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Abstract
1. Tropical cyclones (TCs), as natural extreme weather events, alter plankton and 

hydrological environments, affecting the stability of biological processes in fresh-
water ecosystems, and such TC effects vary with water depths. Previous studies 
have found increased phytoplankton biomass resulting from TC effects has been 
observed, leading to potential strong grazing of zooplankton and enhanced plank-
ton trophic-level relationships. However, this remains understudied, particularly 
under in situ conditions.

2. Using a zooplankton to phytoplankton (ZB/PB) ratio to represent the plankton 
trophic-level relationship, we estimated the ZB/PB ratios at various depth inter-
vals, including surface (2 m depth) and euphotic (depths between 0 and 20 m) 
depths and depth layer 0–50 m (depths between 0 and 50 m), in a subtropical 
deep oligotrophic freshwater ecosystem from 2012 to 2015 to understand how 
TC effects would influence changes in the ZB/PB ratio variations.

3. TCs affected the surface and euphotic ZB/PB ratios but not those at the depth 
layer 0–50 m. The TC durations had an initially negative and then positive impact 
on the surface ZB/PB ratio, indicating that slow-moving TCs might restructure 
surface plankton trophic-level relationships. The water temperature and nutrient 
dynamics during the TC weeks showed the highest correlations with the ZB/PB 
ratios at the surface and euphotic depths. The combined environmental effects 
influenced the ZB/PB ratios at the surface and euphotic depths during the TC 
weeks, with 65.1% and 72.2% of the total variations explained in the multivariate 
regressions, respectively.

4. There were greater impacts of TCs in shallow water (surface and euphotic depth) 
than in deep water. Aquatic food chains may be unexpectedly vulnerable to natu-
ral extreme weather events, such as TCs, and continuous assessments of food 
chain dynamics are necessary to better manage potential risks from natural ex-
treme weather events in freshwater ecosystems.

K E Y W O R D S
aquatic food chain, biomass ratio, energy transfer efficiency, plankton, trophic-level 
relationship, tropical cyclone

www.wileyonlinelibrary.com/journal/fwb
https://orcid.org/0000-0001-5935-7272
mailto:
mailto:
https://orcid.org/0000-0002-2658-2999
mailto:cyko235@ntu.edu.tw
mailto:fshiah@gate.sinica.edu.tw
http://crossmark.crossref.org/dialog/?doi=10.1111%2Ffwb.14199&domain=pdf&date_stamp=2023-12-09


    |  181dela PAZ et al.

1  |  INTRODUC TION

Given that natural extreme weather events (large-scale and peri-
odic abiotic disturbances) usually strongly impact species com-
position, ecological relationships, and resource use, an increasing 
number of studies have demonstrated their critical role in shaping 
ecosystem structure and dynamics (Chesson et al., 2004; Miriti 
et al., 2007; Paine & Trimble, 2004; Parmesan et al., 2020; Thibault 
& Brown, 2008). In terrestrial environments, phenology and veg-
etation structure were found to vary or lengthen due to extreme 
weather events (Allen & Breshears, 1998; Holmgren et al., 2001; 
Parmesan et al., 2020), whereas water quality, nutrient cycling, and 
population and community processes changed when experiencing 
weather perturbations in aquatic ecosystems (Lin et al., 2020; Lipp 
et al., 2001). Tropical cyclones (TCs), formed as a result of rising 
warm air buildup from ocean surface, can be regarded as natural 
extreme weather events and have been known to influence or-
ganisms and environments at different levels depending on their 
strength and passing tracks (Chen et al., 2020; Huang et al., 2022). 
TCs are additionally projected to increase in frequency and inten-
sity, carry more rain, and become more widely distributed under 
climate change (Kossin, 2018; Lin et al., 2020; Mei et al., 2015; Ying 
et al., 2012).

As freshwater ecosystems are uniquely relatively isolated and 
physically fragmented within terrestrial landscapes but heavily 
exploited by humans, they are particularly vulnerable to TCs. The 
influences of TCs on organisms' biological processes, structure, 
and spatial distributions, as well as food web dynamics in the 
systems, are widely observed (Baek et al., 2020; Ko et al., 2016; 
Kossin, 2018; Stockwell et al., 2020; Vecchi & Soden, 2007; Ying 
et al., 2012). For example, phytoplankton responses to increased 
nutrient supplies during TC periods are widely observed compared 
with non-TC periods, despite TC passages in summer and autumn 
affecting phytoplankton dynamics differently (Ko et al., 2016, 
2017; Zhao et al., 2008). After TCs, large amounts of dissolved 
nutrients frequently occur due to runoff and hydrological alter-
ation, e.g., currents and upward mixing, are induced, which prob-
ably limit phytoplankton growth (Baleani et al., 2021; Havens 
et al., 2011; Jiang et al., 2022; Stockwell et al., 2020). Moreover, 
TCs show significant associations with gelatinous and carnivorous 
zooplankton at varying time intervals (López-López et al., 2012), 
but an understanding of how they affect a planktonic food chain is 
lacking because of limited plankton indices derived from a single 
trophic level, e.g., focusing merely on phytoplankton or zooplank-
ton (Chai et al., 2021; Ko et al., 2016; López-López et al., 2012). 
Given that zooplankton feeding on phytoplankton plays a key 
role in energy transfer, TC effects on multiple aquatic species 
and trophic-level relationships must be further explored (Bode 
et al., 2018; Havens et al., 2011; Hunt et al., 2017). In addition, ev-
idences have shown that TCs can affect aquatic ecosystems and 
their constituent species through their related attributes, such as 
lengths of stay and disturbance strength (Ko et al., 2016; Zhao 
et al., 2008, 2015). The responses to these TC-related attributes 

determine if the plankton community structure is stable to main 
its normal state or deviate from it, also reflecting resilience and 
resistance of an ecosystem to weather events (Byrnes et al., 2011; 
Chang et al., 2018).

The plankton trophic-level relationship, which can be simply ex-
pressed by a biomass ratio of zooplankton to phytoplankton, reflects 
a series of efficiencies in organism metabolism and trophic transfer-
ring, and usually varies with environmental changes and trophic sta-
tus (Armengol et al., 2019; Calbet et al., 2014; Hessen et al., 2006). 
A high nutrient supply in eutrophic waters has influenced growth 
of inedible, large phytoplankton and has negatively affected the 
energy transfer from phytoplankton to upper trophic levels, weak-
ening the plankton trophic-level relationships (Atkinson et al., 2020; 
Hart, 2011; Hoover et al., 2006; Irigoien et al., 2005). In contrast, 
oligotrophic waters have a highly varied biomass ratio of zooplank-
ton to phytoplankton, which can be attributed to changes in plank-
ton elements (e.g., carbon and nitrogen), biochemical compositions, 
and community structure (Billen et al., 1990; Calbet & Landry, 1999; 
Karpowicz et al., 2021; Yuan & Pollard, 2018). Water acidification 
also stimulates changes in phytoplankton's essential biomolecules 
and declines in plankton trophic-level relationships (Bermúdez 
et al., 2016; Cripps et al., 2016; Havens, 1992). Therefore, under-
standing trophic status has become increasingly essential to re-
veal carbon mass distributions and food chain dynamics in aquatic 
ecosystems (Barneche et al., 2021; Dalgren et al., 2010; Hessen 
et al., 2003).

The goal of this study was to investigate TC effects on the plank-
ton trophic-level relationships at various depths in a subtropical 
deep oligotrophic freshwater ecosystem and to reveal environmen-
tal factors that influenced changes. Considering that phytoplankton 
often dominate within the euphotic layer due to light limitation, 
and zooplankton perform diel vertical migration and are more dis-
tributed along the water column than phytoplankton (Behrenfeld 
& Falkowski, 1997; Johnsen & Jakobsen, 1987; Leibold, 1990; 
Yacobi, 2006), we first hypothesised that different plankton tro-
phic-level relationships would be observed at different depths. 
Because phytoplankton biomass was enhanced after TCs, poten-
tially accompanied by a substantial increase in zooplankton grazing, 
we then hypothesised that TCs would highly stimulate effects on 
the plankton trophic-level relationships (Ko et al., 2016). A detailed 
understanding of TC effects on plankton trophic-level relationships 
and environmental factors across multiple water depths is funda-
mental for conserving freshwater ecosystems during future extreme 
weather events.

2  |  MATERIAL S AND METHODS

2.1  |  Study area and sampling

Fei-Tsui Reservoir (FTR), with a catchment area of approximately 
303 km2, is a semi-enclosed oligotrophic protected catchment in 
northern Taiwan, and its dam has maximum depths of approximately 
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90–120 m (Figure 1; Chow et al., 2017). FTR is mostly surrounded by 
a secondary subtropical forest and tea plantation along the moun-
tain slope (Chow et al., 2017; Ko et al., 2016). The main FTR water 
input comes from the Beishi River, and the outflow goes to two 
tributaries, the Nanshi and Xindian rivers (Jurikova et al., 2016; Tung 
et al., 2006).

Sampling was before noon, and water samples were generally 
collected biweekly at the dam site from January 2012 to December 
2015, except monthly sampling in April 2012, May 2013, October 
2013, April 2014, and April 2015, and weekly sampling from July 
2012 to September 2012 and July 2014. The water samples were 
taken from 10 depth levels, i.e., from surface down to the near bot-
tom (0, 2, 5, 10, 15, 20, 30, 50, 70, and 90 m), using 5-L Go bottles 
(General Oceanics). Chemical and physical properties of the water 
column, including temperature, conductivity, depth, and pH, were 
measured using multiparameter sensor equipment (CTD, Idronaut), 
which was deployed in a free-fall collecting data file from the maxi-
mum depth up to the surface.

Zooplankton samples (1 L) were collected from 0 to 50 m depth 
using a 50-μm Norpac net with a net mouth radius of 0.225 m and 
an attached flowmeter (HYDRO-BIOS) to record the water vol-
ume passing through the net. Previous observations have indi-
cated a low zooplankton density below a depth of 50 m, and an 
approximately 53% net hauling filtration efficiency has been esti-
mated for the proportion of water passing through the net (Chang 
et al., 2014).

2.2  |  Laboratory measurements and processing

The chlorophyll-a (Chl-a) concentration was used to represent phy-
toplankton biomass (PB), while nutrient concentrations, including 
NO2

− NO3
− and PO4

3− concentrations, were analysed to determine 
the resources availability for phytoplankton growth in this study. 
The water samples were filtered through Whatman GF/F glass 

microfiber filters (0.7 μm pore size, Whatman, GE Healthcare Life 
Sciences). The Chl-a concentration was then extracted using ace-
tone and quantified by an in vitro fluorometer (TD-700 Laboratory 
Fluorometer, Turner Designs; Parsons et al., 1984). The PB was fi-
nally determined by multiplying the Chl-a concentration with a car-
bon conversion factor of 58 g C/g Chl-a (Eppley et al., 1992). The 
nutrient concentrations were measured and corrected using a fabri-
cated flow injection analysis with a cadmium–copper column mate-
rial, with detection limits of 0.05, 0.05, and 0.03 μM for NO2

−, NO3
−, 

and PO4
3− concentrations, respectively (Parsons et al., 1984).

Zooplankton biomass (ZB), representing zooplankton standing 
stocks governing the accumulation of biomass (Gonçalves et al., 2015; 
Guerrero & Rodríguez, 1997; Uye et al., 1998), was measured by di-
rect estimation of organic carbon mass using taxon-specific dry 
weight. Each zooplankton sample was subjected to two subsamples, 
condensed to 120 ml with a CO2 effervescing fixative agent, stored 
at 4°C for 1 hr, and preserved with a 2% formalin solution. We ob-
served 300 zooplankton individuals per subsample using a stereomi-
croscope (Olympus SZX16 AnalSIS®) with an attached microscope 
charge-coupled device camera (OlympusDP71). Rotifera, Cladocera, 
and Copepoda had been observed to dominate zooplankton compo-
sitions in the FTR (Ho et al., 2016). Rotifera was identified using tax-
onomic keys by Li (2005) and Wang (1961). Cladocera were identified 
using keys from Chiang and Du (1979), Korovchinsky (2000), and Tuo 
and Young (2011, 2002). Copepoda were identified using a key by 
Shen et al. (1979). A CCD imaging system was then used to measure 
the length and width of Rotifera, the length of Cladocera, and the 
prosomal and urosomal length of Copepoda. To obtain taxon-spe-
cific dry weight, we converted the length and width of rotifer spe-
cies to wet weight and then dry weight (Andersen & Hessen, 1991; 
Ejsmont-Karabin, 1998; Pace & Orcutt, 1981; Pauli, 1989; Ruttner-
Kolisko, 1977), while the lengths of Cladocera and Copepoda were 
converted to dry weight (Andersen & Hessen, 1991; Bottrell, 1976; 
de Azevedo et al., 2012; Dumont et al., 1975; Michaloudi, 2005). The 
dry weights of individual taxa were converted to organic carbon of 
0.48, and the ZB was finally counted after accumulating biomass 
from all taxa (Andersen & Hessen, 1991).

2.3  |  Tropical cyclone-related attributes

To better quantify TC effects on the FTR, only the TCs with their 
centres hitting Taiwan's offshores were considered. The TC records 
from 2012 to 2015 were obtained from Ventusky meteorological 
data (https:// www. ventu sky. com) provided by the Der Deutscher 
Wetterdienst under Germany's National Meteorological Service 
and the National Oceanic and Atmospheric Administration, USA, 
and the individual lengths of TC stays were calculated sepa-
rately. The minimum centre pressures and maximum sustained 
wind speeds of individual TCs were acquired from the Japan 
Meteorological Agency (https:// www. jma. go. jp). We defined a TC 
week if the sampling was within 7 days after the TC hit the study 
area because TC delay effects on plankton had been recognised 

F I G U R E  1  Map of the Fei-Tsui Reservoir in northern Taiwan. 
The dam site with a field photo is indicated by the red mark. The 
map was generated from R version 4.1.1 and GIMP 2.10 software.
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and were usually accompanied by a weekly time-lag nutrient sup-
ply by the TC (Arteaga et al., 2020; Collos, 1986). Precipitation 
was acquired from the Central Meteorological Bureau Weather 
Warning List by the Central Weather Bureau (https:// www. cwb. 
gov. tw), and accumulated precipitation throughout the sampling 
of the TC week, i.e., 7 days before the sampling day, was used for 
further analyses. The combination of wind speeds and accumulated 
precipitation was then calculated for the TC disturbance ranking 
(Ko et al., 2016):

2.4  |  Data analyses

Except for values at the surface (2 m) depth, a trapezoidal rule was 
used to calculate specific depth-averaged values (i.e., 0–20 and 
0–50 m), including environments of the water column, PB, and nutri-
ent concentrations, to consistently compare changes across depths 
(Hornbeck, 1975). The trophic-level relationship in this study was 
represented as the ratio of zooplankton biomass to phytoplankton 
biomass (ZB/PB). Student t test was used to identify changes in 
PB, ZB, and ZB/PB between the TC and non-TC weeks at differ-
ent depths. Relationships between PB and ZB were estimated using 
log-log simple linear regressions considering all data or excluding 
outliers. A z score of ±1.65 on the basis of a 90% confidence inter-
val was used to identify outliers.

The Shapiro–Wilko normality and Levene tests were first used 
to assess the normality and equality of variances of all environ-
mental factors, respectively (Table S1). The autocorrelations of 
environmental factors either during the TC weeks or during the 
non-TC weeks were then examined, and only the environmental 
factors with correlation coefficients less than 0.6 were selected 
for further analyses (Tables S2 and S3). To examine relationships 
between the ZB/PB ratios and TC-related attributes, Spearman 
correlations or polynomial regressions were used. Spearman cor-
relations were additionally used to examine relationships between 
the ZB/PB ratios and individual environmental factors during 
the TC weeks. Multivariate regressions with stepwise backward 
elimination were developed to investigate combined effects of 
environmental factors on the ZB/PB ratios at different depths 
during both TC and non-TC weeks. All statistical analyses in this 
study were performed using R version 4.1.1 (R Development Core 
Team, 2021).

3  |  RESULTS

3.1  |  Responses of ZB/PB ratios to TCs

A total of 21 TCs, including eight regarded as intense, seven as mod-
erate, and six as minor, affected the FTR and northern Taiwan from 
2012 to 2015, with TCs staying from 1 to 5 days and accumulated 

precipitation up to 388.6 mm (Table 1). TC Tembin unusually ap-
proached twice and was classified separately in this study. The 
TC weeks mostly occurred in specific months, including warmer 
months from June to August and cooler months from September to 
November. TC Saola in 2012 had the longest length of stay and the 
greatest disturbance ranking, while TC Hagibis in 2014 and Soudelor 
in 2015 had the strongest minimum centre pressure and maximum 
sustained wind speed and accumulated precipitation during the TC 
weeks, respectively.

When considering individual indices of PB at varying depths 
and ZB at the depth layer 0–50 m, different responses to TCs were 
observed (Figure 2). Both surface (2 m) and euphotic (0–20 m) PB 
increased during the TC weeks, but only the surface PB showed sig-
nificance (p < 0.05). In contrast, both PB and ZB at the depth layer 
0–50 m were slightly higher during the non-TC weeks than during the 
TC weeks, but no significant changes were detected (both p > 0.05). 
These results not only indicated that the PB near the surface might 
be more affected by TCs than that at deeper depths but also implied 
that using a single index or considering changes at one depth in the 
water column might cause limited understandings when estimating 
TC effects on plankton.

When further considering synergistic relationships between PB 
and ZB, the TC effects on the ZB/PB ratios varied largely at different 
depths, and the ZB/PB ratios showed significant decreases, particu-
larly at the surface and euphotic depths, during the TC weeks (both 
p < 0.05, Figure 3). During the TC weeks, the ZB/PB ratios ranged 
from 0.03% to 1.62% at the surface depth, from 0.07% to 1.78% at 
the euphotic depth, and from 7.6% to 187.11% at the depth layer 
0–50 m, whereas during the non-TC weeks, the ZB/PB ratio varied 
from 0.03% to 10.51% at the surface depth, from 0.03% to 9.44% at 
the euphotic depth, and from 2.98% to 800.06% at the depth layer 
0–50 m. These results indicated that TCs could highly affect the ZB/
PB ratios in the FTR by promoting phytoplankton growth, especially 
in the upper water column, and lead to low ZB/PB ratios. Notably, 
such decreased ZB/PB ratios during the TC weeks existed with dif-
ferent underlying mechanisms. With increasing PB, ZB decreased at 
the surface depth but increased at the euphotic and deep depths, al-
though in situ observations in this study exhibited limited statistical 
significance (Figure 4). To better explore TC effects on the plankton 
trophic-level relationships, the surface and euphotic ZB/PB ratios 
were used in the following analyses.

3.2  |  Influences of TC-related attributes on 
ZB/PB ratios

We found that limited TC-related attributes had relationships with 
the ZB/PB ratios at different depths (Figure 5). The disturbance 
ranking of TCs was not correlated with the ZB/PB ratios at either 
surface or euphotic depth (both p > 0.05). A short and moderate TC 
stay, i.e., 1–3 days, was associated with a declining surface ZB/PB 
ratio, and a long length of TC stay increased the surface ZB/PB ra-
tios (p = 0.02), but no such significant pattern was observed for the 

Disturbance ranking =
(10 × Accumulated precipitation during the TCweek)

Maximum sustainedwind speed
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euphotic ZB/PB ratios (p > 0.05). The results suggested that the TC-
related attributes might have greater influences on the surface than 
on the euphotic ZB/PB ratios.

3.3  |  Influences of environmental factors on 
ZB/PB ratios

The surface water temperature and/or nutrient dynamics during the 
TC weeks showed the highest correlations with the ZB/PB ratios at 
the surface and euphotic depths (Table 2). During the TC weeks, the 
surface ZB/PB ratios were significantly positively correlated with 
surface water temperature (ρ = 0.49, p = 0.02) and NO2

− concen-
tration (ρ = 0.66, p = 0.001), while the euphotic ZB/PB ratios were 
significantly positively correlated with the euphotic depth-averaged 
NO2

− concentration (ρ = 0.61, p = 0.003). The different combined 
environmental effects affected the ZB/PB ratios at the surface and 
euphotic depths during the TC weeks (Table 3). The surface ZB/
PB ratios increased when a TC rapidly moved, i.e., a short stay, the 
surface euphotic depth-averaged NO2

− concentrations increased, 
and the 0–90 m depth-averaged NO3

− concentration decreased. 

However, the euphotic ZB/PB ratios were enhanced when there 
were increased euphotic depth-averaged NO2

− concentrations and 
decreased 0–90 m depth-averaged NO3

− concentrations. The above 
final models, based on multivariate regressions with stepwise back-
ward selection, explained 65.1% and 72.2% of the total variations in 
the surface and euphotic ZB/PB ratios, respectively. Unlike the high 
explanatory power of environmental factors during the TC weeks, 
combined environmental effects on the ZB/PB ratios merely ex-
plained 13.1% and 11.5% of the total variations at the surface and 
euphotic depths, respectively, during the non-TC weeks (Table 4). 
This revealed that stronger plankton trophic-level relationships were 
prompted during the TC weeks than during the non-TC weeks, and 
TCs could significantly enhance plankton trophic-level relationships 
through altering environmental conditions in the subtropical oligo-
trophic freshwater ecosystem, such as the FTR.

4  |  DISCUSSION

We showed that the impacts of TCs on the plankton trophic-level 
relationships in deep subtropical oligotrophic freshwater varied 

TA B L E  1  List of tropical cyclones (TCs) that hit northern Taiwan from 2012 to 2015.

Year Name Length of stay (day)
Minimum centre 
pressure (hPa)

Maximum sustained 
wind speed (m/s)

Intensity 
gradea

Accumulated precipitation 
during the TC week (mm)

Disturbance 
ranking

2012 Talim 3 (19–21 June) 985 26.7 Minor 84 31

Doksuri 2 (28–29 June) 992 20.1 Minor 4.4 2

Saola 5 (30 July 3 August) 960 37.9 Moderate 344.6 91

Haikui 2 (6–7 August) 965 33.5 Moderate 117.3 35

Kai-Tak 2 (14–15 August) 970 33.5 Minor 30.8 9

Tembin 5 (21–25 August) 945 45 Moderate 130 29

Tembin 3 (27–28 August) 965 35 Moderate 93.8 27

Jelawat 2 (27–28 
September)

910 55.9 Intense 19.5 3

2013 Soulik 2 (12–13 July) 925 51.4 Intense 103.5 20

Usagi 2 (21–23 
September)

910 55.9 Intense 69.7 12

Fitow 2 (5–6 October) 960 37.9 Moderate 79.5 21

Krosa 3 (1–3 November) 970 37.9 Moderate 9.5 3

2014 Hagibis 3 (13–15 June) 996 20.1 Minor 45.7 23

Matmo 2 (22–23 July) 965 35.8 Moderate 130.1 36

Fung-
wong

3 (20–22 
September)

985 22.4 Minor 193.5 86

2015 Noul 1 (11 May) 920 55.9 Intense 62.8 11

Linfa 2 (10–11 July) 980 26.8 Minor 105.6 39

Soudelor 2 (7–8 August) 900 58 Intense 388.6 67

Goni 2 (22–23 August) 930 51.4 Intense 212.5 41

Dujuan 3 (27–29 
September)

925 55.9 Intense 287.7 51

Koppu 3 (19–21 October) 925 51.4 Intense 24.6 5

aThe intensity grade was defined based on the maximum sustained wind speed near the centre: minor, <32.7 m/s; moderate, 32.7–50.9 m/s; intense, 
>50.9 m/s.
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among different depths that were differently driven by TC distur-
bance mechanisms and TC-related environments. Despite aquatic 
systems and depths being demonstrated their responses after TCs 
in many previous studies (Chai et al., 2021; Hoover et al., 2006; Ko 
et al., 2016), our results clearly provided such responses in certain 
depths in water column, e.g., significantly high ZB/PB ratios at the 
surface (2 m) and euphotic (0–20 m) depths but not at the depth 
layer 0–50 m. The TC-induced disturbance created depth-depend-
ent environments for phytoplankton growth, leading to low PB re-
sponses and limited trophic-level relationships in deep water layers. 
Therefore, depth should not be ignored when analysing potential 

TC effects on biological processes in aquatic ecosystems. In addi-
tion, compared to the plankton trophic-level relationships, individual 
trophic indices, such as PB and ZB, showed poor responses to TCs 
throughout the water column except values at the surface depth, 
showing that caution is needed because of the limitations of using 
indices of individual trophic levels to investigate the TC effects on 
aquatic food chains. Our results also indicated that the TC-related 
attributes, particularly the TC duration, had a stronger effect on the 
plankton trophic-level relationships at the surface depth than that at 
the deeper depths, and the plankton trophic-level relationships were 
highly correlated with environmental factors both at the surface 

F I G U R E  2  Monthly patterns and averages (±SD) of (a) phytoplankton biomass (PB) at a surface depth of 2 m, and depth-averaged PB at 
(b) euphotic depths of 0–20 m and (c) a depth layer 0–50 m, and (d) depth-averaged zooplankton biomass (ZB) at a depth layer 0–50 m in the 
Fei-Tsui Reservoir from 2012 to 2015. Each bar represents individual sampling. Different bar colours indicate disturbance ranking of tropical 
cyclones (TCs). p values estimated by Student t test are shown.
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and euphotic depths wherein nutrients were important for ZB/PB 
ratio dynamics during the TC weeks. Considering ongoing changes 
in TC frequency and strength under climate change, exploring how 
TCs would affect variance of plankton trophic-level relationships 
in freshwater ecosystems becomes increasingly important and re-
quires more understandings (Hessen et al., 2003).

Plankton often play a central role in maintain strong trophic 
links in aquatic ecosystems, both as links between primary-pro-
ducing phytoplankton and zooplankton and as important car-
bon transfer target, but more and more studies have shown that 
TCs have potentials to change these links, particularly TCs with 
long stays (Armengol et al., 2019; Barneche et al., 2021; Calbet 
et al., 2014; Cripps et al., 2016; Hoover et al., 2006; Ko et al., 2016, 
2017; Zhao et al., 2008). For example, the strong TC disturbance 
decreased Chl-a concentrations but moderate TC disturbance 
highly favoured autotrophs' growth in the northern Taiwan (Ko 
et al., 2016, 2017). The weak, slow-moving TCs promoted phyto-
plankton blooms over a large area in the South China Sea (Zhao 

et al., 2008). After a strong TC passed, nutrient-rich runoff rapidly 
affected dynamics of phytoplankton and zooplankton population 
and structure by changing grazing pressure in southern Kaneohe 
Bay, Hawaii (Hoover et al., 2006). Notably, in this study, a moder-
ate TC duration significantly weakened the plankton trophic-level 
relationships at the surface depth, which might pose challenges 
for plankton to recover quickly. We thus speculated that the weak 
associations between plankton trophic-level relationships and TC 
disturbance ranking in this study might be additionally caused 
by orographic effects, which mountain slopes that surround 
the FTR might modulate TC effects on the reservoir catchment 
(Lentink et al., 2018; Minamide & Yoshimura, 2014; Whitford & 
Duval, 2020). Moreover, TCs can promote trophic-level relation-
ships both through bottom-up and top-down controls in plank-
ton communities (Byrnes et al., 2011; Chen et al., 2020; Hoover 
et al., 2006). Given the increased phytoplankton density observed 
during TC weeks, substantial bottom-up control might exist in the 
FTR system.

F I G U R E  3  Monthly patterns and averages (±SD) for ratios of zooplankton biomass to phytoplankton biomass (ZB/PB) (a) at a surface 
depth of 2 m, (b) euphotic depths of 0–20 m, and (c) at a depth layer 0–50 m in the Fei-Tsui Reservoir from 2012 to 2015. Except for the 
PB values at the depth of 2 m, other PB and ZB values are depth-averaged. Each bar represents individual sampling. Different bar colours 
indicate disturbance ranking of tropical cyclones (TCs). p values estimated by Student t test are shown.
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F I G U R E  4  Relationships between phytoplankton biomass (PB), depth-averaged PB and zooplankton biomass (ZB) at surface (a depth 
of 2 m) and euphotic (depths between 0 and 20 m) depths, and a depth layer 0–50 m in the Fei-Tsui Reservoir during tropical cyclone (TC) 
weeks (a–c) and non-TC weeks (d–f). White and black triangles represent outliers during the TC and non-TC weeks, respectively. Black lines 
represent models with all data, while blue lines represent models with data excluding outliers, i.e., data not within a 90% confidence interval. 
The solid line indicates a marginally significant relationship (p = 0.07), while the dashed line indicates no significance (p > 0.05).

F I G U R E  5  Relationships between (a, 
b) disturbance ranking and (c, d) tropical 
cyclone (TC) duration and zooplankton 
biomass to phytoplankton biomass (ZB/
PB) ratios at surface (a depth of 2 m) 
and euphotic (at depths between 0 and 
20 m) depths, respectively, in the Fei-Tsui 
Reservoir from 2012 to 2015. The r2 and p 
values are shown. The solid line indicates 
a significant relationship (p ≤ 0.05), while 
the dashed line indicates no significance 
(p > 0.05).
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Regarding the environmental factors influencing trophic-level 
relationships among phytoplankton, increased NO2

− concentra-
tions during the TC weeks may be essential for shaping plankton 
trophic-level relationships, particularly in semi-enclosed oligotro-
phic freshwater ecosystems. In the FTR, the dynamics of NO2

− 
concentrations were highly positively correlated with plankton 
trophic-level relationships at both surface and euphotic depths 
during the TC weeks. That is, increasing NO2

− concentrations with 
increasingly strong plankton trophic-level relationships. However, 
our results differed for eutrophic lakes with excessive nutrients 
(high NO2

− and NO3
− concentrations) because these usually de-

couple phytoplankton and zooplankton relationships (Calbet 
et al., 2014; Havens et al., 2011; Yuan & Pollard, 2018). Moreover, 
synergic effects of NO2

− concentrations and water temperature 

during the TC weeks can enhance plankton trophic-level relation-
ships and interactively affect phytoplankton in freshwater ecosys-
tems. For example, changes of biomass, production and turnover in 
phytoplankton lead to different relationships between phytoplank-
ton and other organisms (Ko et al., 2016, 2017). In this study, we 
found that there were greater TC influences on the surface (2 m 
depth) plankton trophic-level relationships in warmer environ-
ments (water temperature >28.1°C in July and August in summer) 
than those in cool environments, revealing that the effect of NO2

− 
concentration might increase with temperature. Therefore, when 
TCs occur in tropical and subtropical oligotrophic freshwater eco-
systems in different seasons, nutrient fluctuation and plankton tro-
phic-level relationships may respond differently, which may cause 
unpredictable food-chain consequences and be worth exploring for 

Environmental factors

Surface ZB/PB Euphotic ZB/PB

ρ p ρ p

2 m depth temperature (°C) 0.49 0.02* – –

Euphotic depth-averaged temperature (°C) – – 0.12 0.61

2 m depth NO2
− (μM) 0.66 0.001*** – –

Euphotic depth-averaged NO2
− (μM) – – 0.61 0.003**

0–90 m depth-averaged NO2
− (μM) 0.21 0.36 0.28 0.23

0–90 m depth-averaged NO3
− (μM) −0.38 0.09 −0.34 0.13

2 m depth PO4
3− (μM) 0.15 0.51 – –

Euphotic depth-averaged PO4
3− (μM) – – 0.04 0.85

Note: Asterisks indicate significant p values: a single asterisk (*) for p ≤ 0.05, double asterisks (**) for 
p ≤ 0.01 and triple asterisks (***) for p ≤ 0.001. A hyphen (−) indicates that a particular factor was not 
applicable to the ZB/PB ratio at a specific depth.

TA B L E  2  Correlations between 
environmental factors and ratios of 
phytoplankton biomass (PB) and depth-
averaged zooplankton biomass (ZB) at 
a depth of 2 m, i.e., surface depth, and 
depth-averaged ZB/PB at depths between 
0 and 20 m, i.e., euphotic depth, during the 
weeks when tropical cycles approached 
the study area.

TA B L E  3  Relationships between environmental factors and ratios of phytoplankton biomass (PB) and depth-averaged zooplankton 
biomass (ZB) at a depth of 2 m, i.e., surface depth, and depth-averaged ZB/PB at depths between 0 and 20 m, i.e., euphotic depth, based on 
final models estimated by multivariate regressions with backward selection during the weeks when tropical cycles approached the study 
area.

Environmental factors

Surface ZB/PB Euphotic ZB/PB

Coefficient SE p Coefficient SE p

Disturbance ranking

Length of stay (day) −0.199 0.068 0.009**

2 m depth temperature (°C) – – –

Euphotic depth-averaged temperature (°C) – – –

2 m depth NO2
− (μM) 3.122 0.864 0.002** – – –

Euphotic depth-averaged NO2
− (μM) – – – 7.257 1.141 <0.001***

0–90 m depth-averaged NO2
− (μM) 4.523 2.377 0.075

0–90 m depth-averaged NO3
− (μM) −0.050 0.018 0.01** −0.024 0.014 0.11

2 m depth PO4
3− (μM) – – -

Euphotic depth-averaged PO4
3− (μM) – – –

Intercept 1.644 0.267

r2 0.651 0.722

Note: Asterisks indicate significant p values: double asterisks (**) for p ≤ 0.01 and triple asterisks (***) for p ≤ 0.001. A hyphen (−) indicates that a 
particular factor was not applicable to the ZB/PB ratio at a specific depth.
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future work. Overall, the combined effects of TC-related attributes 
and environmental factors account for the correlations and inter-
dependence between planktonic organisms and environments, and 
the regression methods applied in this study effectively evaluate 
the responses of plankton trophic-level relationships to TCs.

Our findings based on the analyses of in situ field PB and ZB 
observations clearly demonstrated how TCs affected the plank-
ton trophic-level relationships at various depths in the subtropi-
cal oligotrophic FTR freshwater ecosystem, and greater impacts 
of TCs were observed in shallow water (at the surface and eu-
photic depths) than in deep water (at the depth layer 0–50 m). It 
is conceivable that the aforementioned effects observed in the 
shallow, euphotic zone would have substantial consequences for 
the key trophic processes in this ecosystem. In conclusion, aquatic 
food chains may be unexpectedly vulnerable to natural extreme 
weather events, such as TCs, and continuous assessments of food 
chain dynamics are necessary to better manage potential risks 
from the occurrence of natural extreme weather events in fresh-
water ecosystems.

AUTHOR CONTRIBUTIONS
Conceptualisation: E.S.P.d.P., C.-h.H., F.-K.S., C.-Y.K. Conducting the 
research: E.S.P.d.P., F.-S.L., C.-h.H., F.-K.S., C.-Y.K. Developing meth-
ods: E.S.P.d.P., F.-S.L. Data analysis: E.S.P.d.P., C.-Y.K. Data interpre-
tation: C.-W.C., C.-h.H., P.-F.L., F.-K.S. Preparation of figures and 
tables: E.S.P.d.P., C.-Y.K. Writing: E.S.P.d.P., F.-S.L., C.-W.C., C.-h.H., 
P.-F.L., F.-K.S., C.-Y.K.

ACKNO WLE DG E MENTS
Funding was provided by the National Science and Technology 
Council and the Academia Sinica, Taiwan, through the grant 

NSTC110-2636-B-002-019-, NSTC111-2636-B-002-022-, 
NSTC112-2636-B-002-013-, and AS-SS-111-04-4.

FUNDING INFORMATION
Funding was provided by the National Science and Technology Council, 
Academia Sinica, and National Taiwan University Taiwan, through the 
grant NSTC110- 2636- B- 002- 019- , NSTC111- 2636- B- 002- 022- , 
NSTC112- 2636- B- 002- 013- , AS- SS- 111- 04, and 111L8807.

CONFLIC T OF INTERE S T S TATEMENT
The authors have no conflict of interest to declare.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Chih-hao Hsieh  https://orcid.org/0000-0001-5935-7272 
Chia-Ying Ko  https://orcid.org/00000-0002-2658-2999

R E FE R E N C E S
Allen, C. D., & Breshears, D. D. (1998). Drought-induced shift of a for-

est-woodland ecotone: Rapid landscape response to climate vari-
ation. Proceedings of the National Academy of Sciences of the United 
States of America, 95, 14839–14842.

Andersen, T., & Hessen, D. (1991). Carbon, nitrogen, and phosphorus 
content of freshwater zooplankton. Limnology and Oceanography, 
36, 807–814. https:// doi. org/ 10. 4319/ lo. 1991. 36.4. 0807

Armengol, L., Calbet, A., Franchy, G., Rodríguez-Santos, A., & Hernández-
León, S. (2019). Planktonic food webs structure and trophic trans-
fer efficiency along a productivity gradient in the tropical and sub-
tropical Atlantic Ocean. Scientific Reports, 9, 2044. https:// doi. org/ 
10. 1038/ s4159 8- 019- 38507 - 9

TA B L E  4  Relationships between environmental factors and ratios of phytoplankton biomass (PB) and depth-averaged zooplankton 
biomass (ZB) at a depth of 2 m, i.e., surface depth, and depth-averaged ZB/PB at depths between 0 and 20 m, i.e., euphotic depth, based on 
final models estimated by multivariate regressions with backward selection during the non-tropical cycle weeks.

Environmental factors

Surface ZB/PB Euphotic ZB/PB

Coefficient SE p Coefficient SE p

2 m depth temperature (°C) −0.162 0.054 0.004*** – – –

Euphotic depth-averaged temperature (°C) – – – −0.126 0.047 0.009***

2 m depth pH 0.356 0.204 0.09 – – –

Euphotic depth-averaged pH – –

0–50 m depth-averaged NO2
− (μM) 12.591 6.628 0.06 8.235 5.046 0.107

0–90 m depth-averaged NO2
− (μM) −7.665 4.955 0.13 −7.495 3.813 0.053

0–90 m depth-averaged NO3
− (μM)

2 m depth PO4
3− (μM) – – –

0–90 m depth-averaged PO4
3− (μM)

Intercept 1.794 3.616

r2 0.131 0.115

Note: Asterisks indicate significant p values: triple asterisks (***) for p ≤ 0.001. A hyphen (−) indicates that a particular factor was not applicable to the 
specific depth ZB/PB and was not included in the multivariate analysis.

 13652427, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/fw

b.14199 by N
ational T

aiw
an U

niversity, W
iley O

nline L
ibrary on [25/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0001-5935-7272
https://orcid.org/0000-0001-5935-7272
https://orcid.org/0000-0001-5935-7272
https://doi.org/10.4319/lo.1991.36.4.0807
https://doi.org/10.1038/s41598-019-38507-9
https://doi.org/10.1038/s41598-019-38507-9


190  |    dela PAZ et al.

Arteaga, L. A., Boss, E., Behrenfeld, M. J., Westberry, T. K., & Sarmiento, 
J. L. (2020). Seasonal modulation of phytoplankton biomass in the 
Southern Ocean. Nature Communications, 11, 5364. https:// doi. org/ 
10. 1038/ s4146 7- 020- 19157 - 2

Atkinson, A., Lilley, M. K. S., Hirst, A. G., McEvoy, A. J., Tarran, G. A., 
Widdicombe, C., Fileman, E. S., Woodward, E. M. S., Schmidt, K., 
Smyth, T. J., & Somerfield, P. J. (2020). Increasing nutrient stress 
reduces the efficiency of energy transfer through planktonic size 
spectra. Limnology and Oceanography, 66, 422–437. https:// doi. org/ 
10. 1002/ lno. 11613 

Baek, S. H., Lee, M., Park, B. S., & Lim, Y. K. (2020). Variation in phyto-
plankton community due to an autumn typhoon and winter water 
turbulence in southern Korean coastal waters. Sustainability, 12, 
2781. https:// doi. org/ 10. 3390/ su120 72781 

Baleani, C. A., Mavo Manstretta, G. M., Menéndez, M. C., Vitale, A. J., 
Piccolo, M. C., & Perillo, G. M. E. (2021). Influence of storms on 
surface zone zooplankton in a southwestern Altlantic sandy beach: 
A preliminary methodology using high-frequency physical data. 
Journal of Marine Systems, 220, 1–13. https:// doi. org/ 10. 1016/j. 
jmars ys. 2021. 103560

Barneche, D. R., Hulatt, C. J., Dossena, M., Padfield, D., Woodward, G., 
Trimmer, M., & Yvon-Durocher, G. (2021). Warming impairs trophic 
transfer efficiency in a long-term field experiment. Nature, 592, 
76–79. https:// doi. org/ 10. 1038/ s4158 6- 021- 03352 - 2

Behrenfeld, M. J., & Falkowski, P. G. (1997). Photosynthetic rates de-
rived from satellite-based chlorohyll concentration. Limnology and 
Oceanography, 42, 1–20.

Bermúdez, J. R., Riebessell, U., Larsen, A., & Winder, M. (2016). Ocean 
acidification reduces transfer of essential biomolecules in a natural 
plankton community. Scientific Reports, 6, 27749. https:// doi. org/ 
10. 1038/ srep2 7749

Billen, G., Servais, P., & Becquevort, S. (1990). Dynamics of bacterio-
plankton in oligotrophic and eutrophic aquatic environments: 
Bottom-up or top-down control? Hydrobiologia, 207, 37–42.

Bode, M., Koppelmann, R., Teubar, L., Hagen, W., & Auel, H. (2018). 
Carbon budgets of mesozooplankton copepod communities in the 
eastern Atlantic Ocean—Regional and vertical patterns between 
24° N and 21° S. Global Biogeochemical Cycles, 32, 840–857. https:// 
doi. org/ 10. 1029/ 2017G B005807

Bottrell, H. (1976). A review of some problems in zooplankton production 
studies. North-Western Journal of Zoology, 24, 419–456.

Byrnes, J. E., Reed, D. C., Cardinale, B. J., Cavanaugh, K. C., Holbrook, 
S. J., & Schmitt, R. J. (2011). Climate-driven increases in storm fre-
quency simplify kelp forest food webs. Global Change Biology, 17, 
1–12. https:// doi. org/ 10. 1111/j. 1365- 2486. 2011. 02409. x

Calbet, A., & Landry, M. R. (1999). Mesozooplankton influences on 
the microbial food web: Direct and indirect trophic interactions 
in the oligotrophic open ocean. Limnology and Oceanography, 44, 
1370–1380.

Calbet, A., Sazhin, A. F., Nejstgaard, J. C., Berger, S. A., Tait, Z. S., Olmos, 
L., Sousoni, D., Isari, S., Martinez, R. A., Bouquet, J. M., Thompson, 
E. M., Båmstedt, U., & Jakobsen, H. H. (2014). Future climate sce-
nario for coastal productive plankton food web resulting in micro-
plankton phenology changes and decreased trophic transfer effi-
ciency. PLoS One, 9, e94388. https:// doi. org/ 10. 1371/ journ al. pone. 
0094388

Chai, F., Wang, Y., Xing, X., Yan, Y., Xue, H., Wells, M., & Boss, E. (2021). 
A limited effect of sub-tropical typhoons on phytoplankton dy-
namics. Biogeosciences, 18, 849–859. https:// doi. org/ 10. 5194/ 
bg- 18- 849- 2021

Chang, C. T., Vadeboncoeur, M. A., & Lin, T. C. (2018). Resistance and 
resilience of social-ecological systems to recurrent typhoon distur-
bance on a subtropical Island: Taiwan. Ecosphere, 9, e02071.

Chang, C.-W., Shiah, F.-K., Wu, J.-T., Miki, T., & Hsieh, C.-H. (2014). The 
role of food availability and phytoplankton community dynamics in 

the seasonal succession of zooplankton community in a subtropical 
reservoir. Limnologica, 46, 131–138.

Chen, J., Wang, Z., Tam, C. Y., Lau, N. C., Lau, D. S. D., & Mok, H. Y. (2020). 
Impacts of climate change on tropical cyclones and induced storm 
surges in the Pearl River Delta region using pseudo-global-warming 
method. Scientific Reports, 10, 1965. https:// doi. org/ 10. 1038/ s4159 
8- 020- 58824 - 8

Chesson, P., Gebauer, R. L., Schwinning, S., Huntly, N., Wiegand, K., 
Ernest, M. S., Sher, A., Novoplansky, A., & Weltzin, J. F. (2004). 
Resource pulses, species interactions, and diversity maintenance in 
arid and semi-arid environments. Oecologia, 141, 236–253. https:// 
doi. org/ 10. 1007/ s0044 2- 004- 1551- 1

Chiang, S. C., & Du, N. S. (1979). Fauna sinica; crustacean: freshwater 
Cladocera. Science Press. http:// agris. fao. org/ agris - search/ search. 
do? recor dID= XF201 5041144

Chow, M. F., Lai, C. C., Kuo, H. Y., Lin, C. H., Chen, T. Y., & Shiah, F. K. 
(2017). Long term trends and dynamics of dissolved organic carbon 
(DOC) in a subtropical reservoir basin. Water, 9, 1–14. https:// doi. 
org/ 10. 3390/ w9070545

Collos, Y. (1986). Time-lag algal growth dynamics: Biological constraints 
primary production in aquatic environments. Marine Ecology 
Progress Series, 33, 193–206.

Cripps, G., Flynn, K. J., & Lindeque, P. K. (2016). Ocean acidifica-
tion affects the phyto-zoo plankton trophic transfer efficiency. 
PLoS One, 11, e0151739. https:// doi. org/ 10. 1371/ journ al. pone. 
0151739

Dalgren, K., Andersson, A., Larsson, U., Hajdu, S., & Båmstedt, U. (2010). 
Planktonic production and carbon transfer efficiency along a north-
south gradient in the Baltic Sea. Marine Ecology Progress Series, 409, 
77–94. https:// doi. org/ 10. 3354/ meps0 8615

de Azevedo, F., Dias, J. D., de Souza Magalhães Braghin, L., & 
Bonecker, C. C. (2012). Length-weight regressions of the micro-
crustacean species from a tropical floodplain. Acta Limnologica 
Brasiliensia, 24, 1–11. https:// doi. org/ 10. 1590/ s2179 - 975x2 
01200 5000021

Dumont, H. J., Velde, I., & Dumont, S. (1975). The dry weight estimate 
of biomass in a selection of Cladocera, Copepoda and Rotifera 
from the plankton, periphyton and benthos of continental waters. 
Oecologia, 19, 75–97. https:// doi. org/ 10. 1007/ BF003 77592 

Ejsmont-Karabin, J. (1998). Empirical equations for biomass calculation of 
planktonic rotifers. Polskie Archiwum Hydrobiologii/Polish Archives of 
Hydrobiology, 45, 513–522.

Eppley, R. W., Chavez, F. P., & Barber, R. T. (1992). Standing stocks of 
particulate carbon and nitrogen in the equatorial Pacific at 150° W. 
Journal of Geophysical Research, 97, 655–661. https:// doi. org/ 10. 
1029/ 91JC0 1386

Gonçalves, D. A., Marques, S. C., Primo, A. L., Marthino, F., Bordalo, 
M. D. B., & Pardal, M. Â. (2015). Mesozooplankton biomass and 
copepod estimated production in a temperate estuary (Mondego 
estuary): Effects of processes operating at different times-
cales. Zoological Studies, 54, 57. https:// doi. org/ 10. 1186/ s4055 
5- 015- 0135- 6

Guerrero, F., & Rodríguez, V. (1997). Estimates of secondary production 
in a co-existent group of Acartia species (Copepoda, Calanoida). 
Crustaceana, 70, 584–593.

Hart, R. C. (2011). Zooplankton biomass to chlorophyll ratios in relation 
to trophic status within and between ten south African reservoirs: 
Causal inferences, and implications for biomanipulation. Water SA, 
37, 513–521.

Havens, K. E. (1992). Acidification effects on the algal-zooplankton inter-
face. Canadian Journal of Fisheries and Aquatic Sciences, 49, 2507–
2514. https:// doi. org/ 10. 1139/ f92- 277

Havens, K. E., Beaver, J. R., Casamata, D. A., East, T. L., Thomas James, 
R., Mccormick, P., Philips, E. J., & Rodusky, A. J. (2011). Hurricane 
effects on the planktonic food web of a large subtropical lake. 

 13652427, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/fw

b.14199 by N
ational T

aiw
an U

niversity, W
iley O

nline L
ibrary on [25/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/s41467-020-19157-2
https://doi.org/10.1038/s41467-020-19157-2
https://doi.org/10.1002/lno.11613
https://doi.org/10.1002/lno.11613
https://doi.org/10.3390/su12072781
https://doi.org/10.1016/j.jmarsys.2021.103560
https://doi.org/10.1016/j.jmarsys.2021.103560
https://doi.org/10.1038/s41586-021-03352-2
https://doi.org/10.1038/srep27749
https://doi.org/10.1038/srep27749
https://doi.org/10.1029/2017GB005807
https://doi.org/10.1029/2017GB005807
https://doi.org/10.1111/j.1365-2486.2011.02409.x
https://doi.org/10.1371/journal.pone.0094388
https://doi.org/10.1371/journal.pone.0094388
https://doi.org/10.5194/bg-18-849-2021
https://doi.org/10.5194/bg-18-849-2021
https://doi.org/10.1038/s41598-020-58824-8
https://doi.org/10.1038/s41598-020-58824-8
https://doi.org/10.1007/s00442-004-1551-1
https://doi.org/10.1007/s00442-004-1551-1
http://agris.fao.org/agris-search/search.do?recordID=XF2015041144
http://agris.fao.org/agris-search/search.do?recordID=XF2015041144
https://doi.org/10.3390/w9070545
https://doi.org/10.3390/w9070545
https://doi.org/10.1371/journal.pone.0151739
https://doi.org/10.1371/journal.pone.0151739
https://doi.org/10.3354/meps08615
https://doi.org/10.1590/s2179-975x2012005000021
https://doi.org/10.1590/s2179-975x2012005000021
https://doi.org/10.1007/BF00377592
https://doi.org/10.1029/91JC01386
https://doi.org/10.1029/91JC01386
https://doi.org/10.1186/s40555-015-0135-6
https://doi.org/10.1186/s40555-015-0135-6
https://doi.org/10.1139/f92-277


    |  191dela PAZ et al.

Journal of Plankton Research, 33, 1081–1094. https:// doi. org/ 10. 
1093/ plankt/ fbr002

Hessen, D. O., Faafeng, B. A., & Brettum, P. (2003). Autotroph:Herbivore 
biomass ratios; carbon deficits judged from plankton data. 
Hydrobiologia, 491, 167–175.

Hessen, D. O., Faafeng, B. A., Brettum, P., & Andersen, T. (2006). Nutrient 
enrichment and planktonic biomass ratios in lakes. Ecosystems, 9, 
516–527. http:// www. jstor. org/ stable/ 25470357

Ho, P.-C., Okuda, N., Miki, T., Itoh, M., Shiah, F.-K., Chang, C.-W., Hsiao, 
S.-Y., Kao, S.-J., Fujibayashi, M., & Hsieh, C.-H. (2016). Summer pro-
fundal hypoxia determines the coupling of methanotrophic pro-
duction and pelagic food web in a subtropical reservoir. Freshwater 
Biology, 61, 1694–1706.

Holmgren, M., Scheffer, M., Ezcurra, E., Gutierrez, J. R., & Mohren, G. M. 
J. (2001). El Niño effects on the dynamics of terrestrial ecosystems. 
Trends in Ecology and Evolution, 16, 89–94.

Hoover, R. S., Hoover, D., Miller, M., Landry, M. R., DeCarlo, E. H., & 
Mackenzie, F. T. (2006). Zooplankton response to storm runoff in a 
tropical estuary: Bottom-up ad top-down controls. Marine Ecology 
Progress Series, 318, 187–201.

Hornbeck, R. W. (1975). Numerical methods. Prentice-Hall.
Huang, S., Du, Y., Yi, J., Liang, F., Qian, J., Wang, N., & Tu, W. (2022). 

Understanding human activities in response to typhoon Hato 
from multi-source geospatial big data: A case study in Guangdong, 
China. Remote Sensing, 14, 1269. https:// doi. org/ 10. 3390/ rs140 
51269 

Hunt, B. P. V., Carlotti, F., Donoso, K., Pagano, M., D'Ortenzio, F., 
Taillandier, V., & Conan, P. (2017). Trophic pathways of phytoplank-
ton size classes through the zooplankton food web over the spring 
transition period in the north-West Mediterranean Sea. Journal of 
Geophysical Research: Oceans, 122, 6309–6324. https:// doi. org/ 10. 
1002/ 2016J C012658

Irigoien, X., Flynn, K. J., & Harris, R. P. (2005). Phytoplankton blooms: 
A “loophole” in microzooplankton grazing impact? Journal of 
Plankton Research, 27, 313–321. https:// doi. org/ 10. 1093/ plankt/ 
fbi011

Jiang, T., Wu, G., Niu, P., Cui, Z., Bian, X., Xie, Y., Shi, H., Xu, X., & Qu, 
K. (2022). Short-term changes in algal blooms and phytoplank-
ton community after the passage of super typhoon Lekima in a 
temperate and inner sea (Bohai Sea) in China. Ecotoxicology and 
Environmental Safety, 232, 113223. https:// doi. org/ 10. 1016/j. eco-
env. 2022. 113223

Johnsen, G. H., & Jakobsen, P. J. (1987). The effect of food limita-
tion on vertical migration in Daphnia longispina. Limnology and 
Oceanography, 32, 873–880.

Jurikova, H., Guha, T., Abe, O., Shiah, F. K., Wang, C. H., & Liang, M. C. 
(2016). Variations in triple isotope composition of dissolved oxygen 
and primary production in a subtropical reservoir. Biogeosciences, 
13, 6683–6698. https:// doi. org/ 10. 5194/ bg- 13- 6683- 2016

Karpowicz, M., Feniova, I., Gladyshev, M. I., Ejsmont-Karabin, J., Górniak, 
A., Sushchik, N. N., Anishchenko, O. V., & Dzialowski, A. R. (2021). 
Transfer efficiency of carbon, nutrients, and polyunsaturated fatty 
acids in planktonic food webs under different environmental con-
ditions. Ecology Evolution, 11, 8201–8214.

Ko, C. Y., Lai, C. C., Chen, T. Y., Hsu, H. H., & Shiah, F. K. (2016). Typhoon 
effects on phytoplankton responses in a semi-closed freshwater 
ecosystem. Marine and Freshwater Research, 67, 546–555. https:// 
doi. org/ 10. 1071/ MF14294

Ko, C. Y., Lai, C. C., Hsu, H. H., & Shiah, F. K. (2017). Decadal phytoplank-
ton dynamics in response to episodic climatic disturbances in a sub-
tropical deep freshwater ecosystem. Water Research, 109, 102–113. 
https:// doi. org/ 10. 1016/j. watres. 2016. 11. 011

Korovchinsky, N. M. (2000). Redescription of Diaphanosoma dubium 
Manuilova, 1964 (Branchiopoda: Ctenopoda:Sididae), and descrip-
tion of a new, related species. Hydrobiologia, 441, 73–92. https:// 
doi. org/ 10. 1023/A: 10175 74921558

Kossin, J. P. (2018). A global slowdown of tropical-cyclone translation 
speed. Nature, 558, 104–107.

Leibold, M. A. (1990). Resources and predators can affect the vertical 
distributions of zooplankton. Limnology and Oceanography, 35, 
938–944.

Lentink, H. S., Grams, C. M., Riemer, M., & Jones, S. C. (2018). The effects 
of orography on the extratropical transition of tropical cyclones: 
A case study of typhoon Sinlaku (2008). Bulletin of the American 
Meteorological Society, 146, 4231–4246. https:// doi. org/ 10. 1175/ 
MWR- D- 18- 0150. 1

Li, C. H. (2005). A taxonomic study of freshwater rotifers, Brachionina in 
Taiwan. National Hsinchu University of Education. https:// hdl. han-
dle. net/ 11296/  43w2z6

Lin, T. C., Hogan, J. A., & Chang, C. T. (2020). Tropical cyclone ecology: A 
scale-link perspective. Trends in Ecology and Evolution, 35, 594–604.

Lipp, E. K., Schmidt, N., Luther, M. E., & Rose, J. B. (2001). Determining 
the effects of El Niño-southern oscillations on coastal water qual-
ity. Estuaries, 24, 491–497. https:// doi. org/ 10. 2307/ 1353251

López-López, L., Molinero, J. C., Tseng, L.-C., Chen, Q. C., Houng, J. W., 
& Hwang, J. S. (2012). Effects of typhoons on gelatinous carnivore 
zooplankton off northern Taiwan. Cahiers de Biologie Marine, 53, 
349–355.

Mei, M., Lien, C. C., Lin, I. I., & Xie, S. P. (2015). Tropical cyclone induced 
ocean response: A comparative study of the South China Sea and 
tropical Northwest Pacific. Journal of Climate, 28, 5952–5968.

Michaloudi, E. (2005). Dry weights of the zooplankton of Lake Mikri 
Prespa (Macedonia, Greece). Belgian Journal of Zoology, 135(2), 
223–227.

Minamide, M., & Yoshimura, K. (2014). Orographic effect on the pre-
cipitation with typhoon washi in the Mindanao Island of The 
Philippines. Scientific Online Letters on the Atmosphere, 10, 67–71. 
https:// doi. org/ 10. 2151/ sola. 2014- 014

Miriti, M. N., Rodriguez-Buritica, S., Wright, S. J., & Howe, H. F. (2007). 
Episodic death across species of desert shrubs. Ecology, 88, 32–36.

Pace, M. L., & Orcutt, J. D. (1981). The relative importance of protozo-
ans, rotifers, and crustaceans in a freshwater zooplankton commu-
nity. Limnology and Oceanography, 26, 822–830. https:// doi. org/ 10. 
4319/ lo. 1981. 26.5. 0822

Paine, R. T., & Trimble, A. C. (2004). Abrupt community change on a 
rocky shore: Biological mechanisms contributing to the potential 
formation of an alternative state. Ecology Letters, 7, 441–445.

Parmesan, C., Root, T. L., & Willig, M. R. (2020). Impacts of extreme 
weather and climate on terrestrial biota. Bulletin of the American 
Meteorological Society, 81, 443–450.

Parsons, T. R., Maita, Y., & Lalli, C. M. (1984). A manual of chemical and 
biological methods for sea water analysis. Pergamon.

Pauli, H. R. (1989). A new method to estimate individual dry weights of 
rotifers. Hydrobiologia, 186–187(1), 355–361. https:// doi. org/ 10. 
1007/ BF000 48932 

R Development Core Team. (2021). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing. https:// 
www. R- proje ct. org/ 

Ruttner-Kolisko, A. (1977). Suggestions for biomass calculations of 
planktonic rotifers. Archiv Fur Hydrobiologie Beihefte, 21, 71–76.

Shen, J. R., Tai, A. Y., Zhang, C. Z., Li, Z. Y., Song, D. X., & Chen, G. (1979). 
Fauna sinica, crustacean, freshwater copepod. Institute of Zoology, 
Academia Sinica (in Chinese).

Stockwell, J. D., Doubek, J. P., Adrian, R., Anneville, O., Carey, C. C., 
Carvalho, L., De Senerpont Domis, L. N., Dur, G., Frassl, M. A., 
Grossart, H.-P., Ibelings, B. W., Lajeunesse, M. J., Lewandowska, A. 
M., Llames, M. E., Matsuzaki, S.-I., Nodine, E. R., Nõges, P., Patil, 
V. P., Pomati, F., … Wilson, H. L. (2020). Storm impacts on phyto-
plankton community dynamics in lakes. Global Change Biology, 26, 
2756–2784. https:// doi. org/ 10. 1111/ gcb. 15033 

Thibault, K. M., & Brown, J. H. (2008). Impact of an extreme climatic 
on community assembly. Proceedings of the National Academy of 

 13652427, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/fw

b.14199 by N
ational T

aiw
an U

niversity, W
iley O

nline L
ibrary on [25/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1093/plankt/fbr002
https://doi.org/10.1093/plankt/fbr002
http://www.jstor.org/stable/25470357
https://doi.org/10.3390/rs14051269
https://doi.org/10.3390/rs14051269
https://doi.org/10.1002/2016JC012658
https://doi.org/10.1002/2016JC012658
https://doi.org/10.1093/plankt/fbi011
https://doi.org/10.1093/plankt/fbi011
https://doi.org/10.1016/j.ecoenv.2022.113223
https://doi.org/10.1016/j.ecoenv.2022.113223
https://doi.org/10.5194/bg-13-6683-2016
https://doi.org/10.1071/MF14294
https://doi.org/10.1071/MF14294
https://doi.org/10.1016/j.watres.2016.11.011
https://doi.org/10.1023/A:1017574921558
https://doi.org/10.1023/A:1017574921558
https://doi.org/10.1175/MWR-D-18-0150.1
https://doi.org/10.1175/MWR-D-18-0150.1
https://hdl.handle.net/11296/43w2z6
https://hdl.handle.net/11296/43w2z6
https://doi.org/10.2307/1353251
https://doi.org/10.2151/sola.2014-014
https://doi.org/10.4319/lo.1981.26.5.0822
https://doi.org/10.4319/lo.1981.26.5.0822
https://doi.org/10.1007/BF00048932
https://doi.org/10.1007/BF00048932
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1111/gcb.15033


192  |    dela PAZ et al.

Sciences of the United States of America, 105(9), 3410–3415. https:// 
doi. org/ 10. 1073/ pnas. 07122 82105 

Tung, C. P., Chen, Y. J., Chen, S. W., & Liu, T. M. (2006). Sustainability 
appraisal of Taipei municipal water supply system. Environmental 
Engineering and Management Journal, 16, 319–325.

Tuo, Y.-H., & Young, S.-S. (2002). Freshwater Cladocera (Crustacea: 
Branchiopoda: Cladocera) of Taiwan (Master's thesis). National 
Hsinchu Teachers College. https:// hdl. handle. net/ 11296/  x9et74

Tuo, Y.-H., & Young, S.-S. (2011). Taxonomy of Chydoridae (Crustacea: 
Branchiopoda: Cladocera) from Taiwan. Taiwan Journal of 
Biodiversity, 13, 183–212.

Uye, S. I., Nagano, N., & Shimazu, T. (1998). Biomass, production and tro-
phic roles of micro- and net-zooplankton in Dokai inlet, heavily eu-
trophic inlet, in summer. Plankton Biology and Ecology, 45, 171–182.

Vecchi, G. A., & Soden, B. J. (2007). Effect of remote sea surface tem-
perature change on tropical cyclone potential intensity. Nature, 
450, 1066–1070.

Wang, J. (1961). Fauna of the freshwater Rotifera of China. Academia 
Sinica. http:// ir. ihb. ac. cn/ handle/ 342005/ 10488 

Whitford, W. G., & Duval, B. D. (2020). Chapter 3–characterization of 
desert climates. In Ecology of desert systems (2nd ed., pp. 47–72). 
Academic Press. https:// doi. org/ 10. 1016/ B978- 0- 12- 81505 5- 9. 
00003 - 5

Yacobi, Y. Z. (2006). Temporal and vertical variation of chlorophyll a con-
centration, phytoplankton photosynthesis activity and light atten-
uation in Lake Kinneret: Possibilities and limitations for simulation 
by remote sensing. Journal of Plankton Research, 28(8), 725–736. 
https:// doi. org/ 10. 1093/ plankt/ fb1004

Ying, M., Knutson, T. R., Kamahori, H., & Lee, T. C. (2012). Impacts of 
climate change on tropical cyclones in the western North Pacific 
basin. Part II: Late twenty-frst century projections. Tropical Cyclone 

Research and Review, 2, 231–241. https:// doi. org/ 10. 6057/ 2012T 
CRR02. 09

Yuan, L., & Pollard, A. I. (2018). Changes in the relationship between 
zooplankton and phytoplankton biomasses across a eutrophication 
gradient. Limnology and Oceanography, 63(6), 2493–2507. https:// 
doi. org/ 10. 1002/ lno. 10955 

Zhao, H., Shao, J., Han, G., Yang, D., & Lv, J. (2015). Influence of typhoon 
Matsa on phytoplankton chlorophyll-a off East China. PLoS One, 10, 
e0137863. https:// doi. org/ 10. 1371/ journ al. pone. 01

Zhao, H., Tang, D., & Wang, Y. (2008). Comparison of phytoplankton 
blooms triggered by two typhoons with different intensities and 
translation speeds in the South China Sea. Marine Ecology Progress 
Series, 365, 57–65. https:// doi. org/ 10. 3354/ MEPS0 7488

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: dela Paz, E. S. P., Lin, F.-S., Chang, 
C.-W., Hsieh, C.-h., Lee, P.-F., Shiah, F.-K., & Ko, C.-Y. (2024). 
Tropical cyclone effects enhance limnetic plankton trophic-
level relationships in a subtropical oligotrophic freshwater 
ecosystem. Freshwater Biology, 69, 180–192. https://doi.
org/10.1111/fwb.14199

 13652427, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/fw

b.14199 by N
ational T

aiw
an U

niversity, W
iley O

nline L
ibrary on [25/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1073/pnas.0712282105
https://doi.org/10.1073/pnas.0712282105
https://hdl.handle.net/11296/x9et74
http://ir.ihb.ac.cn/handle/342005/10488
https://doi.org/10.1016/B978-0-12-815055-9.00003-5
https://doi.org/10.1016/B978-0-12-815055-9.00003-5
https://doi.org/10.1093/plankt/fb1004
https://doi.org/10.6057/2012TCRR02.09
https://doi.org/10.6057/2012TCRR02.09
https://doi.org/10.1002/lno.10955
https://doi.org/10.1002/lno.10955
https://doi.org/10.1371/journal.pone.01
https://doi.org/10.3354/MEPS07488
https://doi.org/10.1111/fwb.14199
https://doi.org/10.1111/fwb.14199

	Tropical cyclone effects enhance limnetic plankton trophic-level relationships in a subtropical oligotrophic freshwater ecosystem
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study area and sampling
	2.2|Laboratory measurements and processing
	2.3|Tropical cyclone-related attributes
	2.4|Data analyses

	3|RESULTS
	3.1|Responses of ZB/PB ratios to TCs
	3.2|Influences of TC-related attributes on ZB/PB ratios
	3.3|Influences of environmental factors on ZB/PB ratios

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	funding information
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


