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Abstract

Global warming is expected to increase the number and frequency of intense typhoon events in
subtropical and tropical regimes. These changes may modify the dynamics of lake metabolism and ecosystem
stability to external disturbances. However, few studies have investigated how typhoons affect lake metabolic
processes. Our previous study reported how a typhoon altered the seasonal dynamics of limnological
variables and lake metabolism in a subtropical lake in Taiwan. In this study, we further explored how
typhoon strength affects the daily dynamics of ecosystem metabolism. We also clarified the potential
mechanisms causing these effects and assessed the stability (i.e., resistance and resilience) of lake metabolism
during typhoon disturbances. Surprisingly, as compared with medium- and large-sized typhoons, small
typhoons caused stronger effects on lake metabolism, and the metabolism recovered more rapidly. The daily
response of the ecosystem metabolism in our lake to typhoons is likely linked to typhoon-induced changes in
lake physics (e.g., the mixing regime and dissolved oxygen level), quantity and quality of dissolved organic
carbon and nutrients (especially nitrogen) and the biomass of primary producers in different disturbance
scenarios. Results of this study provide a unique basis to predict how lakes tend to be net sources or sinks of
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carbon from the atmosphere under the circumstance of global warming and an increase in typhoons.

Keyword: climate change, lake metabolism, typhoon, carbon cycling, algae
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3.1 HiE

The factors influencing lake metabolism, defined here as the collection of processes that determine the
gross primary production (GPP), ecosystem respiration (ER), and net ecosystem production (NEP), have been
the subject of current research, because lake metabolism indicates the trophic status and the extent to which
lakes are net sources or sinks of carbon from the atmosphere (Hanson et al. 2003; Kortelainen et al. 2006).
Worldwide, lakes and reservoirs are thought to be both a net source of carbon to the atmosphere and to
sequester an amount of carbon in their sediments similar in magnitude to the amount of carbon reaching the
world’s oceans from streams and rivers (Dean 1999).

Global warming is expected to change the spatial distribution of precipitation patterns, potentially
causing large functional changes in local ecosystems (Kerr 2007; Zhang et al. 2007). The number and
frequency of intense tropical storm and typhoon events is predicted to increase in subtropical areas (Hoyos et
al. 2006; Vecchi et al. 2008). More precipitation and greater disturbance frequency may increase surface
runoff from watersheds to recipient aquatic ecosystems, thus changing their biochemical cycling, food web
structures, ecosystem metabolism, and, potentially, ecosystem stability under external disturbances.

3.2 WgEERY

YYL is a small, shallow, subtropical, subalpine lake located in north-central Taiwan. The lake
experiences multiple typhoon events each year. A single typhoon can drop more than a meter of precipitation
on the 4.5-m-deep lake, which results in rapid flushing (Tsai et al. 2008). We present the results of 2 years of
study of the metabolism of YYL by in situ high-frequency diel dissolved oxygen (DO) measurements. Fifteen
typhoon events were recorded during this study. We aimed to assess how lake metabolic dynamics are altered
as a result of changes in physical, chemical and biological processes due to typhoons on a daily scale.

We hypothesized that small- and medium-sized typhoons cause stronger effects on lake metabolism and
metabolism recovers more quickly than with large typhoons because small to moderate precipitation may
flush terrestrial nutrients or chemicals from the watershed and lead to obvious changes in the lake’s metabolic
process. By contrast, additional precipitation associated with large typhoons may merely add additional
chemical-free water and serve to dilute the chemicals that would have been loaded during small to moderate
events. The recovery of lake metabolism after large typhoons would be slower than that after small to
moderate events because of the increased flushing out of the primary producer and heterotrophic population
abundances caused by massive precipitation. To test this hypothesis and better understand the mechanism of
the impact of a typhoon on lake metabolism, we aimed to (1) assess how typhoon strength affects lake
metabolism and potential metabolic drivers, (2) clarify the potential mechanisms causing these effects, and (3)
assess the stability (i.e., resistance and resistance) of lake metabolism to typhoon disturbances.

3.3 SUBKES

Subtropical alpine lakes are usually characterized by highly variable environmental perturbations such
as typhoon-induced rapid flushing, high diel variation in irradiation, and large temperature changes, all of
which might be expected to affect physical and biogeochemical processes and, thus, the metabolism of these
lake ecosystems (Frenette et al. 1996; Dodds 2002). Because most studies of lake metabolism are from
temperate dimictic or cold monomictic lakes, the metabolism of tropical and subtropical polymictic lakes,
especially those subject to severe, episodic events such as typhoons, is poorly understood. Several studies
have focused on the effect of typhoon disturbances on hydrodynamics, nutrient cycling, phytoplankton
structures and CO, flux in Lake Biwa, Japan, and Yuan Yang Lake (YYL), Taiwan (Frenette et al. 1996;
Robarts et al. 1998; Jones et al. 2009). Our previous study revealed that ecosystem metabolism in YYL has
seasonal patterns similar to those of temperate lakes; however, monthly averages of GPP and ER are
decreased by 50% and 25%, respectively, as compared with summer peaks during the typhoon periods (July
to October) (Tsai et al. 2008). Nevertheless, the response to and recovery of lake metabolism from typhoon
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disturbances in daily scales and the inherent mechanistic processes are still little known. Because typhoons
are associated with strong winds and large amounts of precipitation, they are likely to cause vertical mixing
of the water column and loading of nutrients and dissolved organic carbon (DOC). The resulting effects on
lake metabolism are difficult to predict a priori because nutrient loading would tend to push the lake toward
autotrophy and DOC loading would push the lake toward heterotrophy (Hanson et al. 2004).

Typhoons and tropical storms may have a strong impact on lake metabolism, especially in subtropical
and tropical regions, with their high disturbance frequencies but unpredictable timing and strength of storms.
Limited information about the impact of typhoons on lake metabolism results from difficulties in access to
study sites and research facilities. The advent of wireless sensor networks providing high-frequency data
immediately before, during and after these storm events has allowed researchers to fill in these data gaps
(Porter et al. 2005, 2009). Understanding an ecosystem’s stability (i.e., resistance and resilience) in natural or
anthropological disturbances can help determine its ability to continue functioning under different disturbance
scenarios. The GPP and ER of freshwater ecosystems provide a fundamental matrix of cross-ecosystem
connectivity responding to natural and human disturbances. They are useful parameters for evaluating aquatic
ecosystem stability because both processes integrate energy and material flows through the components of an
ecosystem (Uehlinger 2000; Williamson et al. 2008).

3.4 WEESTE
High-frequency data collection

An instrumented buoy was deployed in April 2004 at the deepest spot in YYL to record surface DO
concentration, water temperature and wind speed every 10 min. Surface DO concentrations were measured at
0.25 m depth by a sonde (600-XLM, YSI, Inc. Yellow Springs, OH, USA) fitted with a rapid-pulse
oxygen-temperature electrode (YSI, model 6562). Water temperature was measured through the water
column at 0.5-m increments by use of a thermistor chain (Templine, Apprise Technologies, Inc. Duluth, MN,
USA). Wind speed was measured 2 m above the lake by use of an anemometer (model 03001, R.M. Young,
Traverse, MI, USA). Precipitation, air temperature and downwelling photosynthetically active radiation (PAR)
were measured at a land-based meteorological station approximately 1 km away from the lake (Tsai et al.
2008). Over the entire period of observation (May 2004 to October 2005), data were successfully recorded on
446 days.

Limnological sample

Associated limnological samples were collected manually at the surface of YYL at weekly intervals
during the typhoon season (June or July to October). Additional samplings were conducted before the onset of
typhoons and immediately after typhoons if it was possible to access the lake. DOC samples were collected by
use of a portable hand pump with inline filters (Whatman, 47 mm GF/F, Maidstone, Kent, UK). The vials
were stored on ice until analysis with an O.1. TOC analyzer (Model 1010, O.1. Analytical, College Station, TX,
USA) with persulfate digestion. Samples of chlorophyll a (Chl a) were collected by filtering surface lake
water with use of GF/F filters. Filters were stored at 4°C and in the dark until Chl @ was extracted with use of
methanol. Nutrient concentrations were measured from unfiltered surface water samples. Total phosphorus
(TP) and total nitrogen (TN) were estimated as per the American Public Health Association (1998). Water
color samples were collected from the surface, passed though GF/F filters, kept on ice and brought back to the
laboratory. Absorbance was measured by spectrophotometry (Spectroquant, VEGA 400, Serial No: 00060093,
Merck, Whitehouse Station, NJ, USA) in a 10-cm cuvette. Water color was expressed as wavelength-specific
(440 nm) absorbance coefficient: (a4, m'l): asq0 = 2.303 X (absorbance at 440 nm/0.1 m) (Houser 2006).

Estimation of lake metabolism

Daily GPP and ER were estimated from high-frequency measurements (every 10 min) of DO
concentration at 0.25 m depth. The metabolism model described by Cole et al. (2000) and Hanson et al. (2003)
was adopted for estimating GPP, ER and NEP from diel DO data. We assumed that the external loading of DO
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by precipitation, surface inflow and groundwater were negligible in the lake. In brief, ER was calculated as the
atmospheric diffusion-corrected changes in DO during nighttime. In keeping with previous work (Cole et al.
2000; Uehlinger 2000; Hanson et al. 2003; Tsai et al. 2008), we calculated GPP by assuming that ER during
the day and night was equal. NEP (=GPP-ER) was calculated as the diffusion-corrected increase in
surface-layer DO during daytime. Metabolic parameters were calculated day by day except for the days of
typhoons, because entraining of anoxic bottom waters (Tsai et al. 2008) and potential DO loading from
incoming waters may render the model invalid during (but not immediately before or after) typhoon events.

Because of the effect of alpine topography and foggy weather on the availability of PAR to primary
producers, light intensity data were checked hourly to estimate the actual timing of photosynthesis. We
considered “daytime” to be the period when the measured light intensity was >10 pumole photons m™ s™
(Lauster et al. 2006). Exchange of oxygen between water column and atmosphere (Fam) Was estimated as
Fam= k(O25—0,)/Z (nmol m™ h™") (Cole et al. 2000, 2002), where Z is the depth of mixing layer (m) and £ is
the transfer coefficient (m h™") for oxygen and is estimated by using the empirical relation between kg (k for a
Schmidt number of 600), wind speed, water temperature and Schmidt number of oxygen (Wanninkholf 1992;
Cole and Caraco 1998; Tsai et al. 2008). O,(¢) and O,4(?) are the measured DO concentration and saturation
concentration of oxygen (mg L) at #°C, respectively. O,y is a function of water temperature and altitude and
was estimated by the empirical equation given in Dodds (2002).

Data analysis

The inherent assumption of the metabolism model is that the external loading of DO is negligible. This
assumption likely is violated during typhoon or storm events; therefore, we adopted the difference between
3-day means of GPP, ER, and NEP before and immediately after a typhoon event to quantify the metabolic
change. Stability of ecosystem metabolism includes the magnitude of response (i.e., resistance) and rate of
recovery after a disturbance (i.e., resilience). The index for resistance (RS) was calculated as follows (Orwin
and Wardle 2004):

2D,

RS(tO)=l—m N (1)

where D, is the difference between the last measurement of metabolic parameters before typhoon events (Cy)
and the maximal disturbed metabolic parameter occurring at time ¢, after the end of the typhoon. The index
for resilience (RL) at time #; was calculated as follows:

2D,

M(fx)=m—1, (2)

where # is 3 days after the occurrence of the maximum disturbed parameter and Dy is the difference between
the Cy and the disturbed metabolic parameters at time #.. RS and RL both range between -1 and 1, a value of 1
indicating that the disturbance has no effect (maximal resistance) and full recovery (maximal resilience). An
RS value of 0 indicates a 100% reduction or enhancement and an RL value of 0 represents no recovery (i.e.,

D, =D, ). Negative values of RS indicate more than 100% change (i.e., where |D0| > C,) and negative

values for RL indicate negative recovery (i.e., the system continued to move away from its pre-typhoon state
even after the typhoon had ended).

We used 1-way ANOVA to evaluate the impact of typhoon on lake metabolism by comparing 3-day
averages of GPP, ER and NEP values before a typhoon with corresponding parameters measured in the
subsequent post-typhoon periods. A paired #-test was used to compare the RS and RL of GPP, ER and NEP.
Pearson correlation was used to determine the quantitative relation between change in environmental and
limnological variables and the 3 ecosystem metabolic parameters (i.e., GPP, ER and NEP). We used
Statistica® software (StatSoft, Tulsa, OK, USA) to calculate the coefficient of determination (R). A p < 0.05
was considered statistically significant.



3.5 fmREEA AR
Typhoon disturbance regimes

Typhoon and storm disturbances were prevalent in YYL, with 7 typhoon events in 2004 and 8 events in
2005. The accumulated precipitation (AP) of a single typhoon ranged from 51.5 to 816.5 mm, and the 10-min
averaged wind speed ranged from 0.72 to 3.45 m s'. The AP was positively correlated with the corresponding
wind speed of typhoons (r=0.88, p<0.05, n=15). Total precipitation in typhoon seasons accounted for 69.6%
and 67.8% of the annual total precipitation in 2004 and 2005, respectively. Typhoon disturbances changed the
limnological variables of the lake. Most of the typhoons immediately increased the water color and the
concentration of DOC and TN in the lake but decreased the Chl a and TP concentration. The change in
limnological variables (%) was negatively correlated with the AP of typhoons except for TP. Decreases in
water color, DOC and TN were observed after medium and large typhoons.

Response of lake metabolism to typhoons

Results of one-way ANOVA indicated that most of the typhoon events resulted in lowered GPP
(3.3%—-81.0% decrease) and increased ER (7.1%—-827.7% increase), and thus the lake became more
heterotrophic after typhoon events (27.6%—-852.4% increase in heterotrophy) (p<0.05). The daily changes in
NEP were mainly controlled by the dynamics of ER, because ER was more responsive to typhoons than was
GPP (average change levels were 160.4% and -41% for ER and GPP, respectively). Nevertheless, the extent
of metabolic changes and magnitude of AP and wind speed were not correlated. Figure 1 shows the time
series of GPP, ER, atmospheric flux (Fym), surface DO concentration, water temperature at the surface (0.25
m) and bottom (3.5 m) of the lake, and daily precipitation for periods of 5 days before and 7 days after
typhoons with different AP intensities (e.g., T2 [AP=160 mm] and T4 [AP=816.5 mm]). The temporal trends
of temperature and DO during disturbances were related to the water mixing regime of the lake. DO level in
YYL decreased (-16.7% to -58%) during medium and small typhoons but increased during large events (e.g.,
T4, +71%) and then progressively recovered thereafter (Figs. 1C and D). The regular diel DO cycle (i.e., DO
level increased at day and decreased at night) also weakened or even disappeared during typhoons but
recovered within 1 or 2 days after a typhoon or storm. Fy, increased after small typhoons because the
decreased DO concentration enhanced the flux of oxygen from the atmosphere to the lake (Figs. 1E and F).
All of these parameters recovered gradually after typhoons, and it took about 5-10 days to recover to
pre-disturbance levels.

Resistance and resilience of lake metabolism

Although changes in GPP, ER and NEP were not correlated with the intensity of typhoons (i.e., AP or
wind speed), the RS of the 3 metabolic parameters showed a positive correlation with the intensity of AP (Figs.
2A-C). Surprisingly, more negative values of RS occurred with small typhoons (with AP < ~200 mm), which
revealed that small events caused stronger effects on GPP, ER, and NEP as compared with medium-sized
events (AP 200—600 mm) and large-sized events (AP >600 mm). Results of paired ¢ test showed that the RS of
GPP was significantly greater than that of ER (p<0.05), which again indicated that the ER is more responsive
to typhoon disturbances than is GPP. The RL of the 3 metabolic parameters was negatively correlated with AP
(Figs. 2D-F), which indicated that the ecosystem metabolism recovered faster after small disturbances than
after larger events. Negative values of RL for ER and NEP were observed only in large events. RL did not
significantly differ among the 3 metabolic parameters (p>0.05).

In addition to the direct effect of intensive precipitation and strong wind on the dynamics of lake
metabolism, changes in limnological factors were also correlated with the reaction and recovery of the lake
metabolism to typhoons. A positive correlation between changes in TP and Chl a4, and RS of GPP
(=0.31-0.71) suggested that the lower resistance of GPP to small typhoons (Fig. 2A) may be mediated by
decreased Chl a and TP after most typhoons. Increases in water color and TN were correlated with RL of GPP
(=0.40-0.48, p>0.05), which suggests that the quicker recovery rate (i.e., high resilience) of the GPP after
small typhoons (Fig. 2D) might result from increases in color and TN in the lake. Changes in TN and DOC
both showed a significant positive correlation with changes in water color, and these changes were all
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significantly driven by precipitation (or wind speed) (p<0.05), which implied that both colored N- and C-rich
compounds were affected by the increase in allochthonous organic matter in the lake after typhoons.

The RS of ER and NEP was negatively correlated with changes in TN. Small typhoons tended to
increase TN. This finding explained why ER and NEP were less resistant to smaller typhoons than large ones
(Figs. 2B-C). Increases in the RL of ER and NEP were associated with the increase in water color, TN and
DOC. The magnitude of the change in water color, TN and DOC after typhoons decreasing with the rainfall
intensity of typhoons explained the higher recovery rate of ER and NEP after small typhoons (Figs. 2E and F).
Furthermore, changes in Chl a (and TP) were correlated with RS and RL of ER and NEP (Figs. 2E and F). In
this case, the autochthonous organic carbon was suggested to be the driver accounting for the reaction of both
GPP and ER to typhoons. The recovery rate (i.e., the RL) of the 3 metabolic parameters was not correlated
with the daily dynamics of water temperature and light intensity after typhoons.

Typhoon-induced changes in the quantity and quality of limnological drivers such as dissolved organic
carbon and nutrients (TN and TP) and the biomass of primary producers (Chl a) mediated the response and
recovery of lake metabolism to typhoons Thus, patterns of typhoon intensity associated with corresponding
changes in limnological drivers were key predictors of the daily dynamics of lake metabolism during and
after typhoons.

Discussion

In general, with typhoon disturbances, YYL was temporarily more heterotrophic, by reducing GPP and
increasing ER. The decreases in concentrations of TP and Chl a after typhoons accounted for the decrease in
GPP. In this lake, typhoons caused the water column to mix temporarily and the water level to fluctuate (Figs.
1A and B, Tsai et al. 2008). This finding suggests that YYL was flushed during typhoon events. The quick
flushing and renewal of lake water may reduce the concentration of Chl a and result in reduced GPP, which
suggests that the rapid response of lake metabolism may be controlled simply by the change in hydrologic
turnover rather than by biological processes. A similar phenomenon was observed in freshwater ecosystems
such as flood-prone rivers and alpine streams (Uehlinger 2003; Acuna et al. 2004). Thus, bed-moving floods
transiently reduce both GPP and NEP in stream ecosystems because of the loss of primary producers (e.g.,
periphyton and diatoms) and shift ecosystem metabolism towards heterotrophy. The primary production of
the phytoplankton community is affected by both instantaneous irradiance and the short-term light history
(Obrien et al. 2009). Typhoons destroyed the stratification that had characterized the water column between
typhoon events and caused resuspension of algae into the overlying water. Large quantities of algae were
observed in the bottom layer of YYL during the stratification period between typhoons and were quickly
released to the surface layer by the typhoon-induced vertical mixings and may have replaced the original
algal species (Tsai et al. 2008). Primary production of these dark-acclimated algae from hypolimnion may be
more prone than the original light-acclimated species to photoinhibition by the high light conditions after
storms and typhoons (Figs. 1A and B), thus decreasing GPP. The change in phytoplankton community might
also be responsible for the variation in GPP during typhoons, because a size-dependent change in Chl a and
changes in photosynthesis efficiency were observed in reacting to the typhoon-induced change in light and
nutrient conditions in the lake (Frenette et al. 1996).

The major impact of typhoons on lake metabolism might be also mediated through the effect of weather
conditions on the dynamics of limnological variables. ER and NEP were stimulated after typhoons, and their
RS and RL were significantly correlated with the typhoon-induced change in water color, TN and DOC.
Water color (light absorbance at 440 nm) is a good predictor of terrestrially produced dissolved organic
matter in lakes (Hessen and Tranvik 1998). The increase in water color and DOC was widely reported as
resulting from elevated precipitation, which increases loading of allochthnious carbon and affects ecosystem
metabolism (Gergel et al. 1999, Pace and Cole 2002). Several lines of evidence support inputs of terrestrial
organic material from landscapes substantially contributing to bacterial ER and resulting in reduced NEP in
aquatic ecosystems (Beisner et al. 2003; Hanson et al. 2003 and 2004; Karlsson et al. 2007). YYL is a
persistently heterotrophic ecosystem (Tsai et al. 2008), which suggests that ER not only uses the organic
compounds originally produced by photosynthesis but is also fueled by allochthonous carbon.

Temporary vertical mixing of the water column was prevalent during typhoons (Figs. 1 and B) and may
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have accelerated the release or re-suspension of essential nutrients from the sediment to the epilimnion, where
they can be used by microbes, which results in increased ER (Robarts et al. 1998; Kirchman et al. 2004; Pérez
and Sommaruga 2006). A negative correlation between the RS of ER and change in Chl a revealed that if
typhoons cause a large decrease in chlorophyll, ER also increases less (i.e., low resistance). The decrease in
Chl a after typhoons might provide a low autochthonous organic substrate for heterotrophic organisms (Aoki
et al. 1996) and thus low rates of changes in ER. Our findings suggest that Chl a (i.e., the biomass of algal
community) seems to be one of the key drivers for the response and recovery of ecosystem metabolism to
typhoons. Several lines of studies indicated that the release of nutrients from the autochthonous pool (e.g.,
sediment or littoral) after typhoons or floods, rather than just allochthonous sources, might responsible for the
change in lake metabolism because terrestrially derived carbon is often relatively refractory to biological use
(Baines and Pace 1991; Cole et al. 2002; Pérez and Sommaruga 2006; Colangelo 2007). Although we did not
intend to assess the relative contribution of autochthonous and allochthonous carbon to post-storm responses,
both autochthonous and allochthonous organic matter played a key role in mediating the reaction of the lake
metabolism to typhoon events.

We found DO concentration temporally decreased after typhoons. The lake metabolism model describes
the change in DO level as a result of dynamic balances between GPP, ER and F,,. Two processes might
account for the dynamic changes in DO level. First, the tremendous increase in ER after typhoons can cause a
steady decline in DO level. GPP played only a minor role in controlling the DO concentration as compared
with ER (Figs. 1E and F). Second, the decrease in DO level in the surface layer and increase in the deep layer
during typhoons was related to the mixing regime of the lake (Figs. 1A and C, B and E), which suggests that
the entrainment of water with low DO concentration from the hypolimnion between typhoons might be the
other key process accounting for the decrease in surface DO level. Consequently, the recovery rate of ER and
water stratification would therefore be the key processes controlling the resilience of YYL metabolism.

Results of stability assessments (i.e., RS and RL) indicated that small typhoons (with AP < 200 mm)
cause large effects (i.e., low resistance) on GPP, ER, and NEP as compared with medium- and large-sized
events (Fig. 2). The differential response of lake metabolism to disturbance events of different intensity is an
interesting observation. We found that small to moderate precipitations flushed available DOC and nutrients
(TN) from the watershed, thus leading to increased concentrations of limnological drivers in the lake and
resulting in rapid changes (i.e., low resistance) in lake metabolism. Additional precipitation associated with
large typhoon events may merely add additional DOC (or nutrients)-free water and serve to dilute the DOC
(or nutrients) level that would have been loaded in small to moderate events. This dilution in level of
limnological drivers would be manifested in a relatively higher resistance of lake metabolism to large
typhoons (Fig. 2). The reduced resilience of the lake metabolism to large typhoon events may be mediated
by the increased flushing, with massive precipitation substantially diluting the algal and microbial population
abundance. Lower recovery of ER and NEP after large typhoons (Figs. 2E and F) is associated with loss of
Chl a, which might occur because of the decreasing nitrogen consumption due to the loss of Chl a after large
typhoons.

In summary, this study revealed that episodic environmental events such as typhoons altered the daily
dynamics of the ecosystem metabolism in YYL. Typhoons tended to weaken GPP and stimulate ER, and thus
the lake became more heterotrophic. Smaller typhoons caused stronger effects on lake metabolism than did
medium- and large-sized typhoons; however, the metabolism recovered quicker after smaller typhoons than
after medium or larger typhoons. Results of this study provide a scientific basis to predict how lakes tend to
be net sources or sinks of carbon from the atmosphere in subtropical or tropical regions under the
circumstance of global warming with its increase in typhoons.
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