Q_e"‘”&

;f Kobe University Repository : Kernel

R
S
4oge

PDF issue: 2025-01-30

Effects of thermal stratification and hydraulic

retention on carbon flux In shallow subtropical
lakes

M, i

(Degree)
B (%)

(Date of Degree)
2022-03-25

(Date of Publication)
2023-03-01

(Resource Type)
doctoral thesis

(Report Number)
FAEE83505

(URL)
https://hdl. handle. net/20.500. 14094/D1008350

X HAVFT VY RMARZOZMERTY. BNER - TEFASZELEY. ZEEETROON TV ZEENT, BIICTRHACEIW,

KOBE

\j].\]\'l:lihl'[ Y
J

%)



Doctoral Dissertation

Effects of thermal stratification and hydraulic
retention on carbon flux in shallow subtropical
lakes
B BRI oD /N E TR S B 1T B OKIRRUE &
HRERRIBRE T 7 v 7 RZE 2 5287

February 1, 2022
Department of Civil Engineering
Graduate School of Engineering

Kobe University

EZ
LIN, HAO-CHIH
177T752T



Abstract

Thermal stratification and typhoon-induced mixing are critical processes
impacting vertical distributions of carbon (C) in subtropical lakes. Notably, the
shallow lakes are well-mixing easily during extreme weather events than deep lakes.
However, the influences of these physical processes on C fluxes in shallow
subtropical lakes during the typhoon period remained uncertain, contributing to
understanding the fates of C fluxes in lake ecosystems under climate change. This
study was conducted in two shallow subtropical mountain lakes with different nutrient
levels. To know the relationship between seasonal thermal stratification and inorganic
C fluxes, the vertical profiles of water temperature and dissolved inorganic carbon
(DIC) were investigated in Yuan-Yang Lake (YYL) from 2004 to 2017 for each month.
Additionally, to compare the C fluxes with different nutrient levels under the typhoon
periods, the water quality variables such as DIC, dissolved organic carbon (DOC),
and Chlorophyll a (Chl. a) were measured in YYL (oligotrophic lake) and Tsui-Fong
Lake (TFL, mesotrophic lake) from 2007 to 2017 for each month. A three-
dimensional hydraulic model was employed to accurately simulate the hydraulic
retention time (t,-) and obtain the net ecosystem production (NEP). Our results
showed that the DIC inhibited the vertical mixing of bottom DIC into the water
surface due to stratification from spring to summer (March to August) in YYL. A
substantial amount of sediment DIC was released from September to November under
the typhoon-induced mixing and fall overturn. Significantly, the river flows rapidly
flushed to the outflow during typhoons, resulting in that t,. was 4.4 days during the
typhoon in YYL. The NEP in YYL was decreased 107% from the post-typhoon to
typhoon period. In contrast, the relatively long t, of 39 days induced that the NEP
decreased 87% during the typhoon period in TFL. These results demonstrated that the
thermal stratification and hydraulic retention time during typhoons control the

seasonal patterns of C fluxes in subtropical shallow lakes.
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1. Introduction

The marine and freshwater ecosystems sequestrated approximately 30-50 % of
carbon (C) from the atmosphere into the earth’s surface (Intergovernmental Panel on
Climate Change (IPCC), 2013). The air-sea C exchange captured around 50-60 % (2.3
+0.7 Pg C yr'!) of total C on the earth (IPCC, 2013) by photosynthesis such as
macroalgae and seagrass meadows (Duarte and Cebrian, 1996; Duarte and Krause-
Jensen, 2017; Ortega et al., 2019), known as “blue carbon” (Nellemann, 2009). On the
other hand, the freshwater ecosystems not only release around 0.3-1.9 Pg C yr'! into
the atmosphere (Aufdenkampe et al., 2011; Lauerwald et al., 2015; Raymond et al.,
2013) but also deliver 0.9 Pg C yr! into the ocean (Cole et al., 2007). As a fraction of
the land to the marine ecosystems, freshwater ecosystems regulate the C fluxes into
the ocean due to climate change (Tranvik et al., 2009). Thus, freshwater ecosystems,
particularly lake ecosystems, are essential to understanding the influences of
hydrological mechanisms and processes on C fluxes (Macreadie et al., 2019).

Practical pressure of CO» (pCO») is vital to estimate the CO» emission across the
air-water interface (Cole et al., 1994). pCO; can be directly measured on the water
surface by using a floating chamber (Belanger and Korzun, 1991; Raymond et al.,
1997), or if we ignore the calcification, the pCO> be estimated from dissolved
inorganic C (DIC) and pH based on assumed the conditions rely on the carbonate
(CO3%), and hydrogen carbonates (HCO3") concentration (Smith, 1985). Additionally,
water temperature, wind speed, salinity, and total alkalinity (TA) are essential
parameters to calculate the CO; flux (Smith, 1985; Cole and Caraco, 1998; MacIntyre
et al., 2002). On the other hand, dissolved organic carbon (DOC) was a critical
modifier to facilitate the CO» emission from water to the atmosphere (Tranvik, 1988;
del Giorgio et al., 1999). Some studies revealed that the air temperature controls the
pCO2 due to the thermal stratification and biological activity in lakes (Sobek et al.,
2005; Gudasz et al., 2010). The bio-photochemical degradation and mineralization
play vital roles in shaping the CO; flux in lakes because colored DOC reduced the
ultraviolet radiation (UVR) and active photosynthetic radiation (400—700 nm, PAR)
(Scully et al., 1996; Williamson et al., 1999; Lapierre et al., 2013). Therefore, DOC
and DIC are principally associated with the pCOz in lakes (Smith, 1985; Hope et al.,
1996, Bade et al., 2004).

Physical and hydrological processes are vital to know the responses of C fluxes
in lake ecosystems under climate change-induced extreme weather events (Woolway
et al., 2018; Doubek et al., 2021). Climate change affects the strength of thermal
stratification within not only stratified lakes (Kraemer et al., 2015) but also the

intensity and frequency of extreme storm events, inducing the frequency of vertical
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mixing in different climate zones (Woolway et al., 2020). Storm-induced mixing is a
critical way to upwell the C from sediment into the water surface (Jennings et al.,
2012; Hanson et al., 2015). Notably, the responses of C fluxes in small-size lakes
(lake area < 1 km?) are sensitive under climate change due to physical processes such
as mixing, turbulences, and water temperatures (Winslow et al., 2015; Doubek et al.,
2021; Maclntyre et al., 2021). Some studies revealed that the river inflows and wind
turbulences mix the allochthonous C from sediments into the water column after
storm events in small stratified lakes (Vachon and del Giorgio, 2014; Bartosiewicz et
al., 2015; Czikowsky et al., 2018). Hence, vertical mixing is an essential physical
process in small stratified lakes because it controls C fluxes (Imberger, 1985;
Maclntyre, 1993; Boehrer and Schultze, 2008; Gudasz et al., 2010). However, despite
the small lakes and ponds were occupied 25-35 % of the total lakes area on earth
(Downing et al., 2006; Verpoorter et al., 2014), the small lakes were ignored for
estimating the global C emission (Cole et al., 2007; Raymond et al., 2013). Hence, the
C flux in previous studies might be underestimated on the earth scale if these did not
concern the C flux in small (shallow) lakes. Holgerson and Raymond (2016) also
demonstrated that a substantial amount of carbon dioxide (CO2) and methane (CHa)
(0.58 Pg C yr'!) were released in small lakes and ponds from water to the atmosphere.
Therefore, the C fluxes' responses in lake ecosystems based on physical and
hydrological processes under climate change are uncertain and not clarified in small
(shallow) lakes.

Some studies suggested that the precipitation and hydraulic retention regimes
may be significant for structuring lake ecosystem function, especially C fluxes (Ojala
et al., 2011; Vachon and del Giorgio, 2014; Bartosiewicz et al., 2015; Zwart et al.,
2017). The strong storm events (> 40 mm d™'") induced the lake trophic state from
autotrophic to heterotrophic and released large amounts (around 150 to 300 mg C m?
d!) of CO, and CH4 from lakes to the atmosphere (Ojala et al., 2011; Vachon and del
Giorgio, 2014; Bartosiewicz et al., 2015). Zwart et al. (2017) showed that increased
annual precipitation would alter water level, organic C flux and reduce hydrologic
residence time (or hydraulic retention time) from watersheds to lakes. In addition, the
residence time is an essential parameter for calculating the seasonal net ecosystem
production (NEP) (Nakayama et al., 2020a). However, lake sizes (Read et al., 2012),
thermal stratification (Aberg et al., 2010; Bartosiewicz et al., 2015), internal seiche
dynamic (Woolway et al., 2018; Maclntyre et al., 2021), and the ratio of the watershed
area to lake surface area (WA:LA) (den Heyer and Kalff, 1998; Vachon and del
Giorgio, 2014) impact on the C fluxes and residence time. In addition, the
allochthonous inflow or groundwater and autochthonous (sediment) C determine the

C fluxes in lakes due to the remineralization, sedimentation, and C burial within lakes
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(den Heyer and Kalff, 1998; Striegl and Michmerhuizen, 1998; Einsele, 2001; Hope
et al., 2004). Thus, thermal stratification and hydraulic retention are also critical
factors controlling the fate of C fluxes. To clarify how lake mixing regimes and
hydraulic retention affect NEP in a small lake, the three-dimensional numerical model
is one of the robust tools to accurately calculate the residence time and seasonal NEP
(Nakayama et al., 2020a).

Extreme storm events, such as typhoons and cyclones, almost pass in the tropical
and subtropical regions (Kossin et al., 2013). Some shallow lakes (water depth <5 m)
have been found that water surface temperatures decrease by 3 to 6 °C and well-
mixing in water columns after tropical cyclones (Klug et al., 2012). On the other hand,
the typhoon events can contribute 200-1,000 mm d™' into a shallow subtropical lake
and contribute 10-35 % of annual precipitation, resulting in the seasonal patterns of
metabolism and CO» flux were dramatically changed (Jones et al., 2009; Tsai et al.,
2011). Chiu et al. (2020) revealed that typhoon precipitation brings a large amount of
terrestrial organic C into the shallow subtropical lakes. Typhoon events and thermal
stratification may control C distribution's temporal and spatial variability (Jones et al.,
2009; Chiu et al., 2020). Therefore, shallow subtropical lakes are the ideal sites to
monitor storm-induced mixing and represent climate change impacts on the C fluxes
in lake ecosystems. However, long-term investigations of shallow subtropical lakes,
such as those at seasonal and annual scales, are rare but valuable. Yuang-Yang Lake
(YYL) and Tsui-Fong lake (TFL) are small, shallow lakes in Taiwan and experience
multiple typhoon events each year (Tsai et al., 2011; Chiu et al., 2020). Some studies
investigated the water columns in YYL and TFL; the lakes are stratified from early
April to October and are usually mixed in winter from December to February (Kimura
et al., 2012; Tsai et al., 2016; Chiu et al., 2020). Additionally, typhoon-induced mixing
can contribute 2,200 kg C yr ! in YYL (Jones et al., 2009) because typhoon
disturbances alter water level and rapidly dilute the water quality (Tsai et al., 2011;
Chiu et al., 2020). Thus, further research on small shallow subtropical lakes is
essential to clarify the physical structures and estimate NEP accurately.

Here, we hypothesize that temporal and spatial variations in DOC and DIC are
affected by physical factors such as thermal stratification, water flushing, and
residence time, resulting in seasonal NEP changes in shallow subtropical lakes. These
factors might influence lakes' primary production and nutrient levels under changing
precipitation patterns (Kortelainen et al., 2006; Woolway et al., 2018; Chiu et al.,
2020; Nakayama et al., 2020a). Therefore, this study aimed to (i) clarify how the
effect of thermal stratification on the seasonal DIC in a subtropical shallow lake (ii)
estimate the seasonal NEP using a three-dimensional numerical model to simulate

hydraulic retention effects. Furthermore, (iii) investigate the vertical profiles of water
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temperature, DIC, DOC, and Chlorophyll a (Chl. @) in shallow subtropical lakes with
different trophic levels, and (iv) clarify how typhoon disturbance impacts C flux,
focusing on the effects of inflow and thermal stratification on DIC, DOC, and CO»
fluxes. This study provides a physical environment on C flux interacting with
biological processes in shallow subtropical lakes.



2. Material and methods

First, to quantify the seasonal mixing regime in a subtropical shallow lake
(Yuang-Yang Lake), we investigated water temperature and DIC vertical profile from
July 2004 to December 2017 (not including 2012 and 2013, ten years total). Next, to
clarify how typhoon disturbances impact C flux in two lakes with different trophic
levels, Yuan-Yang Lake (oligotrophic lake) and Tsui-Fong Lake (mesotrophic lake),
the vertical profiles of water temperature and water quality variables (DIC, DOC, Chl.
a) were investigated five typical years from 2009 to 2010 and 2015 to 2017.
Furthermore, we calculated the NEP and simulated the hydraulic retention effect using
Fantom during a strong typhoon event and different seasonal periods. Additionally, we
utilized structural equation modeling (SEM) to analyze how water quality changes

with CO; flux between different seasonal periods.

2.1. Study sites

This study was conducted in two subtropical mountain lakes of northeastern
Taiwan (Figure 1). Yuang-Yang Lake (YYL) is located in the Chilan mountain region
with an altitude of 1650 m, a cloud forest in Yilan county (24.58° N, 121.40° E). YYL
is a polymictic lake and ice-free year-round due to typhoon disturbance and fall
overturn (Tsai et al., 2008; Kimura et al., 2012), which has six inflows and one
outflow (Figure 1), the surface area was 3.5 ha, and average water depth was around
4.3 to 4.5 m (Tsai et al., 2008; Chiu et al., 2020). The daily average water temperature
was around 5-25 °C on the water surface (Chiu et al., 2020). The annual precipitation
approximately ranged from 3300 to 4500 mm that induced the abundance of water
resources to play an essential role in soil C fluxes and water retention in YYL, such as
fog and typhoon events (Lai et al., 2006; Chang et al., 2007). The watercolor of YYL
is brown and humic, with a pH of approximately 5.4 (Wu et al., 2001; Tsai et al.,
2008). The total nitrogen (TN) was ranged from 20 to 50 pug-N L, total phosphate
(TP) was ranged from 10 to 20 pg-P L', and seasonal variation of lake metabolism
ranges from -11.4 to -74.9 pmol of O, m™ d°!, indicating YYL is considered to be an
oligotrophic lake (Tsai et al., 2008; Chiu et al., 2020).

On the other hand, Tsui-Fong Lake (TFL) is located around 21 km from the YYL
in the Taiping mountain region, surrounded by cypress forest (Chamaecyparis
formosensis) with an altitude of 1850 m (24.52° N, 121.60° E). TFL has 11 inflows
(one primary and ten minor flows) and one outflow (Figure 1). The lake surface area
varies from 8.0 to 25 ha, and the total water depth ranges from 3.0 m during the dry
period to 12 m during typhoon season (Tsai et al., 2016; Chiu et al., 2020). The



watercolor is green during the dry period due to algal blooms during March and June,
with the high Chl. @ around 30 to 100 ug L' (Tsai et al., 2016; Chiu et al., 2020). TN,
TP, and seasonal variation of lake metabolism are ranged from 20 to 70 pg-N L1, 30
to 60 ug-N L', and -25.4 to 57.4 pmol of O, m d!, respectively, indicating that TFL
is considered to be a mesotrophic lake (Tsai et al., 2016; Chiu et al., 2020).

Minor river 2 Tsui-Fong Lake (TFL)

600 2 ; 4.5
Minor river ' Minor river 3 N
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Yuang-Yang Lake (YYL) 3 MisiEvecs 2.5
~ 200 2 300 { =}
= . N & 204
= 150 «H
© river 6 . [a]
2 1001 e 200 L5
<
7 { river 1
. 1.0
Q — — 100 1 . @
300 400 500 600 Major river %, 05
Distance (m) 0 river 9 -
0 100 200 300 400 500 600 '

122°E 121°E 120°E Distance (m)

N Taiwan
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Figure 1. Location of sites with an enlarged bathymetric map of Yuan-Yang Lake
(YYL) and Tsui Fong Lake (TFL) with water depths contour. Buoy (Black
rectangles), weather station (Stars, Met. 1 and Met. 2), river inflow (Red circles),
and outflow (Black dots) deployment sites. The satellite images from MODIS
Rapid Response Team, NASA (Left), and Google Earth (Right).



2.2 Data collection and measurements

We investigated the vertical profile of water temperature and DIC once or twice a
month in YYL, categorizing spring (March to May), summer (June to August),
autumn (September to November), and winter (December to February) in four seasons
for ten years. Furthermore, since the mean duration of typhoon events was less than
five days, we added summer typhoons (June to August) and autumn typhoons
(September to November) periods to know how the water columns of water
temperature and DIC differ between four seasons and typhoons.

Next, to determine how water quality factors (DOC, DIC, Chl. a) differ between
before and after typhoons in two lakes, we categorized seasonal pattern into three
periods for five years: “pre-typhoon” (April to July), “during-typhoon” (August to
November), and “post-typhoon” (December to March).

2.2.1 Meteorological and limnological data

The water temperature was measured at water depths of 0.04, 0.25, 0.5, 0.75, 1.0,
1.5,2,2.5,3.0, 3.5, and 4.0 m using thermistor chains (Templine, Apprise
Technologies, Inc., Duluth, Minnesota, USA) at the buoys of both lakes (Figure 1),
and the wind monitors (model 03001, R.M. Young, Traverse, MI, USA) measured the
wind speed and wind direction at 2.0 m above the water surface. The water depths
were measured at the deepest spots (buoy) through the water column using a water
depth meter (model HOBO U20; Onset computer company, MA, USA). Additionally,
we measured air pressure (model 090D; Met One Ins., NW, USA), active
photosynthetic radiation (PAR, model LI-190; LI-COR, Lincoln, NE, USA), and
precipitation (model N-68; Nippon Electric Instrument, Japan) at weather stations
located around 1.0 km from the buoys (Figure 1). The recorded data were
automatically saved every 10 min in a data logger (model CR1000, Campbell Sci. Inc.,
USA) at each buoy and weather station. In addition, to know how the water quality
changed during typhoons, we used a Submersible Fluorometer (model C3, Turner
designs, CA, USA) to measure Chl. a and colored dissolved organic matter (CDOM)

at 0.25 m deep and recorded automatically every 10 min.

2.2.2 Water chemical samples (DIC, DOC, pH, and Chl. a)
The water samples were collected at water depths of 0.04, 0.50, 1.00, 2.00, and

3.50 m at the buoy sites, and surface water (0.04 m) from river inflows and outflows,
using a horizontal Van Dorn bottle (2.20 L, acrylic) (Figure 1). The pH was measured
using a water quality probe (model Hydrolab 4a; Hach, CO, USA) at the water
surface (0.04 m). We used a portable hand pump (Hand Vacuum pump, One Lincoln



Way, MO, USA) filtered (47 mm GF /F, nominal pore size 0.70 um, Whatman,
Maidstone, Kent, UK) the water samples. The filter paper opaque bottles and filtrate
samples were kept in airtight vials (Vial glass 40 ml, K60958A-912) at around four °C
until the sample was measured. These samples were analyzed less than 72 hours after
sampling. The Chl. a was extracted from the filter papers with methanol and
measured using a portable fluorometer (model 10-AU-005-CE; Turner Designs, CA,
USA). On the other hand, DIC and DOC concentrations were measured using an
infrared gas detector that detected DOC and DIC with persulfate digestion (model
1030W/1088, Xylem, TX, USA).

2.3 Data analysis

We used the Brunt—Viisild frequency, mixing depth, and intrusion depth to
quantify the strength of stratification, estimated where the river intruded and defined
the water layers in YYL (section 2.3.1). Next, the epilimnion DIC (water depth of
0.04 to 0.25 m), meteorological (wind speed, air pressure), and limnological data
(water temperature, pH) were used to calculate CO» flux (section 2.3.2) and NEP
using a residence time and DIC data sets (section 2.3.3) in YYL and TFL. Finally, we
performed hydrological model simulations to evaluate the effect of typhoon
disturbance on DIC residence time within lakes (section 2.3.4). Additionally, we
applied the SEM analysis to know the effects of meteorological and water quality data
on DIC flux (section 2.3.5).

2.3.1. Brunt-Viisila frequency, mixing depth, and intrusion depth

The stratification induces water particle oscillations due to density perturbation.
The oscillation frequency is denoted as “Brunt-Vaiisdld Frequency” or “buoyancy
frequency” (Imboden and Wiiest, 1995). Brunt—Viisild frequency (N, s™') is often
used to quantify the strength of stratification in the previous studies because of that
associated with the vertical mixing in lakes (Imboden and Wiiest, 1995; von Rohden

and Ilmberger, 2001). The equation was followed as:

_ | gdp
N = /—55 (1)

where g is the gravity acceleration, p is the density of water, and z is the vertical
coordinate of water depth (m). We calculated the vertical average of N*for the water
column from 0.04 to 4.0 m deep, and most of the cases were N> > 0.

As Figure 2, we referred from Staehr and Sand-Jensen (2007) to define the depth

of vertical mixing depth (Z,,, m) and Epilimnion



Iy = Z|T=TS—1 (2)

where Z,,, is the mixing water depth, and T is the water surface temperature at 0.04
m deep. We defined an intrusion depth to know where the river flow intrudes (Z;, m)
and defined the Hypolimnion

Zi= Z|r- Tr (3)

where Ty is the water surface temperature of a river (Figure 2).

2004-07-28
0.0 Tz =%
0.5 - Epilimnion
Zﬂl
1.0 A1
3 -

1.5 A
= 10
=20 7. Celsius
‘% 1 degree
Q Metalimnion

2.5

3.0+

3.5 1

Hypolimnion

4.0 1
12.5 15.0 17.5 20.0

Water temperature ( ° C)
Figure 2. Definition of the layers (Epilimnion, Metalimnion, and Hypolimnion),

mixing depth (Z,,), and intrusion depth (Z;). Vertical profile of water temperature on
July 28, 2004.

2.3.2. CO; flux across the air-water interface (F:gp3)

To quantify how much C was exchanged between lake and atmosphere, we not
only calculated the partial pressure of the air-water CO2 (pC02) by applying Fick’s
law (Table 1) but also considered the CO; transfer velocity due to the wind speed
(Wanninkhof, 1992; Maclntyre et al., 2002) and dissociation rate in lakes by using
empirical equations (Plummer and Busenberg, 1982). When COs is absorbed from the

atmosphere into the lakes, F(, is a negative value.



Table 1. Equations and references for CO» flux (Fp,) across the air-water interface.

Variables

Equation

References & equipment

Fcoz (mg Cm?d™)
pCO2 4 (CO7 partial pressure
in the atmosphere, patm)

pPCO2yqter (Hatm)

pH

DIC (umol C kg™)

ko2 (Gas transfer velocity,

cm h'!)

keoo (Gas exchange coefficient)
Scco, (Schmidt number)

U;o (Wind speed above 10 m
water surface)
U, (Wind speed above 2.0 m
water surface)

Ky (Henry’s coefficient)
K, (Ist dissociation constant)

K, (2nd dissociation constant)
T (K degree)

kcoz " Ky(pCO2yqter — PCO244r)
Measured data - 390 (ppm)
DIC(107PH)2
[(10~PH)2 + (10-PH)K, + K, K, ]Ky

Measured data
Measured data (DIC concentration, 0.04 m)

y (SCCOZ)—O.S
2.07 + 0.215 UL/
1911.1 — 118.11 T + 3.4527 T2 — 0.04132 T3

U, - 2myois
Zam)
Measured data
exp (10839 + 0.0199T — 22 — 40.452log T + 225%)
exp (—356.31 — 0.0609T + “2% + 126.83log T — ~220)
exp (—107.8 — 0.0325T + == + 38.926log T —251)

Measured data

Fick’s law diffusion

Air pressure sensor (section 2.2.1)

Cai and Wang, 1998
Water quality probe (section 2.2.2)

Jahne et al., 1987

Cole and Caraco, 1998
Wanninkhof, 1992

Smith, 1985

Wind monitor (section 2.2.1)

Plummer and Busenberg, 1982
Plummer and Busenberg, 1982

Plummer and Busenberg, 1982
Water temperature at 0.04 m deep
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2.3.3. Net Primary Production (NEP) estimated using a conceptual model

The change in DIC (mg C m™) was modeled by applying a conceptual model to

obtain NEP (mg C m™ d!) (Nakayama et al., 2020a) as follows:
aDIC 4

Viotal Cy ot = —ViotalNEP + Qg Cy (DICg — DIC,) — A, Feo,
where Viorq is the total volume of the lake (m?), Cy is the coefficient that converts the
unit from mg C L' to mg C m?, Qg, is the effective exchange flux (m? d!) by using a
three-dimensional hydrological model, DICg is the mean DIC of rivers, DIC;, is the
mean DIC of lakes (mg C L"), and A, is the lake surface area (m?). F¢, is the DIC
flux across the air-water interface (mg C m?2 d™!) (section 2.3.2). Because the
phytoplankton and planktonic bacteria are the dominant DIC sink in two lakes (Tsai et
al., 2008; Shade et al., 2010), the Fo, cannot be negligible in equation (5).

To know the seasonal change in NEP, we assumed the DIC; was under the
steady-state condition for DIC. Despite the DIC, may dramatically change during the
typhoon period, some previous studies demonstrated the vertical profile of water
temperature and metabolism turned back to original level just a few days after a flood
(Tsai et al., 2011; Kimura et al., 2012) in YYL. Thus, the fluctuation in DIC; due to
flooding is negligible when analyzing the seasonal change in NEP. Therefore, under
the steady-state condition for DIC, NEP was obtained as:

QRe
Vtotal Vtotal
When DIC, is smaller than DIC, and the CO; is absorbed in water, resulting in that C

is accumulated within the lake, which leads to a positive NEP. Conversely, when DIC;,

Ay

NEP = )

¢, (DIC; — DIC,) —

FCOZ

is larger than DIC; and CO; released into the air, resulting inorganic C being
produced within the lake, which leads to a negative NEP.

Because the stratification affects a three-dimensional flow and mass transport,
the residence time is not equal to Vo / Qre (Nakayama et al., 2020a). Hence, we
attempted to estimate residence time using a three-dimensional numerical simulation
(section 2.3.4). Finally, when ADIC = DIC; — DIC;, we obtain the conceptual model

of NEP was followed as:
ADIC A ADIC (6)

- coz = —Cy - Fe
r Vtotal tr

NEP = —(C,,

where t,. is the residence time (d!) (section 2.3.4). We obtained ADIC using DIC at

water depths as followed

ADIC = (ADIC¢ 94m Vo.04m + ADICq 5 qVosm + ADIC; Vi + ADIC; n Vo, (7)
+ ADIC3.5mV3.5m)/Vtotal

where ADICgep, is the value of DIC at a depth of dep, and Vg, is the volume (m*) at a
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depth of dep.

However, since equation (6) uses the upper layer variables only but not in the
lower layer, we needed to confirm the validity of equation (6) to estimate NEP in an
entire stratified lake. Thus, to know how stratification inhibits the vertical C flux
between the upper and lower layers, we attempted to clarify whether applying
equation (6) to a stratified lake is possible. Therefore, DIC in the upper and lower
layers is modeled (Nakayama and Imberger, 2010; Nakayama et al., 2012) and
considered phytoplankton's effect on DIC flux from the lake bottom the model as
follows (Figure 3).

The upper layer:

dDICy (8)

Vy —— = CyQuDICg = CyQouDICy — Vyapy Chly

+ AIWI(DICL - DICU) - ALFCOZ

The lower layer:

V%—C DIC, —V, Chl; + A;,w;(DIC, — DIC,) + AzD ©)
L ar vl R LApL L W U L BlUB
Viotar = Vy + V. (10)
Qin =Qu + 0, (11)

where DIC; is DIC in the upper layer, and DIC; is the DIC in the lower layers (mg C
L), total volume area (V,.q;) Was the sum of upper (V) and lower (V) layers
volumes (m?) of a lake; Q;,, and Q,,,; are the river inflow and outflow (m>s™),
respectively ; Q;, is the river inflow into the upper (Qy) and lower layers (Q;) (m? s);
apy and ap; are the absorption rate of DIC by phytoplankton (mg C mg™ s'); Chly
and Chl; are the Chl. a in the upper and lower layers (mg L), respectively; 4; is the
density interface area between the upper and lower layers (m?); Ap is the bottom area;
w; is the entrainment velocity between the upper and lower layers (m s!); and Dy is
the DIC flux from the lake bottom.

Since we assumed the rive inflow and outflow were a steady-state (Q;;, = Qout)s

equations (8) to (11) yield the equation as follows:
O = CUQUDICR - CUQOutDICU - VU(XPUChlU + CUQLDICR - VLCZPLChlL
(12)
+ ApDp — A Fco2

Finally, we obtained equation (13) as below, similar to equation (6).
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VyapyChly + V,ap, Chl, — AgD 1
NEP = Ludruthly Lap Chly BUB (13)

Vtotal

_ Cu(DICR - DICU) AL
= tr’

- % FCOZ
total

where t,.’ is the theoretical residence time by Equation (14) as follows:

r_ Vtotal (14)

t
" Qin

Equation (13) considers the effect of photosynthesis on DIC in the whole lake,
comparing equation (6). When the DIC flux should be suppressed between the upper
and lower layers due to the stratification effect (Imboden and Wiiest, 1995), the Q;,,
may be underestimated when the t,. assumes that inflow is mixed quickly (equation
(14)). Thus, the t,- of equation (11) is applied by using a three-dimensional model that
should be considered the stratification effect to estimate NEP in the entire lake rather

than the theoretical residence time (t,.").

4

V., o chl

? PU 7
W I

M&LHM}“MMMMHMM

Figure 3. The schematic diagram for the NEP model. A two-layer fluid is assumed to

exist.
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2.3.4. Simulating the hydraulic retention and residence time

To estimate the residence time (t,.), we performed a three-dimensional
environmental model, Fantom (Nakayama et al., 2020a). Fantom is performed the
water mass and energy by using the generic length-scale equation model to transport
calculations (Jones and Launder, 1972; Umlauf and Burchard, 2003), which based on
the object-oriented programming methods (Laniak et al., 2013; Nakamoto et al., 2013;
Nakayama et al., 2014). In addition, Fantom is considered bathymetry data to simulate
the bottom slopes from a z-coordinate system with partial cells (Adcroft et al., 1997).
We used sonar to measure the bathymetry data of lakes (model LMS-332¢c GPS
Receiver and Sonar, Lowrance, USA) in August 2007 every 1.00 m in depth. For
numerical simulations, the vertical grid size was 0.20 m, and the time step was 0.50 s
in both lakes. The horizontal grid sizes were 4.0, 10.0 min YYL and TFL,
respectively. We computed the time series of the mean tracer concentration in the
entire available computational domain, which was used to estimate residual time

using:

t
T, = (Tro —Try,) exp (_t_) +Tr, (13)
T

where T, is the mean tracer concentration, and t is the time (d™'). We used a uniform
tracer concentration of 1.0 in the initial condition (T'r,) for the entire domain of lakes.
Ty, is the quasi-steady-state tracer concentration, which indicates the effect of
stratification on hydraulic retention time. Since Tr;, tends to be zero, the water column
is no stratification in a stratified lake.

To know the residence time for each season in YYL, we applied vertical profiles
of mean water temperature and DIC as the initial stratified conditions (Table 2). The
initial river discharges (Q;,,) were 0.072, 0.009, 0.027, 0.018, 0.036, and 0.018 m* 5!
from river 1 to river 6 in YYL, respectively (Figure 1). Thus, the initial water depths
were 4.35 for each season.

Next, to estimate the ¢, during typhoon periods, we used the base flow to be the
initial discharge, which was 0.048 (pre-typhoon), 0.107 (during-typhoon), 0.028
(post-typhoon) m* s, and initial water depths were 4.38, 4.46, 4.35 min YYL,
respectively. On the other hand, the base inflows were 0.185 (pre-typhoon), 0.411
(during-typhoon), 0.067 m® s! (post-typhoon), and initial water depths were 3.27,
7.01, 4.08 m in TFL, respectively.
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Table 2. Variables of simulation scenario for estimate simulated residence time for each

season. WT is water temperature.

Variables Spring Summer Autumn Winter Unit
Sagg’tlemg 2008/05/17 2004/07/28 2009/11/11  2007/10/20 yyyy/mm/dd
Water depth 4.10 4.15 4.30 4.31 m
Vertical profiles
DIC (0.04 m) 3.76 3.38 3.27 2.75 mg L!
DIC (0.50 m) 3.96 3.52 3.25 2.83 mg L!
DIC (1.00 m) 4.08 4.16 3.60 2.82 mg L!
DIC (2.00 m) 4.39 4.89 3.02 2.51 mg L!
DIC (3.5 m) 6.03 14.72 3.60 2.99 mg L!
WT (0.04 m) 18.62 20.85 14.34 12.17 °C
WT (0.25 m) 18.21 20.86 14.34 12.05 °C
WT (0.50 m) 18.09 20.85 14.34 12.08 °C
WT (0.75 m) 17.82 20.81 14.28 12.01 °C
WT (1.00 m) 16.89 20.23 14.23 11.94 °C
WT (1.50 m) 15.62 18.64 13.12 11.87 °C
WT (2.00 m) 14.86 16.64 12.12 11.87 °C
WT (2.50 m) 13.86 15.30 11.83 11.80 °C
WT (3.00 m) 12.37 13.66 11.67 11.78 °C
WT (3.50 m) 11.14 12.70 11.49 11.67 °C
WT (4.00 m) 11.08 12.60 11.52 11.65 °C
Horizontal input and output
DIC (inlet 1) 9.47 5.54 3.41 1.97 mg L!
DIC (inlet 2) 2.48 1.09 0.92 0.45 mg L!
DIC (inlet 3) 0.66 0.57 1.62 0.58 mg L!
DIC (inlet 4) 1.11 0.88 0.90 0.50 mg L!
DIC (inlet 5) 4.53 2.97 3.38 1.60 mg L!
DIC (inlet 6) 0.53 0.39 0.61 0.35 mg L!
DIC (Outlet) 3.80 2.76 3.11 2.68 mg L!
Triver 12.40 14.47 12.78 12.94 °C
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2.3.5 Structure equation model (SEM)

We developed the SEM based on previous studies (den Heyer and Kalff, 1998;
Tranvik et al., 2009; Groeneveld et al., 2016; Wang et al., 2018; Aarnos et al., 2018;
Dodds and Whiles, 2019). We not only considered the physical factors such as

hydrological transportation and wind speed but also biochemical factors such as

biological and photo-mineralization in this SEM (Figure 4). To quantify the objective

function for paths and parameters, we used the Wishart likelihood function and

applied Z-test to obtain p-values. To fit and validate the SEM's reliabilities, we

calculated root mean square error (RMSE) of approximation and adjusted goodness of

fit index (AGFI) (Igolkina and Meshcheryakov, 2020).
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Figure 4. Conception diagram of carbon fluxes for SEM.
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3. Results

We showed the three parts in the results from section 3.1 to section 3.3. First, in
section 3.1, to clarify the effect of thermal stratification on the seasonal DIC in a
subtropical shallow lake, we showed the vertical profiles of water temperature and
DIC and estimated the residence time and NEP for each season (spring, summer,
autumn, and winter). Next (section 3.2) shows the vertical profiles of water
temperature, DIC, DOC, and Chl. a in shallow subtropical lakes with different trophic
levels. Finally, section 3.3 1s compared the detailed impacts of typhoon disturbance on
C flux between pre- and post-typhoon periods by SEM analysis and the simulation

results of Fantom.

3.1. The effect of thermal stratification on vertical profiles of DIC
and NEP

3.1.1. Water temperature and DIC in YYL

Overall, mean water surface temperatures (0.04 m) were 14.6, 20.4, 15.4, and
11.3 °C from spring, summer, autumn, and spring, respectively (Figure 5 a—d). At the
bottom (4.0 m), mean water temperatures were 8.5, 12.7, 12.9, and 8.7°C from spring
to winter, respectively (Figure 5 a—d). Significantly, the highest difference in mean
water temperature between the surface and bottom was 7.7 °C in summer (Figure 5
b), and the lowest difference was 2.5 °C in autumn and winter (Figure 5 c—d). Thus,
substantial DIC was stored in the bottom from spring to autumn (Figure 5 a—c). Mean
surface water DIC was about 3.0 mg C L™! from spring to summer and about 2.5 mg C
L' from autumn to winter (Figure 5 a—d). Mean DIC was highest in summer (7.5 mg
C L") and lowest in winter (2.8 mg C L") at 3.5 m deep (Figure 5 a—d).

During typhoons, the mean surface water temperatures were lower, around 3.0
°C than typical summer, and mean DIC during the summer typhoons were vertically
uniform and only about 2.5 mg C L! (Figure 5 b and e). However, the mean surface
water temperatures were higher, around 1.6 °C than typical autumn, and mean surface
water DIC was lowest, around 2.0 mg C L' during the autumn typhoons (Figure 3f).

Mean river temperatures were the highest in summer (15.1 °C) and lowest in
winter (10.7 °C) (Figure 6 a). As a result, the difference in water temperature between
lake surface water and the rivers was the highest (5.3 °C) in summer (Figure 4a),
resulting in that mean DIC declined about 40% after summer typhoons (red rectangles
in Figure 4b).

The mean river DIC was the highest in summer (3.7 mg C L") and the lowest (1.8 mg
C L") during autumn typhoons (Figure 6 b).
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In the upper layer, the ADIC were negative values from spring to summer
(Figure 7 a and b). The absolute mean of ADIC was lower in spring (around 0.3 mg C
L") and summer (around 0.5 mg C L) than in autumn (about 1.0 mg C L!), and was
the lowest in winter (around 0.06 mg C L!) (Figure 5a—5d). Mean upper layer ADIC
was smaller in typical summer than during the typhoons about 0.2 mg C L' (Figure 7
b and e). In contrast, mean ADIC in typical autumn was larger than during the
typhoons (Figure 5c and 5f).

In the lower layer, the ADIC were all positive values for each season. The mean
ADIC was 0.83, 3.82, 1.86, and 0.32 mg C L"! for spring, summer, autumn, winter,
respectively Figure 7 a—d). The lower layer ADIC was smaller during summer
typhoons (0.69 mg C L) than autumn typhoons (0.77 mg C L) (Figure 7 e—f).
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3.1.2. Mixing depth, Brunt-Viiisili frequency, and intrusion depth

Mean mixing depth was the largest in winter (25 % of the water depth) and
smallest in summer (7.50 %; Figure 8 a). The stratifications from spring to summer
were stronger than in autumn and winter because mean Brunt-Viisila frequency was
the highest in spring and summer ranged from around 6.00x10 to 1.30x102 s
!(Figure 8 b). In addition, the Brunt-Viisili frequency after typhoons was higher
than in autumn and winter (Figure 8 b). As a result, mean intrusion depth was about
50% of the total water column from spring to autumn and 100% of the whole water
column after the typhoons (Figure 8 ¢). In contrast, intrusion depth in winter was
small, approximately 10% of the total water column (Figure 8 c).

We used the Spearman correlation to quantify the correlation coefficient (rs) and
represent the statistical significance (Table 3). As a result, the water surface DIC was
not associated with water temperature or Brunt-Viisild frequency (Figure 7a and 7d).
(Table 3 and Figure 9 a). However, hypolimnion DIC and water temperature showed
a significant positive correlation (rs = 0.61, p < 0.001) (Figure 7b). Hypolimnion DIC
and river DIC had the strongest positive correlation (rs = 0.69, p < 0.001) (Figure 9 c).
Hypolimnion DIC and river DIC showed a positive correlation with Brunt-Viisila
frequency (rs = 0.43 and 0.32, p < 0.001) (Figure 7¢ and 7f). The Brunt-Vaiséla
frequency and mixing depth were associated with surface water temperatures (Figure
9 g—h) with high Spearman correlation coefficients (rs = 0.64 & 0.40, p <0.001).
Although Brunt-Viisild frequency and mixing depth had the strongest correlation (rs
=-0.88, p <0.001) (Figure 9 i), mixing depth was not strongly correlated with
hypolimnion DIC or river DIC (Table 3). Intrusion depth had significant positive
correlations with water surface temperature, Brunt-Viiséla frequency, and
hypolimnion DIC (rs = 0.58, 0.32, and 0.32, respectively, p < 0.001). In contrast,

intrusion depth was not associated with mixing depth, water surface DIC, or river DIC.
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Table 3. Spearman correlation coefficients for DIC, water surface temperature, Brunt-
Viisila frequency, mixing depth, and intrusion depth. * represents the statistical
significance at p-value < 0.05; ** represents the statistical significance at p-value <

0.01; *** represents the statistical significance at p-value <0.001.

Variables Mixing  Brunt-Viisdld  Water  Hypolimnion  River  Intrusion
depth frequency surface DIC DIC depth
DIC
Water surface | -0.398*** (.643*** 0.029 0.611%** 0.310%*  (0.581%%**
temperature
(122) (142) (142) (142) (76) (66)
Mixing -0.879%** 0.115 -0.221 -0.158 -0.155
depth
(122) (122) (122) (66) (52)
Brunt-Viisdld 0.017 0.427%*%* 0.324%%*  ().324%%**
Jrequency (142)  (142) (76) (66)
Water surface 0.438%** 0.320%** 0.162
DIC
(152) (84) (66)
Hypolimnion 0.686***  (.32]***
DIC
(84) (66)
River -0.005
DIC
@31
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Figure 9. Relationships between (a) water surface temperature and water surface DIC,
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Spearman correlation coefficients. *** indicates statistical significance at p-value <
0.001.
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3.1.3. NEP and FCOZ in YYL

We showed the effect of stratification and river intrusion on the vertical
distribution of tracers under summer conditions (Figure 10). We found that the upper
layer is well-mixed on the second day after the initial condition (Figure 10 a—b).
However, the river flow cannot intrude into the lower layer because the water
temperature of the river inflow is almost the same as the middle layer, resulting in the
slow descent of the thermocline from the second to the third day (Figure 10 ¢). In
contrast, the tracer was confirmed to be well-mixed in the entire domain in winter
because of weak stratification. As a result, the residence times were 2.6, 2.6, 1.7, and
1.3 days for spring, summer, autumn, and winter, respectively. The residence time was
longer-ranged from 1.3 to 0.9 days in spring and summer than autumn and winter due

to the stronger stratification.
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Figure 10. Vertical distribution of the tracer in summer. (a) Day 1, 00:00 a.m.; (b) day
2, 00:00 a.m.; (¢) day 3, 00:00 a.m. The horizontal coordinate shows the distance from
the northernmost end of YYL (m); the vertical coordinate shows the depth (m) from

the water surface to the bottom. Contour shows the concentration of the tracer.
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Mean F,, was the lowest in summer (131.2 mg C m™ d!) and highest in
autumn (207.2 mg C m2 d'!) (Table 4). The standard deviations of DIC and F,
were higher in summer and autumn than spring and winter (Table 4). Water
temperatures (11.1 + 1.9 °C), DIC (2.20 + 0.43 mg L"), and ko, (1.85+0.42 cm h)
were lowest in winter, which led to a lower mean Fp, than in spring and autumn.

NEP was positive only in spring in the entire YYL (Figure 11). We followed
equation (6) to obtain NEP in the upper layer using the ADIC, because the upper layer
plays a major role in CO2 emissions. As the results, NEP in the upper layer was 114.1
(spring), 144.0 (summer), -644.8 (autumn), and -69.7 (winter) mg C m™ d! (Figure
11). The contribution of F to NEP in the upper layer was 24.9%, 15.5%, 5.5%, and
33.5% in spring, summer, autumn, and winter, respectively (Table 4). Therefore, CO2
emissions were confirmed to not be negligible in (6). On the other hand, NEP in the
lower layer was -319.6, -1470.3, -1282.6, -374.5 mg C m™ d"! from spring to winter.
The effect of stratification on the suppression of vertical mixing between the upper
and lower layers enhanced positive total NEP in spring. A large amount of C was

stored in the lower layer, resulting in the negative total NEP in summer.
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Table 4. CO; flux in YYL from July 2011 to December 2017 (not including 2012 and
2013). F, is CO2 emission.

Variables Unit Spring Summer Autumn Winter
n 12 18 12 12
WT °O) 1559+296 20.58+1.87 15.72+2.18 11.05+1.92
kcos (cmh™) 223+£0.55 242+033 235+026 1.85+042
pH 6.10+£0.84 5.78+0.85 6.05+0.58  6.25+0.66
DIC (mg L) 244+£054 231+£1.32 256170 2.20+0.43
pCO2 4 (natm) 331.6 £ 1.30 331.6+1.05 332.4+0.79 332.0+0.52

pCO2,ater (natm) 782.3+ 1722 792.3+512.4 823.1+557.6 664.3 + 140.9

Feor (mg Cm2d') 255.0+103.9 265.1+292.0 309.7+389.1 169.8+85.1
F, (mgCm3>d') 92.7+37.8 964+1062 112.6+147.6 61.74+31.0
250
0_
— =250 4 l
w =500
=
© 750
£
& —1000 -
= —1250 4 =1 Upper layer
HEEl [ower layer
~15007 m=3 Total

T T T T
Spring Summer Autumn Winter

Figure 11. NEP in YYL from July 2004 to December 2017. C is absorbed when NEP
>0 and C is released when NEP < 0. White bars represent NEP in the upper layer
(0.04 to 2.5 m water depth), black bars represent NEP in the lower layer (2.5 to 4.0 m
water depth), and gray bars represent the whole-lake mean NEP.
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3.2 Comparison of the limnological and meteorological data between
before and after typhoons with subtropical shallow lakes

3.2.1 Seasonal dynamics of metrological and limnological data

In YYL, the mean wind speed was 1.07 m s™!, and the maximum wind speeds
exceeded 8.0 m s™! during typhoons from 2009 to 2017 (Figure 12 a). The mean water
depth was 4.40 m (Figure 12 a). The vertical profile of the water temperature showed
stratification from April to September and a well-mixed water column from December
to February (Figure 12 b). The daily surface temperatures (at 0.04 to 0.5 m water
depth) are around 5.60 to 23.9°C (Figure 12 b). The average surface DIC was 2.42
mg C L, ranging from 0.50 to 7.06 mg C L' (Figure 12 c). In June, the maximum
bottom DIC (at 3.5 m water depth) was 10.3 mg C L'!, about ten times higher than the
maximum surface DIC. The DIC was not significantly different between the surface
and bottom from December to January. The average surface and bottom DOC were
5.63 and 7.26 mg C L', respectively (Figure 12 d), which the DOC was
approximately two times higher than the DIC concentration (Figure 12 c—d).
Especially, DOC and DIC were approximately two to ten times higher during typhoon
periods (August to November) than the other periods (Figure 12 ¢—d). The average
surface Chl. a was 2.92 ng L'!. Hypolimnion Chl. a was two to ten times higher
(around 30.0-150 pg L) than epilimnion Chl. a due to algal bloom from April to
August (Figure 12 e). The mean F,p, was 165 mg C m? d”!, ranging from -163 to
1018 mg Cm2 d! (Figure 12 f). Overall, YYL was found to release C into the
atmosphere (Figure 12 f).

In TFL, the mean wind speed was 1.89 m s™' and was more significant than YYL,
and the maximum wind speed was 14.7 m s! during the typhoon (Figure 13 a).
Because TFL only had seepage flow and no significant river outflow, the average and
the total water depth variation were higher than YYL. In addition, the watershed
flowing into TFL was larger than YYL, and the maximum water depth was more than
10.0 m, resulting in the total water depth returning to the average value of 30.0 days
or more after a typhoon (Figure 13 a). The average surface temperature was 15.8°C,
and the maximum water temperature was 25.5°C, with a difference of 8.0°C between
the surface and bottom in TFL (Figure 13 b). However, measuring the bottom water
temperature from the thermistor chain after rains was impossible because the total
water depth was greater than the thermistor’s length (3.50 m). Surface DIC was
around 0.50 to 7.00 mg C L' (Figure 13 ¢). The average surface DOC and bottom
DOC were 4.40 and 4.62 mg C L', respectively (Figure 13 d). The mean surface Chl.
a in TFL was 43.9 pg L', which was higher than YYL, and the maximum Chl. a was
153 pg L' (Figure 13 e). Fco, was around -0.17 to -361 mg C m? d™! (excluding July
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to October 2015 and August 2016), which showed that TFL is a C sink lake (Figure

13 1).
Yuang-Yang Lake
(a% 2009 2010 2015 2016 2017
24 104
[FZR
EE
® =
o
(C) 'T"_] O  Surface DIC R "
= 104 # Hypo.DIC " +
E ‘8 T e " oo @ . ¢ oty
% ol 08 080 O&w 8°08 WQ o !‘ %QOQSO WP& 000
(d) '_lz 209 O surface DOC oo
- # Hypo.DOC &‘ o oO
B #
E o ® o0 o
3} O {550 ‘ o 049 & &
8 0 T %wﬁ Mﬁa T T !® T 6 T o T 5 %i T T T
(e) |H_L O Surface Chla
g # Hypo Chla L)
=
3]

= 1000 1
~
8 I
(] E -
0
= oo
20
E _jooo

T
=
r Depth

(m)

P Total Wate

=

DOY

T T T T T T T T T T T T T T T T T
0 91 182273 0 91 182273 0 91 182273 0 91 182273 O 91 I82 273 365

Figure 12. Five years of temporal data on (a) wind speed (U, grey bars) and total

water depth (solid black line), (b) water temperature, (c¢) epilimnion (hollow black

circles) and hypolimnion (black diamonds) DIC, (d) epilimnion (red hollow circles)

and hypolimnion (red diamonds) DOC, (e) epilimnion (hollow green circles) and

hypolimnion (green diamonds) Chl. a, and (f) C emission across the air-water

interface (F¢p,) in YYL. (a-b) are daily averages and (c¢—f) are water samplings per

month.
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Figure 13. Five years of temporal data on (a) wind speed (U, grey bars) and total
water depth (solid black line), (b) water temperature, (¢) DIC at epilimnion (hollow
black circles) and 3.50 m water depth (black diamonds), (d) DOC at epilimnion (red
hollow circles) and 3.50 m water depth (red diamonds) DOC, (e) Chl. a at epilimnion
(hollow green circles) and 3.50 m water depth (green diamonds), and (f) C emission
across the air-water interface (F.(,) in TFL. (a—b) are daily average and (c—f) are

water samplings per month.
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3.2.2 Variation in water temperature, DIC, Chl. a, and NEP during pre- and
post-typhoon periods

Overall, the mean surface temperatures during the pre- and during-typhoon
periods were 18.0°C and 17.9°C in YYL, and 19.5 and 19.2°C in TFL (Figure 14 a—
b). In the post-typhoon period, the mean surface temperature was 12.7°C in YYL and
12.6°C in TFL (Figure 14 a-b). The surface DIC was higher in the during-typhoon
period than the pre- and post-typhoon ones in both lakes, which was2.91 and 6.01 mg
CL'in YYL at 3.50 m water depth (Figure 14 c—d) and 0.71(average pre- and post-
typhoon) and 0.88 (during-typhoon) mg C L' in TFL, respectively. The mean Chl. a
was relatively constant at the surface water in YYL (Figure 14 a). However, the
average Chl. a changed from 63.5 (pre-typhoon) to 34.8 pg L' (during-typhoon) at
the water surface (Figure 14 e—f) in TFL. The Chl. a decreased from 90.9 (pre-
typhoon) to 34.2 (during-typhoon) pg L' at 3.50 m water depth in TFL (Figure 14 e—
f). The variance patterns of DOC were similar to DIC (Figure 14 ¢—d and h—i). Mean
DOC was the highest in the during-typhoon period than the other period in YYL
(Figure 14 h); the DOC diluted vertically in the during-typhoon and post-typhoon
period in TFL (Figure 14 i).

As the results of numerical simulation, the residence times (t,-) were 5.80 d (pre-
typhoon), 4.40 d (during-typhoon), 5.70 d (post-typhoon) in YYL. On the other hand,
the residence times of TFL were longer than YYL, which were 10.0 days (pre-
typhoon), 18.0 days (during-typhoon), and 39.0 days (post-typhoon) (Table 5). The
results showed the NEP was 230 mg C m> d! in TFL and 118 mg C m™ d! in YYL,
meaning that C was absorbed into both lakes during the pre-typhoon period (Figure
15). However, high Chl. a content might lead to the higher C absorption t (Figure 15).
The NEP in YYL was negative: -8.70 and -42.1 mg C m™ d”! in the during- and post-
typhoon periods, respectively. The NEP was 97.3 mg in the during-typhoon period
and 40.5 mg C m™ d! in the post-typhoon period in TFL.
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Table 5. Results of residence times (t,-) during different periods.

Site Period
Parameters Before typhoon During typhoon After typhoon
YYL
Volume (m?) 4.10x10* 4.29x10* 4.02x10*
Discharge (m*s™) 0.048 0.107 0.028
Water depth (m) 4.38 4.46 4.35
t,'* (d) 9.86 4.64 16.6
t, (d) 5.8 4.4 5.7
Overestimate .
(by £,') (%) 70.1 5.45 191
TFL
Volume (m?) 2.19x10° 8.32x10° 3.39x10°
Discharge (m*s™h) 0.185 0.411 0.067
Water depth (m) 3.27 7.01 4.08
t, * (d) 13.7 23.4 58.6
t, (d) 10 18 39
Overestimate %) 37 302 50
(by t,)
*t,." was determined with equation (15)
1 TFL
2007 B YYL

5 150 1

E

v 100 -

g

5 50 A

Z

U .
—50 + : : ,
Before During After

Figure 15. The average NEP (mg C m™ d'!) between YYL (grey bars) and TFL (white
bars) for each period (before, during, and after typhoons).
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3.3 The detailed impacts of typhoons on DIC and DOC flux
3.3.1 Analysis of C flux using SEM

Overall, results showed that F(, is strongly correlated with wind speed, water
surface temperature, and pCO2,, 4¢er-- The pCO2,, 40 Was the most critical factor in
Fco2 due to Fick’s law. The influence of water surface DIC on F,, was much more
than water surface temperature and wind speed (Figure 16 and Figure 17). We also
analyzed for each season in two lakes; please see Supplement figure 1-8.

In YYL, PAR, water surface DOC, and bottom DOC affected surface DIC during
the pre-typhoon period in YYL (Figure 16 a). However, only bottom DIC was
strongly associated with water surface DIC in the during-typhoon period (Figure 16
b). Moreover, the river discharge, PAR, water surface DOC and bottom DIC were
more closely correlated to surface DIC in the post-typhoon than the pre-typhoon
period (Figure 16 c).

In TFL, bottom DIC and water surface DOC were positively correlated with
water surface DIC during the pre-typhoon period (Figure 17 a). In contrast, river
inflow, PAR, and Chl. a were negatively associated with water surface DIC (Figure
17 a). During the typhoon period, water surface DOC and inflows discharge were
strongly correlated with water surface DIC (Figure 17 b). However, during the post-
typhoon period, the influences of water surface DOC and inflows discharge on water
surface DIC were smaller than those of the pre- and during-typhoon periods (Figure
17 c). Therefore, epilimnion DOC and Chl. a may play a critical role in mediating
water surface DIC, pCO2,,4ter, and Fp, dynamics in TFL. It should be noted that
Chl. a was associated with epilimnion DIC in TFL, but not in YYL, suggesting that
Chl. a contributes to biological processes involving the epilimnion DIC andF,, in
TFL. Therefore, DOC input from inflows is considered the most significant factor
controlling DIC, pCO2,,4ter» and F¢p, in the oligotrophic YYL.
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(c) after (post-typhoon)
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Figure 16. SEM analysis showing DIC fluxes (black arrows) and DOC fluxes (brown
arrows) (a) before, (b) during, and (c¢) after typhoons in YYL. The coefficient values
are calculated from the Wishart likelihood function. The value of a coefficient
indicates the relative influence of the path. The path coefficients (black and brown
arrows) show statistical significance (p-value < 0.05). Standardized RMSE is less than
0.10; AGFI is more than 0.95 for each period.
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(c) after (post-typhoon)
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Figure 17. SEM analysis showing DIC fluxes (black arrows) and DOC fluxes (brown
arrows) (a) before, (b) during, and (c¢) after typhoons in TFL. The coefficient values
are calculated from the Wishart likelihood function. The value of a coefficient
indicates the relative influence of the path. The path coefficients (black and brown
arrows) show statistical significance (p-value < 0.05). Standardized RMSE is less than
0.10; AGFI is more than 0.95 for each period.
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3.3.2 Linear relationship between F;,, and limnological data

Overall, Fy, was significantly correlated with DIC in the during-typhoon period
(R?> 0.9, p-values < 0.001) in TFL and YYL. DOC and F,, were positively
correlated in both lakes in the during-typhoon period but not in the YYL during pre-
typhoon or post-typhoon periods (

Figure 18 c—d). Additionally, Chl. a had a slightly negative correlation with F, in
TFL (R? < 0.25, p-values < 0.05) in pre- or post-typhoon, but not in YYL (

Figure 18 e—f). Wind speed was negatively correlated with F,, in TFL (

Figure 18 h). However, the wind speed was not associated with Fq, in YYL because
it (0.11-2.72 m s') was less than half of the wind speed in TFL (0.58-3.89 m s™) (
Figure 18 g-h).
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3.3.3 Effects of a typhoon on C

We found that typhoons impacted the vertical mixing of lake waters and thus
temporarily decreased the DIC level (section 3.1). To clarify how typhoon events
affect DIC, we investigated the influence of Typhoon Megi (Number 1617), which is
the strongest in YYL and TFL from September 26 to 29, 2016. We also showed the
other strong typhoon (Typhoon Dujuan, Number 1521) during 2015 in YYL; please
see Supplement figure 9-10.

The maximum PAR reaches 2,000 pmol photons m™ s™! on average days, but
during Typhoon Megi, it decreased to 300—500 pmol photons m™ s! (Figure 19 a-b).
The PAR even got close to zero in the middle of the typhoon (September 28). The
water columns were well-mixed during the two days of the typhoon (Figure 19 c—d).
After Typhoon, the vertical gradient of water temperature was approximately 1.50°C
m™ in YYL and 0.50°C m™! in TFL from September 29 to October 1, 2016 (Figure 19
c—d), until the stratification recovered to the original level (> 2.0°C m™) after October
2. Chl. a gradually increased due to the nutrient inflow from rivers after the typhoon
passed (Figure 19 e—f). CDOM was diluted by 50.0% in YYL and approached 0.0
ppb (QSE) in TFL after Typhoon Megi (Figure 19 e—f). Wind speed and precipitation
dramatically increased from September 2628 (Figure 19 g-h), and the precipitation
was around 369-583 mm d-1 (Figure 19 i—j), which contributed 10.0, and 11.1% of
the annual precipitation at the YYL and TFL, respectively.

In YYL, the total water depth of the tracer was rapidly flushed, resulting water
columns were well-mixed on days 2-3 in YYL (Figure 20 b—d). The water was
renewed within the entire lake until day 4 in YYL (Figure 20 e). In TFL, the total
water depth increased about 1.65 m from September 27 to 29 because TFL only has a
seepage flow. The tracer was diluted by 25.0-35.0% in the entire lake on days 3 to 4
in TFL (Figure 20 i—j). The average t, in TFL (22.3 days) was four times longer than
YYL (5.3 days) (Table 5). Even during typhoon Megi, the results of numerical
simulation showed that TFL had a longer ¢, than YYL. We conjecture that C adjacent
to the water surface remains high during the typhoon period. Due to the weaker
stratification, typhoons significantly affect C by diluting high-concentration C from
the bottom to the upper layer (Figure 20).
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Figure 19. Data profile of (a—b) PAR, (¢c—d) water temperature, (e—f) Chl. a (green
line), and CDOM (brown line) at 0.25 m water depth. (g—h) Wind speed at 10 m high
(Uqp), (i-j) precipitation in YYL and TFL during Typhoon Megi (September 25 to
October 5, 2016). Data were captured every 10 min.
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Figure 20. Vertical distribution of the tracer on (a) day 1 (1 d) 00:00 a.m., (b) 2 d
00:00 a.m., (¢) 2 d 12:00 p.m., (d) 3 d 00:00 a.m., and (e) 4 d 00:00 a.m. in YYL, and
(f) 1 4 00:00 a.m., (g) 2 d 00:00 a.m., (h) 2 d 12:00 p.m., (i) 3 d 00:00 a.m., and (j) 4 d
00:00 a.m. in TFL during Typhoon Megi from September 2629, 2016. The horizontal
coordinate shows the distance (m); the vertical coordinate shows the depth (m) from

the water surface. Contour shows the concentration of the tracer



4. Discussion

This section shows the discussion and concludes the results. In the first part, we
discussed the effect of thermal stratification on DIC and NEP in YYL (section 4.1). In
the other part, we discussed the effects of typhoon disturbances and hydraulic
retention on C flux in YYL and TFL (section 4.2).

4.1 Effect of thermal stratification on DIC and C fluxes in YYL

In YYL, the stratification was stable from spring to summer (mean N: 0.011 s™!
& 0.013 5!, respectively) than autumn to winter (mean N: 6.00x102 s & 7.00x107 s
!, respectively) (Figure 8). Even though the average irradiance (solar radiation)
intensity was similar between spring and autumn, the stratification in autumn tended
to be weaker than in spring due to the vertical mixing induced by the typhoons
(Figure 6 and Figure 8). In summer, irradiance was the strongest, resulting in the
strong stratification, despite the typhoons (Figure 8). The significant density
difference between the upper and lower layers inhibited the penetration of river inflow
into the hypolimnion. Therefore, in spring and summer, water exchange between the
upper and deeper layers was suppressed.

The DIC data showed that stable stratification inhibited the vertical transport
from the lower to the upper layer, resulting in the upper layer ADIC being negative
from spring to summer due to the predominance of photosynthesis (Figure 7).
Additionally, the Brunt-Vaiiséléd frequency was significantly associated with
hypolimnion DIC (Table 3 and Figure 9 e). These induced the upper layer NEP was
positive from spring to summer, and lower layer NEP dramatically decreased from
summer to autumn due to the weak stratification (Figure 11). Thus, the lower layer
DIC produced was vertically transferred easily to the upper layer in autumn, resulting
in the highest CO> emissions in YYL (Table 4 and Figure 11). Since ecological
production was the lowest in winter due to the low water temperature, the absolute
value of NEP in the upper layer was smaller in winter than in autumn (Figure 6 a and
Figure 11).

In general, the residence time is determined by stratification and inflow. The
residence times from spring to summer were longer than autumn and winter due to the
stable stratification. Although the rainfall intensity is higher in summer and autumn
than in spring and winter, the inflow returns to the base flow immediately after the
typhoons cease. Tsai et al. (2011) found that typhoons (precipitation) caused vertical
mixing of the water column for up to 7-10 days after the typhoons. Hence, we

assumed that the inflow was constant between seasons and thus expected there to be
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no direct influence of precipitation on residence time at the seasonal timescale

We categorized the seasonal pattern of thermal stratification and vertical profiles
of DIC in YYL (Figure 21). The strength of thermal stratification is expected to be
the critical physical process controlling the vertical distribution of DIC. Although
bottom layer (hypolimnion) DIC is very high due to the release of sediments from the
lake bottom, strong stratification inhibits the vertical mixing of bottom DIC into the
water surface layer (epilimnion). We investigated DIC and water temperature vertical
profiles for 13 years in YYL. The results showed that the stratification is most intense
from spring to summer, forming an apparent three-layer system. In contrast, the water
column is weakly stratified in winter, and river flow intrudes in a layer adjacent to the
water surface.

Spring & Summer Autumn
(strong stratification - three layers) (weak stratification — three layers)
I
Epilimnion "~ River DIC

Pilotok_ nth
Respiration &
Release of C
from sediment

Intrusion depth
Intrusion depth

Mixing depth

Mixing depth
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Winter After typhoon
(weak stratification — two layers) (weak stratification — two layers)

-~ Small production
& mixing

Small production
& mixing
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Release of C
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from sediment ~>d Lo -------_

from sediment .
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Intrusion depth
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Water temperature (°C)

Figure 21. Schematic diagrams of stratification and DICy in (a) spring and summer,
(b) autumn, (¢) winter, and (d) after typhoons. The horizontal white-dash lines
represent the thermocline, the vertical yellow lines represent the DIC;, and the vertical
yellow-dash lines represent DICg.
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Kimura et al. (2012) showed that wind shear might be a vital factor inducing
turbulent mixing in YYL. We compared the numerical simulations with and without
wind stress and found that inflow is one of the main factors controlling residence time.
However, we found that wind shear was not a key driver of vertical mixing on a
seasonal scale because the wind speed was low during sampling dates. The average
wind speeds were 0.70 £ 0.33, 1.15+ 0.8, 1.11 £0.76, and 1.07 £ 0.51 m s™! in spring,
summer, autumn, and winter, respectively. Therefore, although the averages and
standard deviations of wind speed from summer to autumn were higher than those in
spring and winter, the residence times were mainly controlled by the intrusion depth
of river flow, not wind speeds.

As a result, stratification in spring and summer is more substantial than in
autumn and winter (Figure 8 b). In summer and spring, since the river water
temperature is similar to that of the metalimnion and is higher than in the hypolimnion,
river inflows were constrained in the metalimnion (Figure 22 a-b). Thus, the river
intrusion cannot penetrate the hypolimnion due to strong stratification. In this case,
only partial vertical mixing occurs between the metalimnion and epilimnion. In
contrast, river water temperature is similar to that of the metalimnion or epilimnion
(upper layer), and river inflows intrude into the upper layer in autumn and winter
( Figure 22 c—d). Even though the intrusion occurs adjacent to the water surface or
metalimnion, whole-lake mixing occurs because stratification is weak and vertical
mixing is less suppressed. Therefore, autumn and winter have a shorter residence time
than spring and summer, and stratification plays a key role in controlling the water
renewal within lakes. This role can be evaluated precisely using a three-dimensional
numerical simulation; this simulation method is more accurate for estimating
residence time than using the total volume of a lake and river inflow. Consequently, it

takes longer to renew hypolimnion water with river inflows.
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Figure 22. Vertical distribution of horizontal velocities on day 3 (00:00 a.m.) in (a)
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Some previous studies demonstrated that thermal stratification was a significant
driver of pCO2 and CO; fluxes (Aberg et al., 2010; Vachon and del Giorgio, 2014;
Andersen et al., 2019). Our results (Table 4) showed that CO> emissions ranged from
131.2 t0 207.4 mg CO, m™ d''in YYL, which were confirmed to be similar to other
shallow temperate lakes in previous studies (Aufdenkampe et al., 2011; Raymond et
al., 2013). Notably, the mean F,, was lowest in summer because of the strong
stratification (Table 4). Mean F(, was highest in autumn due to the supply of DIC
from the lower to the upper layer under weak stratification (Figure S ¢ and Figure 7
¢). The significant standard deviation (SD) of DIC from summer to autumn was
associated with a large SD in F(, due to high-frequency typhoons (Table 6). There
were ten typhoon events in our dataset in summer and autumn (Table 6). Although the
strength and frequency of typhoons differed between summer and autumn (Table 6),
our results showed that the vertical profile of DIC and water temperature reflected a
weak stratification after all typhoons (Figure 5 b—f). Each typhoon event led to
considerable precipitation and river discharge events relative to the annual
precipitation, so the stratification became weak after each typhoon (Figure 5 e—f).
Kimura et al. (2012) applied the lake number (Robertson and Imberger, 1994, L) to
quantify the vertical mixing in YYL and suggested that the water column was well-
mixed (Lx < 1) during typhoons and the winter. Wind shear and convective mixing
play a significant role in diurnal heat flux in lakes (Imberger, 1985). When typhoons
mixed the water column, the heat flux from the air into the lake decreased
dramatically in YYL (Kimura et al., 2014). Additionally, Czikowsky et al. (2018)
demonstrated that the duration of well-mixed conditions due to storms was around 1
to 2 days in Lake Pleasant, which resulted in a 50% decrease in heat flux compared
with the strongly stratified period. Previous studies suggested that storm events may
impact CO; fluxes (Vachon and del Giorgio, 2014; Liu et al., 2016; Tonetta et al.,
2017). Due to seasonal cooling-induced mixing, CO> emissions across the air-water
interface are larger than storm-induced mixing (Czikowsky et al., 2018). Precipitation
and storm events played a particularly vital role when they flushed large terrestrial
DIC concentrations into the lake, releasing CO; and CH4 (Hope et al., 2004; Vachon
and del Giorgio, 2014; Bartosiewicz et al., 2015; Tonetta et al., 2017). Consequently,
we suggest that both extensive loading of allochthonous C from the surrounding forest
and storm events seasonally influence CO; emissions from shallow lakes (Sobek et al.,
2003; Hope et al., 2004; Tsai et al., 2008; Shade et al., 2010; Chiu et al., 2020). Thus,

we discussed the effects of typhoon disturbance on the C fluxes in the next section.
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Table 6. Characteristics of precipitation and wind speed of summer and autumn typhoons from 2004 to 2017.

Total Megqmum Maximum wind Ranking
Typhoon Name Date Sampling date precipitation _al_ly . speed
(mm) precipitation (m s
(mm)

Summer typhoons (Total 56 typhoon events)
201513SOUDELOR 7-9 Aug. 2015 - 355.5 304.0 49.7 3rd/81
200708SEPAT 16-19 Aug.2007 22-24 Aug.2007 266.2 129.6 27.8 16th/81
200417AERE 23-26 Aug.2004 31 Aug. 2004 283.9 232 34.1 4th/81
200509MATSA 3-6 Aug. 2005 9 Aug. 2005 227.4 127 31.2 18th/81
200505HAITANG  16-20 Jul. 2005 20 Jul.2005 248.7 120.5 36.8 20th /81
Autumn typhoons (Total 25 typhoon events)
200813SINLAKU  12-15 Sep.2008 20 Sep. 2008 552 355.5 44.7 2nd /81
201013MEGI 21-23 Oct. 2010 25 Oct. 2010 501.9 356.5 16.6 Ist /81
200513TALIM 1 Sep. 2005 5 Sep. 2005 149 149 39.5 13th /81
200712WIPHA 17-18 Sep. 2007 20 Sep. 2007 85.3 59.5 16.3 33th /81

The data come from the typhoon database of the Central Weather Bureau in Taiwan. The meteorological station is located in Yilan CWBT station
(24°76'39" N, 121°75'65" E).
The ranking uses maximum daily precipitation of typhoons events. 201513SOUDELOR was the best ranking in summer.
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4.2. Effects of typhoon disturbances on C flux in shallow subtropical
lakes with different nutrient levels.

Overall, typhoon-induced mixing is one of the vital processes determining the
seasonal patterns of water quality (DIC, DOC, and Chl. a) and their effect on C flux
and NEP in shallow subtropical lakes. Typhoon disturbances and external C loading
via rivers control the vertical distribution of C in lakes, resulting in that NEP
decreasing during- and post-typhoon periods (Figure 15). The numerical simulations
showed that the mean ¢, was 5.30 and 22.3 days in YYL and TFL, respectively,
according to base flow, meaning that the hydraulic retention between TFL and YYL is
significantly different (Table 5). Thus, the magnitude of ¢, may indicate that YYL
(oligotrophic) and TFL (mesotrophic) had different regimes of ecosystem resilience as

well.

4.2.1. Hydraulic retention effect on C flux

The strength of stratification varied considerably, indicating that a model can be
applied in not only a stratified lake but also a well-mixed lake (Figure 12 b and
Figure 13 b). Our two-layer model covers vertical flux between the upper and lower
layers with entrainment velocities and the intrusion of river inflow into both the upper
and lower layers. Therefore, a two-layer model in this study has a significant
advantage in analyzing a weakly stratified lake, even a one-layer system, by giving
large entrainment velocity and inflow into the lower layer in Equation (13). Note that
the total water depth was greater than the thermistor chain (3.50 m) in TFL, and water
temperature under 3.50 m in the hypolimnion was not measured, which suggests that
the stratification strength estimated from Figure 12 b is weaker than the actual one.
Additionally, the Wedderburn number and Lake number were confirmed to be large
enough not to cause upwelling and turnover on normal days in TFL, even though
wind speed is larger on TFL than YYL, so the stronger wind does not mean the
occurrence of a weak stratification (Imberger, 1985; Shintani et al., 2010). The
Wedderburn number is the parameter showing the magnitude of the upwelling scale
inversely. Also, the Lake number is the parameter to predict the modal-type response,
such as turnover in a whole lake (Robertson and Imberger, 1994).

We followed the NEP equation by equation (6) based on Nakayama et al. (2020a).
Nakayama assumed that the water column was well-mixed and considered a target
domain to be one box. However, section 4.1 demonstrated the importance of
stratification on vertical mixing in YYL. According to previous studies, a two-layer
assumption is acceptable for water quality analysis (Maruya et al., 2010; Nakayama

and Imberger, 2010; Sato et al., 2012). The longer the residence time, the more
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chemical transformations among DIC, DOC, and phytoplankton growth, which result
in a high correlation among pC02, DOC, and Chl. a due to photosynthesis and
respiration (Carpenter et al., 1998; Sobek et al., 2003; Sobek et al., 2005; Dodds and
Whiles, 2019) and mineralization (Aarnos et al., 2018; Allesson et al., 2020; Allesson
et al., 2021). In addition, the residence time is a function of the total lake volume and
river inflow. Our analysis of Typhoon Megi also showed that TFL had a longer ¢, than
YYL, even during a strong typhoon. We found that the significant point is whether
outflow matches inflow in a shallow or small lake, as it takes more than one week for
phytoplankton and planktic bacteria to grow after storm events (Padisak, 1993; Shade
et al., 2011; Jennings et al., 2012; Chiu et al., 2020). The SEM analysis results also
support our hypothesis (Figure 17) that Chl. a is one of the significant factors
controlling F ¢o,. Therefore, it is necessary to clarify the physical processes needed to
estimate F g, in a lake, such as hydraulic retention considering the photosynthesis
effect due to phytoplankton (Nakayama et al., 2020b).The theoretical residence time,
t,’ (equation (15)), tends to overestimate the actual t, obtained using Fantom, as
Table 5 shows. For example, the simulated t,- was 39.0 d during a post-typhoon
period in TFL, but the t," estimated by river inflow is 58.6 d. The t," overestimates by
around 5.5-191% if the stratification is ignored in the whole lake based on a three-
dimensions numerical model. Thus, we recommended that residence time be
computed using a three-dimensional hydrological model. Although the NEP obtained
by equation (6) uses epilimnion DIC and F -, equation (13) revealed that equation
(6) indeed includes DIC flux from the lake bottom within the entire lake. Therefore,
equation (6) is applicable enough to estimate NEP in an entire lake, even a stratified
one.

Moreover, it is possible to predict future discharge and residence time changes
under projected precipitation variations by using the general circulation model.
Consequently, Equation (6) is promising to predict the long-term DIC variation in a
subtropical shallow lake under the circumstance of climate change. Also, we can
forecast the effect of global warming on C flux in a lake if the long-term
meteorological dataset is available, for example, from 1990 to 2010. Even a dataset
from 2000 to 2020 may assist in investigating the climate change effect on C flux in a
lake.
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4.2.2. Comparison of the F o, between lakes during storm events

We select to compare the F g, in the two lakes from this study with previous
studies of shallow lakes during storms from tropical to temperate climate zones
(Table 7). Overall, F g, increased during the post-storm period. Fq, increased by
48-694% during the post-storm period (Table 7). It was demonstrated that the fall
overturn is a vital process for mixing the water column, resulting in Fg, increase
after summer storms (Vachon and del Giorgio, 2014; Czikowsky et al., 2018). Our
study showed that the post-storm period had the most considerable SD, 323 mg C m™
d!, due to the intense precipitation (maximum rainfall was 678 mm time™! for the
2016 Typhoon Megi, Figure 19 i—j), strong winds (maximum U,, was 30 m s™! for the
2016 Typhoon Megi, Figure 19 g-h), and short residence time (t,.") (Table 7). Zwart
et al. (2017) suggested that the t,." was not only related to the water renewal rates
(hydraulic retention) but also negatively associated with terrestrial DOC (tDOC)
during extreme rainstorms which may induce the increase in F g, during the post-
storm period (Table 5). Chiu et al. (2020) found substantial colored dissolved organic
matter (CDOM) and terrestrial dissolved organic matter (tDOM) loads into YYL and
TFL, resulting in a dramatic increase in F ¢ after strong typhoons. The previous
studies investigated storm events with a maximum rainfall of about 50 mm (Table 7),
which is less than the subtropical storm event from Kossin et al. (2013).

The ecological respiration contributed 10-50% of the C flux in lakes from
autotrophic organisms (Vachon et al., 2017). Our results showed that Chl. a is one of
the significant factors controlling DIC during the pre- and post-typhoon periods in
TFL (Figure 17 b—c). The Chl. a rapidly turned back to its original level until the next
day during Typhoon Megi (Figure 19 f). Additionally, the DOC and total phosphorus
(TP) are critical factors determining the trophic state and primary production in
shallow lakes (Hanson et al., 2003; Tsai et al., 2008). In previous studies, TP was
associated with algae biomass in TFL (Tsai et al., 2016; Chiu et al., 2020). Therefore,
it may enhance the positive NEP from pre- to post-typhoon periods in a shallow
mesotrophic lake (TFL) (Figure 15; Table 7). Conversely, the YYL depends on river
discharge and allochthonous and autochthonous DOC load (Tsai et al., 2008; Chiu et
al., 2020). Additionally, the planktic bacteria composition changes during typhoon
events in YYL (Shade et al., 2010; Shade et al., 2011), impacting ecological
respiration. Thus, hydraulic retention and typhoon disturbance are revealed to play a
significant role in C flux patterns in an oligotrophic and mesotrophic lake.

Lake and watershed morphometries may be a key to predicting the CO; flux in
lakes after storm events (Klug et al., 2012; Vachon and del Giorgio, 2014). For
example, Klug et al. (2012) revealed that the ratio of Watershed Area (WA) and Lake
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Volume (LV) (WA:LV) is correlated with typhoon disturbance: high WA:LV lakes are
more sensitive to storms than the low WA:LV. In general, high WA:LV lakes tend to
have higher lake water renewal rates during storm events (Klug et al., 2012; Vachon
and del Giorgio, 2014). den Heyer and Kalff (1998) found that the higher the WA:LA,
the shorter the t,. , resulting in lower mineralization rates. In contrast, CO» dynamics
with low WA:LV depend highly on internal production unless a strong typhoon comes
(Table 7). Thus, the different responses of F¢g,during storms depend on lake and
watershed morphometries, such as t,. and storm intensity (den Heyer and Kalft, 1998;
Klug et al., 2012; Vachon and del Giorgio, 2014; Zwart et al., 2017). In addition, our
study revealed that t,. and typhoons are also vital factors impacting F g in both

lakes.
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Table 7. Comparison of the Fy, (mg C m™ d!) between different shallow lakes (average water depth < 15 m) during post-storm events.

Lake Average Average Average  Storm ax
Lake Site Location ~Chmate Trophic l Depth WA: Average oz Fcoz Post- Rainfall 10 Reference
zone State LV t. (d) storm  (mm time o
(ha) (m) (SD) I (ms™)
(SD) )
Oligo. 0.087-
(Black) 0.093 - - 102.5 - - -
Nhecolandia, 15°-22°S, Tropical - 05 Barbiero et al.
Brazil 55°-60°W p Meso. or 1.285- ' (2018)
Eutrophic - - -229 ~-110 150 -
0.053
(Green)
24.58° N .
Yuang-Yang, 0 Y . Oligo. 145 210.5 i i .
Taiwan 121.40° E Subtropical (humic) 4.4 3.37 10.4 (100) (323) 330-678 8-15 This study
. 24.52° N
Tsui-Fong, ou . ) 4.2- -165.1 -96.5 i i .
Taiwan 121.60° E Subtropical Meso. 8.0-25 4.8 15.5 31.9 (55.2) (223) 330-678 10-30 This study
43.48° N .
Pleasant, 0w . Czikowsky
USA 74.38° W Temperate Oligo. 600 8.0 - - 276 342 - 8.0 etal., (2018)
45.99° N
Croche, ’ . 88.7 616 Vachon and del
Canada 74.00°' W Temperate Oligo. 6.3 6.0 0.95 170 (36.8) (209) 30-50 4.0 Giorgio (2014)
. 48.23° N
Simoncouche, o . 107.8 458.1 Vachon and del
Canada 71.25°wW Temperate Oligo. 86.1 2.1 14.6 50 (65.7) (181) 20-30 4.0 Giorgio (2014)

* shows the watershed area to lake volume ratio
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4.2.3. C fluxes in shallow subtropical lakes

On the global scale, despite some previous studies showing the carbon emission
in freshwater ecosystems, the small lakes were usually ignored that occupied around
1.25-1.75x10° km? of total lakes area (Downing et al. 2006; Verpoorter et al., 2014).
In other words, these were underestimated around 7-33% of the total lakes (Cole et al.
2007; Raymond et al. 2013), if the average of F¢g, was 150 mg C m™ d!in small
lakes (Table 7), the small lakes released approximately 68.5-95.8 Tg C yr ! to
atmosphere. However, the magnitudes of F g, varied with different trophic lakes and
regions (Table 7). Thus, we suggested that knowing the trophic states can be more
accurate to estimate the global Fg, in small lakes.

The DIC is the most critical parameter for F¢g, (Figure 16—

Figure 18) and NEP (Bade et al., 2004). Significantly, the absolute value of F g,
15 96-537% of NEP in YYL and 42—-70% in TFL (Figure 12 f; Figure 13 f; Figure
15). Our results showed that F g, > NEP in two lakes revealed that most C was
degassed to the atmosphere from the sediment or the river inputs. CO> or the other
forms of C could be brought into the lake, contributing to the DIC level during rainy
seasons by groundwater or surface flow (Vachon and del Giorgio, 2014; Chiu et al.,
2020). Since NEP > 0 though F o, for the entire lake should be the same as NEP
under no significant stratification. Therefore, the net ecosystem exchange (NEE) for
the two-layer model is also following Equation (12), which assumes the organic
matters production and respiration are predominant, but the other fluxes are negligible

as following

CyQinDICg — CyQoucDICy — A Feor

Vtotal (16)

Vtotal

NEE =

By using t;,
_ Cy(DICg —=DICy) A, F
B tr, Vtotal coz (17)

Vtotal

NEE

If the lake is not stratified, NEE should be the same as NEP for the entire lake.
However, since t,’ overestimates the actual residence time (t,, section 4.2.1),
inducing NEE is smaller than NEP in a stratified lake. Thus, Fg, for the entire lake
tends to be smaller than NEP in a stratified lake when organic matters production and

respiration are predominant in the ecosystem.

56



The SEM analysis results showed that mineralization might be essential for DIC
and F g, (Figure 8-9). den Heyer and Kalff (1998) showed that organic matter and C
mineralization at the water surface were three times higher than sediment C emission.
On the other hand, our results showed that photo-mineralization was not associated
with DIC (Figure 16 and Figure 17) because the contribution of C emission may be <
10% in lakes (Tranvik et al., 2009; Vachon et al., 2017). In contrast to linear
regression, the SEM analysis showed that the correlation among pC02, DOC, and Chl.
a was higher in TFL than YYL, suggesting that the SEM analysis is more suitable for
analyzing the correlation paths than the one-to-one linear regression analysis.

The wind speed is one of the most significant parameters influencing F g,
(Table 1). Moreover, Czikowsky et al. (2018) showed that wind speed is negatively
correlated with F¢g, whenU;, < 4.0 m s™! in a stratified temperate lake, similar to our
results in TFL (Figure 17 and Figure 19 g). However, the wind speed in YYL is not
associated with F g, because wind speed in this lake was low—=0.11 to 2.72 m s™! (

Figure 18 h).

This study revealed that the hydraulic retention effect is critical for estimating
NEP accurately in a stratified lake. Vertical mixing is a crucial physical process that
decides the seasonal dynamics of C flux in shallow subtropical lakes (Chiu et al.,
2020). However, the other processes may affect C flux in lakes, such as C burial and
sedimentation (Cole et al., 2007; Mendonga et al., 2017; Bartosiewicz et al., 2019)
demonstrated that organic C burial in sediment was 38.4-101 mg C m2d!,
contributing approximately 20—40% of F o, in global lakes (Cole et al., 2007;
Raymond et al., 2013). C burial primarily has a dramatic effect in strong thermal
stratified lakes (Bartosiewicz et al., 2019) because the CDOC and CDOM rapidly
increase via terrestrial DOC (tDOC) after extreme storm events (Read and Rose, 2013;
Chiu et al., 2020). Our results show that the CDOM became diluted by 30-50% after
Typhoon Megi (Figure 19 e—f). CDOM and tDOM are vital drivers that regulate
metabolism and C flux in lakes (Staehr et al., 2010; Lapierre et al., 2013; Chiu et al.,
2020), resulting in the NEP dramatically decreasing during strong typhoons (Figure
15 and Figure 19). Additionally, the particulate organic C (POC) and DOC comprise
10-50% of total C fluxes in the lake ecosystem (Hope et al., 1994; Tranvik et al.,
2009; Hanson et al., 2015). Moreover, the allochthonous and autochthonous C mostly
come from tDOC and terrestrial POC (Tranvik et al., 2009; Hanson et al., 2015). The
external C load contributes 20-50% of the C flux into the lakes (Vachon et al., 2017).

As a future scope, we suggest exploring the organic C load, mineralization rates,
and C burial in sediment during typhoons to clarify total C fluxes' fate in shallow
subtropical lakes. It could help us understand the total C fluxes' internal resilience and

modulation under extreme weather events in a lake ecosystem. To clarify the
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contributions of C fluxes in a future study, we suggested that a stable isotope analysis

is needed to clarify the allochthonous and autochthonous C loading in YYL and TFL.
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5. Conclusion

In this study, a conceptual equation is developed by the interval of DIC
concentration between the lake and river inflow, considering hydraulic retention time
(residence time) can be used to estimate the NEP as follows:

(DIC; — DIC,) A;

(2% Vtotal
where DICy, is the average DIC in river flows, DIC; is the average vertical profile of

NEP =

FCOZ

DIC in a lake, t, is the residence time, A;, is the lake surface area, V;,;q; 1s the total
lake volume, and F(, is the CO2 emission across the air-water interface. Indeed, the
thermal stratification and hydraulic retention effects are critical processes affecting C
fluxes in shallow subtropical lakes. A three-dimensional numerical model helps to
consider thermal stratification and hydraulic retention effects accuracy and can also
calculate the NEP within whole-lake. In YYL, the thermal stratification was
associated with the vertical distribution of DIC and seasonal NEP. We found that the
stratification inhibits the vertical mixing of DIC between the upper and lower layers,
resulting in the high concentration of DIC in the hypolimnion. In contrast, the vertical
mixing is enhanced due to typhoons or turnover from autumn to winter, following the
vertically uniform DIC profile. In YYL, primary production and ecological respiration
are low, finding that the CO; emission across water surface into the atmosphere was
positive values all year round. NEP in YYL decreased by 950 mg C m* d! from
summer to autumn because the lower layer DIC produced was vertically transferred
easily to the upper layer in autumn. In addition, NEP in YYL decreased by 107 % in
the typhoon periods because inflow rapidly refreshes the lake water (t,- was 4.4 days).
In contrast, the NEP in TFL decreased by 82.3% in the typhoon period because of the
relatively long t,. of 39 days. Therefore, typhoon-induced mixing was a critical
physical factor in deciding carbon flux in two lakes with different trophic levels.
However, although the typhoon-induced mixing was a critical physical process to
impact the seasonal C fluxes in shallow subtropical lakes, the plankton and bacterial
growth rate and sediment C might also control the C fluxes in YYL and TFL. We also
found that CO emission across water surfaces into the atmosphere is critical to
consider the shallow subtropical lakes. In general, the absolute values of F;g,were
higher than NEP in YYL and TFL. The F g, could contribute around half to five
times of NEP due to the allochthonous and autochthonous C loading during typhoon
periods. Thus, clarifying these physical and biochemical processes can help us know
C fluxes' fates in shallow subtropical lakes under extreme weather conditions and

climate change.
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Supplementary figure 1. SEM analysis showing DIC fluxes (black arrows) and DOC
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fluxes (brown arrows) during spring in YYL. The coefficient values are

calculated from the Wishart likelihood function. The value of a coefficient

indicates the relative influence of the path. The path coefficients (black and

brown arrows) show statistical significance (p-value < 0.05). Standardized
RMSE is less than 0.10; AGFI is more than 0.95.
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Supplementary figure 2. SEM analysis showing DIC fluxes (black arrows) and DOC
fluxes (brown arrows) during summer in YYL. The coefficient values are
calculated from the Wishart likelihood function. The value of a coefficient
indicates the relative influence of the path. The path coefficients (black and
brown arrows) show statistical significance (p-value < 0.05). Standardized
RMSE is less than 0.10; AGFI is more than 0.95.
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Supplementary figure 3. SEM analysis showing DIC fluxes (black arrows) and DOC

fluxes (brown arrows) during autumn in YYL. The coefficient values are
calculated from the Wishart likelihood function. The value of a coefficient
indicates the relative influence of the path. The path coefficients (black and

brown arrows) show statistical significance (p-value < 0.05). Standardized
RMSE is less than 0.10; AGFI is more than 0.95.
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Supplementary figure 4. SEM analysis showing DIC fluxes (black arrows) and DOC

fluxes (brown arrows) during winter in YYL. The coefficient values are
calculated from the Wishart likelihood function. The value of a coefficient
indicates the relative influence of the path. The path coefficients (black and

brown arrows) show statistical significance (p-value < 0.05). Standardized
RMSE is less than 0.10; AGFI is more than 0.95.
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Supplementary figure 5. SEM analysis showing DIC fluxes (black arrows) and DOC

fluxes (brown arrows) during spring in TFL. The coefficient values are
calculated from the Wishart likelihood function. The value of a coefficient
indicates the relative influence of the path. The path coefficients (black and

brown arrows) show statistical significance (p-value < 0.05). Standardized
RMSE is less than 0.10; AGFI is more than 0.95.
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Supplementary figure 6. SEM analysis showing DIC fluxes (black arrows) and DOC
fluxes (brown arrows) during summer in TFL. The coefficient values are
calculated from the Wishart likelihood function. The value of a coefficient
indicates the relative influence of the path. The path coefficients (black and
brown arrows) show statistical significance (p-value < 0.05). Standardized
RMSE is less than 0.10; AGFI is more than 0.95.
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TFL Autumn
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Supplementary figure 7. SEM analysis showing DIC fluxes (black arrows) and DOC
fluxes (brown arrows) during autumn in TFL. The coefficient values are
calculated from the Wishart likelihood function. The value of a coefficient
indicates the relative influence of the path. The path coefficients (black and
brown arrows) show statistical significance (p-value < 0.05). Standardized
RMSE is 0.353; AGFI is 0.753.
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Supplementary figure 8. SEM analysis showing DIC fluxes (black arrows) and DOC
fluxes (brown arrows) during winter in TFL. The coefficient values are
calculated from the Wishart likelihood function. The value of a coefficient
indicates the relative influence of the path. The path coefficients (black and
brown arrows) show statistical significance (p-value < 0.05). Standardized
RMSE is 0.142; AGFI is 0.946.
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Supplementary figure 9. Vertical distribution of the water temperature during
Typhoon Dujuan (2015) in YYL. (a) 28" Sep., 00:00 a.m.; (b) 28th Sep., 6:00
p.m.; (¢) 29th Sep., 00:00 a.m. (d) 30th Sep., 00:00 a.m. (e) 1st Oct., 00:00 a.m.
(f) 2nd Oct., 00:00 a.m. The horizontal coordinate shows the distance from the

northernmost point (m); the vertical coordinate shows the depth (m).
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Supplementary figure 10. Vertical distribution of the tracer during Typhoon Dujuan
(2015) in YYL. (a) 28th Sep., 00:00 a.m.; (b) 28th Sep., 6:00 p.m.; (¢) 29th Sep.,
00:00 a.m. The red arrow shows the intrusion river. (d) 30th Sep., 00:00 a.m. (e)
Ist Oct., 00:00 a.m. (f) 2nd Oct., 00:00 a.m. The horizontal coordinate shows the
distance from the northernmost point (m); the vertical coordinate shows the

depth (m). The residence time is around 2.2 days.
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