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Key Points: 

 Groundwater plays a significant role in key biophysical processes in an inland lake 

 Deep waters in the lake can resist changes induced by surface warming 

 Decreasing groundwater supply to inland lakes could cause deep water warming and 

trigger algal blooms 
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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 
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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 et al., 2020; Woolway & Maberly, 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 

response 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; Verburg, 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 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; Umaña, 2014; Zhang et al., 2016). However, lake responses to rising temperatures 

depend on geographic location, morphometry, mixing regime and trophic state (Kraemer et 
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al., 2017; O’Reilly et al., 2015; Woolway et al., 2020). Three decades of satellite imagery 

data for 71 large lakes around the word indicated that while the intensity of algal blooms has 

increased in most of the lakes (68 percent), 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 et al., 2017a) 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 surface-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 
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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 environmental impacts on groundwater-

dependent ecosystems. Since the dynamics of algal growth depends on nutrient 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 contamination 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, maintaining the resilience of such ecosystems relies upon the sustainability 

of ground-water resources. Numerous 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 

drawdowns 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, USA. 

Gull Lake is a dimictic, groundwater-fed lake with strong summer stratification and with 
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bottom cooling controlled by groundwater (Perry and Brown, 1942; Tague, 1977; Kinsman-

Costello et al., 2015; Safaie et al., 2017a). A detailed three-dimensional hydrodynamic model 

of the lake-groundwater system was developed to simulate lake circulation and thermal 

structure and tested using field observations (Safaie et al., 2017a). In the present work, the 

hydrodynamic model was coupled with transport models to evaluate the role of groundwater 

on hypolimnetic temperatures, dissolved oxygen, nutrients, and algal dynamics within the 

lake. The developed model was used to predict changes in the lake ecosystem caused under 

two scenarios of groundwater depletion: 1) with half of the groundwater contribution relative 

to current conditions and 2) in the absence of groundwater contribution. These scenarios were 

defined based on observations reported in previous studies. For example, estimation of 

groundwater storage change based on in situ and remotely sensed groundwater data in the 

Lake Chad Basin indicated that the groundwater 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 average depth) 

and large (8.25 km2 surface area) glacial kettle lake located in south- western Michigan, USA. 

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 L-1, Phosphorus (P) 

limits phytoplankton growth (total P around 9 g P L-1), and the lake is oligotrophic to 

mesotrophic (Bruesewitz et al., 2012). Gull Lake receives water 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 
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lake (Figure 1). The average groundwater inflow and outflow were estimated as 0.77 and 

0.40 m3/s respectively in 2015 (Safaie et al., 2017a). 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 yr (Safaie et al., 2017a). 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 epilimnion 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, MI 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 AM and 2:00 PM 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 

fluorescence which were measured during each filed work by a Self-Contained Autonomous 

Micro-Profiler (SCAMP, http://pme.com). Nutrient analyses of water samples were 

performed to measure total phosphorus, 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 with 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 
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digestion of unfiltered samples. A Lachat Quickchem autoanalyzer was used to analyze 

filtered samples for measurement of dissolved inorganic phosphorus (orthophosphate or 

soluble reactive phosphorus, SRP). Unfiltered samples were digested by the persulfate 

digestion method to determine total P.  

2.3 Biophysical model of Gull Lake 

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

dimensional, unstructured grid, Finite-Volume Community Ocean Model (FVCOM) (Chen et 

al., 2003, 2006). The governing hydrodynamic equations of FVCOM, including continuity, 

momentum, temperature, salinity, and density equations were closed with a two-equation 

k   turbulence model (Rodi, 1987) and Smagorinsky turbulent closure (Smagorinsky, 1963) 

schemes for vertical and horizontal mixing, respectively. To do this, FVCOM was coupled to 

General Ocean Turbulent 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 σ-layers. The 

bathymetry of the lake was collected using a SonTek RiverSurveyor M9 system and 

interpolated over the mesh using the natural neighbor method (Safaie et al., 2017b). 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 et al. (2017a). 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 
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profiles of water temperature from thermistor chains and lake levels in our previous study 

(Safaie et al., 2017a). 

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 

Kellogg Biological Station (Table 1) were obtained from KBS-LTER database 

(https://lter.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 existing 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). 

https://lter.kbs.msu.edu/datatables
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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: 

( ) ( ) ( )
( ) ( )

( )

i i i i i i

h h

i

h i

C uC vC wC C C
A A

t x y z x x y y

C
K S

z z

¶ ¶ ¶ ¶ ¶ ¶¶ ¶
+ + + = +

¶ ¶ ¶ ¶ ¶ ¶ ¶ ¶

¶¶
+ +
¶ ¶

            

(1) 

where ( 1,...,8)iC i =  are the concentrations of the eight water quality state variables, 

including Dissolved Oxygen (DO) (mg O2/L), Carbonaceous Biochemical Oxygen 

Demand (CBOD) (mg C/L),  phytoplankton (mg C/L),  NH3 (mg N/L), NO3 (mg N/L), ON 

(mg N/L), OPO4 (mg P/L), and OP (mg P/L), respectively. OPO4
  was measured in μg/L. 

Since all units in FVCOM were in mg/L, the units of OPO4 in the model input and output 

were converted accordingly. , ,u v w are velocity components in the , ,x y z  directions; 
hA  and 

hK  denote the horizontal and vertical mixing coefficients respectively; ( 1,...,8)iS i = 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.  

Dissolved oxygen (C1). The dynamics of dissolved oxygen are controlled by the 

following processes (Ambrose et al., 1993): reaeration, oxidation, nitrification, phytoplankton 

loss, phytoplankton growth, sediment oxygen demand, and bacterial respiration. The term 

that includes all these processes can be written as follows: 

3

( 20) ( 20) ( 20)1 2 1 4

1 1

1 1

( 20)

3 3

64
( )

14

32 32 48
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12 12 14

T T T

reae reae S deox deox nitr nitr

BOD nitr

T

P P nc NH SOD bresp
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              (2) 
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The first term in equation (2) is the reaeration term, where 
reaek is the reaeration rate 

coefficient at 20 Co  (day-1) and 
reaeq  is the temperature coefficient of reaeration. 

SC  and 
1C  

denote the dissolved oxygen saturation and dissolved oxygen concertation (mg O2/L), 

respectively. 
SC  which is a function of temperature and salinity is given by (APHA, 1998): 

5 7 10 11

2 3 4

2

1.575701 10 6.642308 10 1.243800 10 8.621949 10
ln 139.34411

19.428 3867.3
0.5535 (0.031929 ) 

S

K K K K

K K

C
T T T T

S
T T

´ ´ ´ ´
= - + - + -

- × - +

    (3) 

where 
KT  is the water temperature in Kelvin (K). 

reaek  in the first term of equation (2) is 

calculated as the maximum 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 
deoxk is the CBOD 

deoxygenation rate at 20 oC (day-1) and 
reaeq  is the temperature coefficient of deoxygenation. 

2C  and 
BODK  denote CBOD concentration and the half-saturation constant for oxygen 

limitation of CBOD oxidation (mg O2/L), respectively. The third term of equation (2) 

represents  nitrification, where 
nitrk is the nitrification rate at 20 Co (day-1) and 

nitrq  is the 

temperature coefficient of nitrification. 
4C  and 

nitrK  are concentration of NH3 and the half-

saturation constant for oxygen limitation of nitrification (mg O2/L), respectively. The fourth 

term in equation (2) shows phytoplankton oxygen consumption due to its respiration and 

death, where 
PD  is the phytoplankton loss (day-1), and 

3C  is the concentration of 

phytoplankton (mg C/L).  

The fifth term in equation (2) denotes oxygen production by phytoplankton 

photosynthesis and nitrogen reduction, where 
PG is the growth rate of phytoplankton (day-1), 
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nca  is the stoichiometric ratio of nitrogen to carbon in phytoplankton. Dissolved inorganic 

nitrogen is taken up by for phytoplankton growth. Both ammonia 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): 

3

4 5 4 mN

NH

4 mN 5 mN 4 5 5 mN

C C 0.0001C K
P = + 

(C + 0.0001K )(C +0.0001K ) (C +C )(C +0.0001K )
   (4) 

The last two terms of equation (2) are the sediment oxygen demand (SOD ) and the oxygen 

consumption by bacterial respiration, respectively, where 
bh  is the benthic layer depth (m), 

SODq  is the temperature coefficient of SOD , is the sediment 
brespk is the bacterial respiration 

rate (mg O2/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:       

2

1 1

2z

C C
D

z Ht z

¶ ¶
=

= -¶ ¶
        (5) 

where 
zD  denotes diffusive exchange coefficient (m2/day).  

 Carbonaceous biochemical oxygen demand (C2). The amount of Carbonaceous 

Biochemical Oxygen Demand (CBOD) in a water body depends on phytoplankton loss, 

oxidation, denitrification, and settling, which can be described by the following equation: 

3

3

5( 20) ( 20)1 2

2 3

1 1

2

2 2

32 5 32

12 4 14

(1 )

NOT T

P deox deox deni deni

BOD NO

D S

K CC C
S D C k k

K C K C

C
f v

z

q q- -= - -
+ +

¶
- -

¶

               (6) 
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where 
3NOK = half-saturation concentration for oxygen limitation of denitrification (mg O2/L), 

2Df = fraction of dissolved CBOD, 
sC  is the dissolved oxygen saturation (mg O2/L) estimated 

by equation (3), and 
2sv  =organic matter settling velocity (m.day-1). 

Phytoplankton (C3). Sources and sinks of phytoplankton are mainly described by the 

following processes: phytoplankton growth, phytoplankton loss, and phytoplankton settling: 

3

3 3 3 3P P S

C
S G C D C v

z

¶
= - -

¶
        (7) 

where 
2sv  = phytoplankton settling velocity (m.day-1), and the remaining variables have the 

same definition as those in equation (2). The growth rate of phytoplankton (
PG ) is modeled 

as: 

( 20)T

P grow N I growG k R R q -=           (8) 

where 
growk  is the optimum phytoplankton growth rate at 20 oC  (day-1), 

NR  is the growth rate 

reduction due to nutrient limitation, 
IR  denotes growth rate reduction due to light limitation, 

and 
growq  is the temperature coefficient of optimum growth.

NR is determined using the 

Michaelis-Menten model for inorganic nutrients: 

4 5 7

4 5 7

min ,N

MN MP

C C C
R

K C C K C

æ ö+ ÷ç ÷= ç ÷ç ÷ç + + +è ø
        (9) 

where 
MNK  and 

MPK  are half-saturation constants for uptake of inorganic nitrogen (mg N/L) 

and phosphorus (mg P/L), respectively. 
IR  is determined using the model proposed by 

(Steele, 1962), which has the following form: 

exp 1z z

I

s s

I I
R

I I

æ ö÷ç ÷= -ç ÷ç ÷çè ø
         (10) 
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where 
sI  is the optimum light intensity (W/m2), and 

zI is the light intensity in a water 

column. 
zI is an exponential function of water depth that can be calculated using Beer’s law: 

0 exp( )z eI I k z= -          (11) 

where 
0I  is the light intensity at the surface (W/m2), z  is the water depth (m). 

ek  denotes the 

light extinction coefficient (m-1) which can be calculated as the sum of the vertical light 

attenuation coefficient for pure water (
wk ) and the phytoplankton self-shading attenuation (

shdk ).  Light intensity attenuates by the presence of phytoplankton biomass in a column of 

water. Self-shading of light by algae growing in a column of water can be expressed as 

(Ambrose et al., 1993): 

0.6670.0088 0.054shdk Chl Chl= +         (12) 

where Chl  is the chlorophyll concentration (µg/L) at water depth z . Chlorophyll 

concentrations can be estimated by 
2 / cchlChl C a= , where 

cchla  is the ratio of carbon to 

chlorophyll. Substitution of equation (11) into equation (10) in a layer-integrated form is used 

to calculate 
IR : 

( )
( ) ( )0 0

1

2.718
  exp exp exexp pI e i e i

e s s

I I
R k z k z

k z I I
+

æ öæ ö æ ö÷ç ÷ ÷ç ç ÷÷ ÷ç ç ç ÷÷ ÷ç ç ç ÷÷ ÷ç ç ÷ç è ø è ø
= - - -

ø
-

D è
-      (13) 

where 
iz  and 

1iz 
  are depths from the free surface to the bottom and top of each sigma layer 

(m), respectively, and zD  is the layer thickness (m). 

The phytoplankton loss rate (
PD ) used in equations (2) and (7) is determined by 

considering phytoplankton respiration and mortality: 

( 20) ( 20)T T

P resp resp mort mortD k kq q- -= +         (14) 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

where 
respk = phytoplankton respiration rate at 20 oC  (day-1); 

respq =  temperature coefficient of 

phytoplankton respiration; 
mortk =  rate of phytoplankton mortality at 20 oC  (day-1); and 

mortq =

temperature coefficient of phytoplankton mortality. 

Ammonia (C4). Ammonia, NH3, is obtained by the balance between phytoplankton 

loss, mineralization from organic nitrogen, phytoplankton uptake, and nitrification: 

3

( 20) 3 6

4 3 3

3

( 20) 1 4

1

(1 ) T

nc P ON mine1 mine1 nc P NH

mPC

T

nitr nitr

nitr

C C
S a D f C k a G P C

K C

C C
k

K C

q

q

-

-

= - + -
+

-
+

                        (15) 

where 
nca  = the stoichiometric ratio of nitrogen to carbon in phytoplankton; 

PD =  

phytoplankton loss rate (day-1); 
ONf =  fraction of dead and respired phytoplankton recycled 

to the organic nitrogen pool; 
mine1k =  organic nitrogen mineralization at 20 oC  (day-1); 

1mineq = temperature coefficient of organic nitrogen mineralization; 
mPCK = half-saturation 

constant of phytoplankton limitation of phosphorus recycle (mg C/L); 
PG =  phytoplankton 

growth rate (day-1); 
3NHP =  constant of ammonia preference; 

nitrk =  nitrification rate at 20 Co  

(day-1); 
nitrq = temperature coefficient of nitrification; and 

nitrK =  half-saturation constant for 

oxygen limitation of nitrification (mg O2/L). 

Nitrate and nitrite nitrogen (C5). Nitrogen oxides, including NO2 and NO3, are 

inorganic compounds of nitrogen, which can be described via nitrification, phytoplankton 

uptake, and denitrification processes: 

3

3

3

5( 20) ( 20)1 4

5 3

1 1

(1 )
NOT T

nitr nitr nc P NH deni deni

nitr NO

K CC C
S k a G P C k

K C K C
q q- -= - - -

+ +
                 (16) 

where 
denitk =  denitrification rate at 20 

oC  (day-1); 
denitq = temperature coefficient of 

denitrification; 
3NOK =  half-saturation constant for oxygen limitation of denitrification (mg 
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O2/L); and the remaining variables have the same definition as those in equation (15). The 

first term of equation (16) represents the nitrification that ammonia (
3NH ) is oxidized to 

nitrite (
2NO- ) and then to nitrate (

3NO- ). The second term shows the preferred amount of 
3NO  

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 (N2). 

Organic nitrogen (C6). Sources and sinks for organic nitrogen (ON) are obtained by 

phytoplankton loss, organic nitrogen mineralization, and ON settling. These processes can be 

determined as: 

( 20) 3 6 6

6 3 6 6

3

(1 )T

nc P ON mine1 mine1 D S

mPC

C C C
S a D f C k f v

K C z
q - ¶

= - - -
+ ¶

               (17) 

where 
6Df =  fraction of dissolved organic nitrogen, and 

6Sv =  settling velocity of organic 

nitrogen (m.day-1). 

Inorganic phosphorus (C7). The amount of inorganic phosphorus (Orthophosphorus), 

OPO4, in a water body include phytoplankton loss, mineralization from organic phosphorus, 

and phytoplankton uptake. These processes are determined in the following form: 

( 20) 3 8

7 3 2 2 3

3

(1 ) T

pc P OP mine mine pc P

mPC

C C
S a D f C k a G C

K C
q -= - + -

+
    (18) 

where 
pca  = the stoichiometric ratio of phosphorus to carbon in phytoplankton; 

ONf = fraction 

of dead and respired phytoplankton recycled to the organic phosphorus pool; 
2minek = organic 

phosphorus mineralization at 20 oC  (day-1); 
2mineq = temperature coefficient of organic 

phosphorus mineralization; 
mPCK = half-saturation constant of phytoplankton limitation of 

phosphorus recycle (mg C/L). 
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Organic phosphorus (C8). Sources and sinks for organic phosphorus (OP), in a water 

body depends on phytoplankton loss, OP mineralization, and OP settling velocity. These 

processes are described by the following equation: 

( 20) 3 8 8

8 3 2 2 8 8

3

(1 )T

pc P OP mine mine D S

mPC

C C C
S a D f C k f v

K C z
q - ¶

= - - -
+ ¶

     (19) 

where 
8Df  denotes fraction of organic phosphorus, and 

8Sv  is the settling velocity of organic 

phosphorus (m day-1). Further detailed descriptions of the water quality model are available 

in Zheng et al. (2004) and Safaie (2017). 

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: 

2

2

i i i

in z

C C C
q D

t z z

  
 

  
           (20) 

where 
inq  is the groundwater inflow rate (m s-1), 

zD the vertical diffusion coefficient (m2 s-1). 

Benthic discharge in the losing portion of the lake was described as: 

0i i

out

C C
q

t z

 
 

 
           (21) 

where 
outq  is rate of groundwater outflow (m s-1). Values of groundwater fluxes and the 

vertical diffusion coefficient were set as reported in (Safaie et al., 2017a). 

 

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 
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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(n=300) = 0.80, p <0 

.01), the bottom water temperature remained relatively stable over time compared with 

interannual changes of air and lake surface water temperatures. The highest and lowest 

maximum observed water temperature differences between lake surface and lake 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 decreasing trend over the 10-year period (Figure S1). While the 

annual average air temperature was on the rise (+ 0.045 °C year−1), the annual average deep-

water temperature had a decreasing trend (− 0.071 °C year−1) which was in line with the 

decline of the annual average deep chlorophyll maximum (DCM) (− 0.181 μg C L−1) between 

2009 and 2017. The biomass of the annual average DCM in 2014 was the highest (3.20 μg C 

L−1) over the 2009 - 2017 period. It should be noted that since these observations are based 

on summer measurements, the trend describes the increased isolation of hypolimnion likely 

because of delays in fall mixing that have 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 performance metrics, including the coefficient of determination (R2) and the root-

mean-square error (RMSE)are summarized in Table 3. Based on these metrics the simulated 

results (scenario 1) were in good agreement with the observations. In scenario 1 representing 

current conditions, the groundwater inflow constituted approximately 40 to 56 percent of the 

water budget of the lake (Safaie et al., 2017a). When groundwater contribution was halved in 

scenario 2 and eliminated in scenario 3, the simulated lake levels dropped by 21 cm and 30 
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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 oC, increased by 2 oC in scenario 2 and more drastically by 6 oC in scenario 3 at 

the end of the simulation due to the absence of groundwater. These changes in thermal 

structure 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 μg C L−1 in scenarios 1 and 2. In scenario 3, however, the average near-

surface chlorophyll concentrations increased to 5.22 μg C L−1 after day of the year (DOY) 

230 (see Figure 5c). As shown in Figures 5b and 5c., the phytoplankton 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 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 dissolved oxygen (DO) (Figures 7 and 
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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 O2 L
-1 day-1, 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 O2 L
-1 day-1

 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, 
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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 oC in scenarios 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 μg C L−1 in scenario 1 to 2.99 and 4.33 μg 

C L−1 in scenarios 2 and 3, respectively. The maximum chl a concentrations also increased to 

11.1 and 24.59 μg C L−1 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 towards 

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 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 to 123% in scenarios 3. 

4 Conclusions 

In this study, coupled process-based models of lake - groundwater systems combined 

with high-resolution 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 
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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, biodiversity, 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 depletion 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.  
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Figures and Tables 
 
 

 
 

Figure 1. Map of Gull Lake, MI showing the sampling location of water quality parameters.  
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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 (oC), (c) contour plot of observed chl-a 

(μg C/L) between 2008 and 2017.  
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Figure 3. Contour plots of simulated water temperature (oC) 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). 
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Figure 4. Comparisons of simulated vertical profiles of water temperature (oC) with observed 

data in 2015. Simulated results of scenario1 (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 5. Contour plots of simulated chl a (μg C/L) 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). 
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Figure 6. Comparisons of simulated vertical profiles of chl-a (μg C/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 7. Contour plots of simulated DO (mg O2/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. 
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Figure 8. Comparisons of simulated vertical profiles of dissolved oxygen (mg O2/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 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. 
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Table 1. Information of the nutrient concentrations observed in Prairieville Creek and the 

pond lab reservoir well near Gull Lake from 2009-2014. 

Nutrient forms 
Prairieville Creek  Pond Lab Reservoir well 

average min max  average min max 

NO3 (mg/L) 5.70 4.90 6.40  0.026 0.001 0.500 

NH4 (g/L) 28.0 8.30 68.0  14.0 0.73 33.0 

TDP (g/L) 5.97 2.30 9.14  5.13 0.66 14.0 

PO4 (g/L) 1.80 0.72 3.87  4.12 0.36 14.0 
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Table 2. Water quality parameter values used in FVCOM-WQM 

Symbol Value Definition 

deoxk   0.05a Deoxygenation rate at 20 degree (day-1) 

nitrk  0.09a Nitrification rate at 20 degree (day-1) 

respk  0.071b Phytoplankton respiration rate at 20 degree (day-1)  

brespk  0.20c Bacterial respiration rate (uM/h) 

denik  0.09a Denitrification rate at 20 degree (day-1) 

grow
k  1.21b Optimum phytoplankton growth rate at 20 degree, (day-1) 

mortk  0.04b Mortality rate of phytoplankton at 20 degree, (day-1) 

mine1k  0.075b Organic nitrogen mineralization at 20 degree (day-1) 

2minek  0.22b Organic phosphorus mineralization at 20 degree (day-1) 

reaeq  1.028a Temperature coefficient of reaeration 

deoxq  1.047a Temperature coefficient of deoxygenation 

nitrq  1.08a Temperature coefficient of nitrification 

respq  1.08a Temperature coefficient of phytoplankton respiration 

deniq  1.08a Temperature coefficient of denitrification 

growq  1.078 Temperature coefficient of optimum growth 

mortq  1.00a Temperature coefficient of phytoplankton mortality 

mine1q  1.08a Temperature coefficient of nitrogen mineralization 

2mineq  1.08a Temperature coefficient of phosphorus mineralization 

SODq  1.08a Temperature coefficient of SOD 

SOD  2.5a Sediment oxygen demand 

bh  0.5d Benthic layer depth (m) 

BODK
 0.5a Half-saturation constant for oxygen limitation of CBOD oxidation (mg O2/l) 

nitrK
 0.5a Half-saturation constant for oxygen limitation of nitrification (mg O2/l) 

mNK
 25a Half-saturation constant for uptake of inorganic nitrogen (μg N/l) 

mPK
 1a Half-saturation constant for uptake of inorganic phosphorus (μg P/l) 

3NOK
 0.1a Half-saturation constant for oxygen limitation of denitrification (mg O2/l) 

mPCK
 1a Half-saturation constant of phytoplankton limitation of phosphorus recycle (mg C/l) 

zD
  0.76* Diffusive exchange coefficient (m2/day) 

2Sv
  0.5a Organic matter sinking velocity (m/day) 

3Sv
 0.14* Phytoplankton settling velocity (m/day) 

6Sv
 0.5a Settling velocity of organic nitrogen (m.day-1) 

8Sv
 0.5a Settling velocity of organic phosphorus (m.day-1) 

2Df  0.5a Fraction of dissolved CBOD 

6Df  1a Fraction of dissolved organic nitrogen 

8Df  1a Fraction of dissolved organic phosphorus 

ONf
 0.65c Fraction of dead and respired phytoplankton recycled to the organic nitrogen pool 

OPf
 0.65c Fraction of dead and respired phytoplankton recycled to the organic phosphorus pool 

cchla
 60e Ratio of carbon to chlorophyll  

nca
 1/12.5f Ratio of nitrogen to carbon in phytoplankton (mg N/mg C) 

pca
 1/412f Ratio of phosphorus to carbon in phytoplankton (mg P/mg C) 

a (Ambrose et al., 1993) b (Schladow & Hamilton, 1997) c (Yassuda et al., 2000) d (Zheng et al., 2004) 

e (Yacobi & Zohary, 2010)  f(Hecky et al., 1993) * This study 
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Table 3. Model performance metrics used for evaluating the water quality model against 

observed data for vertical water quality profiles. 

 

Parameter Year R2 RMSE 

Water temperature 

(oC) 

2014 0.96 0.60 

2015 0.99 0.79 

Chl-a 

(μg C/L) 

2014 0.91 0.72 

2015 0.87 0.62 

Dissolved oxygen 

(mg O2/L) 

2014 0.96 1.32 

2015 0.96 0.77 

Dissolved nitrate 

(mg N/L) 

2014 0.68 0.13 

2015 0.95 0.09 

SRP 

(μg P/L) 

2014 0.74 0.80 

2015 0.68 0.18 
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Table 4. Summary of mean and maximum simulated chlorophyll-a and the Trophic State 

Index (TSI) from scenarios 1-3 

 

 2014  2015 

 Scenario1 Scenario2 Scenario3  Scenario1 Scenario2 Scenario3 

Mean chl-a (μg/L) 2.25  2.99 3.44  2.22 4.73 4.68 

Max chl-a (μg/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 

 


