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Abstract: In boreal lakes, increased precipitation events have been linked to increased concentrations
of dissolved organic carbon (DOC), however the effects of seasonal differences on DOC and how
this may impact storm response remain unclear. We evaluated DOC concentration and a set of
DOC quality metrics during an early summer storm and an autumn storm on a suite of six lakes in
Acadia National Park in Maine, USA. to better understand differences in seasonal storm responses.
Our results revealed differences in the response of DOC quality metrics to an early summer versus an
autumn storm, with changes in DOC quality metrics varying by storm and lake features. During the
early summer storm, we observed greater changes in various DOC quality metrics in deep lakes with
longer residence times, whereas during the autumn storm, lakes with large watershed area to lake
area ratios experienced the greatest changes. Land cover was highly correlated with changing DOC
quality metrics in the early summer storm but did not play a significant role in the autumn storm
response. Our research provides evidence of seasonal differences in the effects of storms on boreal
lakes, which are ultimately mediated by a combination of lake and watershed characteristics as well
as seasonal differences in climate such as solar radiation and antecedent weather conditions.
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1. Introduction

Dissolved organic carbon (DOC) is an important regulator of ecosystem structure and function in
lakes [1–3]. DOC concentration and DOC quality, which relate to the structure and composition of
DOC, affects overall water transparency and thermal stratification [4,5], alters pH and alkalinity [6,7],
impacts microbial production [8,9], and attenuates harmful ultraviolet radiation [10]. DOC quantity
and quality in a lake are dependent on vegetation type, season, climate, hydrology, and disturbance to
the surrounding watershed [11,12]. Further, changes in DOC quality play a key role in biogeochemical
and photochemical processes in lakes [13]. Widespread increases in DOC and color in lakes in the
Northern Hemisphere have been attributed to a combination of factors including increases in air
temperatures [14,15], changes in the intensity of the hydrological cycle [16,17], and reductions in acid
deposition [18].

Lakes respond rapidly to external pressures, including changes in weather and climate as
well as land use [19]. In many regions across the globe, precipitation events have increased [20–23],
particularly in the northeastern United States, with a 60–70% increase since the 1950s [24–30]. Since 1996,
the northeastern U.S. has received 53% more extreme precipitation events compared to 1901–1995 [30].
Increased precipitation can lead to changes in water chemistry, nutrient loading, increased particulates,
and increased DOC. Studies have examined relationships between rainfall and nutrients [31,32],
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but less is known about how changes in precipitation influence DOC. Much of the climate change
literature with respect to limnology is dominated by the evaluation of long-term and global patterns
that result from atmospheric warming [33], however more recent research investigates the influence of
short-term precipitation events on lakes [34] and provides a comparison of short-term and longer-term
lake changes caused by climate change [35,36]. Understanding how DOC responds to precipitation
events at different times of the year is still poorly considered.

The timing of precipitation events is changing seasonally. Average annual precipitation across
the U.S. has increased by 4% since 1901 with this increase attributed to more precipitation during the
autumn season [23]. In the northeastern U.S. specifically, precipitation has increased by more than
15 percent in the autumn and by about 3% in the spring since 1901 [23], with the months of September
and October contributing the most to increased extreme precipitation events due to an increase in
the frequency of extreme events caused by tropical cyclones [30]. The frequency and intensity of
extreme precipitation is predicted to continue to increase across all seasons, with June through October
contributing more than other months, and September and October contributing the most to future
increases in extreme precipitation events [37,38]. This variation in precipitation at different times of
year may impact lake response to storm events, specifically DOC.

Examining lakewater DOC response to precipitation events during different seasons is important.
For example, an increase in winter precipitation that results in substantial spring runoff may displace a
large volume of the lake’s water downstream, therefore old DOC in the lake from previous seasons may
be replaced by DOC from the catchment that is more labile compared to other seasons [39]. Increases in
DOC concentration have been observed in summers with high rainfall [39] particularly after dry
periods where the upper soils have been oxidized to produce labile DOC [40,41]. Antecedent conditions
also affect the response of DOC to various climate variables. Gavin et al. [42] demonstrated an increase
in DOC after a heavy precipitation month that had dry antecedent conditions. Increases in DOC
concentrations were also noted in Canadian boreal lakes after 90% of mean summer precipitation fell in
a four-day rain event [43]. Both the quantity of precipitation and the season in which the precipitation
events occur influence DOC concentrations [39,44].

Season also affects lakewater DOC responses in other ways. Incident solar radiation, which varies
seasonally, can have profound long- and short-term effects on DOC concentrations and quality in lakes.
In one study, over 11 days, approximately 50% of stream DOC was lost under natural light conditions
due to photodecomposition [45]. In another study, over the course of 12 years, it was estimated that
photodecomposition processes had the potential to remove most of the allochthonous DOC entering
lakes [46]. This radiation can impact lake thermal properties such as epilimnion thickness that also may
influence DOC response to storm events. For example, DOC concentration can alter vertical structure
in lakes [47,48]. Also, shallower epilimnia in early summer, near the summer solstice, may lead to
more photobleaching of DOC, altering DOC quality and possibly the bioavailability of DOC, while
deeper epilimnia in the autumn may lead to less light exposure, less photobleaching, and a different
storm response compared to early summer.

While landscape features do not vary extensively between seasons, seasonal differences in effects
of precipitation mediated by landscape features may contribute to variation of lakewater DOC response
to storms. The ratio of the watershed area to the lake area (WA:LA) is related to DOC concentration and
quality [49,50]. Additionally, the composition of the watershed, including coverage by wetlands [40,51]
or amount of forested area [52,53] influences DOC concentration and quality. The influx and processing
of DOC into the lake can be altered by residence time [50]. In a recent study, in lakes with shorter
residence times, DOC concentration and allochthonous DOC increased in response to storm events [34].
Increases in the amount and rate of stream, groundwater, and subsurface inflows into lakes occur from
extreme precipitation events [54], therefore watershed characteristics can contribute to flushing of
DOC from upper soil horizons into lakes [55]. This flushing of DOC into lakes can impact bacterial
processes within the lake, subsequently affecting DOC quality [56]. Depending on the amount of
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precipitation during a particular time of year, these landscape features around lakes are also important
for evaluating the impacts of storm events on changing DOC.

The goal of this study was to investigate relationships between the quantity and quality of
lakewater DOC and the seasonal timing of precipitation events. Does DOC respond differently to a
rain event in the early summer compared to a rain event in the autumn? Specifically, how does DOC
concentration and how do DOC quality metrics change due to a precipitation event in the early summer
versus autumn? To address this question, a set of DOC concentration and quality metrics (SUVA254,
a*320, a*380, E2:E3, and S275–295) were measured during a storm event in June and a storm event in
October of 2016 in six boreal lakes located in Acadia National Park, Maine, USA. Lake and landscape
features associated with each lake vary, but the lakes are located in the same geographic region,
which enables evaluation of lake response to the same climate and weather patterns. We evaluated
changes in DOC concentration and changes in DOC quality using metrics that represent the balance of
allochthonous inputs (SUVA254, a*320, a*380), photobleaching (S275–295), and bacterial processing (E2:E3).
Each lake was sampled 1–2 days prior to the storm, and 1–2 days as well as 4 days after a rain event.

We predicted that DOC concentration would increase after a precipitation event in lakes with
shorter residence times in both the early summer and autumn storms due to rapid influx of organic
matter from the watershed. We also predicted that, during the early summer storm, DOC quality metrics
indicative of photobleaching would increase and DOC metrics that represent allochthonous inputs
would decrease most in deeper lakes due to higher solar radiation. In the early summer, with higher
solar radiation, photodecomposition within lakes can remove allochthonous DOC entering the lake [46]
and shallower epilimnia can also lead to increased photobleaching [47]. Deeper lakes that have longer
residence times may have slower inputs of allochthonous DOC and stronger thermal stratification,
which would support the predicted increased photobleaching and a decrease in allochthonous DOC.
We predicted that, during the autumn storm, DOC quality metrics that represent allochthonous inputs
would increase and DOC metrics indicative of bacterial processing would decrease most in lakes with
large watershed to lake area ratios due to larger amounts of accumulated organic matter being flushed
into these lakes, and additional organic matter can contribute to increased bacterial processing [56].

2. Materials and Methods

2.1. Study Site and Lake Selection

The lakes in this study are located in Acadia National Park in Maine, USA (Figure 1; Table 1).
Within the 35,000-acre park, lakes cover approximately 2600 acres. Granite dominates the landscape
throughout the park and soils in Acadia are derived from granite and schist tills [57]. Spruce-fir forests,
representative of the northern boreal forest, cover much of the landscape in Acadia with stands of oak,
maple, and beech, typical of the eastern deciduous forest, dominant in some areas that were burned in
a fire in 1947.

Table 1. Select characteristics of the six study lakes.

Lake
Watershed

Area
(km2)

Lake Area
(km2)

Watershed
Area:

Lake Area

Volume
(×106 m3)

Maximum
Depth (m)

Residence
Time

(years)

Mean
DOC

(mg L−1)

Jordan 4.0 0.8 5.3 17.0 46 5.9 1.9
Bubble 1.8 0.1 13.5 0.6 12 0.5 2.3
Eagle 5.6 1.9 3.0 22.4 34 3.8 2.1
Echo 5.1 1.0 5.3 6.2 20 1.6 3.0
Long 13.1 3.8 3.4 33.4 34 3.1 3.1

Seal Cove 7.6 1.0 7.3 3.9 13 0.5 4.7
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Figure 1. Map of the study area in Acadia National Park, Maine, USA with the six study lakes outlined
in yellow and weather station designated by the orange dot.

We selected a suite of six lakes in Acadia National Park to conduct our study. Prior research has
revealed that DOC concentrations have increased over the past two decades [58] in these six lakes.
DOC concentrations ranged from 1.9 to 4.7 mg L−1 (Table 1). Lake sizes, measured in surface area,
ranged from 0.1 to 3.8 km2, and maximum lake depth ranged from 12 to 46 m (Table 1). Residence time
ranged from 0.5 to 5.9 years, and the ratio of the watershed area to lake (surface) area (WA:LA) ranged
from 3 to 13.5 (Table 1). We selected lakes in the park that have been studied before and vary in lake
and landscape features. This is important to compare the responses of lakes with low versus high DOC
concentrations, varying depths and residence times, and also different land cover combinations within
the watershed. We selected lakes located in the same geographic region to effectively compare lake
response to storm events and evaluate changes in DOC concentration and quality.

Climate conditions in Acadia National Park have been changing in recent decades. Average annual
temperatures have been increasing at a rate of 0.076 ◦C per year since 1983 [58]. Precipitation data from
the Acadia National Park McFarland Hill (ACAD-MH) weather station (shown in Figure 1) suggests
increases in precipitation and number of heavy rainfall events in recent decades. Average total annual
precipitation was 1358.4 mm from 1982 to 1999 and 1431.3 mm from 2000 to 2016. Average total
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precipitation from June through October was 459.2 mm from 1982 to 1999 and 534.7 mm from 2000 to
2016. Additionally, the average number of precipitation events greater than 25.4 mm from June through
October was 3.6 from 1982 to 1999 and 5.4 from 2000 to 2016. On average, in September and October,
there were 1.8 precipitation events greater than 25.4 mm from 1982 to 1999 and 2.9 precipitation events
greater than 25.4 mm from 2000–2016.

2.2. Storm Events and Sample Collection

We sampled two events, one in June and one in October, representing an early summer rain
event and an autumn rain event. Precipitation and air temperature data were collected from the
ACAD-MH weather station. Hourly climate data were converted to daily climate data from 1 October
2015 to 31 October 2016. These events had 25.9 mm of rain within 24 h in June and 30.2 mm of rain
in 24 h in October (Figure 2; Table 2). The goal of the study was to evaluate the response of extreme
precipitation events, which is typically defined as a set amount in a 24-h period, i.e., [24,59–61] and
others, or events that fall into the highest 1–2% of all precipitation events for a given year or range
of years. While these rain amounts may not be considered extreme rain events, these storms still
constituted the top rain events for the year, falling into the top 2.2% of highest rainstorms between
1 May 2016 and 31 October 2016.Water 2020, 12, x FOR PEER REVIEW 6 of 21 
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Figure 2. Total daily precipitation in mm and mean daily temperature in ◦C for the water year beginning
1 October 2015 through 31 October 2016. Precipitation is indicated by the solid line, temperature is
indicated by the dashed line, and gray bars indicate the two storms.

Table 2. Dates of storms and sampling events for the six lakes.

Season Storm Dates Sampling Dates
Storm Total

Precipitation
(mm)

Pre P1 P2

Early Summer 6 June 2016 4 June 2016 7 June 2016 10 June 2016 25.9

Autumn 21 October 2016 19 October 2016 23 October 2016 25 October 2016 30.2

Samples were collected at each lake at 3 time periods for each storm: 1–2 days before (Pre),
1–2 days after (P1), and 4 days after (P2) the rain events (Table 2). One liter of water was collected
from the epilimnion using a van Dorn bottle at each lake for the analysis of DOC concentration and
quality metrics.
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2.3. Analysis of DOC Concentration and Quality

All samples were analyzed for DOC concentration and quality immediately upon receipt.
DOC samples were filtered through Whatman Puradisc GF/F filters pre-rinsed with deionized
water. DOC concentration was analyzed on a Shimadzu Total Organic Carbon Analyzer (Shimadzu
Corporation, Kyoto, Japan). The fraction of DOC that absorbs ultraviolet and visible light is largely
responsible for the optical properties of natural waters [62], which is how we quantified DOC
quality. A Varian Cary UV-VIS spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) was
used to measure the absorbance properties within 200–800 nm wavelengths to assess DOC quality.
Corrected absorbance values were calculated by subtracting a Milli-Q deionized water blank from the
raw absorbance values. The following equation was used to calculate Napierian dissolved absorption
coefficients [63,64]:

ad =
2.303×D

r
(1)

where D is the decadal optical density value from the spectrophotometer and r (measured in meters) is
the path length of the quartz cuvette. Specific ultraviolet absorbance (SUVA254), a*320, and a*380 were
calculated by dividing ad by the DOC concentration (mg L−1). Napierian coefficients were used to
evaluate the ratio of a250 to a365 (known as E2:E3). To calculate spectral slopes over the 275–295 nm
range (S275–295), linear regression was used to estimate the slope of the relationship between ln ad
and wavelength, expressed as a positive number. SUVA254 correlates strongly with aromaticity [65],
providing an indication of the source and biological availability of the DOC. Increases in a*320 are
driven by inputs of terrestrially derived DOC that introduces less photobleached DOC and may
decrease transparency [63]. Chromophoric dissolved organic carbon (CDOM) may be represented
by a*380 which absorbs ultraviolet light and visible light [63], is primarily responsible for optical
properties, and plays an important role in shielding biota from harmful UV radiation [62]. E2:E3 tracks
changes in the relative size of DOC molecules. This ratio is negatively related to average molecular
DOC weight and positively correlated with low molecular weight DOC compounds, therefore the
ratio increases with UV light processing and decreases in response to bacterial DOC processing [56].
DOC photobleaching largely drives increases in S275–295 [63] which indicates increases in exposure to
sunlight. These DOC quality metrics were used to evaluate the response to storm events and reflect
the balance of allochthonous inputs, photobleaching, and bacterial processing.

Percent change of DOC concentration, SUVA254, a*320, a*380, E2:E3, and S275–295 were calculated
for the early summer and autumn storms. P1 and P2 samples were each normalized to the Pre sample:
Percent change = ((Post X/Pre) – 1) × 100, where X is the P1 or P2. Percent change values less than zero
indicate a decrease in that metric, positive values indicate an increase, and zero indicates no change.
Percent change values were used in all data analyses.

2.4. Land Cover Data

Land cover data were measured using the National Elevation Dataset from the United States
Geological Survey (Table 3). The United States Geological Survey 2011 dataset was used to collect
national land cover data (NLCD). Slope was calculated using digital elevation models collected from
the Maine Office of GIS.

Table 3. Landscape characteristics for each of the six lakes.

Lake
Slope

(Degrees)
Landcover (%)

Developed Deciduous Evergreen Mixed Forest Scrub-Shrub Herbaceous Wetlands

Jordan 47.5 6.2 10.0 34.7 13.6 24.7 8.2 2.6
Bubble 17.7 3.2 7.8 48.0 15.3 17.6 4.6 3.6
Eagle 45.1 12.0 9.8 34.3 29.4 8.4 1.6 4.6
Echo 23.4 9.8 1.1 64.4 17.8 1.8 1.4 3.6
Long 27.7 3.4 3.5 64.2 17.5 2.4 0.4 8.6

Seal Cove 17.1 4.1 0.8 59.2 16.9 4.8 3.2 11.0
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2.5. Data Analysis

To assess differences in the response of DOC concentration, SUVA254, a*320, a*380, E2:E3, and S275–295

between Pre (1–2 days before) and P2 (4 days after) for each storm and between early summer and
autumn across all six lakes, one-way analysis of variance (ANOVA) was used. Levene’s test for
homogeneity and the Shapiro–Wilk normality test were used to test for the assumptions of ANOVA.
A significance level of p < 0.05 was used.

Pearson’s correlation coefficient was used to evaluate correlations between the percent change
of DOC metrics (DOC concentration, SUVA254, a*320, a*380, E2:E3, and S275–295) and select lake
characteristics (surface area, volume, maximum depth, WA:LA, and residence time) for each storm.
A significance level of p < 0.10 was used. A p-value of 0.10 was used for this analysis (as opposed to
0.05 or a custom p-value) in order to capture a larger range of DOC variables that might be affected
by lake characteristics. This research is an initial study that captures only two storms, therefore
more exploratory analyses were used to identify potential drivers of change in DOC during storm
events. Pearson’s correlation coefficient was also used to evaluate correlations between the percent
change of DOC metrics (DOC concentration, SUVA254, a*320, a*380, E2:E3, and S275–295) and landcover
for both storms. A significance level of p < 0.05 was used. Since Pearson’s correlation was used for
an exploratory data analysis in order to identify possible driving variables, adjustment for multiple
comparisons was not used.

A principle component analysis (PCA) was conducted to expand understanding of the response
of DOC metrics to environmental variables (lake and landcover characteristics) and study sites to
an early summer storm and an autumn storm. PCA was used to determine relationships between
the percent change in DOC metrics and lake characteristics and to determine relationships between
the percent change in DOC metrics and landcover. All variables were standardized prior to analysis
and the R vegan package was used. All statistical analyses were conducted using R (version 3.5.1,
R Development Core Team, 2016, Vienna, Austria)

3. Results

3.1. Comparison of Responses Across Lakes and Seasons

Across lakes, the response of DOC concentration to the early summer and autumn storms did not
differ (p = 0.99), however the responses of DOC quality metrics between Pre (1–2 days before) and P2
(4 days after) were different between the two seasons (p < 0.01). SUVA254, a*320, and a*380 decreased
in response to the early summer storm, whereas they increased after the autumn storm (Figure 3).
SUVA254 decreased by 3.8 ± 1.4 percent in the early summer and increased by 6.6 ± 1.8 percent in the
autumn (p = 0.004, Figure 3b). a*320 and a*380 decreased by 6.6 ± 1.8 percent and 15.0 ± 4.3 percent
respectively in the early summer and increased by 14.8 ± 5.7 percent and 29.1 ± 11.2 percent in the
autumn (p = 0.005, p = 0.008, Figure 3c–d). The percent change of E2:E3 and S275–295 was opposite of
SUVA254, a*320, and a*380, increasing in the early summer and decreasing in the autumn. E2:E3 increased
by 11.4 ± 2.1 percent in the early summer and decreased by 11.0 ± 5.7 percent in the autumn (p = 0.002,
Figure 3e). S275–295 increased by 4.7± 0.8 percent in the early summer and decreased by 3.0± 1.8 percent
in the autumn (p = 0.003, Figure 3f). Storm response was more variable in the autumn compared to
the early summer. Detailed information for pre-storm values, and percent change for P1 and P2 in
early summer and autumn seasons for each of the six study lakes individually can be found in the
supplementary information online (Supplementary Table S1; Supplementary Figure S1).
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Figure 3. Responses of the six study lakes for (a) [DOC], (b) SUVA254, (c) a*320, (d) a*380, (e) E2:E3,
and (f) S275–295 of Early Summer versus Autumn storms represented by percent change from Pre to P2
(n = 6). The p values indicate differences between Early Summer and Autumn.

3.2. Correlations between DOC Metrics and Lake Characteristics

Correlations between percent change of DOC metrics suggest differences between seasons and
post-storm periods. In the early summer, DOC concentration was negatively correlated to SUVA254,
a*320, and a*380 at both P1 and P2, while in the autumn DOC concentration was negatively correlated
to SUVA254, a*320, and a*380 at P1 and positively correlated at P2 (Figure 4). In the early summer,
DOC concentration was not strongly correlated to E2:E3 or S275–295 at P1 and positively correlated
at P2, and in the autumn DOC concentration was also not strongly correlated to E2:E3 or S275–295 at
P1 and negatively correlated at P2 (Figure 4). Correlations among DOC concentration and DOC quality
metrics appeared stronger at P2 compared to P1. Significant correlations during each season and time
period vary. In the early summer at P2, there was a negative correlation between DOC concentration
and SUVA254 (r = −0.91, p = 0.01; Figure 4b) and a positive correlation between DOC concentration
and E2:E3 (r = 0.83, p = 0.04, Figure 4b). In the autumn at P2, there was a negative correlation between
DOC concentration and S275–295 (r = −0.82, p = 0.04, Figure 4d).



Water 2020, 12, 1452 9 of 19

Water 2020, 12, x FOR PEER REVIEW 10 of 21 

 

correlations between percent change in DOC metrics and WA:LA. During the early summer at P2, 
across the six lakes, residence time was negatively correlated with changes in SUVA254 (r = −0.76, p = 
0.08), a*320 (r = −0.84, p = 0.04), and a*380 (r = −0.76, p = 0.06), and maximum depth was negatively 
correlated with changes in a*320 (r = −0.75, p = 0.08, Figure 4b; Table 4). At the same early summer P2 
sampling, changes in S275–295 were positively correlated with maximum depth (r = 0.77, p = 0.07) and 
residence time (r = 0.85, p = 0.03, Figure 4b; Table 4). At the autumn P1 sampling, changes in a*320 were 
positively correlated with WA:LA (r = 0.84, p = 0.04) and changes in E2:E3 were positively correlated 
with maximum depth (r = 0.80, p = 0.05) and residence time (r = 0.76, p = 0.08, Figure 4c; Table 4). At 
P1 in the autumn, changes in S275–295 were negatively correlated with WA:LA (r = −0.74, p = 0.09, Figure 
4c; Table 4). At the P2 sampling after the autumn storm, changes in DOC concentration were 
positively correlated with WA:LA (r = 0.76, p = 0.08, Figure 4d; Table 4). Although only significant for 
the early summer P2 sampling, during all sampling periods, changes in SUVA254, a*320, and a*380 were 
negatively correlated with maximum depth and residence time (Figure 4). Correlations for changes 
in E2:E3 and S275–295 were variable across seasons and sample periods (Figure 4). 

 

Figure 4. Correlations between the percent change of [DOC], SUVA254, a*320, a*380, E2:E3, S275–295 and 
select lake characteristics (outlined in the larger boxes) during the Early Summer for (a) P1 and (b) P2 
and Autumn (c) P1 and (d) P2 storm samplings. Bold borders on cells (within the larger boxes) 
indicate significant relationships (p < 0.10) between DOC metrics and lake characteristics. Larger 
circles indicate stronger correlations, red circles indicate negative correlations and blue circles indicate 
positive correlations. WA:LA indicates the ratio of watershed area to lake area.  

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1DO
C

SU
VA

ast
32

0

ast
38

0

a25
0a3

65

S2
75

29
5

SA Vo
lum

e

Ma
xD

ep
th

WAL
A

ResT
ime

DOC

SUVA

ast320

ast380

a250a365

S275295

SA

Volume

MaxDepth

WALA

ResTime

a.) Early Summer - P1

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1DO
C

SU
VA

ast
32

0

ast
38

0

a25
0a3

65

S2
75

29
5

SA Vo
lum

e

Ma xD
ep

th

WAL
A

ResT
ime

DOC

SUVA

ast320

ast380

a250a365

S275295

SA

Volume

MaxDepth

WALA

ResTime
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1DO
C

SU
VA

ast
32

0

ast
38

0

a25
0a3

65

S2
75

29
5

SA Vo
lum

e

Ma
xD

ep
th

WAL
A

ResT
ime

DOC

SUVA

ast320

ast380

a250a365

S275295

SA

Volume

MaxDepth

WALA

ResTime

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1DO
C

SU
VA

ast
32

0

ast
38

0

a25
0a3

65

S2
75

29
5

SA Vo
lum

e

Ma
xD

ep
th

WAL
A

ResT
ime

DOC

SUVA

ast320

ast380

a250a365

S275295

SA

Volume

MaxDepth

WALA

ResTime

c.) Autumn - P1

b.) Early Summer – P2 d.) Autumn – P2

Resi
den

ce 
Tim

e

WA : L
A

Max 
Dept

h

Volu
me

Surf
ace

 A
rea

S275-295

E2 : E
3

a*380
a*320

SUVA254

[DOC]

Resi
den

ce 
Tim

e

WA : L
A

Max 
Dept

h

Volu
me

Surf
ace

 A
rea

S275-295

E2 : E
3

a*380
a*320

SUVA254

[DOC]

Resi
den

ce 
Tim

e

WA : L
A

Max 
Dept

h

Volu
me

Surf
ace

 A
rea

S275-2
95

E2 : E
3

a*380
a*320

SUVA254

[DOC]

Resi
den

ce 
Tim

e

WA : L
A

Max 
Dept

h

Volu
me

Surf
ace

 A
rea

S275-295

E2 : E
3

a*380
a*320

SUVA254

[DOC]

[DOC]

SUVA254

a*320

E2 : E3

Surface Area

Volume

Max Depth

WA : LA

Residence Time

S275-295

a*380

[DOC]

SUVA254

a*320

E2 : E3

Surface Area

Volume

Max Depth

WA : LA

Residence Time

S275-295

a*380

[DOC]

SUVA254

a*320

E2 : E3

Surface Area

Volume

Max Depth

WA : LA

Residence Time

S275-295

a*380

[DOC]

SUVA254

a*320

E2 : E3

Surface Area

Volume

Max Depth

WA : LA

Residence Time

S275-295

a*380

0.8

1.0

0.6

0.4

0.2

0.0

-0.2

-0.4

-0.6

-0.8

-1.0

0.8

1.0

0.6

0.4

0.2

0.0

-0.2

-0.4

-0.6

-0.8

-1.0

0.8

1.0

0.6

0.4

0.2

0.0

-0.2

-0.4

-0.6

-0.8

-1.0

0.8

1.0

0.6

0.4

0.2

0.0

-0.2

-0.4

-0.6

-0.8

-1.0

Figure 4. Correlations between the percent change of [DOC], SUVA254, a*320, a*380, E2:E3, S275–295

and select lake characteristics (outlined in the larger boxes) during the Early Summer for (a) P1 and
(b) P2 and Autumn (c) P1 and (d) P2 storm samplings. Bold borders on cells (within the larger boxes)
indicate significant relationships (p < 0.10) between DOC metrics and lake characteristics. Larger circles
indicate stronger correlations, red circles indicate negative correlations and blue circles indicate positive
correlations. WA:LA indicates the ratio of watershed area to lake area.

Correlations between lake characteristics and the percent change of DOC metrics to storms
differed between seasons. Overall, during the early summer there were more correlations between
percent change in DOC metrics and residence time and depth, while in the autumn there were more
correlations between percent change in DOC metrics and WA:LA. During the early summer at P2,
across the six lakes, residence time was negatively correlated with changes in SUVA254 (r = −0.76,
p = 0.08), a*320 (r = −0.84, p = 0.04), and a*380 (r = −0.76, p = 0.06), and maximum depth was negatively
correlated with changes in a*320 (r = −0.75, p = 0.08, Figure 4b; Table 4). At the same early summer
P2 sampling, changes in S275–295 were positively correlated with maximum depth (r = 0.77, p = 0.07) and
residence time (r = 0.85, p = 0.03, Figure 4b; Table 4). At the autumn P1 sampling, changes in a*320 were
positively correlated with WA:LA (r = 0.84, p = 0.04) and changes in E2:E3 were positively correlated
with maximum depth (r = 0.80, p = 0.05) and residence time (r = 0.76, p = 0.08, Figure 4c; Table 4).
At P1 in the autumn, changes in S275–295 were negatively correlated with WA:LA (r = −0.74, p = 0.09,
Figure 4c; Table 4). At the P2 sampling after the autumn storm, changes in DOC concentration were
positively correlated with WA:LA (r = 0.76, p = 0.08, Figure 4d; Table 4). Although only significant for
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the early summer P2 sampling, during all sampling periods, changes in SUVA254, a*320, and a*380 were
negatively correlated with maximum depth and residence time (Figure 4). Correlations for changes in
E2:E3 and S275–295 were variable across seasons and sample periods (Figure 4).

Table 4. Correlation (r) and p values for significant correlations between [DOC], SUVA254, a*320, a*380,
E2:E3, and S275–295 and select lake characteristics (p < 0.10) at P1 and P2 storm samplings for Early
Summer and Autumn storms. Italics indicate a negative relationship.

DOC Metric
Early Summer Autumn

P1 P2 P1 P2

[DOC] WA:LA (r = 0.76; p = 0.08)
SUVA254 Residence Time (r = −0.76; p = 0.08)

a*320
Max Depth (r = −0.75; p = 0.08)

Residence Time (r = −0.84; p = 0.04) WA:LA (r = 0.84; p = 0.04)

a*380 Residence Time (r = −0.79; p = 0.06)

E2:E3
Max Depth (r = 0.80; p = 0.05)

Residence Time (r = 0.76; p = 0.08)

S275–295
Max Depth (r = 0.77; p = 0.07)

Residence Time (r = 0.85; p = 0.03) WA:LA (r = −0.74; p = 0.09)

3.3. Correlations between DOC Metrics and Land Cover

Correlations between land cover variables and the percent change of DOC metrics differed
between early summer and autumn. Various correlations were significant at P1 and P2 during the
early summer, however there were no significant correlations between land cover and DOC metrics
at either of the autumn storm samplings (Figure 5). At P1 in the early summer, changes in SUVA254,
a*320, a*380 were negatively correlated with deciduous land cover (r > −0.89, p < 0.02), and positively
correlated with evergreen land cover (r = −0.87, p < 0.03; Figure 5a). During the same sampling, change
in SUVA254 was positively correlated with wetlands (r = 0.87, p = 0.03) and changes in a*320 and a*380

were negatively correlated with scrub-shrub (r > −0.87, p < 0.03; Figure 5a). Change in S275–295 was
positively correlated with scrub-shrub (r = 0.83, p = 0.04) and with herbaceous land cover (r = 0.90,
p = 0.01; Figure 5a). At P2 in the early summer, there were some consistencies between changes in
SUVA254, a*320, a*380, and land cover and some changes in correlations for E2:E3 and S275–295. A change
in a*380 was again negatively correlated with deciduous land cover (r = −0.82, p = 0.04), positively
correlated with evergreen land cover (r = 0.82, p = 0.04), and negatively correlated with scrub-shrub
(r = −0.85, p = 0.03; Figure 5b). Change in E2:E3 was positively correlated with scrub-shrub (r = 0.88,
p = 0.02) and negatively correlated with wetlands (r = −0.88, p = 0.02; Figure 5b); and changes in
S275–295 had a positive correlation with slope (r = 0.88, p = 0.02; Figure 5b).
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Figure 5. Correlations between the percent change of [DOC], SUVA254, a*320, a*380, E2:E3, and S275–295

and land cover (outlined in the larger boxes) during the Early Summer for (a) P1 and (b) P2 and Autumn
(c) P1 and (d) P2 storm samplings. Bold borders on cells (within the larger boxes) indicate significant
relationships (p < 0.05) between changes in DOC metrics and land cover. Larger circles indicate stronger
correlations, red circles indicate negative correlations and blue circles indicate positive correlations.

3.4. Effects of Storms on DOC Metrics, Lake Characteristics, and Land Cover

Results from the PCA support the findings from the correlation plots that relationships between
percent change in DOC and percent change in DOC quality metrics appear stronger at P2 than at P1 for
both the early summer and autumn storms. Percent change in DOC concentration was negatively
correlated to percent change in SUVA254, a*320, and a*380 and positively correlated to E2:E3 and S275–295

during the early summer at P2 (Figure 6a,b). In the autumn, percent change in DOC concentration
was positively correlated to percent change in SUVA254 and a*320 and negatively correlated to percent
change in E2:E3 and S275–295 at P2 (Figure 6c,d).

Overall, during early summer, the plots suggest that maximum depth and residence time are key
lake characteristics associated with differences in DOC metrics and deciduous, evergreen, scrub-shrub,
and wetland cover as well as slope also influence DOC metrics. In the early summer, at P1, the first PCA
axis explained 47% of the variance and the second axis explained 27%. During the early summer, at P1,
the percent change in SUVA254, a*320, and a*380 decreased and S275–295 increased in response to storms in
lakes that had longer residence times (Figure 6a). In the early summer, at P1, deciduous and scrub-shrub
cover as well as slope and were negatively associated with percent change in SUVA254, a*320, and a*380,
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and positively associated with percent change in S275–295 (Figure 6a). Evergreen and wetland cover
were positively associated with percent change in SUVA254, a*320, and a*380, and negatively associated
with percent change in S275–295 (Figure 6a). These variables correlated with PCA axis 1. Surface area,
volume, and WA:LA correlated with PCA axis 2 (Figure 6a). At P2, during the early summer, the first
PCA axis explained 55% of the variance and the second axis explained 25%. In the early summer, at the
P2 sampling, percent change in SUVA254, a*320, and a*380, decreased in response to storms in lakes that
were deeper and had longer residence times, while percent change in E2:E3 and S275–295 increased
(Figure 6b). At P2, deciduous, scrub-shrub, and herbaceous cover as well as slope were negatively
associated with a percent change in SUVA254, a*320, and a*380, and positively associated with percent
change in S275–295 and E2:E3 (Figure 6b). Evergreen and wetland cover were positively associated with
percent change in SUVA254, a*320, and a*380, and negatively associated with percent change in S275–295

and E2:E3 (Figure 6b). These variables correlated with PCA axis 1. Surface area, volume, and WA:LA
correlated with PCA axis 2 (Figure 6b).Water 2020, 12, x FOR PEER REVIEW 14 of 21 
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indicated by red font, environmental variables are in black font.
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During the autumn, the PCA plots suggest that changes in DOC metrics between P1 and P2 are
more variable compared to early summer. WA:LA and volume are key lake characteristics related
to observed percent change in DOC metrics at both P1 and P2 (Figure 6c–d). In the autumn, at P1,
40% of the variance was explained by PCA axis 1 and 27% of the variance was explained by PCA
axis 2. In shallow lakes with lower volume, larger WA:LA, and shorter residence time percent change
in SUVA254 and a*320 increased and percent change E2:E3 and S275–295 decreased at P1 (Figure 6c).
Slope was negatively correlated with SUVA254 and a*320 and positively correlated with E2:E3 and
S275–295. These variables correlated with PCA axis 1. Scrub-shrub and herbaceous cover and surface
area were correlated with PCA axis 2 (Figure 6c). At P2, during the autumn, 38% of the variance
was explained by PCA axis 1 and 30% of the variance was explained by PCA axis 2. In autumn,
at P2, lakes with smaller volume and surface area and larger WA:LA had increases in the percent
change in SUVA254, a*320, and DOC concentration and decreases in the percent change in E2:E3 and
S275–295 (Figure 6d). These variables were correlated with PCA axis 1. Residence time, and deciduous,
evergreen, scrub-shrub, and wetland cover as well as slope were correlated with PCA axis 2 (Figure 6d).

4. Discussion

For the two storms measured in this study, our results reveal the response of mean DOC
concentration for the six lakes was similar, however there were differences in the response of DOC
quality metrics during each storm event. Our analyses suggest that the response of DOC quality
metrics to storms was mediated by different lake and watershed characteristics in the early summer
versus autumn. In the early summer storm, deep lakes with longer residence times experienced a
greater positive response in E2:E3 and S275–295, and a greater negative response in SUVA254, a*320,
and a*380. In the autumn storm, lakes with large WA:LA ratios experienced a greater positive response
in SUVA254, a*320, and a*380 and a greater negative response in E2:E3 and S275–295 (Figure 7). The balance
of the response of DOC quality metrics during the early summer storm suggest photobleaching was
the dominant process, whereas the balance of the response of DOC quality metrics during the autumn
storm suggest increased allochthonous inputs and bacterial processing were the dominant processes
contributing to change. Land cover was more highly correlated with changing DOC quality metrics in
the early summer storm and did not play a significant role in the autumn storm response. Our results
indicate that there are seasonal differences in the effects of the early summer and the autumn storm.

In the early summer storm event, solar radiation and dry antecedent weather conditions likely
contributed to the observed increases in E2:E3 and S275–295 and decreases in SUVA254, a*320, and a*380.
In early summer, exposure to solar radiation was higher and the epilimnion was shallower than
in the autumn. These factors would contribute to increased photobleaching which contributes to
the processing and degradation of DOC as it flows through the system [19], ultimately contributing
to a rapid loss of allochthonous DOC and increased transparency and may influence the observed
positive response of E2:E3 and S275–295 during this period. This response was largely observed in
deep lakes with long residence times. The deep lakes with longer residence times had increases in
S275–295 suggesting more photobleaching occurred during the early summer [19,63]. The positive
response of E2:E3 supports increased photobleaching during this early summer period, as an increase
in this ratio suggests an increase in UV light processing [56]. Literature suggests the role of residence
time in storm response is important as it correlates to the loading of fresh DOC and determines the
history of DOC exposure to light, which can influence the photosensitivity of DOC [66]. However, it is
important to note this study evaluates changes between pre- and post-storm events, therefore the time
period in which changes were observed was the same. Thus, the mechanism of observed change likely
includes mixing of older photobleached DOC in the epilimnia by the storm. The lakes with longer
residence time likely already had more photobleached DOC pre-storm [66], and photobleaching is a
dominant mechanism of changes in DOC quality in the epilimnia of these relatively clear lakes [56].
Conversely, DOC quality metrics indicative of allochthonous inputs decreased in response to the
early summer storm. Dry antecedent conditions to the early summer storm may contribute to more
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increased photobleaching, rather than an influx of terrestrially derived, or allochthonous, DOC. It is
important to note that antecedent conditions may vary annually, therefore the magnitude of DOC
response during this time could also vary from year to year. Key functions of DOC, including the
effects on water transparency and attenuation of harmful ultraviolet radiation, may be altered by storm
events and have subsequent negative effects on aquatic ecosystem structure and function.
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Figure 7. Conceptual figure of the dominant processes contributing to changes in DOC quality metrics for
the Early Summer and Autumn storms. All responses are indicated by the percent change in DOC quality
to a precipitation event, and the lake characteristics that influence a particular response. E2:E3 and S275–295

are indicated by dashed boxes and SUVA254, a*320, and a*380 are indicated by solid boxes. Gray arrows
indicate dominant processes that contribute to DOC quality response and bold italics indicate key lake
characteristics. SUVA254 provides information on the source and biological availability of DOC, a*320 is
indicative of inputs of terrestrially derived DOC, a*380 can indicated changes in color, E2:E3 tracks changes
in the relative size of DOC molecules, and S275–295 is indicative of exposure to sunlight.

During the autumn storm event, wetter conditions, decay of organic matter in the watersheds
from spring to autumn, and reduced solar radiation may have contributed to the observed increases
in SUVA254, a*320, and a*380 decreases in E2:E3 and S275–295. This response was largely observed in
lakes with a larger WA:LA ratio. A larger watershed area allows for a larger potential source of
allochthonous DOC that may be flushed into the lakes by autumn storms. Increased a*320 results from
these fresh inputs of terrestrial DOC [63,67] and reduced photobleaching. Allochthonous DOC is often
less biolabile [35], therefore with increased storminess, particularly in the autumn months, increased
terrestrially derived DOC could have important implications for aquatic ecosystems. The negative
correlation between changes in S275–295 and WA:LA supports increased allochthonous inputs that
introduce non-photobleached DOC [68]. Additionally, a reduction in the ratio of E2:E3 suggests
an increase in bacterial DOC processing [56]. This bacterial processing is often thought to degrade
DOC [69]. Temperature, nutrients, and light all influence the bioavailability of DOC [70] and changing
seasonal and storm conditions could impact material that is flushed into lakes. The variation in decay
or breakdown of plant matter in the watersheds during autumn versus early summer could impact
temperature, nutrients, and light in the lakes during storm events, contributing to the vulnerability of
lake ecosystems to changing DOC quality with increased frequency of storm events.

During the early summer storm, land cover is more highly correlated with changes in DOC quality
metrics, whereas it does not play a significant role in the autumn. The negative correlation between
changes in SUVA254, a*320, and a*380 and deciduous cover corresponds to a strong negative response
or decrease in these DOC quality metrics in response to storm events. Lake watersheds with more
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deciduous cover and less evergreen cover have a greater negative response in DOC quality metrics to
storm events than lake watersheds with more evergreen cover in the early summer. Measured DOC
concentration is often higher in soils under coniferous forests than DOC measured in soils under
deciduous forests [71]. Additionally, the percent of deciduous cover was low across all watersheds,
therefore in the autumn, there was likely a negligible effect of deciduous forest similar to boreal streams
in northern Sweden, where the presence of deciduous forest had a negligible effect on DOC during the
wet period [72]. Thus, in the autumn storm, the size of the watershed contributes to larger inputs of
terrestrial matter or allochthonous material, therefore WA:LA is more influential to changes in DOC
quality as opposed to forest type. In the early summer storm, the positive correlation between changes
in S275–295 and slope support the larger positive response of DOC quality metrics in the deep lakes
with higher residence time, as these lakes’ watersheds also have the steepest slopes. Wetlands often
contribute to changing DOC in lakes [40,51]. Surprisingly, wetlands and DOC concentration are
negatively correlated in the autumn, however changes in DOC quality were variable and, while
not significant in this study, DOC quality may be more indicative of wetland influence on lakes.
Relationships between DOC quality and land cover contribute to the explanation of seasonal variability
in lake response to storm events.

DOC quality metrics can be highly responsive to changes in precipitation, temperature, and solar
radiation. Hudson et al. [39] evaluated DOC data over 21 years in a set of lakes in Canada and
found that solar radiation explained 50% of the variation in DOC concentration across seasons. In a
shallow lake in Hungary, DOC exports from the catchment were driven by both the availability of
flushable terrestrial carbon and the seasonality of precipitation, which is also a common pattern in
many temperate and boreal lakes [19]. Additionally, research by Aulló-Maestro et al. [19] supports that
photobleaching plays a key role in the processing and degradation of DOC during times of high solar
radiation. This processing of DOC by photobleaching can influence carbon cycling and also increase
the transparency of the water column [73] as well as change optical properties [74]. This supporting
evidence, among others, paired with our research, suggests that correlations between optical properties
and lake characteristics as well as land cover may provide us with the knowledge to produce a
framework for how DOC in lakes respond to storm events. Although this study provides only a small
snapshot, does not encompass all seasonal differences, and is based on a single early summer and a
single autumn storm, it supports the literature on how DOC quality metrics can be a powerful tool to
examine lake response and also contributes to understanding potential implications from storm events.

Storms may contribute to increased variability of seasonal DOC. While DOC quality fluctuates
seasonally, storm events may introduce additional variability, and potentially cause abrupt changes in lake
ecosystems. It has been acknowledged that the relationship between DOC concentrations and precipitation
over multiple years is variable and inconsistent, therefore suggesting that long-term climate change and
acidification in addition to weather events are driving changing trends in DOC [42]. The effect of weather
events on changes in DOC is being increasingly researched, however few studies attempt to explain the
specific differences in seasonal DOC quality metrics and how this may impact storm response.

This research provides insight into key differences between lakewater DOC responses to an
early summer versus an autumn storm. In the early summer storm, the response of the DOC quality
metrics suggests that photobleaching was the primary process contributing to the observed changes
in deep lakes with long residence times. In the autumn storm, the response of the DOC quality
metrics suggests that more allochthonous inputs and increased bacterial processing were the primary
processes contributing to the observed changes in lakes with large WA:LA ratios (Figure 7). Changes in
climate such as solar radiation and antecedent weather conditions, that lead to subsequent changes in
lake thermal structure, also influence DOC response to storm events. With storm events predicted
to increase in frequency and intensity, particularly in the autumn months, increased variability in
lakewater DOC metrics may be expected in the future. This study provides an important first step
towards better understand relationships among storms, seasons, and DOC concentration and quality.
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