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• Effects of droughts on inter-annual C
fluxes were studied in subtropical lakes.

• Multi-parameter probes were deployed
to record key parameters over five
years.

• Lakes shifted from a C sink in dry year to
C source in subsequent normal year.

• C fluxes were more responsive to
droughts in the mesotrophic colored
lake.

• Terrestrial DOM serves as a driver for
the response of lakes to droughts.
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Lentic ecosystems are important agents of local and global carbon cycling, but their contribution varies along gra-
dients of dissolved organic matter (DOM) and productivity. We investigated how contrasting summer and au-
tumn precipitation can shape annual and inter-annual variation in ecosystem carbon (C) flux (gross primary
production (GPP), ecosystem respiration (ER), and CO2 efflux) in two subtropical lakes differing substantially
in trophic state and water color. Instrumented buoys recorded time series of free-water DO, terrestrial DOM
(tDOM), chlorophyll a, water temperature profiles, and meteorological measurements over five years
(2009–2011 and 2014–2015). Reduced precipitation caused immediate and prolonged effects on C flux in both
lakes. During the drought year (2014) GPP and ER declined by 60 to 80% and both lakes were either CO2 sinks
or neutral. In the subsequent wet year (2015), GPP and ER increased by 40 to 110%, and both lakes shifted to
strong net CO2 emitters. Higher ecosystem R resulted from larger GPP while higher tDOM contributed to a dra-
matic increase in dissolved inorganic carbon, which intensified CO2 emission in both lakes. C flux was more re-
sponsive in the clear mesotrophic lake, declining by approximately 40% in the cumulative GPP and ER, and
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Trophic status
 increasing by N400% in CO2 efflux whereas changes in the oligotrophic colored lake were moremodest (approx-
imately 30% and 300% for metabolic declines and efflux increases, respectively). Temporal variation and magni-
tude of C flux were governed by tDOM-mediated changes in epilimnetic nutrient levels and hypolimnetic light
availability. This study demonstrated terrestrial loads of DOM strongly influence the inter-annual response and
sensitivity of ecosystem C flux to variation in inter-annual precipitation. Our findings have important implica-
tions for predicting the trend, magnitude, duration, and sensitivity of the response of C flux in subtropical
lakes/reservoirs to future changes in precipitation patterns under altered climatic conditions.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Freshwater ecosystems are considered sentinels of climate/environ-
mental change because of rapid response to alterations in precipitation,
solar irradiance, temperature, hydrology, and organic matter input
(Malone et al., 2013; Williamson et al., 2008, 2009). Most lakes across
the globe receive substantial loads of terrestrial organic material and
are important contributors to local and global carbon cycling, process-
ing, emission and storage (Brett et al., 2017; Hanson et al., 2015;
Solomon et al., 2015). Small lakes, because of generally shallower
depths, higher sediment loads, larger shoreline to water volume ratios
and frequent mixing, often show higher CO2 and CH4 emissions than
large lakes (Duarte and Prairie, 2005; Holgerson and Raymond, 2016).
The small lakes typical of subtropical areas experience monsoons or ty-
phoons that deliver intense rain events and thus promote mixing as
well (Page et al., 2011; Tsai et al., 2008, 2011). Subtropical ecosystems
will likely experience alterations in the intensity and frequency of pre-
cipitation with climate change (Burls and Fedorov, 2017; Eccles et al.,
2019). Altered precipitation will change both surface runoff, and inputs
of terrestrial dissolved organic matter (tDOM) to these ecosystems,
thereby modifying their hydrology, temperature profiles, light regimes,
and biochemical processes (Houser, 2006; Paerl and Huisman, 2008;
Sowerby et al., 2010). Potentially these modifications will modify the
role of freshwater ecosystems in global and regional carbon cycling
(Hanson et al., 2015; Kerr, 2007; Solomon et al., 2015).

The dynamics of carbon (C) fluxwithin a lake ecosystem is often de-
scribed by gross primary production (GPP), and ecosystem respiration
(ER) as well as external carbon inputs, especially after rain events.
GPP and ER are fundamental ecosystem processes, which describe or-
ganic carbon fixation by autotrophs and consumption by higher trophic
levels within an ecosystem, respectively. Their balance (i.e., net ecosys-
tem production, NEP) provides a measure of trophic status as well as an
indication of cross-ecosystem connectivity to natural and humandistur-
bances (Kortelainen et al., 2006; S.E. Jones et al., 2009; Staehr et al.,
2010; Hamdan et al., 2018). In addition, NEP determines whether the
ecosystem is a net source or sink of atmospheric carbon (Bortolotti
et al., 2016; Christensen et al., 2013; Hanson et al., 2003; Jane and
Rose, 2018; Kortelainen et al., 2006). Being the lowest point in the land-
scape, lakes receive substantial organic material input from terrestrial
sources by precipitation runoff, which controls organic matter turnover
and carbon cycling (Kayler et al., 2019; Mehner et al., 2016). The chro-
mophoric component of external dissolved organic matter (CDOM) is
mostly lignin material from vascular plants, and is used as a proxy for
tDOM inputs to aquatic systems (Fichot et al., 2016). These materials
can influence the availability of underwater light, nutrients, primary
production/respiration, oxygen and water column thermal structure in
aquatic systems (Gu and Wyatt, 2016; Thrane et al., 2014; Williamson
et al., 2009). Consequently, tDOM may interact with variable precipita-
tion to influence structure and function of lakes (Brett et al., 2017;
Williamson et al., 1999).

Previous studies conducted in temperate or boreal lakes indicate
that the effects of tDOM loading on aquatic ecosystem C flux are com-
plex. Evidence shows that moderate increases in tDOM can enhance
whole lake primary production by releasing bound nutrients (Frey
and Smith, 2005; Pagano et al., 2014). This response is expected in
clear oligotrophic lakes (Kissman et al., 2013; Klug, 2002; Meili, 1992;
Seekell et al., 2015) where greater DOM promotes pelagic production
(Brett et al., 2017; Jansson et al., 2012; Lapierre et al., 2013; Nydahl
et al., 2019; Seekell et al., 2015; Williamson et al., 1999). Across all
lakes, however, it is difficult to predict the response of C flux to precip-
itation by relying only on tDOM loading as an indicator of nutrient, or-
ganic matter and light regimes. Contrasting effects of tDOM loads on C
flux may show lake-specific patterns influenced by trophic state and
other features, including water color (Jones et al., 2016; Seekell et al.,
2015; Williamson et al., 1999).

Compared with their temperate counterparts, subtropical lakes in
East Asia are relatively small, shallow, and often surrounded by steep
mountainous terrain. Hydrological conditions including precipitation,
water level/volume, mixing regime and residence time display clear
seasonal variation and large inter-annual differences as a result of the
Asian monsoons and typhoons (Tsai et al., 2008, 2016; Wang et al.,
2011). Previously, few studies have investigated C flux in subtropical
lakes in response to variation in annual precipitation (Tsai et al., 2008,
2011, 2016; Wang et al., 2011; Xing et al., 2005), especially over time-
scales of seasons and years where differential responses to climatic
events and watershed characteristics can occur. Such insight is needed
to assess and predict long-term change and the sensitivity of subtropical
lakes to climatic and other anthropogenic disturbances (Brighenti et al.,
2015; Staehr et al., 2012).

Herein, we investigate whether the effect of altered precipitation on
annual and inter-annual lake C flux is mediated by tDOM input, via
changes in epilimnetic nutrients (total phosphorus, TP and total nitro-
gen, TN), light availability and labile organic carbon, or their interaction,
in two contrasting natural subalpine lakes that differ substantially in
trophic status and water color. Our primary goals were: (1) to investi-
gate the response of annual and inter-annual C flux (GPP, ER, net eco-
system production -NEP- and CO2 efflux) to differing patterns of
annual rainfall in both lakes; (2) to compare the response sensitivities
of C flux between these lakes; and (3) to test the hypothesis that
tDOM measurably influences observed annual and inter-annual pat-
terns of C flux and determines underlying mechanisms in these lakes.

2. Materials and methods

2.1. Study site

Yuan Yang Lake (YYL) is a small (3.6 ha), shallow (maximum
depth = 4.5 m, mean depth = 1.5 m) lake located in the north-
central mountains of Taiwan (24°35′N, 15121°24′E, elevation 1730 m
a.s.l.; Fig. 1). YYL has one defined inlet and one outlet, and is a colored
oligotrophic lake with an average dissolved organic carbon (DOC) con-
centration of 6.1 mg L−1, mean pH of 5.9, and total phosphorus (TP)
ranged from 3.4 to 6.7 μg L−1 (Tsai et al., 2008). Tsui-Fen Lake (TFL) is
a 25 ha subalpine lake (elevation 1820 m a.s.l., maximum depth =
12 m, mean depth = 4.2 m) in northeastern Taiwan (24°30′N,
121°37′E; Fig. 1). TFL is a natural mesotrophic to eutrophic lake (TP
ranged from 10 to 70 μg L−1; mean DOC = 2.9 mg L−1; mean pH =
5.9) with onemajor inlet and no surface outlet. Several stormwater in-
lets feed these lakes during medium to heavy rainfall but are not active
during dry periods.

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. Locationmap of Taiwanwith an enlarged bathymetricmap of Tsui-Fen Lake (TFL) and Yuan-Yang Lake (YYL) drawnwith 1, 2, 3, and 4mwater depth contour lines. Buoy andwater
level sensor deployment sites in the two study lakes are shown.

3C.-Y. Chiu et al. / Science of the Total Environment 717 (2020) 137052
YYL and TFL have similar geology and climate and are locatedwithin
about 14 km. Annual mean temperature is approximately 13.4 °C
(monthly averages range from 4.0 to 21.8 °C), and annual precipitation
exceeds 4 m in wet years. The lakes experience frequent monsoon rain-
storms and one to seven typhoons each year in spring, summer and dur-
ing an autumn rainy season, when N50% of annual precipitation may
occur. Watershed characteristics, however, differ: YYL is surrounded
by pristine old-growth cypress forest, while TFL is surrounded by sec-
ondary cypress forest thatwas replanted five decades ago after selective
logging. In addition, drainage patterns differ. A creek regulates water
level and surface outflow in YYL, but TFL mostly relies on permeation
or leakage from bedrock drainage, which effects limnological processes.
Both YYL and TFL were designated long-term ecological study sites by
the Ministry of Science and Technology, Taiwan, in 1990, and each
joined the Global Lake Ecological Observatory Network (GLEON) as
site members in 2004 and 2009, respectively.

2.2. Data collection and field measurements

The study was conducted from 2009 to 2015 (excluding years 2012
and 2013). This period was characterized by inter-annual differences in
precipitation. In 2014 (the dry year) total annual precipitationwas b40%
of the average of the other four wet years, because of no typhoon, or
major summer and autumn rainstorms occurred. The four wet years:
2009, 2010, 2011 and 2015, had typical seasonal precipitation patterns
dominated by prevalent summer and autumn typhoons or rainstorms.

2.3. Environmental and limnological data

Wedeployed buoys equippedwithmultiple sondes over the deepest
point of each lake to collect limnological and meteorological data, in-
cluding surface pelagic dissolved oxygen (DO) concentration, water
temperature, pH, Chlorophyll a (Chl-a), CDOM, and wind speed
(Fig. 1). These data were recorded every hour over the entire course of
the study. Daily values were computed as the mean of hourly data,
and weekly means and standard deviations were calculated from daily
values, respectively. Surface DO concentrations were measured at
0.25 m by a sonde (600-XLM, YSI, Yellow Springs, OH, USA) fitted
with a rapid pulse oxygen temperature electrode (6562Rapid PulseDis-
solved Oxygen Sensor, YSI, Yellow Springs, OH, USA). Oxygen probes
were calibrated in air-saturated water, and themembranewas changed
monthly. Additional calibration was performed by measuring DO con-
centration and pH at 0, 0.25, 0.5, 1, 2, 3.5 m with a portable water-
quality multiprobe (Hydrolab DS5, Hach Environmental, Loveland, CO,
USA) to eliminate the potential bias induced by drift of in situ sonde be-
tween each monthly visit. A thermistor chain (Templine, Apprise Tech-
nologies, Duluth, MN, USA) recorded vertical water temperature
profiles at 0.5m increments. A submersible fluorometer (C3, Turner De-
signs, San Jose, CA, USA) was used tomeasure CDOM and Chl-a levels at
a depth of 0.25mnear the buoy site, using the same logging interval and
maintenance schedule as the DO sonde. The excitation and emission
wavelength of the C3 submersible fluorometer represents to the con-
tent of terrestrial humic-like substances in the water column (Lee
et al., 2015; Mladenov et al., 2018). Raw CDOM measurements were
corrected by using temperature readings from the sonde according to
Watras et al. (2011). Wind speed was measured 2 m above the lake
by an anemometer (Model 03001, R.M. Young, Traverse, MI, USA). Rel-
ative water level variation was characterized using a submersible pres-
sure transmitter (PS 9800(1), Instrumentation Northwest, Kirkland,
WA, USA) set in the lakeshore (Fig. 1).Weather stations located approx-
imately 1 km from the lakeshore measured daily precipitation, air tem-
perature, and photosynthetically active radiation (PAR) using a tipping
bucket rain gauge, temperature probe (41382VC; R.M. Young), and a
PAR sensor (LI-190, LI-COR, Lincoln, NE, U.S.A.), respectively.
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2.4. Limnological samples

Three to five replicate water samples were collected at 0.25 m near
the buoy site at noon during monthly visits; these collections were
scheduled during calm conditions at least 7 days following rainstorm
events (Tsai et al., 2011). A portable hand pump with inline filters
(Whatman, 47 mm GF/F, nominal pore size 0.7 μm, Maidstone, Kent,
UK) was used to collect DOC and dissolved inorganic carbon (DIC) sam-
ples. Samples were stored in precombusted amber borosilicate vials
with Teflon-coated septa. Sample vials were chilled on ice no longer
than 3 days after collection until phosphoric acid and persulfate
Fig. 2. Temporal variation in (a) monthly precipitation (bars) and cumulative precipitation, (b
temperature (solid black line), euphotic depth (open inverse triangle) and mixing depth, (d)
matter (CDOM - red line) and pH, and (f) total phosphorous (TP - bars), and total nitrogen i
means, while all other data are expressed as weekly means.
digestion, which was followed by analysis with a Total Organic Carbon
analyzer (Model 1030W, O.I. Analytical, College Station, TX, USA). Sam-
ples of Chl-a were used to calibrate sensor data and were collected by
filtering 200 mL of surface lake water through filters (Whatman,
47 mm GF/F, nominal pore size 0.7 μm, Maidstone, Kent, UK). Filters
were stored in the dark at 4 °C until Chl-awas extracted with methanol
andmeasured using a Portable Fluorometer (10-AU-005-CE; Turner De-
signs, Sunnyvale). The lower limit of detection for Chl-awas 0.05 μg L−1.
Total phosphorus (TP) and total nitrogen (TN) concentrations were an-
alyzed in unfiltered surface water samples and were quantified accord-
ing to the American Public Health Association (1998).
) relative water level (black line) and photosynthetically active radiation (PAR), (c) water
chlorophyll a and light attenuation rate (kd, open triangle), (e) colored dissolved organic
n Tsui-Fen Lake (TFL). Data of euphotic depth, kd, pH, TP and TN are shown as monthly
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2.5. Data processing and analysis

2.5.1. Metabolic parameters and CO2 flux
Diurnal DO variation in aquatic ecosystems was dominated by both

biological flux (GPP and ER) and water-atmospheric diffusion (Fatm)
(Hoellein et al., 2013; Odum, 1956).Weused open-water diel DO curves
measured by sensors to quantify annual and inter-annual dynamics of
GPP and ER (Staehr et al., 2010, 2012). Daily values of epilimnetic GPP
and ER were estimated using the metabolism model of Cole et al.
(2000) and Staehr et al. (2010, 2012) as dO2/dt = GPP-ER + Fatm. R
Fig. 3. Temporal variation in (a) monthly precipitation (bars) and cumulative precipitation, (b
temperature (solid black line), euphotic depth (open inverse triangle) and mixing depth, (d)
matter (CDOM - red line) and pH, and (f) total phosphorous (TP - bars), and total nitrogen in Y
was estimated as the atmospheric diffusion-corrected changes in hourly
DO concentrations during nighttime, while GPPwas estimated from the
hourly increase in DO during daytime, with flux corrected by assuming
equal ER during day and night (Cole et al., 2000; Hanson et al., 2003).
NEPwas the difference between the daily values of GPP and ER. Changes
in DO resulting from other abiotic processes (photochemical) and the
entrainment of anoxic water from the hypolimnetic layer during high-
wind and heavy-rainfall conditions were not included (Cole et al.,
2000; Tsai et al., 2008). Oxygen flux between the lake and the atmo-
sphere (Fatm) was calculated as Fatm = k(O2sat–O2)/Z (μmol m−3 h−1)
) relative water level (black line) and photosynthetically active radiation (PAR), (c) water
chlorophyll a and light attenuation rate (kd, open triangle), (e) colored dissolved organic
uan Yang Lake (YYL).
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(Cole et al., 2000), where Z is the depth of the epilimnetic mixing layer
(m) as determined by continuous measurement of water temperature
profiles. Daily values of Zwere estimated as the depth atwhich the tem-
perature gradient exceeded 1 °Cm−1 (Staehr et al., 2010, 2012). k is the
transfer coefficient (m h−1) for oxygen. k was estimated from the em-
piricalmodel that describes the correlation between the gas transfer ve-
locity (k600, k for a Schmidt number of 600), wind speed, water
temperature and the Schmidt number of oxygen (Wanninkholf,
1992). k600 was calculated as a function of wind speed (Cole and
Caraco, 1998). O2(t) and O2sat(t) refer to the measured DO concentra-
tion and the saturation concentration of oxygen (mg L−1) at t °C, respec-
tively. O2sat was determined by water temperature and altitude using
the empirical equation given by Dodds (2002).
2.5.2. DIC and CO2 efflux
CO2 concentration in water samples was estimated from monthly

measurements of DIC and pH, corrected for water temperature
(Tonetta et al., 2017;Wetzel and Likens, 2000).Waterborne CO2was es-
timated from daytime samples (noon) to avoid overestimating CO2 ef-
flux because of CO2 reduction due to primary production. Saturation
concentrations were calculated from the partial pressure of CO2 in the
atmosphere (PCO2, atm) and Henry's constant of CO2 transfer between
the atmosphere and water (KH, mole L−1 atm−1), with appropriate ad-
justments made for effects of temperature and altitude (Davidson et al.,
Fig. 4. The linear relationships between (a, b) annual accumulated precipitation and mean ann
CDOM and monthly precipitation through the entire study period (July 2009 to December 201
2010). Daily net flux of CO2 between the atmosphere and lakes can re-
flect the influxor effluxof under-saturated andover-saturatedwater re-
spectively. Theflux estimatewas calculated according to Fick's law,with
the effect of local wind speed and air temperature factored in (Ojala
et al., 2011).

2.5.3. Light attenuation
Vertical light attenuation (kd)was estimated by optimalfitting of the

exponential light attenuationmodel to underwater profiles, whichwere
measured monthly at 0.5 m increments at noon using a portable PAR
sensor (LI-COR, LI-192). The euphotic zone (Zeu, m) was defined as the
depth of 1% of the incident light (I(Zeu) = 0.01 × I0, where I0 is surface
PAR, Dodds, 2002).

2.6. Statistical analysis

Weekly averages of environmental and limnological data were cal-
culated from daily instrument measurements (e.g. GPP/ER/NEP,
CDOM, Chl-a, wind speeds, rainfall, and mixing depth) for the week of
the monthly water sampling (e.g. TP, TN, DOC, DIC, Chl-a and water
color). We used the Shapiro-Wilks test to measure normality; if neces-
sary, variables were log-transformed to normalize data distribution, en-
sure homogeneity, and linearize relationships. One-way analysis of
variance (ANOVA) with a Tukey's post hoc test was used to evaluate
ual colored dissolved organic matter (CDOM) concentration, and (c, d) monthly means of
5) in the two study lakes. QSE stands for the quinine sulfate equivalent.
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differences in environmental, limnological and C-flux variables (GPP,
ER, NEP, and CO2 efflux) between seasons and years in the two study
lakes. Pearson correlationmatrices were employed to evaluate the rela-
tionships between the four C flux variables and potential environmental
and limnological variables. Correlations were used to develop empirical
models for the effects of lower annual precipitation on annual and inter-
annual changes in C flux. Strongly correlated forcing variables
(r b −0.70 or r N 0.70) were removed in advance to avoid co-variance.
Forward stepwise multiple linear regression analysis was then applied
to determine key forcing variables for the inter-annual variation in
CO2 flux, and the seasonal dynamics of GPP, ER, and CO2 flux in the
dry year (January 2014–December 2015) in TFL and YYL, respectively.
Only variables showing significant relationships (p b 0.05) with C-flux
variables were included in the candidate regressionmodels. All possible
models were evaluated by using Akaike's Information Criterion (AIC) to
identify the most parsimonious solution (Burnham and Anderson,
2004). Statistical analyses were performed using Statistica® software
(StatSoft, Tulsa, OK, USA).

3. Results

3.1. Meteorological conditions, CDOM, and limnological variables

Inter-annual variation in precipitation between lakes was large,
ranging from 2700 to 4500 mm in TFL and 1800–3000 mm in YYL
(Figs. 2a, 3a). Only one small typhoon passed by the study site during
the dry year (2014), hence the total accumulated precipitation in the
rainy season (June–October) was roughly 38% and 31% lower in TFL
and YYL, respectively, relative to the rainy season of other years
(2009, 2010, 2011, and2015). Seasonal cumulative precipitation inwin-
ter and spring (November–May) did not differ between dry and wet
years (YYL: F = 62.93, p b 0.01; TFL: F = 9.76, p = 0.45). Lake water
Table 1
Correlation matrix among GPP, ER, NEP, CO2 efflux (ef), and relative environmental and limnol
ature (Wtemp), water level (WL), light attenuation (kd), CDOM, pH, TP, TN, Chl-a, and DOC, for th
orange represents p = 0.05–0.1, p = 0.01–0.05, and p b 0.01, respectively.

Lake Variables ER NEP CO2 ef Rain Wspeed Zmix Wtemp

TFL GPP -0.86 0.04 −0.01 0.25 0.02 −0.45 0.52

ER 0.47 −0.05 −0.09 0.05 0.39 −0.29

NEP −0.27 0.25 0.14 −0.02 0.33

CO2 ef −0.06 −0.54 −0.26 0.31

Rain −0.06 −0.06 0.50

Wspeed 0.19 −0.06

Zmix −0.66

Wtemp
WL
kd

CDOM
pH
TP
TN

Chl a
DOC

YYL GPP −0.61 0.09 0.03 0.27 −0.05 0.10 0.52

ER 0.73 0.06 −0.54 0.13 −0.33 −0.09

NEP 0.10 −0.45 0.12 −0.33 0.33

CO2 ef 0.00 0.19 −0.30 0.29

Rain 0.01 0.08 0.06

Wspeed −0.17 0.02

Zmix -0.51

Wtemp
WL
kd

CDOM
pH
TP
TN

Chl a
DOC
levels indicate rapid seasonal and inter-annual variation in intensity
and frequency of precipitation in the two study lakes (Figs. 2b, 3b).
Weekly relative water levels ranged between 2.45 and 14.67 m in TFL
and 4.05–4.98 m in YYL in wet years. In the dry year, the range was
3.21–4.49 m in TFL and 4.16–4.35 m in YYL (Figs. 2b, 3b).

Seasonal and inter-annual trends inwater temperature (Wtemp) and
PAR were similar, with no significant differences between lakes
(p N 0.05, Figs. 2b–c, 3b–c). The difference between the maximum and
minimum water temperature were 7 and 13 °C in YYL and 18 and
23 °C, respectively in TFL (Figs. 2c, 3c). Weekly mean mixing depths
(Zmix) were 0.27/1.78 m in summer, 0.83/2.78 m in autumn, 0.94/
4.33 m in winter, and 2.05/5.07 m in spring for YYL/TFL respectively
(Figs. 2c, 3c), and showed typical temporal patterns corresponding to
seasonal water temperatures. Monthly and inter-annual variation of
CDOM (shown in weekly value) was assessed to determine how values
relate to precipitation patterns, and are related with conspicuous varia-
tion in seasonal and inter-annual GPP, ER, NEP, and CO2 efflux. At a
monthly scale, CDOM levels generally increased concomitantly with
precipitation in both rainy (May–October or November) and dry sea-
sons (January–May), especially in TFL (Fig. 4c–d and Table 1).

Results shownegative regression slopes between annual cumulative
precipitation and mean annual CDOM (slope = −0.005-0.01, r2 =
0.31–0.47) (Fig. 4a–b). TP was negatively correlated with CDOM in
both lakes (Fig. 5a–b; r = −0.43 and −0.5, Table 1). Nutrient levels
were lower in the dry year than the wet years. Inter-annual dynamics
of Chl-a were positively correlated with TP (r = 0.92, p b 0.01,
Table 1) and negatively correlated with CDOM (r = −0.42 and −0.45,
p = 0.05–0.1, Table 1) in both lakes. Compared to the wet years
(2009, 2010 and 2011), Chl-a levels were lower during and after the
dry year (2014–2015). Consistent with expectations, kd values were
correlated with CDOM in both lakes (Fig. 5c–d). As a result, the amount
of light available to support hypolimnetic primary production (i.e. Zeu/
ogical variables: weekly rainfall, wind speed (Wspeed), mixing depth (Zmix), water temper-
e entire study duration (January 2009–December 2015) in TFL and YYL. Green, yellow, and

WL kd CDOM pH TP TN Chl-a DOC DIC

−0.38 −0.49 −0.14 0.04 0.51 0.53 0.52 0.08 −0.09

0.30 0.30 0.05 −0.02 −0.24 −0.24 −0.17 0.06 −0.05

−0.05 −0.26 −0.14 0.04 0.41 0.50 0.56 0.26 −0.25

0.66 −0.11 0.53 −0.50 −0.35 −0.40 −0.29 0.52 0.88

0.05 −0.32 0.41 −0.34 −0.11 −0.02 0.00 0.12 0.08

−0.34 0.34 −0.07 0.34 0.17 0.32 0.16 0.05 −0.28

0.19 0.24 0.43 −0.10 −0.36 −0.32 −0.28 −0.21 0.21

0.12 −0.41 0.24 −0.20 0.24 0.36 0.35 0.62 0.37

−0.16 0.44 −0.50 −0.56 -0.53 −0.40 0.64 0.51

0.45 0.18 −0.12 −0.16 −0.30 −0.26 0.01

−0.45 −0.43 −0.49 −0.42 0.37 0.66

0.42 0.32 0.33 −0.22 −0.34

0.84 0.92 −0.03 −0.35

0.86 0.12 −0.43

0.18 −0.31

0.55

0.01 −0.20 −0.27 −0.25 0.29 −0.15 0.45 0.15 0.01

0.08 0.05 0.11 0.26 −0.03 0.19 −0.59 −0.17 0.25

0.10 −0.11 −0.09 0.11 0.21 0.11 −0.35 −0.09 0.33

0.38 −0.33 0.70 −0.55 0.14 −0.16 −0.15 0.49 0.88

0.55 0.02 0.28 −0.27 0.19 −0.25 −0.11 0.44 −0.31

0.20 −0.26 0.39 −0.06 0.35 −0.38 −0.44 0.09 0.10

−0.27 0.56 −0.42 0.39 −0.55 −0.27 0.40 −0.54 −0.12

0.21 −0.51 0.08 −0.51 0.45 0.36 0.07 0.63 0.21

-0.32 0.68 −0.10 0.43 -0.25 −0.28 0.33 0.26

−0.41 0.29 −0.67 −0.24 0.21 −0.49 −0.23

−0.23 −0.50 −0.14 −0.45 0.49 0.56

−0.09 −0.13 −0.00 −0.70 −0.24

0.06 −0.32 0.38 −0.06

0.02 0.40 −0.13

−0.30 −0.01

0.18



Fig. 5. The linear relationships between (a, b) monthly mean colored dissolved organic
matter (CDOM) and total phosphorous (TP) concentrations, (c, d) monthly mean light
attenuation (kd) and CDOM through the entire study period (July 2009 to December
2015), and (e, f) the time series of the ratio of euphotic zone to mixing depth between a
typical normal (2010) and the dry (2014) year in the two study lakes. Dotted lines
indicate a non-significant slope.

8 C.-Y. Chiu et al. / Science of the Total Environment 717 (2020) 137052
Zmix) was reduced during summer and autumn (Sept–Dec) in the dry
year in TFL (euphotic zone/mixing depth b 1), but did not undergo an
obvious change in YYL (Fig. 5e–f).

3.2. Responses in C flux

To examine how annual and inter-annual C flux responded to pre-
cipitation, we compared data from two sets of two sequential years
that differed in inter-annual precipitation patterns. The first data set
consisted of two years characterized with normal annual precipitation
(January 2009–December 2010, wet years), and the second featured
one dry year (2014) and the following wet year (2015).

In thewet years (2009–2010, 2015), GPP and ER showed similar sea-
sonal trends, which increased from the end of winter (January), peaked
in summer (July or August), then declined to the lowest level in winter
(December). In contrast, temporal variation in GPP and ER was less dis-
tinct during the summer and autumn in the dry year (2014; Fig. 6a–d).
Mean summer and autumnGPP in 2014were approximately 60% lower
in TFL and 21% lower in YYL compared to the same period in 2009 and
2010 (Fig. 6a–b). Similarly, mean summer and autumn ER in 2014
was 79% lower in TFL and 28% lower in YYL compared to 2009 and
2010 (Fig. 6c–d). Inwet years (2009–2010), both lakes tended to autot-
rophy (NEP N 0) during summer and autumn (June–October), especially
in 2010. However, in the dry year (2014), the two lakes also tended to
autotrophy (NEP N 0), but shifted towards heterotrophy (NEP b 0) in
the subsequent wet year (2015; Fig. 6e–f).

Duringwet years (2009–2010), CO2 effluxwas persistently negative
(−1.1 to −919.1 mmol m−2d−1) in TFL and positive (0.7 to
958.8mmolm−2d−1) in YYL, indicating that TFL acted as a strong atmo-
spheric CO2 sink seasonally,while YYLwas carbon neutral or aweak CO2

source (Fig. 7a–b). CO2 efflux reached a maximum of 616 in TFL and
959 mmol m−2d−1 in YYL in summer/autumn 2015. Temporal dynam-
ics of CO2 efflux in 2015 saw an increase in both GPP and ER, and higher
CDOM levels (Figs. 2e, 3e and 6a–d). Carbon efflux in the rainy season
differed between wet and dry years. Low precipitation in 2014 did not
alter the direction of CO2 flux; however, TFL and YYL were both strong
CO2 sources in the subsequent wet year (2015; Fig. 7a–b). Results sug-
gest that lower summer typhoon or storm precipitation not only affects
the current carbon cycles, but that the effects persist into the subse-
quent year (inter-annual dynamics), despite normal precipitation pat-
terns (Figs. 6 and 7).

3.3. Drought sensitivity and control

The response of C flux to lower annual precipitation was lake-
specific. Compared to awet year (2009–2010), the clearmeso- to eutro-
phic lake (TFL) showed a 42% and 37% decline, and a 4.2-fold increase in
the annual cumulative value of GPP, ER, and CO2 efflux, respectively
during the dryer years (2014–2015); in YYL the same variables showed
a 18%, 40%, and 3.3-fold increment, respectively (Fig. 8a–f). Annual cu-
mulative carbon efflux increased in both lakes, and the meso- to eutro-
phic clear lake (TFL) was more responsive to precipitation change (4.2-
fold, increased from−3147 to−768mmol CO2 m−2 d−1, Fig. 8e). Mul-
tiple linear regression showed CDOM, DIC, and GPP were the primary
forcing variables; together, they explained 96% of variation in whole-
lake CO2 efflux (partial correlation = −0.62–0.94, Table 2) during the
dry year (2014–2015) in TFL. In YYL, 87% of the variation in CO2 efflux
was explained by both DIC and pH (partial correlation = 0.91 and
−0.80, respectively, p b 0.01, Table 2), where DIC positively co-varied
with CDOM (p b 0.05, Table 1).

4. Discussion

This study suggests, at annual and inter-annual scales, variation in
lake C flux was mediated by changes in the loading of terrestrial DOM
derived from precipitation. Consistent with previous studies, changes
in solute loading from thewatershed lead to the qualitative and quanti-
tative changes in lakeDOMcharacteristics, aswell as lakeGPP, R, pH and
DIC level at seasonal and annual scales, (Jane et al., 2017; Langman et al.,
2010; Nydahl et al., 2019).

4.1. Precipitation, CDOM and nutrient levels

Compared with wet years, results show that annual CDOM levels
were higher in the dry year (2014) and in the subsequent wet year
(2015) in both lakes (Figs. 2e, 3e). Thewatersheds of both lakes contain
subtropical perhumid forests. These strongly acidic soils (pH values
ranged from 3.3 to 4.5) are high in moisture because of year-round pre-
cipitation (Shiau et al., 2018). Moisture slows decomposition of organic
matter, thereby increasing its accumulation in thewatershed (Chen and
Chiu, 2000; Shiau et al., 2018). Conversely, lower soil moisture in drier
years would facilitate the production and export of terrestrial organic
material to recipient aquatic ecosystems (Clark et al., 2005; Eimers
et al., 2008; Freeman et al., 2001, 2004; Szkokan-Emilson et al., 2017).
When the soil is then re-wetted following a prolonged dry period, a dra-
matic increase in CDOM has been observed, which may persist for



Fig. 6. Comparison of the temporal variance in (a, b) gross primary production (GPP), (c, d) ecosystem respiration (ER), and (e, f) net ecosystem production (NEP) between July 2009–
December 2010 (a normal year, empty triangles) and July 2014–December 2015 (the dry year, filled circles) in the two study lakes. Data are shown as weekly averages ± standard
error (SD). The gray shaded area shows the SD in the normal year. Positive and negative values of NEP indicate the autotrophy and heterotrophy of the ecosystem, respectively.
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months or years (Naden and McDonald, 1989; Worrall et al., 2002). For
example, typical post-drought periods of elevated surface DOM levels
have been reported in UK (Fenner et al., 2001; Tipping et al., 1999;
Worrall et al., 2004), and Swedish and Irish (Jennings et al., 2009) catch-
ments and persist for 3–5 years.

In general, increased precipitationwill increase runoff and terrestrial
DOM loads to recipient ecosystems (Worrall et al., 2004), however, de-
creased discharge could also increase DOM concentration due to less di-
lution (Tranvik and Jansson, 2002), as could simple evapoconcentration
during dry periods (Waiser, 2006). Regardless of the cause of increased
CDOM during and following summer droughts, these results show that
inter-annual CDOM levels in lakes are strongly associatedwith variation
in annual precipitation patterns.

CDOM levels were negatively correlatedwith nutrients (TP) and pH,
especially in TFL (Fig. 5a–b). The two study lakes stratified seasonally
from spring to autumn, and their annual mean mixing depths were
shallower in the dry year (2014) and the following wet years (2015)
(Figs. 2c, 3c). This stratification pattern could reduce the supply of
hypolimnetic nutrients to the epilimnion in these two years (Salonen
et al., 1984; Tsai et al., 2008). Additionally, for humic-rich lakes with
oxygenated waters, phosphorus (PO4
3−-P) tends to interact abiotically

with DOM-Fe complexes to form inert colloidal aggregates, which may
further reduce the concentration of epilimnetic dissolved nutrients
(de Haan, 1990; Hessen, 1998; Wetzel, 2001) because these aggregates
will precipitate out of thewater column (Findlay and Sinsabaugh, 2003;
Henneberry et al., 2012; Stumm and Morgan, 1996). Higher CDOM re-
corded in the dry year (2014)was generally associatedwith a lower an-
nual R values (Figs. 2e, 3e and 6c–d). This pattern implies that higher
terrestrial organic matter did not directly fuel heterotrophic process,
and thus facilitated the extraction of nutrients from terrestrial DOM, be-
cause allochthonous material generally contains the recalcitrant com-
pounds in humic substances, such as lignin, which can be degraded
only by more specialized microbial groups within lakes (Brett et al.,
2017; Frey and Smith, 2005; Mcknight et al., 2001; Pagano et al., 2014).

4.2. Alternations in C flux

Ecosystem metabolism is as a key biological factor driving temporal
patterns of DIC (CO2) in lakes (Bade et al., 2004). The two study lakes
shifted from net autotrophy during comparatively dry conditions



Fig. 7. Comparison of the inter-annual variation in CO2 efflux and dissolved inorganic carbon (DIC) gradient in water column between a typical normal year (January 2009–December
2010) and the dry year (January 2014–December 2015) in (a, c) Tsui-Fen Lake (TFL) and (b, d) Yuan Yang Lake (YYL). Negative values represent the transfer of CO2 from the
atmosphere to the lake (sink), whereas positive values indicate the transfer of CO2 from the lake (source) to the atmosphere.
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during 2014 to net heterotrophy when summer precipitation returned
in 2015 (NEP b 0, Fig. 6e–f). According to ourmultiple regression results,
a GPP recovery from a low in 2014 provided an increased labile organic
carbon source, such as proteins and amino acids from algal exudates
which can be readily utilized by bacteria (Rosenstock and Simon,
2001) in 2015, and then fueled ER in the study lakes (Table 2). This find-
ing may also account for higher DIC level in lakes (Fig. 7c–d), and thus
may be the primary cause for higher CO2 evasion in both lakes in the pe-
riod subsequent to the dry year (Fig. 6a, d, Table 1). Compared to the
wet years (2009–2010), a higher regression slope between ER and
GPP was measured during 2014–2015 in both study lakes, implying
that ecosystem ER is greater than GPP. This greater ER appears to be
subsidized from additional DOM originating from autochthonous DOM
produced by GPP and additional allochthonous DOM from terrestrial
loading (GPP; Fig. 9a–b). Water dominated by recalcitrant allochtho-
nousmaterialmay fuelmicrobial heterotrophic respiration under favor-
able conditions. The evidence of a priming effect, which is the addition
of labile organic matter, such as algal exudates, may facilitate microbial
degradation of the recalcitrant DOM pool. Such biochemical processes
should be considered when examining causalities between DOM com-
position and ecosystem respiration (Guenet et al., 2010; Roiha et al.,
2016). In addition to the biological processes, geochemical processes
may have also contributed to variations in CO2 flux. Surface or under-
ground flow can bring in CO2 produced from respiration in the sur-
rounding terrestrial ecosystem, and contribute to an external input of
DIC. We suggest that further investigation into the effects and relative
contribution of internal and external geochemical DIC sources to the
total DIC pool in lakes is warranted.

CO2 concentrations in this study were determined by the bicarbon-
ate equilibrium model (Butler, 1991; Tonetta et al., 2017; Wetzel and
Likens, 2000), which describes the effects of pH on DIC speciation and
concentration in lakes. The cumulative effect of trophic status changing
at longer time scales (Nseasonal) can alter lake pH, and thus CO2 con-
centration and the direction of C flux (Bortolotti et al., 2016). In lakes
with a large DIC pool, CO2 supersaturation can occur when bicarbonate
(HCO3−) partially converts to CO2 under sufficiently low pH conditions
(Bortolotti et al., 2016). The higher ecosystem R that resulted from
higher CDOM (terrestrial DOM) levels (Figs. 2e, 3e) and a recovering
GPP (Fig. 6a–d) in the summer of 2015 increased DIC (Fig. 7c–d) and
lowered pH in both lakes (Figs. 2e, 3e, 9a–f) resulting in a negative cor-
relation between the two variables (Fig. 9c–d; Table 1). Allochthonous
dissolved humic substances with higher organic acid concentrations
contribute to the naturally low pH observed in meso-eutrophic lakes
and seem to corroborate this observation (Kortelainen and Mannio,
1990; Lydersen, 1998; Nydahl et al., 2019). Because the excitation and
emissionwavelengths of the deployed submersible fluorometers repre-
sent the level of terrestrial humic-like substances in lakes (about
325 nm and 470 nm, respectively) (Lee et al., 2015), our results suggest
that lowered annual pH levels resulted from higher tDOM in lakes dur-
ing and after the dry year (Figs. 2e, 3e; Table 1). The decrease in pH



Fig. 8. Comparison ofmonthly cumulative values of (a, b) gross primary production (GPP), (c, d) ecosystem respiration (ER), and (e, f) CO2 efflux during the normal year (2009–2010) and
the dry year (2014–2015) in Tsui-Fen Lake (TFL) and Yuan Yang Lake (YYL), respectively. Monthly values of carbon fluxes are the sum of daily values.
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values from8.1 to 5.2 in TFL and7.2 to 5.5 in YYL coincidedwith the shift
from net autotrophy in 2014 to net heterotrophy in summer 2015
(Figs. 2e, 3e and 6e–f). We observed supersaturation and efflux of CO2

at pH 6.2 and 7.4 in TFL and YYL respectively (Fig. 9e–f); thus, it
seems the lowered pH that coincidedwith the shift towards net hetero-
trophy and likely has determined the direction of CO2 flux. Asmetabolic
processes noticeably affect CO2 concentration, CO2 flux is a reliable indi-
cator ofmetabolic status under changing precipitation patterns (Nydahl
et al., 2019).

We adopted epilimnetic DIC measurements as a proxy for whole-
lake CO2 concentration, because the majority of whole-lake GPP (86%–
72%) and R (80%–67%) occurs in the upper mixed layer of the lake
(Coloso et al., 2008; Staehr et al., 2012). Despite the diel pattern of DIC
in terms of CO2 concentration could be higher in the late afternoon
and early night, because of the higher R fueled by autochthonous
DOM produced by photosynthesis (Sadro et al., 2011a, 2011b); how-
ever, the persistently positive daily values of NEP were observed in
the two study lakes during spring and summer in the dry year (2014)
as opposed to the negative values in the wet year (2015) (Fig. 6e–f).
This contrast supports the observed inter-annual variation of DIC
(Fig. 7c–d) and helps reinforce that dry conditions can cause both im-
mediate and prolonged effects on lake C flux. The pattern shows lakes
are CO2 sinks or neutral during dry periods, but may rapidly shift to-
wards net CO2 emitters in subsequent wet years. In addition, significant
vertical DIC gradients and hypolimnetic DIC accumulation were
observed from early spring to late autumn in the wet year (2015;
Fig. 7c–d). The trapped CO2 in the metalimnion and hypolimnion can
be released to the atmosphere directly during episodic mixing in ty-
phoon and monsoon seasons (S.E. Jones et al., 2009; Tsai et al., 2008).
Consequently, determining the net direction of the CO2 flux based solely
on epilimnetic DICmeasurements does not undermine our conclusions,
but may conservatively underestimate the magnitude of subtropical
lakes as CO2 sources to the atmosphere in years following dry periods.

4.3. Sensitivity of C flux to precipitation

Although patterns of C flux in of both study lakes were similar, our
clear and deeper meso-eutrophic lake (TFL) was more strongly influ-
enced by changes in annual precipitation. Variation in CDOM, and thus
nutrients, light attenuation (kd) and Chl-a concentration (Figs. 2e, 3e
and 5a–b; Table 1) as well as the pH-CO2 relationship (Fig. 9e–f), were
more affected by altered precipitation patterns than in the shallower,
colored, oligotrophic lake. Because these differences were associated
with precipitation changes between the dry and wet years (e.g. be-
tween 2014 and 2009; Figs. 2e and 3e) in TFL, changes in C flux may
be dampened in colored oligotrophic lakes.

Our findings are also consistent with those from studies in arctic or
temporal pristine lakes, where the responses of lake metabolism to
the changes in tDOM loads are more evident in clear-water lakes
(Huisman and Weissing, 1999; Sommer et al., 1986). In shallow clear-



Table 2
Best stepwise model describing the temporal variation in CO2 efflux throughout the study
(January 2009–December 2015), and GPP, ER, and CO2 efflux in the dry year (January
2014–December 2015) in TFL and YYL.

Multi-regression model Coefficient Partial correlation p-Level

TFL CO2 efflux (all year) (r2 = 0.86)
Intercept 469.11 b0.01
Wind speed −199.96 −0.83 b0.01
DIC 109.12 0.77 b0.01
pH −68.00 −0.58 b0.01
Mixing depth 50.32 0.58 b0.01

CO2 efflux (dry year) (r2 = 0.96)
Intercept 293.93 b0.01
CDOM −272.27 −0.95 b0.01
DIC 137.05 0.94 b0.01
GPP −4.42 −0.62 0.02

GPP (r2 = 0.59) b0.01
Intercept 89.47 b0.01
Mixing depth −8.82 −0.75 b0.01
pH −8.09 −0.56 b0.05
CDOM 0.62 0.47 b0.01

ER (r2 = 0.76) 0.106
Intercept 9.77 −0.77 0.19
GPP −0.96 −0.87 b0.01
DIC −3.78 −0.43 0.09

YYL CO2 efflux (all year) (r2 = 0.95)
Intercept 207.78 0.17
DIC 139.37 0.96 b0.01
pH −96.19 −0.77 b0.01
CDOM 4.93 0.80 b0.01
DOC 15.63 0.58 b0.01
Mixing depth 19.51 −0.57 b0.01

CO2 efflux (dry year) (r2 = 0.87)
Intercept 1111.56 b0.01
DIC 128.70 0.91 b0.01
pH −208.31 −0.80 b0.01

GPP (r2 = 0.92)
Intercept −36.97 0.15
Water temp. 4.26 0.93 b0.01
CDOM −0.87 −0.84 b0.05
Wind speed −29.74 −0.82 b0.05
kd 17.58 −0.70 0.12
TP 3666.55 0.64 0.17
Mixing depth 8.35 0.72 0.11

R (r2 = 0.95)
Intercept −21.24 0.18
Precipitation −0.40 −0.96 b0.01
Water temp. −3.61 −0.92 b0.01
TP 7541.14 0.85 b0.01
kd 18.86 0.75 b0.05
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water lakes, benthic primary production can account for a substantial
portion of the whole lake primary production (Karlsson et al., 2009;
Vadeboncoeur et al., 2003). This benthic production is primarily limited
by light availability, instead of nutrients, because epipelic algae can use
sediment pore water nutrients which typically occur in higher concen-
trations than in lakewater (Bonilla et al., 2005; Enell and Lofgren, 1988).
In support, in the shallower colored lake (YYL), light penetration and
availability are generally high (ratio of euphotic zone/mixing depth N 1,
Figs. 2d, 3d and 5e–f) and less strongly correlated with CDOM in both
dry and wet years (Fig. 5d). Hence, stronger changes in benthic light
availability due to variation in CDOM may account for the higher re-
sponse sensitivity of C fluxes in the deeper clear lake (Gu and Wyatt,
2016). Our results demonstrate the need to consider changes in light
availability, associated with CDOM levels, when evaluating the effects
of variation in nutrient availability on whole-lake primary production
in mesotrophic clear lakes under changing precipitation patterns at an
inter-annual scale.

4.4. Epilimnetic vs. whole-lake C fluxes

As mentioned above, only the epilimnion was monitored to esti-
mate whole-lake metabolism, thus assuming complete vertical and
horizontal mixing of the lake in these two small, relatively shallow
and frequently well-mixed lakes (Hanson et al., 2003; Sadro et al.,
2011b; Staehr et al., 2012; Tsai et al., 2008). Most GPP (86%–72%)
and ER (80%–67%) occurs in the upper mixed layer of lakes (Coloso
et al., 2008; Staehr et al., 2012), however when heterotrophy
(NEP b 0) is substantial in the hypolimnion, ecosystem metabolism
could be underestimated by up to 60% for GPP and 80% for ER when
whole-lake metabolism estimation is based only on epilimnetic
data. This is especially prominent during periods of stratification or
when the euphotic zone extends below the epilimnion (Coloso
et al., 2008; Obrador et al., 2014; Staehr et al., 2012). In TFL and
YYL, the euphotic zone (Zeu) often extends below the mixing depth
(Zmix) (i.e., the ratio of euphotic zone to mixing depth N 1; Fig. 5e–
f), implying that downwelling photosynthetically active radiation is
sufficient to support benthic primary production within or below
the metalimnion (Obrador et al., 2014; Van de Bogert et al., 2007).
Vertical concentration gradients of TP and DIC, and algal maxima
layers were common in the hypolimnion of both lakes during sum-
mer and autumn stratification (Tsai et al., 2008, 2016). Thus, despite
frequent mixing events, a substantial fraction of GPP, ER and CO2 ef-
flux of these lakes may be unaccounted for by focusing solely on the
pelagic epilimnion. Our methodology may contribute to a conserva-
tive estimate of the magnitude and sensitivity of the metabolic re-
sponse to precipitation in the two study lakes and lake-specific
responses to altered precipitation could be even greater than what
we currently estimate.

An evaluation of internal spatial differences in C flux was beyond
the scope of this study, but horizontal and vertical spatial variability
in C flux within small shallow lakes with larger littoral zones like TFL
and YYL (accounting for 20% and 30% of the lake area in TFL and YYL,
respectively) should be investigated in future studies. This informa-
tion would strengthen whole-lake interpretations of carbon cycling
and improve the application of this research for sub-tropical lakes
around the globe.

5. Conclusion

Our findings reveal that predicted and ongoing climate change, es-
pecially decreases in annual precipitation, will have both immediate
and prolonged effects on the GPP and ER within lakes. GPP and ER de-
clined equally and both lakes were either CO2 sinks or neutral during
the drought year. In the subsequent wet year, ER increased by 110%
and both lakes shifted to strong net CO2 emitters. Recovery from
drought can be delayed and leads to greater carbon loss to the atmo-
sphere, driven by the differential sensitivity of GPP and ER to drought
events. Furthermore, C flux was more responsive to reduced precipita-
tion in themesotrophic clear lake as opposed to the oligotrophic colored
lake. This study suggests, at annual and inter-annual scales, the tempo-
ral variation pattern and magnitude of variation in lake C flux were
governed by tDOM-mediated changes in epilimnetic nutrient levels
and hypolimnetic light availability. This study adds to the current un-
derstanding of how lake DOM pool and eventually carbon cycling in
subtropical lakes might respond to future changes in precipitation pat-
terns under changing climate conditions.
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Fig. 9. Scatter plots of weekly averaged gross primary production (GPP) corresponding to (a, b) ecosystem respiration (ER), (c, d) the relationship between colored dissolved organic
matter (CDOM) and pH through the entire study course (July 2009 to December 2015), and (e, f) the relationship between pH and CO2 efflux in Tsui-Fen Lake (TFL) and Yuan Yang
Lake (YYL) during the dry year (2014–2015), respectively. Analysis was performed on all available measured data. Dashed lines represent the regression models for the normal and
dry years and the solid lines represent 1:1 lines in (a, b).

13C.-Y. Chiu et al. / Science of the Total Environment 717 (2020) 137052
maintenance of the deployed buoy and radio systems. This study
was supported by the Ministry of Science and Technology, Taiwan
(MOST 105-2621-B-039-001, MOST 107-2621-M-239-001) and
ChinaMedical University (CMU107-S-52) for JW Tsai; and Academia
Sinica, Taiwan (AS-103-TP-B15) for CY Chiu. This research benefited
from participation in the Global Lakes Ecological Observatory Net-
work (GLEON).
References

APHA, 1998. Standard Methods for the Examination of Water and Wastewater: Method
4500-NC. Persulfate Method. 20th ed. American Public Health Association,
Washington, D.C.

Bade, D.L., Carpenter, S.R., Cole, J.J., Hanson, P.C., Hesslein, R.H., 2004. Controls of δ13C-DIC
in lakes: geochemistry, lake metabolism, and morphometry. Limnol. Oceanogr. 49,
1160–1172.

http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0005
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0005
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0005
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0010
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0010
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0010


14 C.-Y. Chiu et al. / Science of the Total Environment 717 (2020) 137052
Bonilla, S., Villeneuve, V., Vincent, W.F., 2005. Benthic and planktonic algal communities
in a high arctic lake: pigment structure and contrasting responses to nutrient enrich-
ment. J. Phycol. 41, 1120–1130.

Bortolotti, L.E., St Louis, V.L., Vinebrooke, R.D.,Wolfe, A.P., 2016. Net ecosystem production
and carbon greenhouse gas fluxes in three prairie wetlands. Ecosystems 19, 411–425.

Brett, M.T., Bunn, S.E., Chandra, S., Galloway, A.W.E., Guo, F., Kainz, M.J., Kankaala, P., Lau,
D.C.P., Moulton, T.P., Power, M.E., Rasmussen, J.B., Taipale, S.J., Thorp, J.H., Wehr, J.D.,
2017. How important are terrestrial organic carbon inputs for secondary production
in freshwater ecosystems? Freshw. Biol. 62, 833–853.

Brighenti, L.S., Staehr, P.A., Gagliardi, L.M., Brandão, L.P.M., Elias, E.C., Mello, N.A.S.T.,
Barbosa, F.A.R., Bezerra-Neto, J.F., 2015. Seasonal changes in metabolic rates of two
tropical lakes in the Atlantic Forest of Brazil. Ecosystems 18, 589–604.

Burls, N.J., Fedorov, A.V., 2017. Wetter subtropics in a warmer world: contrasting past and
future hydrological cycles. Proc. Natl. Acad. Sci. 114, 12888–12893.

Burnham, K.P., Anderson, D.R., 2004. Multimodel inference-understanding AIC and BIC in
model selection. Sociol. Methods Res. 33, 261–304.

Butler, J.N., 1991. Carbon Dioxide Equilibria and Their Applications. Lewis Publishers,
Michigan.

Chen, J.S., Chiu, C.Y., 2000. Effect of topography on the composition of soil organic sub-
stances in a perhumid sub-tropical montane forest ecosystem in Taiwan. Geoderma
96, 19–30.

Christensen, J.P.A., Kaj Sand Jensen, K., Staehr, P.A., 2013. Fluctuating water levels control
water chemistry and metabolism of a charophyte-dominated pond. Freshw. Biol. 58,
1353–1365.

Clark, J.M., Chapman, P.J., Adamson, J.K., Lane, S.N., 2005. Influence of drought-induced
acidification on the mobility of dissolved organic carbon in peat soils. Glob Change
Biol 11, 791–809.

Cole, J.J., Caraco, N.F., 1998. Atmospheric exchange of carbon carbon dioxide in a low-
wind oliotrophic lake measured by the addition of SF6. Limnol. Oceanogr. 43,
647–656.

Cole, J.J., Pace, M.L., Carpenter, S.R., Kitchell, J.F., 2000. Persistence of net heterotrophy in
lakes during nutrient addition and food web manipulations. Limnol. Oceanogr. 45,
1718–1730.

Coloso, J.J., Cole, J.J., Hanson, P.C., Pace, M.L., 2008. Depth-integrated, continuous estimates
of metabolism in a clear-water lake. Can J Fish Aqua Sci 65, 712–722.

Davidson, E.A., Figueiredo, R.O., Markewitz, D., Aufdenkampe, A.K., 2010. Dissolved CO2 in
small catchment streams of eastern Amazonia: a minor pathway of terrestrial carbon
loss. J Geophys Res-Biogeosci 115 (G4).

Dodds, W.K., 2002. Freshwater Ecology: Concepts and Environmental Applications
(Aquatic Ecology). Academic Press, San Diego, pp. 212–213.

Duarte, C.M., Prairie, Y.T., 2005. Prevalence of heterotrophy and atmospheric CO2 emis-
sions from aquatic ecosystems. Ecosystems 862–870.

Eccles, R., Hong Zhang, H., Hamilton, D., 2019. A review of the effects of climate change on
riverine flooding in subtropical and tropical regions. J Water Clim Change 10,
687–707.

Eimers, M.C., Watmough, S.A., Buttle, J.M., Dillon, P.J., 2008. Examination of the potential
relationship between droughts, sulphate and dissolved organic carbon at a
wetland-draining stream. Glob Change Biol 14, 938–948.

Enell, M., Lofgren, S., 1988. Phosphorus in interstitial water: methods and dynamics.
Hydrobiologia 170, 103–132.

Fenner, N., Freeman, C., Hughes, S., Reynolds, B., 2001. Molecular weight spectra of dis-
solved organic carbon in a rewetted Welsh peatland and possible implications for
water quality. Soil Use Manag. 17, 106–112.

Fichot, C.G., Benner, R., Kaiser, K., Shen, Y., Amon, R.M.W., Ogawa, H., Lu, C.J., 2016.
Predicting dissolved lignin phenol concentrations in the coastal ocean from Chromo-
phoric Dissolved Organic Matter (CDOM) absorption coefficients. Front. Mar. Sci. 3, 7.

Findlay, S., Sinsabaugh, R., 2003. Aquatic Ecosystems: Interactivity of Dissolved Organic
Matter. 1st ed. Academic Press, Landon.

Freeman, C., Evans, C.D., Monteith, D.T., Reynolds, B., Fenner, N., 2001. Export of organic
carbon from peat soils. Nature 412, 785.

Freeman, C., Fenner, N., Ostle, N.J., Kang, H., Dowrick, D.J., Reynolds, B., Lock, M.A., Sleep,
D., Hughes, S., Hudson, J., 2004. Export of dissolved organic carbon from peatlands
under elevated carbon dioxide levels. Nature 430, 195–198.

Frey, K.E., Smith, L.C., 2005. Amplified carbon release from vast West Siberian peatlands
by 2100. Geophys. Res. Lett. 32, L09401.

Gu, L.Y.,Wyatt, K.H., 2016. Light availability regulates the response of algae and heterotro-
phic bacteria to elevated nutrient levels and warming in a northern boreal peatland.
Freshw. Biol. 61, 1442–1453.

Guenet, B., Danger, M., Abbadie, L., Lacroix, G., 2010. Priming effect: bridging the gap be-
tween terrestrial and aquatic ecology. Ecology 91, 2850–2861.

de Haan, H., 1990. Abiotic transformations of iron and phosphate in humic lake water re-
vealed by double-isotope labeling and gel filtration. Limnol. Oceanogr. 35, 491–497.

Hamdan, M., Byström, P., Hotchkiss, E.R., Al-Haidarey, M.J., Ask, J., Karlsson, J., 2018. Car-
bon dioxide stimulates lake primary production. Sci. Rep. 8, 10878.

Hanson, P.C., Bade, D.L., Carpenter, S.R., Kratz, T.K., 2003. Lake metabolism: relationships
with dissolved organic carbon and phosphorus. Limnol. Oceanogr. 48, 1112–1119.

Hanson, P.C., Pace, M.L., Carpenter, S.R., Cole, J.J., Stanley, E.H., 2015. Integrating landscape
carbon cycling: research needs for resolving organic carbon budgets of lakes. Ecosys-
tems 18, 363–375.

Henneberry, Y.K., Kraus, T.E.C., Nico, P.S., Horwath, W.R., 2012. Structural stability of
coprecipitated natural organic matter and ferric iron under reducing conditions.
Org. Geochem. 48, 81–89.

Hessen, D.O., 1998. Food webs and carbon cycling in humic lakes. In: Hessen, D.O.,
Tranvik, L.J. (Eds.), Aquatic Humic Substances. Springer-Verlag, Berlin, pp. 285–315.

Hoellein, T.J., Bruesewitz, D.A., Richardson, D.C., 2013. Revisiting Odum (1956): a synthe-
sis of aquatic ecosystem metabolism. Limnol. Oceanogr. 58, 2089–2100.
Holgerson, M.A., Raymond, P.A., 2016. Large contribution to inland water CO2 and CH4

emissions from very small ponds. Nat. Geosci. 9, 222–226.
Houser, J.N., 2006. Water color affects the stratification, surface temperature, heat con-

tent, and mean epilimnetic irradiance of small lakes. Can J Fish Aqua Sci 63,
2447–2455.

Huisman, J., Weissing, F.J., 1999. Biodiversity of plankton by species oscillations and chaos.
Nature 402, 407–410.

Jane, S.F., Rose, K.C., 2018. Carbon quality regulate the temporature depedence of aquatic
ecosystem respiration. Freshw. Biol. 63, 1407–1419.

Jane, S.F., Winslow, L.A., Christina, K., Remucal, C.K., Rose, K.C., 2017. Long-term trends
and synchrony in dissolved organic matter characteristics in Wisconsin, USA, lakes:
quality, not quantity, is highly sensitive to climate. J Geophys Res-Biogeosci 122,
546–561.

Jansson, M., Karlsson, J., Jonsson, A., 2012. Carbon dioxide supersaturation promotes pri-
mary production in lakes. Ecol. Lett. 15, 527–532.

Jennings, E., Järvinen, M., Allott, M., Arvola, L., Moore, K., Naden, P., Aonghusa, C.N., Nõges,
T., Weyhenmeyer, G.A., 2009. The impact of climate change on European lakes. In:
George, G. (Ed.), The Impact of Climate Change on European Lakes. Aquatic Ecology
Series 4. Springer, pp. 199–220. https://doi.org/10.1007/978-90-481-2945-4_12.

Jones, S.E., Kratz, T.K., Chiu, C.Y., Mcmahon, K.D., 2009a. Influence of typhoons on annual
CO2 flux from a subtropical, humic lake. Glob Change Biol 15, 243–254.

Jones, J.R., Obrecht, D.V., Graham, J.L., Balmer, M.B., Filstrup, C.T., Downing, J.A., 2016. Sea-
sonal patterns in carbon dioxide in 15 mid-continent (USA) reservoirs. InlandWaters
6, 265–272.

Karlsson, J., Bystrom, P., Ask, J., Ask, P., Persson, L., Jansson, M., 2009. Light limitation of
nutrient-poor lake ecosystems. Nature 460, 506–U580.

Kayler, Z.E., Premke, K., Gessler, A., Gessner, M.O., Griebler, C., Hilt, S., Klemedtsson, L.,
Kuzyakov, Y., Reichstein, M., Siemens, J., Totsche, K.U., Tranvik, L., Wagner, A.,
Weitere, M., Grossart, H.P., 2019. Integrating aquatic and terrestrial perspectives to
improve insights into organic matter cycling at the landscape scale. Front. Earth Sci.
7, 127.

Kerr, R.A., 2007. Global warming is changing the world. Science 316, 188–190.
Kissman, C.E.H., Williamson, C.E., Rose, K.C., Saros, J.E., 2013. Response of phytoplankton

in an alpine lake to inputs of dissolved organic matter through nutrient enrichment
and trophic forcing. Limnol. Oceanogr. 58, 867–880.

Klug, J.L., 2002. Positive and negative effects of allochthonous dissolved organic mat-
ter and inorganic nutrients on phytoplankton growth. Can J Fish Aqua Sci 59,
85–95.

Kortelainen, P., Mannio, J., 1990. Organic acidity in Finnish lakes. In: Kauppi, P. Anttila,
Kenttämies, K. (Eds.), Acidification in Finland. Springer-Verlag, Berlin Heidelberg,
pp. 849–863.

Kortelainen, P., Rantakari, M., Huttunen, J.T., Mattsson, T., Alm, J., Juutinen, S., Larmola, T.,
Silvola, J., Martikainen, P.J., 2006. Sediment respiration and lake trophic state are im-
portant predictors of large CO2 evasion from small boreal lakes. Glob Change Biol 12,
1554–1567.

Langman, O.C., Hanson, P.C., Carpenter, S.R., Hu, Y.H., 2010. Control of dissolved oxygen in
northern temperate lakes over scales ranging from minutes to days. Aquat. Biol. 9,
193–202.

Lapierre, J.F., Guillemette, F., Berggren, M., Del Giorgio, P.A., 2013. Increases in terrestrially
derived carbon stimulate organic carbon processing and CO2 emissions in boreal
aquatic ecosystems. Nat. Commun. 4, 2972.

Lee, E.J., Yoo, G.Y., Jeong, Y., Kim, K.U., Park, J.H., Oh, N.H., 2015. Comparison of UV–
VIS and FDOM sensors for in situ monitoring of stream. Biogeosciences 12,
3109–3118.

Lydersen, E., 1998. Humus and acidification. In: Hessen, D.O., Tranvik, L.J. (Eds.), Aquatic
Humic Substances: Ecology and Biogeochemistry. Springer-Verlag, Berlin Heidelberg,
pp. 63–92.

Malone, S.L., Starr, G., Staudhammer, C.L., Ryan, M.G., 2013. Effects of simulated drought
on the carbon balance of everglades short-hydroperiod marsh. Glob Change Biol 19,
2511–2523.

Mcknight, D.M., Boyer, E.W., Westerhoff, P.K., Doran, P.T., Kulbe, T., Andersen, D.T., 2001.
Spectrofluorometric characterization of dissolved organic matter for indication of
precursor organic material and aromaticity. Limnol. Oceanogr. 46, 38–48.

Mehner, T., Attermeyer, K., Brauns, M., Brothers, S., Diekmann, J., Gaedke, U., Grossart,
H.P., Köhler, J., Lischke, B., Meyer, N., Scharnweber, K., Syväranta, J., Vanni, M.J., Hilt,
S., 2016. Weak response of animal allochthony and production to enhanced supply
of terrestrial leaf litter in nutrient-rich lakes. Ecosystems 19, 311–325.

Meili, M., 1992. Sources, concentrations and characteristics of organic matter in softwater
lakes and streams of the Swedish forest region. Hydrobiologia 229, 23–41.

Mladenov, N., Bigelow, A., Pietruschka, B., Palomo, M., Buckley, C., 2018. Using submers-
ible fluorescence sensors to track the removal of organic matter in decentralized
wastewater treatment systems (DEWATS) in real time. Water Sci. Technol. 77,
819–828.

Naden, P.S., McDonald, A.T., 1989. Statistical modelling of water colour in the uplands: the
Upper Midd catchment 1979–1987. Environ. Pollut. 601, 141–163.

Nydahl, A.C., Wallin, M.B., Tranvik, L.J., Hiller, C., Attermeyer, K., Garrison, J.A., Chaguaceda,
F., Scharnweber, K., Weyhenmeyer, G.A., 2019. Colored organic matter increases CO2

in meso-eutrophic lake water through altered light climate and acidity. Limnol.
Oceanogr. 64, 744–756.

Obrador, B., Staehr, P.P., Christensen, J.P.C., 2014. Vertical patterns of metabolism in three
contrasting stratified lakes. Limnol. Oceanogr. 59, 1228–1240.

Odum, H.T., 1956. Primary production in flowing waters. Limnol. Oceanogr. 1, 101–117.
Ojala, A., Bellido, J.L., Tulonen, T., Kankaala, P., Huotari, J., 2011. Carbon gas fluxes from a

brown-water and a clear-water lake in the boreal zone during a summer with ex-
treme rain events. Limnol. Oceanogr. 56, 61–76.

Paerl, H.W., Huisman, J., 2008. Climate. Blooms like it hot. Science 320, 57–58.

http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0015
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0015
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0015
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0020
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0020
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0025
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0025
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0030
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0030
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0035
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0035
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0040
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0040
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0045
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0045
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0050
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0050
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0050
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0055
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0055
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0055
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0060
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0060
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0060
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0065
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0065
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0065
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0070
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0070
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0070
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0075
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0075
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0080
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0080
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0080
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0080
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0085
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0085
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0090
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0090
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0090
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0095
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0095
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0095
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0100
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0100
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0100
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0105
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0105
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0110
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0110
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0110
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0115
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0115
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0120
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0120
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0125
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0125
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0130
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0130
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0135
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0135
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0140
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0140
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0140
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0145
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0145
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0150
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0150
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0155
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0155
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0160
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0160
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0165
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0165
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0165
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0170
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0170
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0170
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0175
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0175
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0180
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0180
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0185
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0185
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0185
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0190
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0190
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0190
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0195
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0195
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0200
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0200
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0205
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0205
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0205
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0205
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0210
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0210
https://doi.org/10.1007/978-90-481-2945-4_12
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0220
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0220
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0220
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0230
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0230
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0230
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0235
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0235
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0240
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0240
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0240
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0245
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0250
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0250
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0250
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0255
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0255
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0255
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0260
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0260
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0260
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0265
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0265
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0265
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0265
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0270
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0270
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0270
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0275
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0275
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0275
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0275
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0285
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0285
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0285
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0290
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0290
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0290
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0295
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0295
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0295
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0300
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0300
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0305
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0305
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0310
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0310
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0315
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0315
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0315
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0315
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0320
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0320
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0325
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0325
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0325
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0330
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0330
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0335
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0340
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0340
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0340
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0345


15C.-Y. Chiu et al. / Science of the Total Environment 717 (2020) 137052
Pagano, T., Bida, M., Kenny, J.E., 2014. Trends in levels of allochthonous dissolved organic
carbon in natural water: a review of potential mechanisms under a changing climate.
Water 6, 2862–2897.

Page, S.E., Rieley, J.O., Banks, C.J., 2011. Global and regional importance of the tropical
peatland carbon pool. Glob Change Biol 17, 798–818.

Roiha, T., Peura, S., Cusson, M., Rautio, M., 2016. Allochthonous carbon is a major regulator
to bacterial growth and community composition in subarctic freshwaters. Sci. Rep. 6,
34456.

Rosenstock, B., Simon, M., 2001. Sources and sinks of dissolved free amino acids and pro-
tein in a large and deep mesotrophic lake. Limnol. Oceanogr. 46, 644–654.

Sadro, S., Melack, J.M., MacIntyre, S., 2011a. Depth-integrated estimates of ecosystemme-
tabolism in a high-elevation lake (Emerald Lake, Sierra Nevada, California). Limnol
Oceano 56, 1764–1780.

Sadro, S., Nelson, C.E., Melack, J.M., 2011b. Linking diel patterns in community respiration
to bacterioplankton in an oligotrophic high-elevation lake. Limnol. Oceanogr. 56,
540–550.

Salonen, K., Arvola, L., Rask, M., 1984. Autumnal and vernal circulation of small forest
lakes in Southern Finland. Verhandlungen der Internationalen Vereinigung der
Limnologie 22, 103–107.

Seekell, D.A., Lapierre, J.F., Karlsson, J., 2015. Trade-offs between light and nutrient avail-
ability across gradients of dissolved organic carbon concentration in Swedish lakes:
implications for patterns in primary production. Can J Fish Aqua Sci 72, 1663–1671.

Shiau, Y.J., Pai, C.W., Tsai, J.W., Liu, W.C., Yam, R.S.W., Chang, S.C., Tang, S.L., Chiu, C.Y.,
2018. Characterization of phosphorus in a toposequence of subtropical perhumid for-
est soils facing a subalpine lake. Forests 9, 294.

Solomon, C.T., Jones, S.E., Weidel, B.C., Buffam, I., Fork, M.L., Karlsson, J., Larsen, S., Lennon,
J.T., Read, J.S., Sadro, S., Sarosj, J.E., 2015. Ecosystem consequences of changing inputs
of terrestrial dissolved organic matter to lakes: current knowledge and future chal-
lenges. Ecosystems 18, 376–389.

Sommer, U., Gliwicz, Z.M., Lampert, W., Duncan, A., 1986. The PEG-model of seasonal suc-
cession of planktonic events in fresh waters. Arch. Hydrobiol. 106, 433–471.

Sowerby, A., Emmett, B.A., Williams, D., Beier, C., Evans, C.D., 2010. The response of dis-
solved organic carbon (DOC) and the ecosystem carbon balance to experimental
drought in a temperate shrubland. Eur. J. Soil Sci. 61, 697–709.

Staehr, P.A., Bade, D.L., Van de Bogert, M.C., Koch, G.R., Williamson, C.E., Hanson, P.C., Cole,
J.J., Kratz, T.K., 2010. Lake metabolism and the diel oxygen technique: state of the sci-
ence. Limnol. Oceanogr. Methods 8, 628–644.

Staehr, P.A., Christensen, J.P.A., Batt, R.D., Read, J.S., 2012. Ecosystemmetabolism in a strat-
ified lake. Limnol. Oceanogr. 57, 1317–1330.

Stumm, W., Morgan, J.J., 1996. Aquatic Chemistry: Chemical Equilibria and Rates in Natu-
ral Waters. Wiley, New York.

Szkokan-Emilson, E.J., Kielstra, B.W., Arnott, S.E., Watmough, S.A., Gunn, J.M., Tanentzap,
A.J., 2017. Dry conditions disrupt terrestrial-aquatic linkages in northern catchments.
Glob Change Biol 23, 117–126.

Thrane, J.E., Hessen, D.O., Andersen, T., 2014. The absorption of light in lakes: negative im-
pact of dissolved organic carbon on primary productivity. Ecosystems 17, 1040–1052.

Tipping, E., Woof, C., Rigg, E., Harrison, A.F., Ineson, P., Taylor, K., Benham, D., Poskitt, J.,
Rowland, A.P., Bol, R., Harkness, D.D., 1999. Climatic influences on the leaching of dis-
solved organic matter from upland UKmoorland soils, investigated by a field manip-
ulation experiment. Environ. Int. 25, 83–95.

Tonetta, D., Staehr, P.A., Petrucio, M.M., 2017. Changes in CO2 dynamics related to rainfall
and water level variations in a subtropical lake. Hydrobiologia 794, 109–123.
Tranvik, L.J., Jansson, M., 2002. Climate change—terrestrial export of organic carbon. Na-
ture 415, 861–862.

Tsai, J.W., Kratz, T.K., Hanson, P.C., Wu, J.T., Chang, W.Y.B., Arzberger, P.W., Lin, B.S., Lin,
F.P., Chou, H.M., Chiu, C.Y., 2008. Seasonal dynamics, typhoons and the regulation
of lake metabolism in a subtropical humic lake. Freshw. Biol. 53, 1929–1941.

Tsai, J.W., Kratz, T.K., Hanson, P.C., Kimura, N., Liu, W., Lin, Z., Chou, H., Wu, C.H., Chiu, C.Y.,
2011. Metabolic changes and the resistance and resilience of a subtropical heterotro-
phic lake to typhoon disturbance. Can J Fish Aqua Sci 68, 768–780.

Tsai, J.W., Kratz, T.K., Rusak, J.A., Shih, W.Y., Liu, W.C., Tang, S.L., Chiu, C.Y., 2016. Absence
of winter and spring monsoon changes water level and rapidly shifts metabolism in a
subtropical lake. Inland Waters 6, 436–448.

Vadeboncoeur, Y., Jeppesen, E., Vander Zanden, M.J., Schierup, H.H., Christoffersen, K.,
Lodge, D.M., 2003. From Greenland to green lakes: cultural eutrophication and the
loss of benthic pathways in lakes. Limnol. Oceanogr. 48, 1408–1418.

Van de Bogert, M.C., Carpenter, S.R., Cole, J.J., Pace, M.L., 2007. Assessing pelagic and ben-
thic metabolism using free water measurements. Limnol. Oceanogr. Methods 5,
145–155.

Waiser, M.J., 2006. Relationship between hydrological characteristics and dissolved or-
ganic carbon concentration and mass in northern prairie wetlands using a conserva-
tive tracer approach. J. Geophys. Res. 111, G02024. https://doi.org/10.1029/
2005JG000088.

Wang, S., Qian, X., Han, B.P., Wang, Q.H., Ding, Z.F., 2011. Physical limnology of a typical
subtropical reservoir in south China. Lake Resrv Manage 27, 149–161.

Wanninkholf, R., 1992. Relationship between wind speed and gas exchange over the
ocean. J Geophys Res Oceans 97, 7373–7382.

Watras, C.J., Hanson, P.C., Stacy, T.L., Morrison, K.M., Mather, J., Hu, Y.H., Milewski, P., 2011.
A temperature compensation method for CDOM fluorescence sensors in freshwater.
Limnol. Oceanogr. Methods 9, 296–301.

Wetzel, R.G., 2001. Limnology: Lake and River Ecosystems. third ed. Academic Press, San
Diego.

Wetzel, R.G., Likens, G.E., 2000. Limnological Analyses. 3rd ed. Springer-Verlag, New York,
p. 429.

Williamson, C.E., Morris, D.P., Pace, M.L., Olson, A.G., 1999. Dissolved organic carbon and
nutrients as regulators of lake ecosystems: resurrection of a more integrated para-
digm. Limnol. Oceanogr. 44, 795–803.

Williamson, C.E., Dodds, W., Kratz, T.K., Palmer, M.A., 2008. Lakes and streams as sentinels
of environmental change in terrestrial and atmospheric processes. Front. Ecol. Envi-
ron. 6, 247–254.

Williamson, C.E., Saros, J.E., Vincent, W.F., Smol, J.P., 2009. Lakes and reservoirs as senti-
nels, integrators, and regulators of climate change. Limnol. Oceanogr. 54, 2273–2282.

Worrall, F., Burt, T.P., Jaeben, R.Y., Warburton, J., Shedden, R., 2002. The release of dis-
solved organic carbon from upland peat. Hydrol. Process. 16, 3487–3504.

Worrall, F., Harriman, R., Evans, C.D., Watts, C.D., Adamson, J.K., Neal, C., Tipping, E., Burt,
T., Grieve, I., Monteith, D., Naden, P.S., Nisbet, T., Reynolds, B., Stevens, P., 2004. Trends
in dissolved organic carbon in UK rivers and lakes. Biochemistry 30, 369–402.

Xing, Y., Xie, P., Yang, H., Ni, L., Wang, Y., Rong, K., 2005. Methane and carbon dioxide
fluxes from a shallow hypereutrophic subtropical Lake in China. Atmos. Environ.
39, 5532–5540.

http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0350
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0350
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0350
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0355
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0355
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0360
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0360
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0360
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf2020
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf2020
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0365
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0365
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0365
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0370
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0370
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0370
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0375
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0375
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0375
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0380
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0380
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0380
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0385
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0385
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0395
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0395
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0395
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0400
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0400
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0405
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0405
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0405
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0410
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0410
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0415
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0415
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0420
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0420
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0425
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0425
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0430
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0430
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0435
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0435
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0435
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0440
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0440
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0440
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0445
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0445
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0450
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0450
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0455
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0455
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0460
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0460
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0460
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0465
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0465
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0470
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0470
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0470
https://doi.org/10.1029/2005JG000088
https://doi.org/10.1029/2005JG000088
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0480
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0480
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0485
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0485
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0490
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0490
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0495
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0495
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0500
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0500
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0505
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0505
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0505
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0510
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0510
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0510
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0515
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0515
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0520
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0520
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0525
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0525
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0530
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0530
http://refhub.elsevier.com/S0048-9697(20)30562-3/rf0530

	Terrestrial loads of dissolved organic matter drive inter-�annual carbon flux in subtropical lakes during times of drought
	1. Introduction
	2. Materials and methods
	2.1. Study site
	2.2. Data collection and field measurements
	2.3. Environmental and limnological data
	2.4. Limnological samples
	2.5. Data processing and analysis
	2.5.1. Metabolic parameters and CO2 flux
	2.5.2. DIC and CO2 efflux
	2.5.3. Light attenuation

	2.6. Statistical analysis

	3. Results
	3.1. Meteorological conditions, CDOM, and limnological variables
	3.2. Responses in C flux
	3.3. Drought sensitivity and control

	4. Discussion
	4.1. Precipitation, CDOM and nutrient levels
	4.2. Alternations in C flux
	4.3. Sensitivity of C flux to precipitation
	4.4. Epilimnetic vs. whole-lake C fluxes

	5. Conclusion
	Declaration of competing interest
	Acknowledgements
	References


