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ABSTRACT

The frequency and magnitude of extreme events are
expected to increase in the future, yet little is known
about effects of such events on ecosystem structure
and function. We examined how extreme precipi-
tation events affect exports of terrestrial dissolved
organic carbon (t-DOC) from watersheds to lakes as
well as in-lake heterotrophy in three north-tem-
perate lakes. Extreme precipitation events induced
large influxes of t-DOC to our lakes, accounting for
45-58% of the seasonal t-DOC load. These large
influxes of t-DOC influenced lake metabolism,
resulting in lake net heterotrophy following 67 % of
the extreme precipitation events across all lakes.
Hydrologic residence time (HRT) was negatively re-
lated to t-DOC load and heterotrophy; lakes with
short HRT had higher t-DOC loads and greater net
heterotrophy. The fraction of t-DOC mineralized

within each lake following extreme precipitation
events generally exhibited a positive relationship
with lake HRT, similar to the previous studies of
fractions mineralized at annual and supra-annual
time scales. Event-associated turnover rate of t-DOC
was higher than what is typically reported from
laboratory studies and modeling exercises and was
also negatively related to lake HRT. This study
demonstrates that extreme precipitation events are
‘hot moments’ of carbon load, export, and turnover
in lakes and that lake-specific characteristics (for
example, HRT) interact with climatic patterns to set
rates of important lake carbon fluxes.
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INTRODUCTION

Extreme events have dramatic effects on ecosystem
function. For example, wildfires can cause changes
to vegetation structure and surface energy fluxes
that last for many decades (Zedler and others 1983;
Rocha and Shaver 2011), heat waves can cause
drastic changes in terrestrial and aquatic biodiver-
sity and changes in productivity (Garrabou and
others 2009; Reichstein and others 2007; Wernberg
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and others 2012), and spring crop freeze can cause
substantial economic losses and reduce terrestrial
carbon sequestration (Gu and others 2008). Clear-
ly, extreme events play an integral role in shaping
ecosystem structure and function. Given that many
extreme events are predicted to increase in fre-
quency with climate change (Huntington 2006;
Rahmstorf and Coumou 2011; Coumou and
Rahmstorf 2012), understanding their effects on
ecosystems is essential to predict how ecosystems
will function in the future and how ecosystem
structure modulates their effects.

There is considerable conceptual, modeled, and
observational evidence that extreme rainfall events
have been increasing in frequency and intensity
and are predicted to continue to increase under
future climate scenarios (Meehl and others 2005;
Tebaldi and others 2006; Min and others 2011;
Westra and others 2014). Extreme rainfall events
may impact lake ecosystem function; however,
documentation of their impact on lake ecosystems
is sparse. Increased annual precipitation will in-
crease water, solute, and particulate fluxes from
watersheds to lakes and reduce lake hydrologic
residence time (HRT; lake volume divided by the
sum of water losses). Additionally, increased fre-
quency and intensity of short-duration extreme
rainfall will disproportionately lead to runoff to
lakes via subsurface storm flow or overland flow
relative to groundwater recharge, thus changing
watershed flow regimes (Sebestyen and others
2009).

Previous research has shown that precipitation
regimes may be important for structuring lake
ecosystem function, specifically lake carbon cy-
cling. For example, Ojala and others (2011) show
that large rain events can cause lakes to become
heterotrophic and that these events can be
responsible for a large portion of annual carbon
dioxide (CO,) and methane (CH4) emissions from
lakes to the atmosphere. Roehm and others (2009)
showed that lake partial pressure of CO, (pCO,)
increased with increased annual precipitation. This
increase in lake pCO, was driven by inorganic
carbon loading and increased heterotrophy associ-
ated with increased organic matter loading. No-
tably, small lakes had larger interannual variability
in lake pCO,, indicating that they were more sus-
ceptible to variations in rainfall (Roehm and others
2009). In two southern Québec lakes, precipitation
intensity influenced the relative importance of
internal production versus external loading of CO,
following storm events; however, there seemed to
be an interacting effect of lake HRT (Vachon and
del Giorgio 2014).

Lake hydrologic characteristics (for example, lake
morphometry, HRT) may be a governing factor for
lake carbon cycling dynamics following extreme
precipitation events, especially if spatial patterns
between HRT and various aspects of lake carbon
cycling hold true temporally. Given that lake HRT
is reduced following extreme precipitation events,
spatial patterns indicate that the fate (for example,
sedimentation, efflux, or export downstream) of
watershed carbon influx should favor export
downstream over retention as has been shown at
annual and supra-annual timescales both empiri-
cally (del Giorgio and Peters 1994; Dillon and
Molot 1997; Stets and others 2010) and through
models (Hanson and others 2011; Brett and others
2012). Spatial patterns also suggest that the rate of
lake ecosystem respiration should increase follow-
ing extreme precipitation events, as Solomon and
others (2013) have shown that watershed area to
lake volume (WA:LV; a proxy for lake HRT and also
terrestrial carbon loading) was positively correlated
with background respiration (defined as respiration
supported by recalcitrant allochthonous organic
matter). Furthermore, HRT is negatively correlated
to the turnover rate of organic carbon across all
inland waters (Catalan and others 2016), and thus,
extreme precipitation events may increase this rate
through time via a reduction in lake HRT. These
previous studies indicate that lake carbon cycling
responses to extreme precipitation events may not
only be substantial but also heterogeneous across
the landscape, as terrestrial carbon fate and lake
metabolism rates may be affected by lake hydro-
logic characteristics such as HRT. Understanding
the influence of extreme precipitation events on
lake carbon cycling requires high-frequency esti-
mates of both watershed fluxes and lake metabo-
lism. Though rare, coupled high-frequency
estimates of watershed fluxes and lake metabolism
reveal important dynamics of lake carbon cycling
that are not evident by using simple steady-state
approaches (for example, Vachon and del Giorgio
2014).

In this study, we focused on the influence of
extreme precipitation events on daily terrestrially
derived dissolved organic carbon (t-DOC) loading
and daily lake metabolism in three lakes with HRTs
varying over an order of magnitude. We chose to
focus on extreme precipitation events because
these events provided: (1) moments of natural
perturbations to lake ecosystems, which allowed us
to investigate how lake HRT impacts lake carbon
cycling responses to the same extreme precipitation
events; (2) time periods for which we could esti-
mate excess t-DOC load (above the mean seasonal
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baseline) and excess metabolism (above or below
the mean seasonal baseline), ultimately allowing us
to compare the direct impact of a quantifiable t-
DOC load to a quantifiable lake metabolic response;
and (3) pertinent insight into potential impacts of
expected increases in extreme precipitation events
on lake carbon cycling. We expected that any
individual extreme precipitation event would pro-
duce synchronous and significant increases in t-
DOC loading among the lakes and induce or en-
hance lake heterotrophy in each lake. We expected
the magnitude and variation in t-DOC flux and
heterotrophy would be negatively related to lake
HRT, indicating that lakes with shorter hydrologic
residence times would be more responsive in terms
of t-DOC flux and heterotrophic activity to tem-
poral hydrologic changes (for example, extreme
precipitation). Additionally, we hypothesized that
the turnover rate of t-DOC would be negatively
related to lake HRT as shorter residence time lakes
would have a greater fraction of t-DOC turnover
rate based on a relatively labile t-DOC source, and
the fraction of t-DOC mineralized within the lake
would be positively related to lake HRT.

METHODS

We used time series from three lakes with HRTSs
ranging from 36 to 727 days to examine the effects
of extreme precipitation events on lake carbon cy-
cling and the role of HRT in modifying these effects.
We identify extreme precipitation events during
these time series, estimate the excess t-DOC load
and heterotrophy, as well as estimate t-DOC turn-
over rate and fraction t-DOC mineralized within
each lake over each extreme precipitation event.
We then explore whether HRT can explain the way
that these lakes respond to extreme precipitation
events.

Site Description

The three lakes are located at the University of
Notre Dame Environmental Research Center (UN-
DERC; 46°13'N, 89°32’W) in Gogebic County,
Michigan. Uplands surrounding all lakes are sec-
ond-growth mixed hardwood forests. All lakes are
within 7 km of each other and the precipitation
gage used in this study was centrally located, with
East Long (EL) being 2 km away, Morris (MO) 3.2
km away, and Crampton (CR) 4.3 km away from
the precipitation gage. East Long is one of the ba-
sins of Long Lake, which was split into two basins
with an impermeable curtain during the fall of
2012 to naturally increase dissolved organic carbon

concentration in the EL basin for a separate whole-
lake experiment as described by Zwart and others
(2016). The EL time series used for this study was
post-manipulation (2013-2014) and EL had
reached a new equilibrium in terms of physio-
chemical parameters. Crampton and MO were
studied during this same time period. The lakes
differed in watershed area to lake volume (WA:LV),
the fraction of the water budget that occurred as
evaporation, and numbers of tributary streams
flowing to each lake (Table 1). We delineated lake
watersheds using a 1/3 arc second digital elevation
model and the Hydrology tools under the Spatial
Analysis toolbox from ArcGIS 10.1 (ESRI 2012).

Lake Physiochemical Sampling

To measure water chemistry in the lakes and
streams for constituent flux estimates, we collected
integrated water samples from the upper mixed
layer at the deepest location of each lake and sur-
face water samples from each inlet and outlet
weekly to bi-weekly from May to August of 2013
and 2014. We measured DOC on the filtrate of lake
water passing through pre-combusted (450°C for 4
hours) GF/F filters using a total organic carbon
analyzer (TOC-V; Shimadzu Scientific Instru-
ments). Total phosphorus (TP) was measured by
colorimetric assay on a spectrophotometer (Spec-
tronic Instruments, Inc., Genesys 5) after persulfate
digestion of unfiltered water (Menzel and Corwin
1965).

Terrestrial-DOC Flux Estimates

We estimated daily t-DOC flux to each lake by
estimating the water flux to each lake and multi-
plying by DOC concentration of each water source.
To estimate the water inputs to each lake, we
measured stream stage, precipitation amount,
groundwater hydraulic heads, and saturated hy-
draulic conductivities of the groundwater aquifer.
See supplementary materials for detailed informa-
tion of t-DOC flux estimates. We report daily t-
DOC inflow on a per lake volume basis with units
of mg C (m’ lake water) .

We do not include particulate organic carbon
(POC) in our analyses; therefore, our estimates of
organic carbon loading following storm events are
conservative. We simplified the organic carbon
budget in our analyses because we have limited
data on lake sedimentation rates and no data on
areal deposition, which are two significant sources
of POC fluxes for lakes. Inlet stream loading is an-
other important POC flux for lakes; however, POC
was less than 2% of total organic carbon in all inlet
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Lake Physiochemical Characteristics Including Watershed Area to Lake Area Ratio (WA:LA), Light Extinction Coefficient (kp), Dissolved
Organic Carbon Concentration (DOC), and Total Phosphorus Concentration (TP)

Table 1.

TP (ug PL7Y)

# of Inlets  # of Outlets WA:LV kp (m™') DOC

Max

Watershed
area (m?)

Lake area (m?)

Lake volume (m?)

Lake

(mgcL™)

m)

depth (

34.3

18.9

4.52
2.86
0.89

7.90
0.58
0.25

7

59,000 1,122,000
14

32,000
259,000

142,000
124,000

1,303,000

MO

15.9

10.6

72,000
320,000

EL
CR

11.1

4.8

streams. Therefore, we are confident that we are
capturing a vast majority of organic carbon influx
to our lakes despite only considering the dissolved
fraction.

Lake Metabolism Estimates

To produce daily estimates of lake metabolism, we
measured high-frequency (10 min interval) dis-
solved oxygen (DO) at a fixed depth in the epil-
imnion in each lake (YSI 6600 V2 Sonde, YSI
Incorporated), temperature profiles using a fixed
thermistor chain (Onset HOBO Pendants, Onset
Computer Corporation), and meteorological
parameters including wind speed, wind direction,
air temperature, photosynthetically active radia-
tion, relative humidity, and barometric pressure
from a floating platform on West Long (adjacent
basin to East Long; Onset HOBO met station, Onset
Computer Corporation). All high-frequency data
were adjusted for sensor drift at weekly to bi-
weekly intervals. We estimated rates of gross pri-
mary production (GPP), respiration (R), and the
sum of the two, termed net ecosystem production
(NEP = GPP — R), by fitting a maximum-likelihood
metabolism model to the high-frequency DO cycles
and estimated uncertainties in daily metabolism
rates using a bootstrapping routine (metabolism
model with uncertainty described by Solomon and
others 2013 and Zwart and others 2016). We report
metabolism estimates in volumetric units (mg O, (L
lake water) ! day™') and we use a 1:1 respiratory
quotient of 0,:CO, to report metabolism estimates
in units of mg C (m’ lake water) ' for comparison
to t-DOC flux.

The free water method can sometimes yield
metabolism estimates with high uncertainty on a
given day. This likely occurs because the metabo-
lism model does not capture some processes of DO
evolution, such as physical entrainment of O,-rich
or -depleted water, which can cause low signal-to-
noise ratios (Rose and others 2014). Additionally,
single-location estimates are not accurate repre-
sentations of whole-lake metabolism at the daily
scale due to spatial heterogeneity; however, aver-
aging over multiple days for a single-sensor
deployment is more representative of whole-lake
metabolism (Van de Bogert and others 2012). Be-
cause we are interested in whole-lake responses to
extreme precipitation events, we smoothed the
metabolism estimates using a centered 9-day
weighted moving average window with the inverse
of the daily coefficient of variation as the weights,
and the smoothed daily metabolism data were used
in all subsequent analyses. An example of raw
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Figure 1. Example of work flow for detecting t-DOC pulse and the lake metabolic response. Data shown are from EL in
2013. (A) t-DOC load to EL with vertical dashed gray lines indicating the days for which extreme precipitation events
occurred. The horizontal solid gray lines indicate the threshold which the t-DOC load must exceed before being considered a
‘pulse.” (B) Lake ecosystem respiration (R) estimates with one standard deviation about the mean (indicated by the shaded
gray area). (C) Seven-day moving average lake ecosystem R with the seasonal trend of R indicated by a quadratic best fit line
(dashed gray line). (D) Detrended lake ecosystem R as the moving average R minus the R seasonal trend (quadratic fit in
panel c) and standardized positive. The vertical dashed gray lines indicate the days for which extreme precipitation events
occurred and the horizontal solid gray lines indicate the threshold which the detrended moving average R must exceed

before being considered a ‘response.’

metabolism and uncertainty estimates is shown in
Figure 1B, and smoothed metabolism estimates
used in the analyses are shown in Figure 1C.

Identification of Precipitation Events and
Resulting t-DOC Loads and Metabolic
Responses

We defined extreme precipitation events as any day
in which the total precipitation exceeded the 95th
percentile of daily precipitation over the time series
(definition of ‘extreme precipitation’ similar to Te-
baldi and others 2006). We identified nine extreme
precipitation events over the time series. However,
several of these events occurred in short succession
(within 5 days of each other), in which case we

used the earliest of the close-occurring events as
the initial day of the extreme precipitation event,
which reduced the number of events to six. We
only use the earliest of the close-occurring events
as the effects of the prior extreme precipitation
event (for example, t-DOC load, metabolic re-
sponses) mask the effects from the later event
when events are in such close succession. We used
these extreme precipitation events as starting
points from which to estimate duration (number of
days) and magnitude (mass of carbon per lake
volume) of event-derived t-DOC supply to the lake
and lake metabolic response.

We estimated the duration and magnitude of t-
DOC load and metabolic responses to precipitation
events as follows. First, because metabolic re-
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sponses to extreme precipitation events can be
masked by the effects of seasonal trends in light and
temperature, we seasonally detrended the
smoothed daily metabolism estimates using the
best-fit quadratic function (Figure 1C, D). Seasonal
detrending did not affect the detection or duration
of a t-DOC pulse, so t-DOC flux estimates were not
detrended. Next, we set event- and flux-specific
thresholds at two standard deviations above the
mean t-DOC flux, GPP, and R for five days prior to
each extreme precipitation event (Figure 1A, D).
We defined the durations of the t-DOC pulse or
metabolic response as the number of days for
which the t-DOC flux, GPP, or R exceeded their
respective event thresholds (Figure 1A, D). Ter-
restrial-DOC pulse and metabolic response dura-
tions were cut off at the beginning of the
subsequent extreme precipitation event if the t-
DOC pulse or metabolic response lasted that long.
We estimated the magnitude of the t-DOC pulse
and the GPP and R responses as the total t-DOC
flux, GPP, and R exceeding the event threshold,
summed across the duration of the event. We refer
to these as the excess t-DOC flux, GPP, or R.

The duration of the NEP response following each
extreme precipitation event was the number of
days between the earliest and latest response date
for GPP or R. The excess NEP per event was cal-
culated as the excess GPP plus the excess R. Since
our metabolic response detection for GPP and R
used a deviation from the mean method, a lake that
was always heterotrophic (negative NEP) could
have had an extreme precipitation event that pro-
duced an autotrophic response and a lake that was
always autotrophic (positive NEP) could have had
an event that produced a heterotrophic response.

Hydrologic Residence Time, Fraction
Mineralized, and t-DOC Turnover
Estimates

Hydrologic residence time was calculated for each
lake across the entire time series and also for each
event. Hydrologic residence time was estimated as
the lake volume divided by the sum of water losses
(evaporation, outlet stream, and groundwater).
Fraction of t-DOC load mineralized within the
lake was estimated for each event as the excess NEP
(heterotrophic response) divided by the excess t-
DOC load. Traditionally, fraction t-DOC mineral-
ized is estimated as one minus the DOC outflow
divided by the DOC inflow, and biological pro-
cessing is not directly measured (for example, Dil-
lon and Molot 1997). However, we coupled high-
frequency t-DOC loads and in-lake metabolism

along with examination of carbon cycling during
extreme precipitation events that allow direct
comparison of t-DOC loads and respiration.

We estimated the turnover rate of t-DOC by
rearranging an equation used to estimate t-DOC
retention from Brett and others (2012). Rear-
rangement gave us

RXxp

T1-R M

where ¢ is the turnover rate of t-DOC (units: day ™ ');
R is the fraction t-DOC mineralized estimated as
the excess NEP divided by the excess t-DOC load; and
p is the flushing rate for each event estimated as
m (units: day~'). This method for estimating

the turnover rate of t-DOC at the ecosystem scale
utilizes measurements of biological processing (ex-
cess NEP) rather than inferring biological processing
from the difference between inflowing and out-
flowing DOC. Furthermore, this method is useful in
non-steady-state systems (for example, following
extreme precipitation events) because it does not
require an assumption that the change in storage of
carbon within the ecosystem is zero.

Statistical Analysis

We were interested in the effects of extreme pre-
cipitation events on t-DOC flux and ecosystem
metabolism and in the role of HRT in modifying
these effects. We hypothesized that lakes would
respond synchronously to precipitation events, and
to test for this synchrony between lakes, we ran
cross-correlation tests using the ccf function in the
R stats package. We ran cross-correlation tests with
a lag of zero between each lake on both the
smoothed daily metabolism and daily t-DOC flux
estimates.

We asked whether lake HRT plays a role in how
these lakes responded to the extreme precipitation
events. However, due to a low sample size (three
lakes), we only compared mean and standard
deviations of various metrics of interest across
lakes. We note that, in comparing fraction t-DOC
mineralized and t-DOC turnover to lake HRT,
apparent spurious relationships could arise because
hydrologic discharge is used in the denominator of
HRT (lake volume divided by out flowing water)
and fraction mineralized (heterotrophy divided by
the product of t-DOC concentration and inflowing
water), and subsequently fraction mineralized is
used in the estimate of t-DOC turnover. We argue
that these relationships are useful for understand-
ing lake carbon cycling through time and across
space and uphold criteria for legitimate relation-
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ships as described by Prairie and Bird (1989).
Specifically, we argue that the physical constraints
of hydrology on lake carbon cycling, and the
potential utility of the relatively simple metric of
HRT for scaling lake carbon cycles regionally legit-
imizes our examination of the relationships be-
tween HRT and these ecosystem-scale metrics of
carbon processing. We used the R statistical pack-
age for all carbon budget calculations, lake meta-
bolism model fitting, and subsequent analyses (R
Core Team 2014). Data and code used in these
analyses are available on GitHub at https://github.
com/jzwart/PulseLags.

RESULTS

Seasonal Synchrony and Magnitude
of t-DOC and Metabolic Fluxes

Groundwater contributed minimally to MO both in
terms of water and carbon and contributed zero
water and carbon in the lakes that seeped to
groundwater, EL and CR (supplements and Ta-
ble 2). The importance of precipitation to hydro-
logic inflows varied among the lakes, but
contributed minimally to total t-DOC load across all
lakes. Stream inflow contributed a majority of the
hydrologic inflow for MO and a vast majority of the
t-DOC load in both MO and EL, while shallow

subsurface flow contributed a majority of water
and carbon flux to CR, as it has no surface inflow.

Daily t-DOC loads and metabolic rates were sig-
nificantly, positively correlated among lakes,
showing that regardless of their hydrologic char-
acteristics, these lakes respond synchronously to
seasonal and daily drivers like climate and weather
(Table 3). The magnitude of these important car-
bon fluxes, however, varied greatly across lakes
with the highest carbon fluxes occurring in the
shortest HRT lake and the lowest carbon fluxes
occurring in the longest HRT lake (Table 4; Fig-
ures 2, 3, 4A).

We identified six extreme precipitation events
across the time series that reflect episodic and
drastic changes in lake hydrologic regimes. Terres-
trial-DOC loads induced by these extreme precipi-
tation events lasted 37% (MO), 25% (EL), and
10% (CR) of the time series’ extent and con-
tributed 58% (MO), 56% (EL), and 45% (CR) of
the total t-DOC load over the time series.

Terrestrial-DOC and Metabolic Response
to Extreme Precipitation Events

The mean and variance of the t-DOC load and
heterotrophic responses across precipitation events
declined with increasing lake HRT (Figure 4A;
Table 4). On average, the excess t-DOC loads in

Table 2. Percent Contribution in Terms of Hydrologic Inflow and Terrestrial Dissolved Organic Carbon
Inflow (t-DOC) to Each Lake from Groundwater, Precipitation, Inlet Streams, and Shallow Subsurface Flow

Groundwater

Direct precipitation

Inlet stream Shallow subsurface

% Hydrologic contribution

MO 0.5 5.4
EL 0.0 27.5
CR 0.0 46.5
% t-DOC contribution

MO 0.3 0.7
EL 0.0 2.5
CR 0.0 10.3

94.1 <0.1
34.3 38.1
0.0 53.4
99.0 <0.1
71.6 25.9
0.0 89.7

Table 3. Correlation Coefficient for Terrestrial Dissolved Organic Carbon Flux (t-DOC), Gross Primary
Production (GPP), Respiration (R), and Net Ecosystem Production (NEP) Between Each Lake Combination

t-DOC GPP NEP
EL & MO 0.84 0.53 0.50 0.57
EL & CR 0.89 0.40 0.41 0.53
MO & CR 0.63 0.51 0.45 0.74

All lakes were significantly correlated with each other for t-DOC flux and every metabolic metric.
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Table 4. Mean Seasonal Rates of Terrestrial Dissolved Organic Carbon Flux (t-DOC), Gross Primary Pro-
duction (GPP), Respiration (R), Net Ecosystem Production (NEP), and Hydrologic Residence Time (HRT) for

Each Lake
t-DOC GPP(mg R @mgCm > NEP@mgCm > HRT t-DOC (mgCm > Heterotrophy
(mgCm™> Cm> day™) day™) (days) event™}) (mg C m > event™)
day™) day™)

MO 737.6 596.4 877.2 —280.8 36 9080 (6328) 2605 (2975)

EL 1214 317.9 552.5 —234.6 296 1844 (1594) 936 (1392)

CR 22.4 96.8 119.4 —22.5 727 321 (272) 53 (293)

Units of t-DOC load and metabolism are in mg C (m’ lake water)™" day™". Also reported are the mean and standard deviation (in parentheses) of excess terrestrial dissolved
organic carbon (t-DOC) and excess NEP (heterotrophy) in response to extreme precipitation events, where the units are in mg C (m’ lake water)™" event™.

Figure 2. Time series of
t-DOC load to (A) MO,
(B) EL, and (C) CR.
Extreme precipitation
events are indicated by
vertical dashed gray lines
and the horizontal gray

bars at the top of each
panel indicate the

pulse. Two sampling
seasons of data are
shown, June 17 to
September 14 for 2013
and June 1 to September
16 for 2014.
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2013

MO and EL were, respectively, 42 and 7 times
greater than in CR, and MO had an excess t-DOC
load 8 times greater than in EL. The magnitude of
the heterotrophic response to precipitation events
also varied among lakes, although this variation
was smaller than the variation in t-DOC load. On
average, the heterotrophic response in MO and EL
was, respectively, 11 and 6 times greater than in
CR, and MO had a heterotrophic response 3 times
greater than in EL (Figure 4A; Table 4). The vari-
ance (expressed as standard deviation in Table 4) of
t-DOC load and heterotrophy across the extreme
precipitation events scales with the mean as the
coefficient of variation (CV) for t-DOC load and
heterotrophy were fairly consistent across lakes.

2014

The CV for t-DOC load was 0.70, 0.86, and 0.85 for
MO, EL, and CR, respectively, and the CV for
heterotrophy was 0.96, 0.67, and 0.80 for MO, EL,
and CR, respectively.

Maximum metabolic rates in response to ex-
treme precipitation events (maximum metabolic
rate during response period minus event- and flux-
specific threshold) were comparable to the maxi-
mum difference of the seasonal metabolic response
(maximum minus minimum metabolic rate of the
quadratic best-fit equation). On average, the R re-
sponses during events were 94, 99, and 43 % of the
maximum difference of the seasonal R response for
MO, EL, and CR, respectively. And on average, the
GPP responses during events were 33, 130, and
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54% of the maximum difference of the seasonal
GPP response for MO, EL, and CR, respectively.
This indicates that the magnitude of metabolic re-
sponses to extreme precipitation events was on par
with the seasonal metabolic trends.

Fraction t-DOC Mineralized and
Turnover Rate of t-DOC

Of the eighteen lake events, there were four for
which the fraction of the excess t-DOC load that
was mineralized exceeded one (for example, excess

NEP was greater than excess t-DOC load), and five
which produced autotrophic responses. For the
other nine events for which the fraction mineral-
ized was between zero and one (excess NEP was
heterotrophic and less than excess t-DOC), on
average MO had the lowest fraction mineralized
(0.195), EL had the highest fraction mineralized
(0.594), and CR was intermediate (0.258) (Fig-
ure 4B). The CR estimate was based on only one
event.

For lake events that had a fraction mineralized
between zero and one, we estimated a mean DOC
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turnover rate of 0.007 days™' and a range from
0.0004 to 0.0214 days™ ' across all lakes. There was
over an order of magnitude difference in DOC
turnover among lakes as the mean DOC turnover

<«Figure 4. (A) Total excess t-DOC load (black) and excess
lake heterotrophy (gray), (B) fraction mineralized of the
t-DOC load, and (C) turnover rate of t-DOC plotted as a
function of lake HRT. Shapes represent the mean rate or
fraction mineralized for each lake (MO = diamonds,
EL = circles, CR = triangles) with the 95 and 5 quan-
tiles of the events. The fraction mineralized is calculated
as the excess NEP divided by the excess t-DOC load. Not
all events are included in panels b and ¢ as some events
induced autotrophy (# = 5) or had a fraction mineralized
greater than one (n = 4).

rate by lake was 0.0111, 0.0040, and 0.0007 days ™"
for MO, EL, and CR, respectively (Figure 4C).

DiscussioN

Terrestrial-DOC Load in Response to
Extreme Precipitation Events

We observed patterns in t-DOC loads and lake
heterotrophy that were consistent with strong ef-
fects of lake HRT at both the extreme precipitation
event and seasonal scale. Terrestrial-DOC load was
much higher in the shortest HRT lake at the sea-
sonal scale (Figure 2), which echoes previous
studies examining annual to supra-annual time
scales of terrestrial carbon loading to lakes (del
Giorgio and Peters 1994; Dillon and Molot 1997;
Hanson and others 2011; Brett and others 2012).
We show that this relationship is upheld for t-DOC
load responses to extreme precipitation events
(Figure 4A), indicating that predicted increases in
the frequency and intensity of extreme precipita-
tion events (Tebaldi and others 2006; Westra and
others 2014) will heterogeneously affect t-DOC
load to lakes subject to the same local precipitation
events. Because the variance in t-DOC load in re-
sponse to extreme precipitation events scales with
the mean (for example, similar coefficient of vari-
ation across our lakes), our data suggest that lakes
with shorter HRT are likely most susceptible to
change in t-DOC loading in response to intensity of
precipitation events. This patterning means that
potential ‘hot spots” during ‘hot moments’ (Vidon
and others 2010) of t-DOC load could be identified
if the relatively simple metric of lake HRT was
known for lakes across a landscape.

These event-based t-DOC loads were a significant
portion of the seasonal t-DOC flux, contributing
45-58% of seasonal t-DOC load to our lakes. Car-
penter and others (2015) observed similar patterns
with phosphorus (P) loads to a north-temperate
lake, where on average 29 days per year accounted
for 74% of annual P load. They showed that a
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three-part gamma distribution (for low, interme-
diate, and high P loads) best described the daily P
loads to their north-temperate lake, and increases
in high P load days (more draws from the third
component of the three-part gamma distribution;
for example, more extreme precipitation event
days) greatly increased the P load to the lake.
Similarly, increases in even just a few high t-DOC
load days induced by extreme precipitation events
could drive a large increase in the seasonal t-DOC
load to lakes. Additionally, the shape of the daily t-
DOC load distribution may be dependent on lake
hydrologic characteristics such as HRT (Figure 2).
However, daily t-DOC load distributions for many
more lakes are needed to infer any general rela-
tionships between t-DOC load distributions and
lake hydrologic characteristics, echoing the need
for more complete lake organic carbon budgets
(Hanson and others 2015), and we posit that there
is tremendous value in having daily budgets.

Lake Heterotrophic Response to Extreme
Precipitation Events

We show that these large fluxes of t-DOC to our
lakes in response to extreme precipitation events
induced responses in lake metabolism. Similar to t-
DOC load, lake heterotrophic responses were the
highest in the shortest HRT lake (Figure 4A). This
pattern is supported conceptually since heterotro-
phy indicates respiration of allochthonous material
and short HRT lakes had higher allochthonous flux
following extreme precipitation events. Except for
two instances, Vachon and del Giorgio (2014) ob-
served inconclusive responses in lake metabolism
to storm events in a study of two different lakes due
to high day-to-day variability in metabolism esti-
mates. The signal processing of metabolism data
that we performed helped identify metabolic re-
sponses to t-DOC loading events that can be diffi-
cult to detect using noisy daily metabolism
estimates. To the best of our knowledge, we are the
first to demonstrate the link between t-DOC load-
ing and metabolic responses empirically at such a
short-time scale. Indeed, others have pointed to
this pattern at longer time scales, such as the pos-
itive relationship between ‘background respiration’
and watershed area to lake volume (an indicator of
allochthonous carbon flux; Solomon and others
2013). Lakes are typically sources of carbon to the
atmosphere (Cole and others 1994), and our data
suggest that the degree to which they are carbon
emitters may be influenced by HRT.

Although the responses of both t-DOC load and
heterotrophy following extreme precipitation

events were negatively related to HRT, the range of
t-DOC fluxes across lakes was much larger than for
heterotrophic responses (Figure 2, 3, 4A; Table 4).
This reduction in the range of carbon flux across
lakes is due to the increased role of advection of t-
DOC in short HRT lakes. Lakes with short HRT
advect a majority of the t-DOC load downstream
(del Giorgio and Peters 1994; Hanson and others
2011; Brett and others 2012), indicating that al-
though short HRT lakes have high t-DOC load,
much of the load is not in the lake long enough to
be mineralized. This HRT-induced tradeoff between
load and processing time dampens the potential
effect of very large differences in t-DOC load on
heterotrophic carbon fluxes in response to extreme
precipitation events. This finding has important
implications for scaling rates of heterotrophy and
fate of t-DOC in lakes across a landscape, just as
HRT at the landscape scale was important for pre-
dicting the character of organic carbon in Swedish
lakes (Miiller and others 2013). We suggest that
classifying ‘lake populations” based on the simple
metric of lake HRT may be advantageous when
scaling these important lake processes following the
framework described by Winslow and others
(2014).

Heterotrophic rates are dictated by both the
amount of t-DOC transported to lakes as well as the
turnover rate of t-DOC within the lake. Previously
reported rates of t-DOC turnover varies greatly
across lakes (<0.0001-0.0746 days™'; Hanson and
others 2011; Watras and others 2015; Catalan and
others 2016), with factors such as water tempera-
ture, lability of t-DOC, and HRT influencing this
rate. Estimated rates of t-DOC turnover in our lakes
in response to extreme precipitation events span-
ned a large portion of the literature range (0.0004—
0.0214 days™ "), although typically were at the high
end of the literature values, and mean rates for our
lakes varied over an order of magnitude (0.0007-
0.0111 days™'). The rate of t-DOC turnover fol-
lowing extreme precipitation events decreased with
increasing lake HRT (Figure 4C), which is consis-
tent with a large-scale analysis across aquatic sys-
tems (Catalan and others 2016). For the purpose of
explaining the potential influence of HRT on the
turnover rate of t-DOC, let us assume a labile
fraction of t-DOC (evidence of a labile fraction from
Berggren and others 2010; Guillemette and del
Giogio 2011; Lapierre and del Giorgio 2014; Zwart
and others 2016) that is constant and hold all other
factors influencing t-DOC turnover rate constant
(for example, water temperature). Lakes with short
HRT will receive resupplies of the labile t-DOC
fraction more regularly than lakes with long HRT,
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and thus a greater proportion of the whole-lake t-
DOC turnover rate should be based on the rela-
tively labile fraction of t-DOC. We do not have any
data on t-DOC source lability across our lakes, so
we cannot definitively say that lake HRT is driving
the pattern we observed; however, this pattern is
consistent with the spatial pattern reported by
Catalan and others (2016) and corroborates the
mechanism that ‘fresher’ t-DOC from more terres-
trially influenced aquatic systems has higher labil-
ity (Lapierre and del Giorgio 2014). The relatively
high t-DOC turnover compared to the previous
literature could be due to the fact that we estimated
t-DOC turnover during periods of shorter lake HRT
(after extreme precipitation events); however, we
do not have long-term estimates of t-DOC turnover
using comparable methods. Indeed, Cataldan and
others (2016) showed that field studies had faster
decay rates compared to bottle incubations for
aquatic systems with short HRT (<1 year). They
attributed this difference to fast decay processes
that are not captured by bottle incubations, which
become relatively more important in low HRT
systems. When this concept is applied to a system
through time, this means that extreme precipita-
tion events, which induce high t-DOC loads,
shorter HRT’s, and higher t-DOC turnover rates,
are ‘hot moments’ of t-DOC consumptions on the
landscape.

Synchronous Lake Carbon Fluxes

Climatic patterns drive ecosystem processes across
aquatic environments; however, ecosystem struc-
ture (for example, lake size, HRT) may modulate
climatic effects on lake ecosystem processes. There
is evidence of synchrony among lakes in a region
for various lake parameters including DOC con-
centration and water color (Pace and Cole 2002),
annual patterns of pCO, (Roehm and others 2009),
and lake microbial and zooplankton population
dynamics (Rusak and others 1999; Kent and others
2007; Rusak and others 2008). Our study adds to
the lake synchrony literature as we are the first to
show synchrony in lake heterotrophy and t-DOC
loads, and this reiterates the importance of regional
climatic and weather patterns in shaping in-lake
processes. Despite the synchrony of these impor-
tant carbon fluxes across our lakes, lake hydrologic
characteristics (for example, HRT) interacted with
regional weather patterns to set magnitude of these
fluxes through time for a given lake (Figures 2,
3,4A). The recognition of the importance of lake-
specific characteristics for dictating in-lake pro-
cesses is increasing (for example, Vachon and del

Giorgio 2014; Read and others 2015; Winslow and
others 2015), and the regulatory nature of these
lake-specific characteristics is fundamental to the
hierarchal structure of landscape limnology (So-
ranno and others 2010). Our data demonstrate that
lake HRT may be a fundamental lake-specific
characteristic that influences the magnitude of lake
t-DOC load and heterotrophy in response to tem-
poral changes in regional weather patterns (for
example, extreme precipitation events).

Metabolic Response Detection

Our ability to detect whole-lake metabolic re-
sponses to extreme precipitation events was robust
to moving average window size as we detected
ecosystem metabolic responses for 78-94% of
precipitation events across all moving average
window sizes investigated (moving average win-
dow sizes 1-11 days). Nine- and 11-day moving
average window sizes had the highest metabolic
detection rate, which were close to the 10-day
moving average. Van de Bogert and others (2012)
found appropriate for estimating whole-lake me-
tabolic dynamics using single-sensor deployments.
The weighted moving average subsumes both
process and observation error along with spatial
heterogeneity into the smoothed estimates, allow-
ing for more accurate representation of ecosystem-
scale metabolism (Van de Bogert and others 2012).
Despite smoothing, there were still methodological
difficulties in detecting this ecosystem response. For
example, four lake events appeared to process more
t-DOC than was loaded to the lake by the extreme
precipitation event (fraction mineralized greater
than one). Quantifying lake carbon flux responses
to natural perturbations at short-time scales such as
extreme precipitation events is challenging because
preceding lake and catchment conditions can be
important for how an ecosystem responds to such
events, and the low signal-to-noise ratio in carbon
fluxes of interest (for example, metabolism) can
make detecting a response difficult. Despite such
challenges, we are confident that we captured
important patterns in lake carbon cycling, espe-
cially since our patterns with fraction mineralized
and t-DOC load were similar to previous research
using independent methods (for example, Curtis
and Schindler 1997; Dillon and Molot 1997; Han-
son and others 2011; Brett and others 2012).

CONCLUSION

We show that lake HRT strongly influenced t-DOC
loading, lake heterotrophy, and the rate of t-DOC
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turnover following extreme precipitation events.
The HRT-induced tradeoff between t-DOC load and
processing time gave rise to the tradeoff between
fraction t-DOC mineralized and heterotrophic rate.
Clearly, HRT plays an integral role in determining
lake carbon cycling dynamics. Furthermore, HRT
may be a universal metric determining carbon
processing rates and terrestrial carbon fates across
all aquatic systems. For example, Hall and others
(2016) show that, in general, heterotrophic respi-
ration increases with increasing discharge in small-
to medium-sized streams and rivers, and Caraco
and Cole (2004) show that net heterotrophy gen-
erally increases with stream order from small
streams (1-2 order) to large rivers (> 8 order), thus
reinforcing the trend that shorter HRT is related to
higher rates of heterotrophy in aquatic systems.
Hydrologic residence time is also negatively related
to the turnover rate of organic carbon across all
inland waters (Catalan and others 2016), and the
HRT-induced tradeoff between organic carbon load
and processing time seems to also dictate the frac-
tion terrestrial organic carbon mineralized of
streams and rivers as stream ecosystem efficiency
(analogous to fraction mineralized in our study)
increases in lower discharge systems (longer HRT)
(Allen and Castillo 2007). We reiterate what many
others have suggested, that the relatively simple
metric of HRT is extremely useful for scaling
aquatic ecosystem processes regionally or even
globally at annual and supra-annual time scales
(for example, Vollenwieder 1975; del Giorgio and
Peters 1994; Curtis and Schindler 1997; Dillon and
Molot 1997), and we also suggest that this metric is
useful for scaling aquatic carbon processes within
lakes through time.
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