (24 °48 ′ N, 118 °08 ′ E) in

iamen city, Fujian province, southeast China. Tingxi Reservoir was 

uilt in 1956 and has a drainage area of about 100 km 

2 and a total

torage of 48 × 10 6 m 

3 ( Yang et al., 2012 ). The trophic state of the

eservoir was light eutrophic level with a trophic state index rang- 

ng from 50.8 to 56.3, which were calculated using chlorophyll- 

 , Secchi depth and total phosphorus ( Yang et al., 2012 ). The

eservoir is deep with surface chlorophyll- a concentrations rang- 

ng from 9.5 to 22.2 μg dm 

−3 . Details of the reservoir are given

n our previous studies ( Yang et al., 2012 , 2016 ; Gao et al., 2019 ).

nnual mean precipitation is about 1336 mm and annual mean 

emperature 20.7 °C ( Liu et al., 2019 ). Xiamen is characterized by 

 subtropical monsoon climate and is located at the westbound 

elt of typhoon movement in the northwestern Pacific Ocean. Ty- 

hoons are a common disturbance of the Tingxi Reservoir, es- 

ecially during the water stratification period in summer and 

utumn. 

Samples of particulate organic matter (POM) were collected ev- 

ry 20 days (every 10 days in September 2016 after the typhoon 

eranti) from 2015 to 2017. Samples were collected from the sub- 

urface layer (depth, 0.5 m), the hypoxic boundary (depth, 21–

7 m) and subbottom layer (2 m above the bottom sediments) 

Fig. S1a, b). POM was partitioned into four size classes (fractions): 

.2–3 μm (pico-sized), 3–20 μm (nano-sized), 20–64 μm (micro- 

ized) and 64–200 μm (net-sized). Briefly, we pre-filtered the sam- 

les through 200 μm, 64 μm and 20 μm nylon sieves in situ , 

ollowed by sequential filtering through 3 μm and 0.2 μm pore- 

ize polycarbonate filters (47 mm diameter, Millipore, Billerica, MA, 

SA) in the laboratory. The samples were then gently backwashed 

rom filters into 15 cm 

3 plastic centrifuge tubes. Finally, all the 

amples were freeze-dried at –80 °C for at least 72 h prior to ni- 

rogen and carbon elemental and isotopic analyses. 

.2. Meteorological data collection 

Fujian province is a perfect region for studying typhoon- 

nduced disturbances ( Sajjad et al., 2019 ). We focused on typhoons 

ithin a < 300 km distance from the typhoon center to the Tingxi 

eservoir (Table S1; Fig. 1 ). Data on air temperature (AT), precip- 

tation and wind speed (WS) were collected from China Meteoro- 

ogical Data Service Center ( http://data.cma.cn ) (at station Xiamen 

D 59,134; coordinates 24 °29 ′ N, 118 °04 ′ E). To evaluate the effect of 

yphoon, we applied 10-days average air temperature, 10-days av- 

rage wind speed, 10-days accumulated precipitation and 10-days 

ccumulated sunshine duration prior to the sampling dates. 

.3. Abiotic and phytoplankton data collection 

Water depth was measured with a Speedtech SM-5 Depthmate 

ortable sounder (Speedtech Instruments, Great Falls, VA, USA). 

ater temperature (WT), pH, dissolved oxygen (DO) and electrical 

onductivity (EC) were measured in situ at 0.5 m intervals using a 

ultiparameter water quality analyzer (Hydrolab DS5, Hach com- 

any, Loveland, CO, USA). Total carbon (TC) and total organic car- 

on (TOC) were determined using a Shimadzu TOC-VCPH analyzer 

Shimadzu, Japan). Ammonium nitrogen (NH 4 -N), nitrate nitrogen 

NO 3 -N), nitrite nitrogen (NO 2 -N) and phosphate phosphorus (PO 4 - 

) were analyzed by spectrophotometry. Total nitrogen (TN) and 

otal phosphorus (TP) were measured by spectrophotometry after 

igestion ( Greenberg et al., 1992 ). Water transparency was mea- 

ured with a 30 cm diameter Secchi disk. Depth of euphotic zone 

http://data.cma.cn
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Fig. 1. Air temperature, maximum wind speed, precipitation and typhoon (tropical 

cyclone) records in Xiamen city, China. Typhoon index is defined as the product 

of maximal wind speed (m s −1 ) and past 10 days accumulated precipitation (m) 

before typhoon events. Typhoon symbols indicate the typhoon index. The shadow 

areas represent the typhoon events in this study. 
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Zeu) was estimated as 2.7 times the Secchi depth ( Cole, 1994 ). 

he masses of the nano- and pico-POM size classes were sam- 

led by sequential filtering of the samples through 20 μm, 3 μm 

nd 0.2 μm pore-size polycarbonate filters (47 mm diameter, Mil- 

ipore, Billerica, MA, USA), respectively. Subsequently, the filters 

ere weighed after drying at 50 °C for at least 72 h. 

Chlorophyll- a and F v /F m 

of blue-green (cyanobacteria), green 

chlorophytes) and brown (mostly diatoms and dinoflagellates) al- 

ae and the total phytoplankton were measured ex situ with a 

HYTO-PAM Phytoplankton Analyzer (Heinz Walz GmbH, Effeltrich, 

ermany). The chlorophyll fluorescence parameter F v /F m 

indicates 

he maximum quantum efficiency of photosystem II (PSII) photo- 

hemistry and can be used as an early disturbance indicator in al- 

ae ( Dittami et al., 2016 ). The dominant algal groups were counted 

sing a Flowsight cytometer (Amnis, Merck Millipore, Darmstadt, 

ermany) equipped with blue-green (488 nm, 60 mV) and side- 

ard scatter (SSC) (785 nm, 12 mV) solid-state lasers and high im- 

ge resolution (20 × magnification). The analyses were performed 

n Amnis IDEAS software (version 6.2). Red autofluorescence of 

hotosynthetic pigments and SSC were used to distinguish the al- 

ae from dead particles. Red and yellow autofluorescences were 

efined as algal group 1 and group 2, respectively. 
3 
.4. Stable isotopes and stoichiometry of particulate organic matter 

Percent carbon, percent nitrogen and δ13 C and δ15 N of POM 

amples were measured using a Thermo Electron Flash EA 20 0 0 

lemental analyzer (EA) coupled to a Delta V isotope ratio mass 

pectrometer (IRMS) (Thermo Fisher Scientific Inc., Waltham, MA, 

SA). Carbon and nitrogen stable isotope ratios were presented 

s δ13 C and δ15 N relative to Vienna Pee Dee Belemnite carbon- 

te and atmospheric N 2 isotopes, respectively ( Fry, 2006 ). Aver- 

ge analytical errors for δ13 C and δ15 N were approximately 0.13 ‰ 

nd 0.1 ‰ , respectively, in this study. We used the carbon content 

nd C:N ratios to correct the δ13 C of the net-POM for lipid bias 

 Syväranta and Rautio, 2010 ). Other POM size classes typically con- 

isted of algae or bacteria, and the carbon content (C%) of these 

OM samples was almost less than 40% in our study. Therefore, 

e did not correct the δ13 C of the other POM size classes follow- 

ng the method of a previous study ( Post et al., 2007 ). All stoichio-

etric ratios were calculated using the elemental content of POM. 

.5. Analysis of temporal changes in water parameters 

To track the ecological consequences of typhoon events, sam- 

les taken within one month before and after typhoon events were 

elected as pre- and post-typhoon periods, respectively (Table S1). 

ince the different POM size classes from different water layers 

ere only available from 2016 to 2017, further data analyses were 

hus performed based on data from the two years. We compared 

he differences in nutrients between pre- and post-typhoon peri- 

ds using the nonparametric Mann-Whitney U test. The effects of 

yphoon and water depth on the δ13 C, δ15 N and stoichiometry of 

he different POM size classes were evaluated by two-way PER- 

ANOVA analyses in PAST v3.0. 

.6. Multi-nutrient cycling index 

The multi-nutrient cycling index was calculated to track the 

ycling of multiple nutrients. It is analogous to the widely 

sed multi-functionality index for nutrient cycling in terrestrial 

cosystems ( Maestre et al., 2012 ; Delgado-Baquerizo et al., 2016 ; 

iao et al., 2018 ). We constructed the multi-nutrient cycling index 

ncluding eight measured nutrient properties: total carbon (TC), to- 

al organic carbon (TOC), total nitrogen (TN), ammonium nitrogen 

NH 4 -N), nitrate nitrogen (NO 3 -N), nitrite nitrogen (NO 2 -N), total 

hosphorus (TP) and phosphate phosphorus (PO 4 -P). To quantify 

he multi-nutrient cycling index for each sample, we first normal- 

zed (log-transformed) and then standardized each of the eight 

utrient properties using Z-score transformation. The standardized 

unctions were then averaged to obtain the multi-nutrient cycling 

ndex. 

.7. Indicators of multi-nutrient cycling 

We assessed Spearman’s correlation coefficients between stable 

sotopes and the stoichiometry of different POM size classes and 

utrients along the water column. Then, the key predictors for the 

ulti-nutrient cycling index were explored using random forest re- 

ression analyses. The analyses were conducted using the random- 

orest package in R environment ( R Core Team, 2019 ). The higher 

ean square error (MSE) value indicates the variable is more im- 

ortant. We applied the A3 package to calculate the significance 

nd cross-validated R 

2 values with 50 0 0 permutations of the re- 

ponse variables. We simultaneously evaluated the significance of 

ach predictor for the multifunctionality index using the rfPermute 

ackage. 
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.8. Direct and indirect effects of key drivers on multi-nutrient 

ycling 

Finally, we constructed partial least squares path models (PLS- 

M) using the plspm package to illustrate the direct and indirect 

ffects of the drivers on the multi-nutrient cycling index in the 

urface, middle and bottom waters, respectively. The drivers were 

ategorized into 7 block variables: meteorological factors (meteo), 

hysicochemical factors (env), algae properties (algae), the mass 

f POM (Mass), δ13 C, δ15 N and stoichiometry (stoichio). We did 

ot consider the complex relationships among δ13 C, δ15 N and stoi- 

hiometry. In our initial PLS-PM structure equation, meteorological 

actors (average 10-days) included precipitation, sunshine, air tem- 

erature and wind speed; physicochemical factors included water 

epth, water level fluctuation, euphotic depth, water temperature, 

H, dissolved oxygen and electrical conductivity; algae properties 

ncluded chlorophyll- a and the F v /F m 

of algae groups. We removed 

he variables with loadings < 0.7; goodness of fit index (GoF) and 

 

2 were used to estimate model performance ( Gao et al., 2019 ). 

andom forest and PLS-PM analyses were used as complementary 

pproaches to identify the complex relationship between environ- 

ental drivers and the multi-nutrient cycling following typhoon 

vents. Random forest analysis does not require the a priori hy- 

otheses that are needed in the initial PLS-PM analyses, and it is 

herefore not limited by previous knowledge. However, PLS-PM can 

e used to partition the direct and indirect effects of the predictors 

n the multi-nutrient cycling index. 

. Results 

.1. Meteorological conditions 

Most typhoons reach our study site, Tingxi Reservoir, from July 

o October (Table S1). In this study, four (Nepartak, Meranti, Megi 

nd Haima) and two (Haitang and Mawar) typhoons were observed 

ithin a distance of < 300 km from the typhoon center to Tingxi 

eservoir in 2016 and 2017, respectively. Of these, Nepartak was 

he first typhoon with an accumulated 10-days precipitation of 

7.3 mm and a maximum wind speed of 7.8 m s −1 ( Fig. 1 ). Meranti

as the strongest typhoon with a typhoon index > 12.5 m 

2 s −1 , 

n accumulated precipitation of 348.3 mm and a maximum wind 

peed of 36.4 m s −1 ( Fig. 1 ; Table S1). These typhoons were typi-

ally accompanied by a decrease in air temperature and sunshine 

ours, and increased local wind speed and precipitation. However, 

he meteorological conditions recovered rapidly, within one or two 

ays after the typhoon events. 

.2. Variations in nutrients and phytoplankton 

The typhoons significantly changed the nutrients in the deep 

aters ( Fig. 2 ) and deepened the thermocline of the reservoir (Fig. 

1c). While the nutrient concentrations were relatively stable in 

he surface waters, the concentration of nitrate nitrogen (NO 3 -N) 

as significantly lower after the typhoons in the middle waters 

 Fig. 2 ), and the concentration did not reach previous levels un- 

il 23 days after the typhoon Haima (Fig. S2; Table S1). The con- 

entration of NH 4 -N, by contrast, was significantly higher in the 

ottom waters after typhoon events ( Fig. 2 ). The concentrations 

f TN, NH 4 -N and total phosphorus (TP) doubled in the bottom 

aters with a steep increase within the first month after the ty- 

hoons Haima and Mawar in 2016 and 2017, respectively (Fig. S2). 

he pico- and nano-phytoplankton abundances increased sharply 

n the surface waters of the reservoir after the typhoon Meranti in 

016, while a small increase was recorded after the typhoon Hai- 

ang in 2017 (Fig. S3). The responses of algae to typhoons varied 
4 
etween different algal groups. But for all size classes, algal abun- 

ances had recovered in the surface waters within the first month 

fter the typhoons (Fig. S3). 

.3. Stable isotopes and stoichiometry of particulate organic matter 

We found that the mass of pico-POM increased significantly in 

he bottom waters after typhoon events ( Fig. 3 ) and a steep in-

rease occurred following the typhoons Haima and Mawar in 2016 

nd 2017, respectively (Fig. S4). The δ13 C values displayed slight 

ecrease in every size class and showed low ability to recover from 

he typhoons in the surface waters ( Fig. 3 ; Fig. S5), whereas the 

alues were relatively stable and recovered rapidly in the middle 

nd bottom waters after typhoons (Fig. S6). The average δ13 C of 

ano-POM displayed a decrease of 3.1 ‰ in the surface waters (Fig. 

5), although the decrease was not significant ( Fig. 3 ). By contrast, 

he δ15 N of POM in the surface waters was relatively stable but 

ecreased in the middle and bottom waters after typhoon events 

 Fig. 3 ; Fig. S5). Overall, the δ15 N values of pico-POM were more 

ensitive to typhoons than other size classes ( Table 1 ). The average 
15 N value of pico-POM had a decrease of ~2.6 ‰ in both middle 

nd bottom waters after typhoon events (Fig. S6), although the de- 

rease was not significant ( Fig. 3 ). The δ15 N of pico- and nano-POM 

n the middle waters tended to recover within 23 days after the ty- 

hoon events (Fig. S6). Contrarily, the lowest δ15 N values of pico- 

nd nano-POM were observed in the bottom waters after the Mer- 

nti typhoon, and the values remained extremely low (~ 0 ‰ ) until 

he following year. 

The C:N ratios were relatively stable for every size class in the 

urface and middle waters, whereas the value increased signifi- 

antly for pico-POM in the bottom waters after typhoons ( Fig. 3 ). 

or pico-POM, the highest C:N ratio in the middle waters was ob- 

erved after the Megi typhoon, followed by a rapid decrease from 

1 to 8 after the Haima typhoon (Fig. S7). For pico- and nano- 

OM in the bottom waters, the C:N ratios displayed a steep in- 

rease and did not recover during the first month after the ty- 

hoon events, whereas the C:P and N:P ratios remained low after 

he typhoons Nepartak and Haitang in 2016 and 2017, respectively. 

or pico- and net-POM, the δ13 C and C:N ratios were more simi- 

ar to those of terrestrial sources after typhoon events in the bot- 

om and middle waters, respectively (Fig. S8). The concentrations 

f particulate organic carbon, nitrogen and phosphorus exhib- 

ted a steep increase within the first month after typhoon events 

Fig. S7). 

.4. Potential indicators of nutrient cycling 

The δ13 C of all POM size classes exhibited a positive correlation 

ith total carbon (TC) and total organic carbon (TOC) and a nega- 

ive correlation with total nitrogen (TN) and nitrate nitrogen (NO 3 - 

) in the surface waters ( P < 0.05, Fig. S9). The δ15 N values of

ico-POM demonstrated the strongest positive correlation with TN 

nd NO 3 -N in the middle waters. In the bottom waters, the δ15 N, 

:P and N:P of pico-POM were negatively correlated with NH 4 -N 

nd TP, but the C:N and the mass of pico-POM showed a positive 

orrelation with NH 4 -N. The large size classes displayed weak cor- 

elations with the concentration of nutrients compared with pico- 

OM in deep waters. 

The δ13 C of nano- and net-POM and C:P of pico-POM were key 

ndicators in the multi-nutrient cycling index for surface waters, 

hile the chlorophyll- a of the green algal group was the impor- 

ant indicator for middle waters ( Fig. 4 ). C:N, N:P and the mass of

ico-POM were important indicators in the multi-nutrient cycling 

ndex for bottom waters despite of the key role played by electrical 

onductivity (EC) and the F v /F m 

of the brown algal group. Overall, 

ico-POM was the most important factor for the nutrient cycling 
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Fig. 2. Comparison of nutrients between the pre- and post-typhoon periods along water column in Tingxi Reservoir. Statistical analysis is nonparametric Mann-Whitney U 

test ( ∗P < 0.05). Box boundaries indicate the 25th and 75th percentiles; whiskers represent the 10th and 90th percentiles; the inner horizontal lines are the median. TC, 

total carbon; TN, total nitrogen; TP, total phosphorus. 

Fig. 3. Comparison of δ13 C, δ15 N, stoichiometry and the mass of particulate organic matter (POM) size classes between the pre- and post-typhoon periods along water 

column in Tingxi Reservoir. Statistical analysis is nonparametric Mann-Whitney U test ( ∗P < 0.05, ∗∗P < 0.01). Box boundaries indicate the 25th and 75th percentiles; 

whiskers represent the 10th and 90th percentiles; the inner horizontal lines are the median. Mass, the mass of POM. Pre, pre-typhoon period; Post, post-typhoon period. 

Pico-, nano-, micro- and net-POM represent particulate organic matter of the 0.2–3 μm, 3–20 μm, 20–64 μm and 64–200 μm size classes, respectively. All stoichiometric 

ratios refer to the elemental weight ratios of particulate organic matter. 

5 
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Table 1 

Two-way permutational multivariate analysis of variance (PERMANOVA) showing the effects of ty- 

phoon and water depth on δ13 C, δ15 N and stoichiometry of particulate organic matter. 

Grouping 

by 

δ13 C δ15 N Stoichiometry 

F P F P F P 

Typhoon 

0.2–3 μm 0.284 0.580 5.354 0.017 2.249 0.119 

3–20 μm 2.469 0.099 4.360 0.031 0.122 0.727 

20–64 μm 0.015 0.901 0.392 0.507 2.540 0.099 

64–200 μm 0.081 0.769 3.059 0.075 1.008 0.336 

All classes 1.054 0.290 4.440 0.015 1.330 0.226 

Depth 

0.2–3 μm 4.095 0.018 8.047 < 0.001 3.245 0.032 

3–20 μm 10.751 < 0.001 2.358 0.080 4.334 0.011 

20–64 μm 3.812 0.020 12.962 < 0.001 4.827 0.008 

64–200 μm 3.075 0.040 8.564 < 0.001 4.633 0.004 

All classes 6.487 < 0.001 6.357 < 0.001 3.720 0.005 

Typhoon × Depth 

0.2–3 μm -2.100 0.764 -0.175 0.168 0.439 0.163 

3–20 μm -3.452 0.996 -1.445 0.546 3.967 0.016 

20–64 μm -2.545 0.860 -2.444 0.916 0.640 0.079 

64–200 μm -1.845 0.645 -1.406 0.523 -2.611 0.569 

All classes -2.683 0.957 -0.905 0.328 1.937 0.028 

The boldface indicates the significant difference ( P < 0.05). All classes include four different sized 

fractions (0.2–3 μm for pico-POM, 3–20 μm for nano-POM, 20–64 μm for micro-POM, 64–200 μm 

for net-POM). 

Fig. 4. Main predictors of nutrient cycling variation in different water layers of Tingxi Reservoir. The higher value of mean square error (MSE) indicates greater importance 

on the multi-nutrient cycling index. The accuracy importance is computed for each tree and averaged over the forest (10 0 0 trees). WT, water temperature; EC, electrical 

conductivity. Chl- a -Gr, Chl- a -Br and Chl- a -T represent the chlorophyll- a of green, brown and all algal groups, respectively. F v /F m -Gr and F v /F m -Br represent the F v /F m of green 

and brown algal groups. Mass, the mass of particulate organic matter. Pico, nano, micro and net represent particulate organic matter of the 0.2–3 μm, 3–20 μm, 20–64 μm 

and 64–200 μm size classes, respectively. The drivers are showed in the figures as long as the variables are significant predictors in surface, middle, bottom and all water 

layers, respectively. 
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f bottom waters ( Fig. 4 ; Fig. S9). The δ13 C of pico- and nano-POM

ere found to be important indicators in the multi-nutrient cy- 

ling index, followed by chlorophyll- a throughout the water col- 

mn ( Fig. 4 ). 

The multi-nutrient cycling index was well explained by our 

artial least squares path modeling (PLS-PM) in the surface 

R 

2 = 0.41), middle (R 

2 = 0.79), bottom (R 

2 = 0.83) and all wa-

er layers (R 

2 = 0.43) (Fig. S10). For surface waters, the δ13 C and 

toichiometry of POM had a direct but non-significant effect on 

he multi-nutrient cycling index, while the meteorological factors 
6 
xerted a direct effect on the algae and an indirect effect on the 

ulti-nutrient cycling index ( Fig. 5 ). For the middle waters, the 
13 C and δ15 N of POM were the most important drivers having 

 direct and significant effect on the multi-nutrient cycling index. 

or the bottom waters, the δ13 C, δ15 N, and mass of POM were 

he main drivers with direct and significant effect on the multi- 

utrient cycling index; and algae exerted a strong and indirect ef- 

ect on the multi-nutrient cycling index through δ15 N and mass of 

OM ( Fig. 5 ; Fig. S10). For the whole water column, meteorologi- 

al factors, physicochemical factors, δ13 C and the mass of POM had 
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Fig. 5. The final partial least squares path models (PLS-PM) showing relationships between the drivers and the multi-nutrient cycling index in different water layers. Only 

paths with a coefficient greater than 0.25 are shown with exception of the path from meteorological factors to algae in ( b ) and ( d ). Solid and dashed lines represent pos- 

itive and negative effects, respectively. Red lines represent significant paths ( P < 0.10). The thickness of the line represents the absolute value of the path coefficients. The 

goodness-of-fit index for ( a ) - ( d ) are 0.649, 0.660, 0.669 and 0.605, respectively. All data are log-transformed except pH and multi-nutrient cycling index. Meteo, meteorolog- 

ical factors; Env, physicochemical factors; Mass, the mass of particulate organic matter; Stoichio, stoichiometry of particulate organic matter. 
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 direct and significant effect on the multi-nutrient cycling index 

 Fig. 5 ). 

. Discussion 

.1. The prolonged response of deep waters to typhoon events 

Although previous studies have shown distinct responses of 

lankton communities and ecosystem metabolism to artificial mix- 

ng disturbances between upper and deep waters ( Shade et al., 

011 , 2012 ; Giling et al., 2017 ), the response of these waters to ty-

hoon events is poorly understood, especially for the deep reser- 

oirs ( > 30 m). We found that nutrients and POM exhibited a 

ore prolonged response to typhoon events in the bottom than 

n the surface and middle waters of the reservoir we studied. Fur- 

hermore, the events were accompanied by strong mixing distur- 

ance that deepened the thermocline and the hypoxic boundary. 

he thermocline re-established one day after the typhoons, which 

as faster than typically found in artificial mixing experiments 

 Shade et al., 2012 ; Giling et al., 2017 ). Unlike the artificial mixing

isturbances, typhoons typically bring large amounts of dissolved 

nd particulate nutrients into aquatic ecosystems through runoff

 Paerl et al., 2006 ; Tseng et al., 2010 ; Johnson et al., 2018 ). The C:N

nd δ13 C values of the pico- and net-POM in the bottom and mid- 

le waters, respectively, were similar to those of terrestrial organic 

atter (TOM) after typhoon events, indicating input and decom- 

osition of TOM in deep waters (Fig. S8). Similarly, we found de- 

leted δ15 N values of the pico- and nano-POM following typhoon 
7 
vents, suggesting that 15 N-depleted TOM contributed to the ni- 

rogen cycling processes in bottom waters. Further, the significant 

orrelation between δ15 N and nutrient cycling provided evidence 

f a distinct nitrogen cycling following typhoon events in deep wa- 

ers. The decomposition and nitrogen cycling processes are typi- 

ally controlled by the input of terrestrial organic matter and the 

icrobial communities ( Gu, 2009 ). 

Particulate organic matter sinking from the surface to bottom 

aters is another important contributor to the biogeochemical pro- 

esses of deep waters ( Paerl et al., 2006 ; Schlesinger and Bern- 

ardt, 2013 ). Although the algal abundance did not change and re- 

ained low in the bottom waters after typhoon events, the con- 

entration and mass of POM (algae and dead organic matter) in 

he bottom waters increased steeply after the typhoons, most no- 

able in 2016 (Fig. S3; Fig. S4), indicating that most of the algae 

n the bottom waters were senescent, being undetected in the aut- 

fluorescence based chlorophyll- a measurement. Further, sediment 

esuspension might contribute to the increase in POM and thus the 

utrient cycling in bottom waters, especially immediately after the 

trong typhoon. If sediment resuspension was the main contrib- 

tor to the increase in the POM concentration of bottom waters, 

he concentration and mass of POM should have been higher in 

he bottom than in the middle waters. However, we found that 

he concentration and mass of POM were higher in the middle 

han bottom waters during the first 10 days after typhoons Meranti 

nd Megi in 2016 (Fig. S3; Fig. S4), indicating that the contribution 

f sediment resuspension was less than particle sinking already 3 

ays after the typhoons. This is further supported by the fact that 
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i

he concentration and mass of POM increased steeply immediately 

fter the typhoons and then recovered to the pre-disturbance level 

gain within the first month after the typhoons in the middle wa- 

ers, concurrent with an accumulation and a prolonged increase 

n chlorophyll- a and the mass of POM in the bottom waters (Fig. 

2; Fig. S4). Moreover, our random forest regression ( Fig. 4 ) and 

nal partial least squares path models ( Fig. 5 ) indicated the algae 

i.e., chlorophyll- a and F v /F m 

) played a key role in the particulate

rganic matter dynamics and nutrient cycling in the middle and 

ottom waters. Therefore, we assume that typhoon-driven distur- 

ance contributed substantially to the biogeochemical processes of 

eep waters through increased algae sinking. Overall, the increased 

rganic matter input, algae sinking and subsequent decomposition 

ay explain the steep accumulation of nutrients (e.g., carbon, ni- 

rogen and phosphorus) and prolonged response of the bottom wa- 

er ecosystem to the typhoon-induced disturbances. 

.2. Small-sized POM is a key nutrient cycling indicator in bottom 

aters 

Our result indicated that small-sized or pico-sized POM (i.e., 

.2–3 μm) was a key indicator of the nutrient cycling in bot- 

om waters. Many studies, mostly focusing on specific taxonomic 

roups, have shown large variations in plankton communities fol- 

owing typhoons in subtropical lakes and reservoirs ( Jones et al., 

008 ; Tseng et al., 2013 ; Ko et al., 2017 ; Stockwell et al., 2020 ).

owever, the response of different taxonomic groups to typhoon 

vents can vary with size and chemical composition (e.g., C:N ra- 

io) ( Johnson et al., 2018 ). Here, we assessed the key drivers of

utrient cycling along the water column using different POM size 

lasses covering the entire size spectrum of the taxonomic groups 

f microbial plankton. We found a steep increase in mass and par- 

iculate organic carbon, nitrogen and phosphorus of pico-POM in 

he bottom waters after the typhoons. This was consistent with 

he 15 N-depleted POM and a steep increase of NH 4 -N concentra- 

ions after typhoons, which may reflect a higher release rate of 
5 N-depleted NH 4 -N from the TOM and the uptake by the small- 

ized POM. Supporting this view, Shade et al. (2012) reported an 

ncreasing activity of bacteria in deep waters after an artificial mix- 

ng disturbance. Although the community structure can recover 

fter typhoon-induced disturbances ( Jones et al., 2008 ; Ji et al., 

018 ), the microbially mediated nutrient cycling processes showed 

 prolonged response to typhoon events in our study reservoir. 

urthermore, the bacteria and microalgae have been shown to ac- 

umulate polyphosphate by the luxury uptake of phosphorus in 

aters ( Khoshmanesh et al., 2002 ; Powell et al., 2009 ). This can

xplain the accumulation of total phosphorus and the particulate 

rganic phosphorus in pico-POM but not phosphate, especially in 

eep waters after typhoons. The ecological consequences of ty- 

hoon events in deep lakes/reservoirs have been increasingly stud- 

ed, not least through artificial mixing experiments ( Shade et al., 

012 ; Giling et al., 2017 ). However, natural typhoon-driven distur- 

ances have more complicated ecological consequences compared 

ith artificial mixing disturbances and particulate organic matter 

f different sizes should be considered when elucidating the path- 

ays and key drivers of the nutrient cycling in deep waters affect- 

ng the ecosystem functioning in a changing environment. 

The C:N ratio is a key indicator of the bottom-up energy-matter 

ransfer efficiency ( Sardans et al., 2012 ). However, the increased 

rganic matter input and decomposition promoted by typhoons 

ay cause large variations in elemental concentrations and the 

:N ratio of POM in freshwater ecosystems ( Paerl et al., 2006 ; 

terner et al., 2007 ; Sardans et al., 2012 ; Johnson et al., 2018 ). We

ound a high C:N ratio of pico-POM in the bottom waters after 

yphoon events. The typhoon-driven increase in the C:N ratio of 

ico-POM may reduce the energy transfer efficiency across trophic 
8 
evels and accelerate the heterotrophic decomposition in deep wa- 

ers. This may increase the decomposition processes and organic 

atter mineralization and thus augment NH 4 -N concentration in 

eep waters ( Schlesinger and Bernhardt, 2013 ; Chen et al., 2020 ). 

.3. Implications for water resource management and conservation 

Typhoons can facilitate nutrient cycling and accumulation in 

eep waters, thereby increasing the risk of eutrophication and 

yanobacterial dominance of the drinking water reservoir and 

ownstream waters ( Stockwell et al., 2020 ). The steep and pro- 

onged increases of total nitrogen, ammonium nitrogen and total 

hosphorus in the bottom waters of the deep reservoir after ty- 

hoons could increase the risk of the eutrophication development 

nd cyanobacterial dominance when these nutrients eventually 

each the surface waters after mixing disturbances. The typhoon- 

riven higher release rate of NH 4 -N along with depletion in oxygen 

ue to the mineralization may promote the release of phospho- 

us by stimulating alkaline phosphatase activity ( Ma et al., 2018 ). 

e did find an increased algal abundance in surface waters af- 

er the typhoons, although there was no significant increase in 

he chlorophyll- a concentration, likely reflecting that algal groups 

iffer in chlorophyll- a quantities per cell ( Canfield et al., 2019 ). 

he cyanobacteria can be fueled by ammonium in the surface wa- 

er and recovered quickly after typhoon ( Chen et al., 2018 ), and 

he algae sinking, in turn, acts as important source for nutrient 

ccumulation in the deep waters. Thus, the increased typhoon- 

riven organic matter input and nutrient cycling in the bottom 

aters potentially drive harmful algal blooms in deep reservoirs 

 Maavara et al., 2020 ), and increase export of the bioavailable nu- 

rients to downstream waters ( Chen et al., 2020 ) and cause seri- 

us water quality problems. In this study, we focus on the short- 

erm effect of typhoon, but longer-term high-resolution sampling 

s needed to gain a better understanding of the differential effect 

f different typhoons and potential carry-over effect from one ty- 

hoon to the next. 

. Conclusions 

This study evaluated the ecological consequences of typhoon 

vents by combining stable isotope and stoichiometry analyses 

ith a multi-nutrient cycling index in a subtropical deep reservoir. 

e found a more prolonged response of nutrients and POM in the 

ottom than in the surface and middle waters following typhoon 

vents. The connectivity between surface and deep waters through 

inking algae could partially explain the prolonged responses of 

OM and nutrients in the bottom waters. The increased C:N ra- 

io of small-sized or pico-sized POM (i.e., 0.2–3 μm) driven by ty- 

hoons may have inhibited the bottom-up energy-matter transfer 

fficiency and accelerated the heterotrophic decomposition in deep 

aters. The pico-POM was a key contributor to the enhanced nu- 

rient cycling in deep waters. The organic matter input, algae sink- 

ng and heterotrophic bacteria interacted with each other to cause 

he steep and prolonged increases of total nitrogen, ammonium ni- 

rogen and total phosphorus in the bottom waters of the reser- 

oir. The increasing intensity of typhoons might increase the risk 

f eutrophication and cyanobacterial blooms in a future warmer 

limate. 
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