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Decreasing Groundwater Supply Can Exacerbate Lake
Warming and Trigger Algal Blooms

Ammar Safaie! /) Elena Litchman?? (), and Mantha S. Phanikumar!

"Department of Civil and Environmental Engineering, Michigan State University, East Lansing, MI, USA, ?Kellogg
Biological Station, Michigan State University, Hickory Corners, MI, USA, *Department of Integrative Biology, Michigan
State University, East Lansing, MI, USA

Abstract As groundwater depletion becomes a global phenomenon, inland lake ecosystems are
being impacted by decreasing groundwater supply. While the current trend of rapid surface warming
of inland lakes continues, the deep waters can resist changes, depending on the nature of surface water
— groundwater interactions. However, the effects of these interactions on lake processes are not fully
understood. Here we investigate the role of groundwater on coupled biophysical processes in a deep,
dimictic, groundwater-fed lake using mechanistic models combined with data from field observations.
Although excess nutrient inputs are the most commonly cited reason for algal blooms, here we show
that algal blooms in inland lakes can also appear due to a decreasing groundwater supply while all
other factors remain the same. Results indicate that decreasing groundwater supply to lakes leads

to elevated hypolimnetic temperatures, enhanced algal growth rates and algal blooms, and oxygen
depletion, thus exacerbating the negative effects of surface warming. Our work suggests that globally
declining groundwater supplies may have a significant negative effect on water quality of inland lakes
by accelerating water column warming and stimulating algal growth, especially when the groundwater
contribution to the lake system is significant compared to riverine discharge. The work provides insights
for management efforts to improve the resilience of groundwater-dependent ecosystems in the face of
external stressors.

Plain Language Summary Harmful algal blooms in inland lakes and reservoirs contribute
to significant economic losses annually while posing a range of health risks; however, the exact causes

for the blooms are not always known. Using mechanistic models and field data, we reveal a link between
groundwater supply and algal blooms in an inland lake. While previous research has demonstrated that
excess nutrient inputs via both surface and subsurface discharges cause algal blooms, our work shows
that decreasing groundwater supply alone could trigger algal blooms in inland lakes by exacerbating lake
warming while all other factors remain the same. Our results have implications for management efforts
to mitigate the current trends of lake surface warming and declining groundwater levels in major aquifers
throughout the world.

1. Introduction

Surface temperatures of inland lakes are on the rise across many regions around the globe in response to
climate change (Magnuson, 2000; Piccolroaz et al., 2020; Schneider & Hook, 2010; Sharma et al., 2015;
Woolway & Maberly, 2020; Woolway et al., 2020). The physical consequences of increasing lake surface
temperatures and decreasing ice cover duration include changes in evaporation rates, mixing-regime,
and increasing duration or intensity of thermal stratification (Sharma et al., 2019; Wang, 2018; Woolway
et al., 2020). Moreover, seasonal changes in the timing and duration of overturn and stratification in re-
sponse to climate change, link trends of surface warming to deep water temperatures of lakes (Anderson
et al., 2021). These physical changes, in turn, alter the ecological functioning of lakes, nutrient cycling
(Tong et al., 2021), oxygen availability (Zhang et al., 2015), primary production (O'Reilly et al., 2003; Ver-
burg, 2003), and aquatic food web structure (Tanentzap et al., 2020). Temperature changes can alter the
rates of chemical reactions, aquatic ecosystem metabolism, biological growth rates, photosynthesis and
respiration rates and can disturb ecosystem equilibrium (Carpenter et al., 2011; Woolway et al., 2016).
Moreover, increased water temperature and the subsequent changes in stratification often negatively affect
water quality of inland water bodies (Chang et al., 2015). In addition, lake warming is associated with an
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increased risk of algal blooms, including toxic cyanobacteria, and eutrophication (Zhang et al., 2015), which
can lead to oxygen depletion, more frequent periods of hypolimnetic hypoxia to anoxia that can amplify
algal blooms further (Goto et al., 2012; Umaiia, 2014; Zhang et al., 2016). However, lake responses to rising
temperatures depend on geographic location, morphometry, mixing regime, and trophic state (Kraemer
et al., 2017; O’Reilly et al., 2015; Woolway et al., 2020). Three decades of satellite imagery data for 71 large
lakes around the world indicated that while the intensity of algal blooms has increased in most of the lakes
(68%), only the lakes that warmed less compared to other lakes had a reduced summertime bloom intensity
(Ho et al., 2019).

Most previous studies have focused on global analysis of lake surface temperature trends to investigate the
response of lakes to climate-induced changes (Maberly et al., 2020; Piccolroaz et al., 2020; Schneider &
Hook, 2010; Sharma et al., 2015; Woolway et al., 2020). Despite the reported high correlation between rising
air temperature and surface water temperature, the deepest parts of lakes demonstrate a higher persistence
of lake temperature anomalies with inconsistent direction and magnitude of trends across individual lakes
(Pilla et al., 2020; Woolway & Merchant, 2018). The warming signal in deeper waters of some small lakes
gets damped, which suggests that there are other factors that control deep-water temperature, in addition
to the meteorological drivers of surface water temperature trends (Pilla et al., 2020; Winslow et al., 2015).
Some of those factors include decreases in water transparency (Pilla et al., 2018), feeding of cold water from
glacial melt (Blais et al., 2001), and groundwater intrusion (Safaie, Litchman, & Phanikumar, 2017) but it is
unknown how important they are. Hence, it is imperative to identify key external drivers and the impact of
their changes to fully understand physical and ecological consequences of climate change on inland water
bodies.

The responses of groundwater-fed lakes to climate-induced changes likely differ from those of other lakes,
depending on the nature and strength of their interaction with groundwater. Shallow groundwater-fed lakes
can have a significant bottom cooling in summer (Kettle et al., 2012), which may act as a self-regulating
mechanism within a lake ecosystem and enhance the ability of the system to resist disturbances from sur-
face-induced changes, such as warming. The rivers that are primarily groundwater-fed are buffered against
increasing seasonal temperature variations (Qiu et al., 2019, 2020) as the incoming groundwater flow at
relatively lower temperatures holds more oxygen to support aquatic organisms (Combes, 2003). In fact,
groundwater serves as a buffer against external changes keeping the system in a less altered state. On the
other hand, changes in the magnitude of groundwater discharge to lakes can cause severe environmen-
tal impacts on groundwater-dependent ecosystems. Since the dynamics of algal growth depends on nu-
trient availability, nutrient-enriched groundwater discharging to the lake can have significant impact on
nutrient-algal dynamics (Essaid et al., 2020; Shaw et al., 2017). Moreover, groundwater flow with contam-
ination by sewage water to lakes is identified as the primary cause of coastal eutrophication (Timoshkin
et al., 2018). Thus, it is crucial to understand the role of groundwater in biophysical processes and water
quality of inland lakes.

Although groundwater-dependent ecosystems tend to show greater resilience to external stressors, main-
taining the resilience of such ecosystems relies upon the sustainability of ground-water resources. Nu-
merous studies indicate long-term groundwater depletion in many major aquifers across the world (Dalin
et al., 2017; Gurdak, 2017; Rodell et al., 2009; Wada et al., 2010). Climatic and human-induced groundwater
table drawdown could cause shifts in the physical, chemical, and biological structure of groundwater-fed
lakes (Gurrieri & Furniss, 2004; Turner & Townley, 2006; Webster et al., 1996) but the effects of such draw-
downs remain unexplored. Therefore, with groundwater levels decreasing in many parts of the world, there
is an urgent need to understand how lake ecosystems respond to the changing nature of groundwater —
surface water interactions.

Here, we show that decreasing groundwater contributions to groundwater-fed inland lakes can cause deep
water warming and stimulate algal blooms, thus negatively affecting water quality. By combining extensive
field data and numerical modeling, we developed a coupled biophysical model of Gull Lake, a relatively deep
inland lake in Michigan. Gull Lake is a dimictic, groundwater-fed lake with strong summer stratification
and with bottom cooling controlled by groundwater (Kinsman-Costello et al., 2015; Perry & Brown, 1942;
Safaie, Litchman, & Phanikumar, 2017; Tague, 1977). A detailed three-dimensional hydrodynamic mod-
el of the lake-groundwater system was developed to simulate lake circulation and thermal structure and
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3 In the present study, the hydrodynamic model was coupled with trans-
! port models to evaluate the role of groundwater on hypolimnetic temper-
! atures, dissolved oxygen, nutrients, and algal dynamics within the lake.
} The developed model was used to predict changes in the lake ecosystem
T caused under two scenarios of groundwater depletion: (a) with half of
l the groundwater contribution relative to current conditions and (b) in
| the absence of groundwater contribution. These scenarios were defined
! based on observations reported in previous studies. For example, estima-
3 tion of groundwater storage change based on in situ and remotely sensed
; groundwater data in the Lake Chad Basin indicated that the ground-
! water water storage could decrease to half of its value and even to zero
| due to both climate change and overexploitation of water (Skaskevych
} et al., 2020).

2. Materials and Methods
2.1. Site Description

Gull Lake is a relatively deep (33.8 m maximum depth, and 12.5 m av-
erage depth) and large (8.25 km? surface area) glacial kettle lake located

Figure 1. Map of Gull Lake, Michigan showing the sampling location of

water quality parameters.

42°22'N
Py
3

in south-western Michigan. Gull Lake is a hardwater, groundwater-fed
lake, which is one of the most common types of lakes in Michigan. The
total alkalinity of the lake is reported as 3 meq L1, Phosphorus (P) limits
phytoplankton growth (total P around 9 ug P L7!), and the lake is olig-
otrophic to mesotrophic (Bruesewitz et al., 2012). Gull Lake receives wa-
ter from three small lakes (Little Long, Wintergreen, and Miller Lakes), but its main surface inflow is from
Prairieville Creek with an average flow rate of 0.19 m3/s in 2015. There is also an outflow at the south of the
lake (Figure 1). The average groundwater inflow and outflow were estimated as 0.77 and 0.40 m3/s respec-
tively in 2015 (Safaie, Litchman, & Phanikumar, 2017). Given the contribution of groundwater to the lake
water balance (about 50% of total water inputs), the water residence time of the lake is equal to 2.52 years
(Safaie, Litchman, & Phanikumar, 2017). Moreover, a strong stratification is developed in summer due to
the bottom cooling controlled by groundwater. The presence of the cool deep waters isolated from epilimni-
on makes the lake a suitable habitat for both warm- and cold-water fish species.

2.2. Field Sampling and Laboratory Analyses

Vertical profiles of water quality parameters of Gull Lake, Michigan were regularly collected weekly at the
deepest part of the lake (Figure 1) during the summer between 2008 and 2017. In addition, semidiurnal
intensive in situ measurements were carried out around 10:00 a.m. and 2:00 p.m. for two weeks in August
of 2015. Depth-integrated samples of the surface water were collected by a four-meter integrated sampler.
Moreover, water samples were collected at the surface, the depth of deep chlorophyll maxima (DCM), and
the bottom of the lake. Positions of DCM were estimated based on the depth of the maximum in situ fluo-
rescence which were measured during each field campaign by a Self-Contained Autonomous Micro-Pro-
filer (SCAMP, http://pme.com). Nutrient analyses of water samples were performed to measure total phos-
phorus, dissolved inorganic phosphorus, total nitrogen, dissolved nitrate, and chlorophyll concentrations.
Additionally, a Hydrolab multi-parameter sonde was utilized to measure vertical profiles of temperature,
dissolved oxygen (DO), and chlorophyll concentration in the water column in 0.5-1 m depth intervals.
Measurements of DO were done based on a luminescent-based optical sensor (ASTM D888, 2012). Nitrogen
analyses were conducted using second-derivative spectroscopy (Crumpton et al., 1992). Second-derivative
UV spectroscopy for filtered samples was used for nitrate determination. Total N was calculated based on
second derivative analyses of nitrate after the persulfate digestion of unfiltered samples. A Lachat Quick-
chem autoanalyzer was used to analyze filtered samples for measurement of dissolved inorganic phospho-
rus (orthophosphate or soluble reactive phosphorus, SRP). Unfiltered samples were digested by the persul-
fate digestion method to determine total P.

SAFAIE ET AL.

30f18

ASULDIT suowwo)) aaneal) a[qearjdde ayy £q pauraAos are SIONIE Y asn Jo s3] 10J AIeIqI SuljuQ KS[IAN UO (SUONIPUOD-PUE-SULIS) WO KA1m’ KIeIqI[aul[uo//:sdiy) suonipuo) pue sWId], Ay 23S *[£207/20/€0] U0 A1eiqry auruQ KA AsIoatun 1§ ueSyory £q SSH900D120T/6201 01/10p/wod Kapim' Kreaqiautjuo sqndney/:sdny woiy papeojumo( ‘6 120T ‘1968691C


http://pme.com

Vel

r I Journal of Geophysical Research: Biogeosciences 10.1029/20213G006455

ADVANCING EARTH
AND SPACE SCIENCE

Table 1

Nutrient Concentrations Observed in Prairieville Creek and the Pond Lab
Reservoir Well Near Gull Lake From 2009 to 2014

2.3. Biophysical Model of Gull Lake

A fully coupled biophysical model of Gull Lake was developed based on

the three-dimensional, unstructured grid, Finite-Volume Community

Prairieville Creek Pond lab reservoir well Ocean Model (FVCOM) (Chen et al., 2003, 2006). The governing hydro-

Max  Average Min  Max dynamic equations of FVCOM, including continuity, momentum, tem-

Nutrient forms  Average Min

NO, (mg/L) 570  4.90 6.40 0.026 0.001  0.500
NH, (ug/L) 28.0 830 68.0 14.0 0.73 33.0
TDP (ug/L) 597 230

PO, (ng/L) 1.80 0.72

perature, salinity, and density equations were closed with a two-equa-
tion - ¢ turbulence model (Rodi, 1987) and the Smagorinsky turbulent
closure (Smagorinsky, 1963) schemes for vertical and horizontal mixing,
914 513 0.66 14.0 respectively. To do this, FVCOM was coupled to the General Ocean Tur-
3.87 412 036 14.0 bulence Model (GOTM, http://www.gotm.net) (Burchard et al., 1998).

An unstructured mesh in the horizontal plane was constructed with

20,604 nodes and 40,260 triangular elements. The Gull Lake-FVCOM
model was configured with horizontal grid resolutions ranging from 5 m near the shoreline to 75 m in the
offshore regions of the lake. A terrain-following sigma vertical coordinate system was used with 30 o-lay-
ers. The bathymetry of the lake was collected using a SonTek RiverSurveyor M9 system and interpolated
over the mesh using the natural neighbor method (Safaie, Dang, et al., 2017). Hourly meteorological data
were obtained from land-based weather stations around the lake to construct the meteorological forcing for
the hydrodynamic model. Details of meteorological data besides the hydrodynamic model of the lake —
groundwater system and its validation against in situ observations can be found in Safaie, Litchman, and
Phanikumar (2017). To assess the performance of the model in simulating lake — groundwater interactions
including water exchange fluxes, we used high-resolution Acoustic Doppler Current Profiler observations
of currents, vertical profiles of water temperature from thermistor chains and lake levels in our previous
study (Safaie, Litchman, & Phanikumar, 2017).

The water quality model with inclusion of the benthic fluxes was developed based on the EPA Water quality
Analysis Simulation Program (WASP5) (Ambrose et al., 1993). The water quality model, which was coupled
with FVCOM (FVCOM-WQM), simulated nutrient cycling, dissolved oxygen budget, and phytoplankton
biomass. Observed nutrient concentrations in Prairieville Creek and the water supply well at the Pond
Laboratory at the Kellogg Biological Station (Table 1) were obtained from KBS-LTER database (https://
Iter.kbs.msu.edu/datatables) and used to define riverine and benthic fluxes of nutrients. The water quality
model was first calibrated based on semidiurnal intensive in situ measurements through the water column
conducted for two weeks in August of 2015 at the deepest part of the lake. Then, the performance of the
model was evaluated using the weekly measurements of vertical profiles of water quality variables. Once
the model parameters were calibrated based on the intensive measurements, we ran the model using the
same parameters for the whole simulation period and evaluated the performance of the model based on the
weekly data collected in 2014 and 2015.

To systematically quantify the biophysical responses of the lake to decreasing groundwater contribution,
the developed model was run under three scenarios. First, the model was implemented to simulate exist-
ing conditions reflecting the current contribution of groundwater to the lake (scenario 1). Next, the model
was run with half of the current groundwater contribution (scenario 2). Temperature and nutrient fluxes
changed automatically proportional to the reduction in the groundwater flux. Finally, the lake dynamics
was simulated in the absence of any groundwater input to the lake (scenario 3).

The governing equations describing the concentrations of dissolved oxygen, biochemical oxygen demand,
algae, phosphorus, and nitrogen species are as follows. The general mass balance equation for the water
quality components can be written as:

a, , o(uc)) N o(v)) . o(we;) _ 2 [A %]+ d (Ah%]

ot Ox Oy 0z al " ox E)_y Oy W
1
+i K, 9G; +S;
Oz Oz
where C; (i = 1,...,8) are the concentrations of the eight water quality state variables, including DO (mg O,/L),

Carbonaceous Biochemical Oxygen Demand (CBOD) (mg C/L), phytoplankton (mg C/L), NH, (mg N/L), NO,
(mg N/L), ON (mg N/L), OPO, (mg P/L), and OP (mg P/L), respectively. OPO, was measured in ug/L. Since all
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units in FVCOM were in mg/L, the units of OPO, in the model input and output were converted accordingly.

are velocity components in the ... ... directions;.. and  denote the horizontal and vertical mixing coef-
ficients respectively; S; ( i= 1,...,8) denote the internal source/sink terms. Since advection and dispersion terms
are the same for all transport equations, the source/sink terms are described in more detail below.

2.3.1. Dissolved Oxygen (C))

The dynamics of dissolved oxygen are controlled by the following processes (Ambrose et al., 1993): reaer-
ation, oxidation, nitrification, phytoplankton loss, phytoplankton growth, sediment oxygen demand, and
bacterial respiration. The term that includes all these processes can be written as follows:

T-20 T-20 CC 64 r-20) C,C
- kreaeereae( )(CS - Cl) - kdeoxgdeox( )ﬁ 14 nitr nitr( )ﬁ
@)
32 32 48 SOD T-20
——DpC; P {E + Eanc (1 — P, )}Ca - TGSOD( — Kpesp
The first term in Equation 2 is the reaeration term, where is the reaeration rate coefficient at 20°C

(day™) and 4, is the temperature coefficient of reaeration. ~and denote the dissolved oxygen satura-
tion and dissolved oxygen concertation (mg O,/L), respectively.  which is a function of temperature and
salinity is given by (APHA, 1998):

1.575701x10° 6642308 x 107 1243800 x 10"  8.621949 x 10"

InCy = —-139.34411 + 2 4
Tk T TK Tx

3
05535 5| 0.031929 — 12428  3867.3
K Tx
where  is the water temperature in Kelvin (K). _ in the first term of Equation 2 is calculated as the max-

imum of wind-induced and flow-induced reaeration. Oxygen reaeration induced by wind is obtained using
the method described in O’Connor (1983). Flow-induced reaeration is determined as a power function of
average hydraulic depth and velocity using the Covar formulation (Covar, 1976).

The second term of Equation 2 is the CBOD oxidation, where _ is the CBOD deoxygenation rate at 20°C
(day™) and 6, is the temperature coefficient of deoxygenation.  and denote CBOD concentration
and the half-saturation constant for oxygen limitation of CBOD oxidation (mg 0,/L), respectively. The third
term of Equation 2 represents nitrification, where _ is the nitrification rate at 20°C (day™!) and 6,,,, is
the temperature coefficient of nitrification.  and are concentration of NH, and the half-saturation
constant for oxygen limitation of nitrification (mg O,/ L) respectively. The fourth term in Equation 2 shows
phytoplankton oxygen consumption due to its respiration and death, where _ is the phytoplankton loss

(day'),and is the concentration of phytoplankton (mg C/L).

The fifth term in Equation 2 denotes oxygen production by phytoplankton photosynthesis and nitrogen
reduction, where  is the growth rate of phytoplankton (day™'), is the stoichiometric ratio of nitrogen to
carbon in phytoplankton. Dissolved inorganic nitrogen is taken up for phytoplankton growth. Both ammo-
nia and nitrate can be consumed by phytoplankton. However, ammonia nitrogen is the preferred form, so
the ammonia preference term was used to model their ammonia preference (Ambrose et al., 1993):

b4'v5 UUUU1b4l\mN

(€4 +0.0001K 5 )(Cs +0.0001K ) e Cs)(Cs +0.0001K ) @

PNH3 =

The last two terms of Equation 2 are the sediment oxygen demand (. ... ) and the oxygen consumption by
bacterial respiration, respectively, where  is the benthic layer depth (m), 6, is the temperature coefficient
of__. ,and isthe bacterial respiration rate (mg O,/L. day).

At the bottom of the lake, the following equation was solved to model the DO flux from the benthic layer
to the water column:

% =D GZCI

o lz=-H g2 (5)

where _  denotes diffusive exchange coefficient (m?/day).
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2.3.2. Carbonaceous Biochemical Oxygen Demand (C,)

The amount of CBOD in a water body depends on phytoplankton loss, oxidation, denitrification, and set-
tling, which can be described by the following equation:

32 7-20 C.C 532 7-20) KnoyCs
SZ = _DPC3 _kdeoxgdeox( ) — 7 4 Mdeni deni( ) .

12 Kgop +C, 414 KNO3 +C

oC

—(1- Ver —2

( sz) 5275,

where = half-saturation concentration for oxygen limitation of denitrification (mg O,/L), ,,, = frac-
tion of dissolved CBOD,  is the dissolved oxygen saturation (mg O,/L) estimated by Equation 3, and
_ = organic matter settling velocity (m day™").

(6)

2.3.3. Phytoplankton (C,)

Sources and sinks of phytoplankton are mainly described by the following processes: phytoplankton growth,
phytoplankton loss, and phytoplankton settling:
S3 = GpCy = DpCs5 — Vs3% (7
0z
where = phytoplankton settling velocity (m day—!), and the remaining variables have the same definition
as those in Equation 2. The growth rate of phytoplankton () is modeled as:

RuR,0 (r-20) (8)

arow

Gp =k

orow

where is the optimum phytoplankton growth rate at 20°C (day™"), .. is the growth rate reduction due

to nutrient limitation, .. denotes growth rate reduction due to light limitation, and 6,,, is the temperature

coefficient of optimum growth. .. is determined using the Michaelis-Menten model for inorganic nutrients:
Cy+Cs C,

Kyn + Cy +Cs " Kyp + C,

Ry = min[ C)
where and are half-saturation constants for uptake of inorganic nitrogen (mg N/L) and phos-
phorus (mg P/L), respectively. .. is determined using the model proposed by (Steele, 1962), which has the
following form:

I, I,
R, = —exp|1-— 10
I I, P[ I J (10)
where . is the optimum light intensity (W/m?), and . is the light intensity in the water column. . is an
exponential function of water depth that can be calculated using Beer's law:

I, =1, exp(—kez) 11)

where . is the light intensity at the surface (W/m?), and is the water depth (m).  denotes the light ex-
tinction coefficient (m™') which can be calculated as the sum of the vertical light attenuation coefficient
for pure water () and the phytoplankton self-shading attenuation ( ). Light intensity attenuates by the
presence of phytoplankton biomass in the water column. Self-shading of light by algae growing in the water
column can be expressed as (Ambrose et al., 1993):

wa = 0.0088ChI + 0.054Chi** a2

where _... is the chlorophyll concentration (ug/L) at water depth .. Chlorophyll concentrations can be es-
timated by Chl = C,/a,,,, where __is the ratio of carbon to chlorophyll. Substitution of Equation 11 into
Equation 10 in a layer-integrated form is used to calculate .. :

R, = (1‘1128) [exp[—%exp(—kezi+l)J - exp[—%exp(—kezi)j] 13)

s s

where _ and z;,, are depths measured from the free surface to the bottom and top of each sigma layer (m),
respectively, and . is the layer thickness (m).

The phytoplankton loss rate (_ ) used in Equations 2 and 7 is determined by considering phytoplankton
respiration and mortality:

SAFAIE ET AL.
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o0 (T-20) (14)

mort

Dp = ko) + k

Tresnresn mort

= phytoplankton respiration rate at 20°C (day™); 6., = temperature coefficient of phytoplank-

= rate of phytoplankton mortality at 20°C (day~!); and @, , = temperature coefficient

mort

where .
ton respiration; .
of phytoplankton mortality.

2.3.4. Ammonia (C,)

Ammonia, NH,, is obtained by the balance between phytoplankton loss, mineralization from organic nitro-
gen (ON), phytoplankton uptake, and nitrification:

(r1-20) C3Ce

S4 = ancDP (1 - fON )CS + kmineleminel - ancGPPNH3C3
Kupe + G5
(r-20)  GCy 1s5)
_knilrenilr - |~
Knilr + Cl
where = the stoichiometric ratio of nitrogen to carbon in phytoplankton; D, = phytoplankton loss rate

(day™); fon = fraction of dead and respired phytoplankton recycled to the ON pool; .., = ON minerali-
zation at 20°C (day™); 6,;,.; = temperature coefficient of ON mineralization; . = half-saturation con-
stant of phytoplankton limitation of phosphorus recycle (mg C/L); , =phytoplankton growth rate (day=);
PNH3 = constant of ammonia preference; |, = nitrification rate at 20°C (day™); 8,,,, = temperature coeffi-
cient of nitrification; and

i = half-saturation constant for oxygen limitation of nitrification (mg O,/L).

2.3.5. Nitrate and Nitrite Nitrogen (C,)

Nitrogen oxides, including NO, and NO,, are inorganic compounds of nitrogen, which can be described via
nitrification, phytoplankton uptake, and denitrification processes:

r-20) C,C
0 ( ) GGy a,.Gp (1 — PNH3 )C3 = KeniOaeni

(7-20) KNO3C5
nitr K + Cl

Ss =k
KNO3 + C;

(16)

nitr
nitr

where ., = denitrification rate at 20°C (day™"); 6.,;, = temperature coefficient of denitrification; o, =
half-saturation constant for oxygen limitation of denitrification (mg O,/L); and the remaining variables
have the same definition as those in Equation 15. The first term of Equation 16 represents the nitrification
of ammonia (. ... ) that is oxidized to nitrite (NO") and then to nitrate (NO3). The second term shows the
preferred amount of .. _ that is consumed by phytoplankton via the photosynthetic process. The last term
in Equation 16 is the denitrification that corresponds to the reduction of nitrate to nitrogen gas (N,).

2.3.6. Organic Nitrogen (C,)

Sources and sinks for ON are obtained by phytoplankton loss, ON mineralization, and ON settling. These
processes can be determined as:
oC,

- (1 - fD6)VS6a—; 17)

(r-20)  C5Ce

S¢ = a,.D Cy—k
6 nc PfON 3 Kmpc +C3

6,

minel“minel

where f,. =fraction of dissolved organic nitrogen, and ¢, =settling velocity of organic nitrogen (m day!).

2.3.7. Inorganic Phosphorus (C,)

The amount of inorganic phosphorus (Orthophosphorus), OPO,, in a water body depends on the rates of
phytoplankton loss, mineralization from organic phosphorus (OP), and phytoplankton uptake. These pro-
cesses are represented in the following form:

r-20) GG

S7 = apcDP (1 - fOP)C3 + kmine29mine2( - apcGPC (18)

Kope +C;
where = the stoichiometric ratio of phosphorus to carbon in phytoplankton; f,y = fraction of dead
and respired phytoplankton recycled to the OP pool; .., = OP mineralization at 20°C (day™); 6,,;,.0 =

temperature coefficient of OP mineralization; .- =half-saturation constant of phytoplankton limitation
of phosphorus recycle (mg C/L).
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Figure 2. (a) Time series of bottom water temperature (blue symbols) measured at a depth of 32 m compared to the surface water temperature (red symbols)
and air temperature (gray line), (b) Contour plot of measured water temperature (°C), (c) Contour plot of observed chl-a (ug C/L) between 2008 and 2017.

2.3.8. Organic Phosphorus (C,)

Sources and sinks of OP in a water body depend on phytoplankton loss, OP mineralization, and OP settling

velocity. These processes are described by the following equation:

(r-20)  C3Cy
Kope + G5

0
- (1 —fus)vssaizg (19)

where ,,, denotes fraction of OP, and _is the settling velocity of OP (m day~!). Further detailed descrip-
tions of the water quality model are available in Safaie (2017) and Zheng et al. (2004).

o,

mine2

SS = apcDPfOPC3 -k

mine2

To simulate nutrient and algal transport at the lakebed, a benthic layer was added to the bottom of the water
column. The following equation was defined in the benthic layer (at z = —H) that received groundwater
inflow:
aCc, Lo o°C,
— -t =D, —"
ot 0z 07
where  is the groundwater inflow rate (m s™), . the vertical diffusion coefficient (m? s™!). Benthic dis-
charge in the losing portion of the lake was described as:
ocC; oC;
4 —L = 21
o on (1)
where  is the rate of groundwater outflow (m s™!). Values of groundwater fluxes and the vertical diffusion
coefficient were set as reported in (Safaie, Litchman, & Phanikumar, 2017).

(20)

3. Results and Discussion

Vertical profiles of water quality variables from weekly in situ measurements at the deepest (32 m) region
of the lake (Figure 1) show several interesting features between 2008 and 2017. The lake has strong summer
thermal stratification, and the thermocline is generally formed at depths from 8 to 12 m. Although there
was a high correlation between air temperature and surface water temperature (Figure 2a) of Gull Lake (r
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Table 2
Water Quality Parameter Values Used in FVCOM-WQM
Symbol Value Definition
. 0.05% Deoxygenation rate at 20° (day )
0.09? Nitrification rate at 20° (day—*)
0.071° Phytoplankton respiration rate at 20° (day—')
vvvvv 0.20°¢ Bacterial respiration rate (mg O, L™ day?)
n 0.09* Denitrification rate at 20° (day—")
. 1.21° Optimum phytoplankton growth rate at 20°, (day—)
AAAAA 0.04° Mortality rate of phytoplankton at 20°, (day—?)
N 0.075° Organic nitrogen mineralization at 20° (day—!)
..... 5 0.22° Organic phosphorus mineralization at 20° (day—*)
Brea 1.028* Temperature coefficient of reaeration
Oeo 1.047% Temperature coefficient of deoxygenation
Orin 1.08* Temperature coefficient of nitrification
Oress 1.08? Temperature coefficient of phytoplankton respiration
Ben 1.08% Temperature coefficient of denitrification
Orro 1.072 Temperature coefficient of optimum growth
Ornor 1.00? Temperature coefficient of phytoplankton mortality
[ 1.08? Temperature coefficient of nitrogen mineralization
Brnine 1.08* Temperature coefficient of phosphorus mineralization
Oso 1.08* Temperature coefficient of SOD
- 2.5% Sediment oxygen demand
0.5¢ Benthic layer depth (m)
~ 0.5% Half-saturation constant for oxygen limitation of CBOD oxidation (mg O,/L)
_____ 0.5% Half-saturation constant for oxygen limitation of nitrification (mg O,/L)
25% Half-saturation constant for uptake of inorganic nitrogen (ug N/L)
12 Half-saturation constant for uptake of inorganic phosphorus (ug P/L)
_ 0.1* Half-saturation constant for oxygen limitation of denitrification (mg O,/L)
12 Half-saturation constant of phytoplankton limitation of phosphorus recycle (mg C/L)
- 0.768 Diffusive exchange coefficient (m?/day)
. 0.5? Organic matter sinking velocity (m/day)
0.14¢ Phytoplankton settling velocity (m/day)
0.5% Settling velocity of organic nitrogen (m day—')
) 0.5% Settling velocity of organic phosphorus (m day—)
0.5% Fraction of dissolved CBOD
o 1? Fraction of dissolved organic nitrogen
" 1? Fraction of dissolved organic phosphorus
o 0.65¢ Fraction of dead and respired phytoplankton recycled to the organic nitrogen pool
o 0.65¢ Fraction of dead and respired phytoplankton recycled to the organic phosphorus pool
. 60° Ratio of carbon to chlorophyll
1/12.5° Ratio of nitrogen to carbon in phytoplankton (mg N/mg C)
i 1/412f Ratio of phosphorus to carbon in phytoplankton (mg P/mg C)
2Ambrose et al. (1993). *Schladow and Hamilton (1997). “Yassuda et al. (2000). YZheng et al. (2004). ¢Yacobi and
Zohary (2010). fHecky et al. (1993). 8This study.
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Table 3

(n = 300) = 0.80, p < 0 0.01), the bottom water temperature remained

Model Performance Metrics Used for Evaluating the Water Quality Model relatively stable over time compared with interannual changes of air
Against Observed Data for Vertical Profiles of Water Quality Variables and lake surface water temperatures. The highest and lowest maximum

Parameter

ez R? RMSE  Observed water temperature differences between lake surface and lake

Water temperature (°C)

Chl-a (ug C/L)

Dissolved oxygen (mg O,/L)

Dissolved nitrate (mg N/L)

SRP (ug P/L)

bottom were 20 and 15°C in 2013 and 2014, respectively. Weekly time
series of surface water temperatures show an increasing trend, while lake
bottom temperatures and chlorophyll a (chl a) concentrations show a de-
2014 0.91 0.72 creasing trend over the 10-year period (Figure S1). While the annual aver-
2015 0.87 0.62 age air temperature was on the rise (+0.045°C year™!), the annual average
2014 0.96 1.32 deep-water temperature had a decreasing trend (—0.071°C year—!) which
was in line with the decline of the annual average deep chlorophyll max-
imum (DCM) (—0.181 ug C L7!) between 2009 and 2017. The biomass
of the annual average DCM in 2014 was the highest (3.20 ug C L) over
2015 0.95 0.09 the 2009-2017 period. It should be noted that since these observations
2014 0.74 0.80 are based on summer measurements, the trend describes the increased
2015 0.68 0.18 isolation of hypolimnion likely because of delays in fall mixing that have

2014 0.96 0.60
2015 0.99 0.79

2015 0.96 0.77
2014 0.68 0.13

taken place due to warming climate conditions. Following the recent
findings in Lake Michigan (Anderson et al., 2021), this condition can be
paired with deep-water warming trends in the winter if subsurface water temperature measurements are
available throughout the year.

Values of the parameters used in the water quality model are summarized in Table 2. The model perfor-
mance metrics, including the coefficient of determination (R?) and the root-mean-square error (RMSE)
are summarized in Table 3. Based on these metrics the simulated results (scenario 1) were in good agree-
ment with the observations. In scenario 1 representing current conditions, the groundwater inflow con-
stituted approximately 40%-56% of the water budget of the lake (Safaie, Litchman, & Phanikumar, 2017).
When groundwater contribution was halved in scenario 2 and eliminated in scenario 3, the simulated lake
levels dropped by 21 and 30 cm, respectively, within the four-month simulation period (from early May
to mid-September). The predicted decline of the lake level in transition from a fully connected to a fully
disconnected flow regime is expected to be greater, since a fully disconnected groundwater-lake system
loses more water due to higher water infiltration rates (Brunner et al., 2009), a process not included in our
modeling. Moreover, as shown in Figures 3 and 4, the hypolimnion water temperature, which had a narrow
range of temperature variability around 8.2°C, increased by 2°C in scenario 2 and more drastically by 6°C in
scenario 3 at the end of the simulation due to the absence of groundwater. These changes in thermal struc-
ture can strongly influence the abundance and distribution of aquatic species and could potentially pose a
threat to cold-water fish species (Comte et al., 2013).

Contour plots of chl a for the three scenarios in 2015 are shown in Figure 5. Near-surface chlorophyll
concentrations (0-4 m) were relatively low and uniform with the average concentration of 1.08 ug C L1
in scenarios 1 and 2. In scenario 3, however, the average near-surface chlorophyll concentrations increased
to 5.22 pug C L' after day of the year (DOY) 230 (see Figure 5¢). As shown in Figures 5b and 5c, the phyto-
plankton bloom intensity increased with decreasing groundwater contribution. Mean and maximum values
of simulated chl a for all scenarios are presented in Table 4. The increase in temperature in the second and
third scenarios caused the average chl a to increase about 2.1 times in 2015. In addition, the maximum
values of simulated chl a in the second and third scenarios were 1.29 and 3.75 times greater than those

Table 4
Summary of Mean and Maximum Simulated Chlorophyll-a and the Trophic State Index (TSI) From Scenarios 1-3

2014 2015

Scenario 1 Scenario 2 Scenario 3 Scenario 1 Scenario 2 Scenario 3

Mean chl a (ug/L) 2.25 2.99 3.44 2.22 4.73 4.68
Max chl a (ug/L) 8.48 11.1 24.59 6.71 15.40 25.16
TSI 32.2 28.5 38.5 31.4 30.8 41.0
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Figure 3. Contour plots of simulated water temperature (°C) for Gull Lake in 2015 (a) with full groundwater
contribution reflecting current conditions (scenario 1), (b) with half of the current contribution of groundwater
(scenario 2), and (c) in the absence of any groundwater contribution to the lake (scenario 3).
DOY 218 DOY 219 DOY 221 DOY 221.4 DOY 221.6 DOY 222
i ;{E
i
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E-30 i
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Figure 4. Comparisons of simulated vertical profiles of water temperature (°C) with observed data in 2015. Simulated
results of scenariol (black line) reflect current conditions with full groundwater contribution, results of scenario 2 (blue
line) are with half of the current groundwater contribution to the lake and results of scenario 3 (red line) are in the
absence of any groundwater contribution to the lake.
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Figure 7. Contour plots of simulated dissolved oxygen (DO) (mg O,/L) (a) with current groundwater contribution to
the lake (scenario 1), (b) with half of the current groundwater contribution (scenario 2), and (c) in the absence of any
groundwater contribution (scenario 3) for Gull Lake in 2015.

DOY 218 DOY 219 DOY 220 DOY 221.4 DOY 221.6 DOY 222

S

gl

DOY 223 DOY 242

Depth (m)

DO (mg/L)

scenario 3

© observed scenario 1 —— scenario 2
Figure 8. Comparisons of simulated vertical profiles of dissolved oxygen (mg O,/L) with observed data in 2015.
Simulated results of scenario 1 (black line) reflect current groundwater contribution to the lake, results of scenario 2
(blue line) are with half of the current groundwater contribution and results of scenario 3 (red line) are in the absence
of any groundwater contribution to the lake.
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Figure 9. Contour plots of simulated dissolved oxygen (DO) saturation (%), (a) with current groundwater contribution
to the lake (scenario 1), (b) with half of the current groundwater contribution (scenario 2), and (c) in the absence of any
groundwater contribution (scenario 3) for Gull Lake in 2015.

observed in 2015, respectively. This increasing algal biomass changed the algal vertical distribution due to
self-shading of light by algae growing in the water column (Shigesada & Okubo, 1981). Thus, the position
of DCM moved upward to the surface in the water column (see Figures 5c and 6). For instance, in DOY 244,
positions of DCM were 13, 10.7, and 9.5 m below the surface of the lake in scenarios 1-3, respectively. These
changes also altered the vertical distributions of DO (Figures 7 and 8) and nutrients (Figures S2 and S3). For
instance, the depths of DCM and oxycline were reduced by 3 m in DOY 235 in 2015 (see Figures 5c and 7c).
Based on the simulation results for the three scenarios and following the chlorophyll limits suggested by the
Organization for Economic Cooperation and Development (OECD) (OECD, 1982), the trophic status of the
lake would change in both 2014 and 2015 from oligotrophic to mesotrophic due to decreasing groundwater
contribution. The average trophic state index (TSI) derived from chlorophyll (Carlson, 1977) increased from
28-32 to 38-41 (Table 4) with decreasing groundwater supply, which highlights deterioration of trophic
state. Warming and eutrophication under the decreased groundwater supply scenario would lead not only
to an increase of algal biomass but it could also preferentially stimulate cyanobacteria that cause harmful
algal blooms (HABs), because cyanobacteria have higher temperature optima for growth (Xiao et al., 2019).

Excessive growth and photosynthesis of phytoplankton in turn highly impacted the DO distribution, and
this was further exacerbated by groundwater depletion (Figures 7 and 8). While the predicted dissolved
oxygen concentration above the thermocline reached supersaturation with DO saturations ranging between
120% and 200% (Figure 9), warmer bottom temperatures lead to early hypoxia and anoxia in the deep waters
of the lake. This level of oxygen supersaturation might increase the risk of gas bubble disease, bacterial
infection, and mortality in invertebrates and fish (Elston & Wood, 1983; Harris et al., 2005). In scenario 1,
bottom DO had a depletion rate of approximately 0.22 mg O, L~! day~', and the anoxia occurred within
four weeks. In scenario 3, however, the anoxic conditions occurred 12 days earlier, with a depletion rate
of 0.36 mg O, L™! day™' due to the absence of a counteracting groundwater effect. This result suggests
that cold-water fish species could experience a high oxythermal stress due to the depletion of deepwater
dissolved oxygen, along with the deepwater warming due to decreasing groundwater contribution (Jiang &
Fang, 2016).

The simulated results of 2014 were also consistent with those described for 2015 (Figures S4-S12). At the
end of the simulation, the lake bottom temperature increased form 9.4 in scenario 1 to 11.4, 14.8°C in sce-
narios 2 and 3, respectively (Figures S4 and S5). The phytoplankton growth rate increased with increasing
water temperature. As shown in Table 4, the mean chl a concentration increased from 2.25 ug C L' in
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scenario 1 to 2.99 and 4.33 ug C L' in scenarios 2 and 3, respectively. The maximum chl a concentrations
also increased to 11.1 and 24.59 pg C L' in scenarios 2 and 3, respectively. While the position of DCM varied
from 12 to 14 m below the surface in scenarios 1 and 2 (Figure S6), it moved upward toward the surface by
more than 3 m in the third scenario. For example, DCM positions in scenarios 1-3 on DOY 238 in 2014 were
14, 13.0, and 10.7 m below the surface of the lake respectively (Figure S7). In addition, DO levels above the
thermocline increased due to accelerated phytoplankton growth (Figures S8 and S9). On the other hand,
the concentrations of nutrients, especially near the positions of the DCM, decreased in scenarios 2 and
3 in consequence to the elevated phytoplankton uptake (Figures S10 and S11). As groundwater supply
decreased, the lake’s warming, and the enhanced algal growth rates altered the DO saturation distribution
(Figure S12). For instance, DO saturation at 10.4 m water depth on DOY 243 in year 2014 increased from
80% in scenario 1%-123% in scenarios 3.

4. Conclusions

In this study, coupled, process-based models of lake — groundwater systems combined with high-resolu-
tion field measurements were used to investigate the role of groundwater on several biophysical processes
in Gull Lake. The impact of groundwater reduction/loss is not included in the riverine inputs, because the
river contribution to the water balance of the lake is relatively small compared to the groundwater input.
In other study areas where the river contribution is significant, this impact needs to be investigated as
well. Furthermore, we ran all scenarios from the same initial conditions to highlight the significant role of
groundwater on water quality in flow-through lakes such as the Gull Lake. In future work, there is a need to
study the long-term effects of groundwater on thermal structure and water quality of the lake. To improve
our understanding of seasonal changes in the thermal structure of lakes such as the Gull Lake, year-round
observations are necessary. Our work shows that algal blooms can appear as a response of inland lakes to
decreasing groundwater supply and indicates that there is significant bottom cooling during the summer
months caused by groundwater-lake interactions, which play an important role in water quality, biodiversi-
ty, and habitat structure of the lakes. Decreasing groundwater supply can reduce the ability of inland lakes
to buffer seasonal water temperature variations leading to an increase in water temperatures and changes
in the thermal structure of the lakes. Consequently, the ecological function of lakes, including nutrient
cycling, dissolved oxygen stratification, and algal dynamics are impacted. Additionally, groundwater de-
pletion could alter food-web functioning and biodiversity of lake ecosystems. These results are expected to
provide improved understanding of the negative effects of groundwater depletion on lake ecosystems and
help management efforts.

Data Availability Statement

The model used in this work (FVCOM) is an open-source community model and can be obtained from
http://fvcom.smast.umassd.edu/fvcom/. All data used in this manuscript have been deposited at Hy-
droShare, CUAHSI (Safaie et al., 2021) and can be accessed using the link: https://doi.org/10.4211/
hs.53b58d3a2fd24031bc0d8af3a9c4a531.
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