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ABSTRACT

Long-term, integrated records of limnology are rare in the central United States. Mozingo Lake is a reservoir in northwestern Missouri
that was sampled regularly since its creation in 1994. Physical data were collected during 121 visits and compared to meteorological ob-
servations. July hypolimnetic temperatures have risen rapidly (2.4°C / decade: P=0.037), suggesting weakened summer stratification in
the future. Winter conditions were rarely correlated with lake conditions in the following July; the exception is July epilimnion temperature,
which correlated with ice-over date, January hypolimnion temperature, and ice duration (P=0.006, 0.010, and 0.024). In contrast, winter
ice-over date was best correlated with air temperature in the preceding July (P=0.006); other factors were not significantly correlated, in-
cluding fall air temperatures, July epilimnion temperatures, and October water column temperatures. Analysis of air temperatures preceding
ice-over revealed that the strongest correlation was with a 68-day average air temperature of 4.8°C. July air temperatures, along with ice-
over date, correlated with January ice thickness and ice duration (P=0.014 and 0.001, respectively). This suggests that a warm July is as-
sociated with a mild winter, a relationship confirmed by a significant correlation (P=0.011). Ice thickness, ice duration, and ice-out date
also correlated with winter air temperature (P<0.003 for each). It therefore appears that summer conditions influence winter conditions
which, in turn, influence certain lake conditions in the following summer; this observation indicates that winter conditions may not reset
physical parameters in lakes. Legacies thus may span various intervals, ranging from a week to a year or more. Although the Mozingo
Lake record is brief (20 years), it suggests directions for longer-term studies. Multi-year legacy effects have rarely been documented, but

in Mozingo Lake they suggest that a single strong climatic anomaly may affect the lake for several years.
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INTRODUCTION

Lakes are complex systems. Geological forces affect
lake formation and morphology; these affect the hydrology
and annual physics of the lake. These parameters also vary
over time, from the annual stratification cycle to longer-
term trends that span years. The purpose of this study is to
expand limnological knowledge in a poorly-represented
region, and especially to quantify the relationship between
meteorology and limnological conditions such as summer
lake temperatures and winter ice phenomena.

The primary driver of lake-ice parameters is air temper-
ature, although roles are also played by other factors such
as cloud cover, snowfall, rainfall, relative humidity, and
wind speed (Blenckner et al., 2007; Livingstone and
Adrian, 2009). For example, air temperatures in November
and December were strong influences of ice-over date in
Lake Baikal, moderated somewhat by dynamic factors that
may locally (Kouraev et al., 2007). Ice thickness showed a
memory effect (i.e., a time lag) of ice-over date and winter
conditions. Ice-out depended on mean air temperature in
February and in April (Livingstone, 1999), but Todd and
Mackay (2003) concluded that snow cover, wind, and river
flow were more important than spring air temperatures.
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Ice phenology has also been studied in smaller lakes,
especially in the temperate parts of Europe and North
America. In a German lake, ice cover was closely pre-
dicted by an air-temperature probability function (Living-
stone, 2009); in 196 Swedish lakes, a nonlinear
relationship has been found between ice-out and air tem-
peratures over 1-3 months (Weyhenmeyer et al., 2004).
In most areas, ice phenology also responds to longer-term
climate variations, including ENSO and NAO (Blenckner
et al., 2007; Ghanbari et al., 2009; Patterson and Swin-
dles, 2015); furthermore, ice records often predate air
temperature records and thus document climate warming
over the time scale of centuries (Korhonen, 2006; Adrian
et al., 2009; Benson et al., 2011).

Legacies in lakes are poorly documented. Also called
time lags and lake memory, these are phenomena that in-
fluence future conditions (Martin et al., 2011; Kouraev et
al.,2007). Limnological lore suggests that winter air tem-
peratures are related to hypolimnion temperatures in the
following summer. However, in four Swiss lakes, deep-
water temperature in summer was related to lake temper-
ature at turnover (i.e., displayed a lag of several months),
influenced by lake-specific characteristics (Livingstone,
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1993); a relationship with turnover temperature was con-
firmed by Arvola et al. (2010). In Lake Constance, a one-
year time lag occurred between the NAO and deepwater
temperature (Straile et al., 2003).

Mozingo Lake, sometimes mislabeled Hayden Lake, is
a reservoir in Nodaway County in northwestern Missouri
(40.45° N, 94.78° W; Fig. 1) which was impounded in
1994. The area was last glaciated sometime prior to
200,000 years ago, leaving a series of valleys that trend
north-south (Rovey and Balco, 2011). Floodplains in the
area may be a few kilometers wide, and are usually deeply
incised (2-3 m or more) by the primary stream. The total
watershed of the lake is about 4955 ha, but precipitation on
about 1395 ha of this is intercepted by ponds with little to
no annual discharge. Inputs to the lake are precipitation on
the lake surface (34% of the inputs) and runoff from the
watershed (66%), while the losses include evaporation from
the surface (70%) and withdrawal for human consumption
(30%). The lake is 6.7 km long and 15 m deep, with a vol-
ume of about 22 x 10° m3 (Fig. 1) (Haberyan, unpublished).

METHODS

Mozingo Lake was sampled 121 times from 1994 to
2014, generally from a mid-lake station (Station 1 in
Fig. 1) over the former floodplain (12 m deep), about 330
m north of the dam and 30 m east of the drowned stream
channel (40.3514° N, 94.774° W). An alternate location
(Station 2) was used during inclement conditions (e.g.,
storms and thin ice), when sampling took place at a float-
ing dock (depth 3 m), located 630 m to the north-north-
west of the mid-lake station. The lake was sampled near
the middle of the month (26-37 days apart) from October
1994 through October 1998 and again from April 2010 to
April 2011; otherwise, sampling was quarterly (84-97
days apart). Visits were also made every 1-4 days to doc-
ument the timing of ice-over and ice-out, cued by the sta-
tus of ice in local farm ponds.

To detect the thermocline, temperature was meas-
ured with YSI thermometers (Models 51B and 52CE) at
intervals of 1.0 m throughout, and at 0.5 m intervals in
the vicinity of the thermocline. The temperature of the
epilimnion was taken to be that at 1.0 m depth; for the
hypolimnion, it was the penultimate measurement (1.0
to 2.0 m above the bottom). The temperature of the
water column was the average of direct measurements,
supplemented by interpolation for each half meter where
needed. Daily quality-controlled meteorological data
were downloaded for August 1994 through October
2014 from NOAA (Menne et al., 2014) for the
Maryville 2E station, located 4.6 km due west of the
mid-lake sampling station at an elevation of 300.2 m asl.
For temperature, each day’s maximum and minimum
temperatures were averaged; for the 157 days that
lacked at least one of these, the average of the bracket-

ing dates was substituted. To generate a smooth curve
for typical daily lake temperatures, a sine curve was fit
to the observed data with iterations continuing until the
sum of squared errors was minimal and each term in-
cluded at least four significant digits. For consistency,
this method was also applied to the average air temper-
atures for each day from October 13, 1994 through Oc-
tober 16, 2014. Relationships among twenty-two
physical parameters were explored, based on data col-
lected after the lake first reached overflow in 1996,
using two-tailed Pearson bivariate correlation in SPSS
v.22; parameters included ice data, air temperatures, and
lake conditions. Significant (P<0.05) Pearson correla-
tions were explored further using curve estimation and

Fig. 1. Contour map of the lake; contour interval 3 m. Stations
1 (primary, southern) and 2 (alternate, central) are shown near
the south end of the lake. Vertical exaggeration of transverse
profiles is 3.7x.
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multiple linear regressions with forward selection, in
order to relate initial conditions (as potential drivers or
independent variables) to later conditions (as potential
responses or dependent variables). Pearson correlations
were also used to explore the role of air temperatures in
the timing of subsequent ice-over and ice-out events.
For this analysis, daily air temperatures were averaged
for varying time intervals preceding ice-over and ice-
out; 45 time intervals were analyzed in 2-day increments
ranging from 2-90 days.

RESULTS
Basic limnology

The lake began filling in August of 1994, but for the
first few months occupied little more than the incised chan-
nel. The greatest monthly rises took place in spring 1995
(4.2 m) and in spring 1996 (2.6 m), so that the lake first
overflowed in early June 1996. Since then, the lake level
tended to rise in the spring and decline in late summer, ex-
cept in years of drought (e.g., 2001-2004 and 2012-2014).

The typical annual cycle of the lake has been consistent
since reaching overflow (Fig. 2). The lake freezes over
every year with an average of 16 cm of'ice overlying a tem-
perature gradient that is usually less than 0.5°C m ! centered
between 0.5 m and 1.0 m depth. As soon as the ice breaks
up, typically in early March, the lake begins mixing until
early May. The summer thermocline begins weak and shal-
low, deepening to 8-9 m by September. Progressive cooling
of the surface waters creates near-isothermal temperatures
through September, and winds cause complete turnover by

mid-October. Since first overflow, the median date of ice-
over has been December 23, but this date has varied be-
tween December 8 and January 15. Except in April, the
temperature of the epilimnion was often slightly greater
than the average air temperature (Fig. 3). In July, the epil-
imnion was typically 0.4°C warmer than the average air
temperature, and the maximum epilimnion temperature
lagged average air temperature by about a month. A similar
lag was observed in winter, when the epilimnion was typi-
cally 2-3°C warmer than the average air temperature. In
April, the thermal inertia of water caused it to warm more
slowly than does air temperature, with a lag of about 1-2
weeks; a similar lag was observed in the fall. In compari-
son, the temperature of the entire water column displayed
a prolonged lag in the spring (i.e., from April through June).
The temperature of the hypolimnion was less clearly related
to air temperature and tended to peak in late August.

Predicting summer conditions

July epilimnion temperature correlated most strongly
with ice-over date (P=0.006) in the previous winter
(Tab. 1), but neither July water temperature correlated sig-
nificantly with lake temperatures during turnover in mid-
April (P=0.132 and 0.443, respectively). Curve estimation
revealed that July epilimnion temperature was significantly
modeled by January hypolimnion temperature, by ice-over
date, and by ice duration (each P<0.024; Tab. 2). Multiple
linear regression identified only ice-over date and January
hypolimnion temperature as variables that contribute signif-
icantly to July hypolimnion temperature (P=0.001); ice du-
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Fig. 2. Thermal structure of the filled lake during two years of monthly sampling. a) April 1997-April 1998. b) April 2010-April 2011.
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ration did not improve the correlation because it co-varies
with ice-over date, and thus duplicates its contribution.

The temperature of the hypolimnion in July has been
increasing significantly (slope 2.4°C/decade; P=0.0373,
r’=0.335), but the epilimnetic temperature has not (slope
-0.45°C/decade; P=0.200, r>=0.0393). Winter water mass
temperatures have also remained steady (P=0.063 for epil-
imnion, P=0.341 for hypolimnion).

Predicting winter conditions

Few winter variables were related to conditions in the
preceding summer (Tab. 3); however, July air tempera-
tures correlated positively with air temperatures in the fol-
lowing winter (P=0.011), but not with October water
temperatures (P 0.116). Interestingly, October water tem-
peratures did not correlate with any ice phenomenon (all
P>0.06). July air temperatures, however, did correlate
with each of the ice variables (P<0.014); the sign of these
correlations shows that warmer July air temperatures re-
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Fig. 3. Typical annual temperatures since overflow. Tick marks
on the horizontal axis represent the middle of each month. The
shaded area represents the daily air temperature range; dotted
line represents average daily air temperature.

Tab. 1. Pearson correlations between winter conditions and July lake temperatures in the following summer. Winter is December,

January, and February.

January air temperature 0.243 0.031 0.210
February air temperature 0.338 -0.012 0.214
Winter air temperature 0.365 -0.005 0.211
January hypolimnion temperature -0.562%* 0.176 -0.163
Ice thickness -0.408 -0.201 -0.379
Ice-over date 0.596** 0.299 0.473%*
Ice duration -0.503* -0.057 -0.284
April average water column temperature 0.349 0.182 0.338

*P<0.05; **P<0.01.

Tab. 2. Models with the greatest significance levels that relate winter conditions to epilimnion temperatures in the following July (T5,).
Values have been rounded to three figures; coefficients are standardized.

T,=24.3+5.14/T, 0.380 0.004 for equation
0.004 for constant
0.000 for coefficient of T},
T,=25.5+0.053 F 0.355 0.006 for equation
0.006 for constant
0.000 for coefficient of F
T,.=28.1-0.022 D 0.253 0.024 for equation
0.024 for constant
0.000 for coefficient of D
T,.=27.7+0.046 F — 0.858 T, 0.573 0.003 for equation
0.000 for constant
0.005 for coefficient of F
0.009 for coefficient of T,

T,, January hypolimnion temperature; F, ice-over date; D, ice duration.
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sult in later ice-over, thinner ice, and reduced ice duration.
In subsequent curve estimations, each of the ten models
was significantly related to July air temperature; the best
fit of these were the exponential models for ice-over date
and for ice thickness, and the linear model for ice duration
(P<0.012; Tab. 4). Multiple linear regression revealed that
only July air temperature was significantly related; other
variables did not improve model significance.

Correlations between average air temperatures and ice
phenomena were chaotic within 44 days of ice-over, but
longer-term temperature averages were significantly cor-
related (Fig. 4). Ice-over date was significantly correlated
with average air temperatures for periods longer than 44
days (Tab. 4), corresponding with an average air temper-
ature of 2.1°C. Ice thickness was significantly related only
to the 70- and 72-day average air temperatures (about

Tab. 3. Pearson correlations between summer conditions and ice variables in the following winter. Summer is June, July, and August;
winter is December, January, and February. January, February, and winter air temperatures were concurrent with the ice parameters of

that year.

July epilimnion temperature 0.168 -0.414 -0.347
July hypolimnion temperature -0.077 -0.189 0.056
July air temperature 0.640%** -0.659* -0.756%*
Summer air temperature 0.569* -0.468 -0.533*
October air temperature -0.085 0.024 0.059
October water column temperature 0.061 -0.212 -0.127
November air temperature 0.263 -0.213 -0.327
Fall air temperature -0.150 0.050 0.103
January air temperature 0.283 -0.594%* -0.478*
February air temperature 0.198 -0.440 -0.499*
Winter air temperature 0.444* -0.666** -0.708%%*

*P<0.05; **P<0.01.
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Fig. 4. Significance levels of Pearson correlations for air temperature averaged over various time periods. a) Winter ice phenomena re-
lated to temperatures preceding ice-over. b) Ice-out date related to temperatures preceding ice-out. Solid horizontal line represents a
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5.3°C). Ice duration was significantly related to a 50-day
average air temperature of 2.9°C. Similarly, ice-out was
significantly related to average winter temperature, to the
10-day average air temperature of 0.4°C, and to ice thick-
ness (P=0.000, 0.005, and 0.014, respectively).

Winter conditions also correlated with each ice vari-
able; correlation was especially strong with average win-
ter air temperatures (i.e., December-January-February),
suggesting that severe winters often start early (correlation
with ice-over date, P=0.050), cause increased ice thick-
ness (P=0.003), cause longer ice duration (P=0.000), and
cause delayed ice-out (P=0.000).

DISCUSSION
Basic limnology

The annual cycle of stratification was evident in lake
temperatures. The temperature curves in spring were not
mirrored in the fall (Fig. 3); rather, the epilimnion began
to cool in late August, but the hypolimnion continued to
warm until mid-September. This occurred because
warmer surface waters continue to mix into the cooler
deep waters well into September. Recent studies have
broadly linked epilimnion temperature to air temperature,
and indicated a role for lake depth (i.e., thermal inertia:
Toffolon et al., 2014).

Predicting summer conditions

Summer hypolimnion temperature is often thought to
reflect air temperature in the previous winter, but data from
Mozingo Lake do not support this relationship. No corre-
lation was found between hypolimnion temperature and ice
duration nor with ice-over date, perhaps partly due to the
brief period of observation, and additional data are needed
to clarify these influences. Other studies have found that
summer hypolimnion temperature does correlate with lake

temperature during turnover in large Swiss lakes (Arvola
et al., 2010; Livingstone, 1993), but this relationship was
not significant for Mozingo Lake (P>0.13). This difference
is likely due to the much smaller size of Mozingo Lake; in
the larger Swiss lakes, deep water tracks longer-term trends
(Livingstone, 1993). In Mozingo, water temperatures in
general reflect seasonal temperatures more closely, and
spring turnover is much shorter (about 6 weeks) than in the
Swiss lakes. Consequently, summer water temperatures in
Mozingo are less affected by air temperatures during
turnover. In addition to size and depth, Mozingo Lake dif-
fers from the Swiss lakes in climate, river inputs, and sta-
bility of stratification (Livingstone, 1993).

In contrast, linear models did predict July epilimnion
temperatures based on ice-over date and January hy-
polimnion temperature (Tab. 5). An early ice-over date
also correlates with a harsh winter (P=0.011), and pro-
vides ample time to chill the lake; this chill may persist
through the brief spring turnover. Alternatively, these cor-
relations may have resulted from the relative brevity of
the record (18 years).

Predicting winter conditions

The most important predictor of ice conditions was air
temperature in the previous July; in fact, although other
temperatures were individually correlated, none improved
the multiple linear regression significantly. The effects of
July air temperatures were logical, that is, warm July air
temperature correlates with delayed ice-over, thinner ice,
and shorter ice duration. However, the mechanism does not
seem to involve water as a heat carrier, because October
water temperatures did not correlate with either July air
temperature (P=0.116) or with any of the ice parameters
(ice-over, ice thickness, ice-out; P>0.06 for each). Rather,
the significant correlation between July air temperatures
and air temperatures in the following winter (P=0.011) sug-

Tab. 4. Models with the greatest significance levels that relate July air temperatures to ice conditions in the following winter. Values

have been rounded to three figures.

Ice-over date F=0.035 ¢%>3! 0.445 0.003 for equation

0.591 for coefficient of e

0.003 for coefficient of J
Ice thickness L=0.687 e*0127 0.452 0.012 for equation

0.687 for coefficient of e

0.012 of coefficient of J
Ice duration D=326-10.21 0.572 0.001 for equation

0.000 for constant

0.001 for coefficient of J
Ice-out date M=49.4 - 434 T, 0.683 0.000 for equation

0.000 for constant

0.000 for coefficient of T,

J, average July air temperature; F, ice-over date; L, ice thickness; D, ice duration; M, ice-out date; Ty; average winter air temperature (December-Jan-

uary-February).
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gests that unusually warm summers predict mild winters.
Ice-over was most likely to occur when the 68-day average
air temperature was 4.8°C. Previous studies have confirmed
that ice-over is more difficult to predict than ice-out, due
to the various heat exchange processes, wind strength, hu-
midity, cloud cover, and lake mixing depth (Sporka et al.,
2006; Adrian et al., 2009; Livingstone and Adrian, 2009).
In addition, fall weather here is notoriously chaotic.

In turn, ice-over date was a good predictor of ice thick-
ness and of ice duration, exactly confirming the findings
of Korhonen (2006). Once the ice is in place, its thickness
and duration also correlate strongly with concurrent win-
ter air temperatures (P<0.003), as observed by others (Ko-
rhonen, 2006; Livingstone and Adrian, 2009); thus both
winter temperatures and ice-over dates affect ice thickness
and duration, as in Lake Baikal (Kouraev et al., 2007).

Ice-out is primarily related to processes internal to the
lake, and thus predictions are often more reliable (Korho-
nen, 2006; Adrian ef al., 2009); additional roles have been
described for precipitation, cloud cover, and wind speed
(Noges and Noges, 2014). In Mozingo Lake, ice-out was
well predicted based on winter air temperatures (Tab. 5),
but the linear model was only slightly better than curvi-
linear ones. In comparison, an extensive study of 196
Swiss lakes over 30 years found a nonlinear relationship
between ice-out and mean annual temperature (Weyhen-
meyer et al., 2004). In addition, the Mozingo Lake record
is rather brief, and many more years of study will be re-
quired to distinguish a linear trend from a nonlinear one.

Climate change and lake conditions

Despite the brevity of the record, one significant cli-
mate-related trend has been detected in Mozingo Lake.
The hypolimnetic temperature in July has risen by
2.4°C/decade (P=0.037), which is over twice the rate gen-
erally reported for near-surface lake temperatures else-
where (Noges and Noges, 2014, and references therein).
Since the July epilimnetic temperatures have not changed
significantly (P=0.200), summer stratification has become
weaker, in contrast to its strengthening as reported or pre-

dicted elsewhere (Adrian et al., 2009, and references
therein). Weakened and shortened stratification in
Mozingo should ultimately increase phytoplankton pro-
ductivity overall but reduce cyanobacteria; indeed, a
strong decline in cyanobacteria began in 2009, but this
may reflect trophic changes instead.

These Mozingo Lake models relate ice parameters to
air temperature, and so may be used to predict changes
due to global warming. The most recent IPCC (2014) pre-
dictions for low-to-moderate warming (IPCC Scenario
RCP4.5) suggest that a 1.7°C warming is likely by 2100.
While predictions so far in the future must be viewed with
caution (Noges and Noges, 2014), the models suggest
that, in the year 2100, Mozingo Lake will typically freeze
over 18 days later than was typical from 1996-2014. In
addition, mid-January ice thickness will have declined by
3.4 cm (to 16.2 cm), and ice duration will decline dramat-
ically, from 68 days currently to 58 days in 2100. Not sur-
prisingly, these predictions indicate that ice cover will
continue its historical decline (Korhonen, 2006; Adrian et
al., 2009; Ghanbari ef al., 2009; Livingstone and Adrian,
2009; Benson et al., 2011).

CONCLUSIONS

In Mozingo Lake, July air temperature drives ice-over,
which in turn drives ice thickness and ice duration. Ice
duration influences epilimnion temperature in the follow-
ing July. Thus July air temperature in one year influences
ice conditions in the following, which then influence epil-
imnion temperatures in the following July. This three-part
sequence forms a one-year time lag between air condi-
tions and lake temperatures. Mozingo Lake exhibits lega-
cies on several time scales, ranging from 1 week (lake
temperature lags air temperature in fall and spring) to |
month (maximum epilimnion temperature lags maximum
air temperature in late summer), to 5 months or more (ice-
over, ice thickness, and ice duration lag July air tempera-
tures). Thus, not only do lakes show legacy effects from
season to season, they may also show legacies from year
to year, and from one medium to another (e.g., air to ice

Tab. 5. Pearson correlations between ice conditions and recent air temperatures. Note that temperatures preceding ice-over correlated
with ice-over date, ice thickness, and ice duration, but ice-out correlated with temperatures preceding ice-out. Significance levels are

given in parentheses.

Ice-over date 44 days at 2.1°C

before ice-over (P=0.022)

68 days at 4.8°C
before ice-over (P=0.000)
72 days at 5.3°C
before ice-over (P=0.045)

Ice thickness 70 days at 5.0°C
before ice-over (P=0.046)

Ice duration 50 days at 2.9°C
before ice-over (P=0.049)

Ice-out 10 days at 0.4°C

before ice-out (P=0.014)

90 days at 7.3°C
before ice-over (P=0.002)
10 days at 0.4°C
before ice-out (P=0.014)
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to water). Such relationships certainly vary with lake size
(Fee and Hecky, 1992) and with the relative roles of ex-
ternal and internal drivers. Predictions can be optimized
by using long-term monitoring of the lake of interest (i.e.,
forecasting) and by sampling other local lakes (i.e., inter-
polation; Lottig and Carpenter, 2012).

Lakes are therefore complex systems indeed, even re-
garding purely physical phenomena such as ice-over and
ice-out; the relationship between their physical character-
istics and weather may not be obvious nor easily modelled.
It is clear that, in temperate lakes, seasonal changes drive
physical changes in lakes, especially mixing and stratifica-
tion. As these systems are studied in more holistic ways,
with more frequent sampling and over longer time scales,
general patterns may well emerge, patterns that increase
our ability to predict natural and anthropogenic changes.
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