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Abstract

It is a well-established fact that there is no direct resource competition between pelagic and
benthic primary producers when their habitats are located in physically separate areas.
However, the benthic habitat located at the bottom of the water column is affected by the light
rays that gets attenuated as it passes through the pelagic zone and is obstructed by the algal cells
and suspended material present in the water column. Therefore, benthic primary production is
very much influenced by the conditions and concentrations in the pelagic zone. Another level
of complexity is added to the system while considering the impact of flowing water in a riverine
environment. In the research presented here a numerical model is developed to examine the
impact of flow and nutrients on pelagic and benthic primary producers. The aforementioned
numerical model solves advection diffusion and reaction (ADR) equation through TVD (total
variation diminishing) - MacCormack scheme. The diffusion term is solved through central
difference scheme. The model results are first validated by comparing the results with analytical
solutions for the simplified case. The validated model is then applied to a 30 kms stretch of the
Bode River and simulations are conducted for multiple flow conditions. Impact of transient
flow and nutrient boundary conditions on the evolution of algal trait is examined. Our
simulation exercise highlights the importance of residence time in the temporal evolution of
algae in pelagic and benthic zone and further identifies the most sensitive parameter influencing
the evolution of the algal community modelled. Our research also reveals that largest
uncertainty in the modelling stems from the wide range of entrainment rate that could be used
for modelling resuspension of benthic algae in pelagic zone. The use of higher entrainment rate

increased the algal concentration in the water column by 48% for identical flow conditions.

Key Words: Pelagic algae, Benthic algae, Eutrophication, Numerical modelling
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1 Introduction

Eutrophication leading to algal bloom is one of the most severe ecological and environmental
problems for both inland and coastal water bodies (Chun et al. 2007, David et al. 2010, Heisler
2008, Simon et al. 2010). Increased frequency of algal blooms is detrimental to economic and
recreational pursuits, human and aquatic ecosystems in general (Muttil and Lee 2005). One of
the major issues associated with algal bloom is depletion of dissolved oxygen and creation of
hypoxic zone (Cox 2003). The hypoxic zone thus created has a destabilizing impact on the fish
habitat in the surface waters. Beyond a certain threshold value algae can also lead to occasional
human poisoning through intake of contaminated food sources (Huppert et al. 2008, Alan et al.
2005). It has been established that algal blooms are primarily caused by some combination of
climatic conditions, nutrient concentrations in surface waters and critical hydrodynamic
conditions. The problem of understanding the physics behind the algal bloom is further
exacerbated by algal traits, benthic and suspended/pelagic algae, which are located in physically
separate areas. Bottom attached benthic algae observed in the range of 100 — 150 mg
chlorophyll-a have been deemed unacceptable for river recreation (Welch et al. 1998; Suplee
et al. 2009). Elevated level of benthic algae also is also detrimental for tourism and business
(Pretty et al. 2002, Dodds et al. 2009). Increased agricultural activity in the wake of green
revolution at the starting of twentieth century, combined with excessive use of fertilizers and
manure has led to increase nutrient concentration in streams flowing through agricultural and
urban areas (Smil 1999, Spaulding and Exner 1993). Multiple researchers have examined the
dynamics of algal bloom from hydrodynamic and eutrophication point of view (Dodds et al.
2002, Yamamoto et al. 2002, Mitrovic et al. 2003, Gao et al. 2007). However, most of these
studies are either experimental or statistical in nature based on the observed data. Although, of
inherently sound scientific value, the observed data for bottom attached algae is usually studied

for low flow conditions and shallow streams that fails to disentangle the impact of changing
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flow conditions on the dynamics of benthic algae. The spatiotemporal evolution of suspended
and benthic algae under transient flow and nutrient boundary conditions in aquatic environment
is a tightly coupled and a highly non-linear phenomenon. The problem of tracking the evolution
of different algal trait is compounded further by the asymmetric competition for light and
nutrients across habitat boundary in shallow aquatic ecosystems by benthic and pelagic primary
producers (Jager et al. 2014). In a shallow aquatic ecosystems light that is supplied from above
first passes through suspended algae where it gets attenuated by the presence of dissolved
substance and suspended particles, consequently the benthic primary producers are distinctly
influenced by attenuation of the light coming from the top (Kirk 1994, Vadenboncoeur et al.
2001). In contrast nutrients are usually released and supplied from the river bed. It is a well-
known fact that particulate nutrients accumulate in sediments which are eventually released
back in the water column (Rizzo et al. 1992, Caraco et al. 1992). The transfer of nutrients from
the bottom of the river can be hampered by the production of benthic algae. This cyclical
connection and asymmetric competition for resources makes a unique and interesting setting
for examining the evolution of benthic and suspended algae under varying flow, nutrients and
light conditions. Furthermore, algal cells are of higher specific density than water, consequently
they sink out of the pelagic zone and part of their nutrient content is mineralized in the sediment
layer (Jager et al. 2010). It is the hydrodynamic entrainment rate near the bed, varying with the
flow condition, combined with turbulent mixing in the vertical direction is then responsible to
get the nutrient back into the water column. Although the importance of the impact of fluvial
processes (shear velocity, water depth, surface width and flow velocity) on spatial and temporal
dynamics of algal biomass is well recognized in the lake research community (Riley et al. 1949;
Sverdrup et al. 1953; Anita 2005; Peterson et al. 2005), an equivalent study in a riverine
environment is somewhat missing. To quote, Nijboer and Verdenschot (2004), “models are

needed for forecasting the effect of eutrophication on stream and river ecosystems”. In recent
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years with concomitant advances in computing power and numerical methodology there has
been a renewed interest in understanding and disentangling the various effects of physical

processes on biological variables.

The main objective of the research presented in this paper is to examine the spatiotemporal
evolution of suspended and benthic algae in river reach under transient flow and nutrient
boundary concentrations. Furthermore, we also examine the impact of changing light conditions
as well as loss/death rate of both suspended and benthic algae on the temporal evolution of both
suspended and benthic algae. In order to accomplish the aforementioned objective we
developed a computationally efficient numerical model to solve Advcection Dispersion
Reaction (ADR) equation in a channel with linear as well as non-linear decay term. Simulation
results were validated against the analytical solution where present. The validated model was
than enhanced to include various terms that represent the impact of light and nutrients on the
pertinent state variables. The fully developed model is then applied to a 30 kms stretch of the
Bode River located in central Germany. Numerical simulations were conducted for a period of
48 hrs to examine the impact of changing light penetration and death rate of suspended and

benthic algae on the spatiotemporal evolution of algal traits under different flow conditions.

This remainder of the paper is organized as follows. In section 2 the conceptual framework
along with numerical scheme behind the developed model is presented. The model is validated,
where possible, with the help of analytical solution at the end of section 2. Section 3 provides
the details about the field site and the river reach where the developed hydro-ecological model
is applied. The relationship between the major fluvial variables for the reach under
consideration is obtained via setup and application of HEC-RAS model, the details of which

are provided in section 3. Spatiotemporal evolution of suspended and benthic algae as obtained
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by the application of the developed hydro-ecological model is presented in the section 4. The

model is developed in FORTRAN-90 and is highly modular in nature for future developments.

2 Method

2.1 Hydro-Ecological Model

The hydro-ecological model developed and presented in this study numerically resolves
suspended and benthic algae along with nutrients in a given river reach. Water column is
divided into separate suspended/pelagic and benthic zones and spatiotemporal evolution of
algae along with nutrients in surface waters and benthic zone is modelled by a mix of partial

and ordinary differential equations (ODE) as shown in Egs. (1) to (4).

——Advection
ZIT‘IH)(
1 Dispersion - Production

Pelagic zone—=<

e N dependent

etting on light

¥ Entrainment

Benthiczone Ly Production dependenton light

Fig. 1. Schematic of major processes affecting pelagic/suspended and benthic algae

The model is one-dimensional in nature and is extended from Jager and Diehl (2014), developed
for lake ecosystems, to account for advection and longitudinal dispersion of suspended algae
and nutrients in a river reach. The flow velocity in the domain is denoted by v (ms™) and
longitudinal dispersion Dx(m?s™!). The biomass of suspended and benthic algae is denoted by A

(mg of Carbon m?) and B (mgC m?) respectively. Reaction kinetics affecting the

6
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spatiotemporal evolution of suspended algae (A) can be classified broadly either as a source or
a sink term for suspended algae. Growth rate, second term on the right hand side (rhs) of Eq.
1, and entrainment of benthic algae from benthic zone to the suspended zone, modelled by the
third term on the rhs of Eq. (1), are the two source terms. The loss of suspended algae due to
death rate, potentially attributed to grazing, and sedimentation or settling of the suspended algae

are the two sink terms and are modelled by third and fourth term on the rhs of Eq. (1)

respectively.
oA oA o*A A ™ re |
A A A h (R Mo B A Sed (M
ot dx tox’ oz ‘ I
|

dB |
& B, (1(z, VR, .K,)+T.Sed Z.  A-1,-BL £ B : )
dt | -
oR oR o°R Fo

if . - D :"f 4 @y (RI)/ - wa )+ c,l,A- Ca A .[PA(I(Z)’RM )dz (3)

ot ox ox z ’ zZ. o ’

dR a c.B

Lz (sz = N ) : P, (Izmax ’RbI’KB) (4)
dt Z, Ty

I(Z) Rsmj
P(1(z).R,, )= p, - @)
I(z)+hA wa +m,
B I R

PB (17m1|x ’RbI’KB): pb‘ 1_ — = = (6)

) K,)I . +h, R, +m

—(ky Atk )z

I(z)=1,e (7)
The growth rate of the suspended algae is affected by the light intensity, which varies along the
water column, and is also dependent on nutrient concentration in the surface water as shown in
Eq. (5). The zero-order maximum photosynthesis rate for suspended algae is denoted by pa
(day™). The impact of nutrient concentration and light intensity on the growth rate of suspended

algae is modelled via Monod expression (Michaelis and Menten 1913; Michaelis et al. 2011;

Monod 1949) which varies between 0 and 1 as shown in Eq. 5. Although phosphorus might not
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be the only nutrient of consequence for the growth of suspended algae, nitrate might be equally
important, but as the model is applied, detailed in section 3, to the river reach in central
Germany and because of the biogeochemical patterns reported by Kamjunke et al., (2014) the
control exerted by phosphorus on the growth rate is retained. In Eq. (5) Ryur (mg of P m?) is
the total phosphorus concentration and ma (mg P m™) denotes the half saturation constant for
nutrient limited production rate of suspended algae. The variation of light along the water
column depth is modelled according to the Beer-Lambert law (Chapra 2008) and is shown in
Eq. (7). Impact of self-shading of suspended algae is incorporated through light attenuation
coefficient denoted by Ka (m?>mg! C), Kne (m™) is the background light extinction coefficient
attributed to water and colour and I, (micro-mol photons m™ sec’!) is the light intensity at the
water surface. The emigration rate or the detachment rate of bottom attached benthic algae is
modelled as the function of shear velocity (u+) and an empirical constant E after Graba et al.
(2010). The depth of water column, zone of suspended algae, is denoted by Zmax(m).
Sedimentation and death/loss rate of suspended algae is denoted by Sedx (m™) and 15 (m™)
respectively. The temporal evolution of benthic algae is modelled via ordinary differential
equation shown in Eq. (2), the production rate, first term on the rhs of Eq. (2) and the
sedimentation rate of suspended algae, second term on rhs of Eq. (2), are the two source terms
for the benthic algae. Production rate of benthic algae, as shown in Eq. 6, is modelled as a first
order-logistic model, ps(day™') is the maximum photosynthesis rate and K (mg C m) is the
theoretical maximum carrying capacity under given condition. Production rate is further
affected by the light intensity reaching the river bottom (Izmax) which obtained through the Beer-
Lambert law as explained before and nutrient limitation arising from the concentration of
phosphorus in the benthic layer which is again modelled via Monod expression. Total
concentration of phosphorus in the benthic layer is denoted by Ry (mg P m™) and mg (mg P m"

3) denotes the half saturation constant for nutrient limited production rate of benthic algae. A
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fraction (I') of settling suspended algae attaches itself to the benthic algae and acts as a source
term for the benthic algae. The loss of benthic algae attributed to respiration/excretion,
sloughing, grazing etc. (Flynn et al. 2013) is modelled through first-order rate coefficient Ig
(day™), third term on the rhs of Eq. 2. Furthermore, the emigration of benthic algae, last term
on the rhs of Eq. (2), due to the shear exerted by the flowing water acts as a sink for benthic
algae but a source for suspended algae as explained before. The contrasting nature
spatiotemporal evolution of nutrients in surface water (Rsurf) in comparison to suspended algae
is revealed by the fact that the source and sink term for the suspended algae act in opposite
manner for surface nutrients as shown by third and fourth term on the rhs of Eq.(3). These
terms are multiplied by the appropriate conversion constant i.e. Ca and Cp in Eq. (3) and (4)
that represents phosphorus to carbon ratio of suspended and benthic algae (Rpi). The second
term on the rhs of Eq. (3) models the nutrient exchange between the benthic zone and the water
column. The exchange rate of nutrients between benthic zone and the water column is denoted
by ap (m day™!) and is contingent on the comparative concentration of nutrients in benthic zone
and the water column. The temporal evolution of nutrients in benthic zone (Ryi) is modelled
with the ODE shown in Eq. (4), once again the source term for benthic algae (B) act as a sink
term for benthic nutrients as shown by the second term on the rhs of Eq. (4). The thickness of
benthic layer is denoted by zp. The first term on the rhs of Eq. (4) models the exchange
dynamics of nutrients between benthic zone and the overlying water column, please note that
this term can change from source to sink and back depending on the comparative concentration

of nutrients in water column and the benthic zone.
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2.2 Numerical Scheme

The governing equations for suspended algae and surface nutrients, Eqs (1) and (3), describing
the spatiotemporal evolution of algae and nutrients in riverine ecosystems are essentially
Advection-Dispersion-Reaction (ADR) equations. Advection, dispersion and reaction (ADR)
are the fundamental processes depicting the transport of solute within a water body. In this
section we present detail description of the numerical methods used for the resolution of the
ADR equations described in detail in section 2.1. As far as the numerical solution of ADR
equation is concerned it is a well-known fact that the numerical resolution of the advective term
poses the biggest challenge. This is mainly attributed to the fact that the advection process is
represented by hyperbolic equation which accepts the discontinuities, commonly known as
shock, in the solution. Application of traditional finite difference scheme in the area of
discontinuity where the concentration changes sharply leads to spurious oscillations in the
numerical solution. Following the pioneering work of Godunov (1959) substantial progress has
been made in the area of shock capturing scheme. One of the major developments in the area
of numerical resolution of hyperbolic equation with the help of Godunov-type scheme was
accomplished by the introduction of the Total Variation Diminishing (TVD) scheme attributed
to Harten (1983). TVD-MacCormack scheme after Liang et al. (2010) was used for the
resolution of the advective term in this paper. Furthermore, for the easier implementation and
development of the model, operator-splitting technique was used. The basic principle behind
operator-splitting technique is to break the complex governing model-equations into number of
sub-equations. The advantage of this technique is that the most suitable numerical scheme can
be used for each sub-equation. In the present work the diffusion term in the ADR equation is
solved using second order central differencing scheme and the advective part is solved with
TVD-MacCormack scheme (Liang et al. 2010). Application of central differencing scheme for

the diffusive part is straightforward hence its details are not presented here. As regards to the
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convective and the reaction term as presented in Eqs (1) and (3), it is implemented in the

following manner.

Step 1: Predictor step
¢ = €1 =[O} = (VO] 5 + Cl At (8a)
e Step2: Corrector step

¢t =05+ {cP +Cr = [WO,, - WO 5 + CP e} (8b)
e Step3: TVD step

CMt=CE+ 60" + G D] A2 — [G(rE) + G AL, /2 (8c)

In the equation (8) the superscript p denotes the predictor step, corrector is denoted by the
superscript c, the present time level is denoted by the superscript n and the next time level is
n+1. The spatial index for the current cell is denoted by the letter i, Ax and At denotes the grid

size and time step. The value of function G and its argument r is defined as follows

A(O) 412 = (O — (OF ©)
+_ MOy, - _ MO y1y2
T MOy B A0/, (10)
G(ry) = 0.5¢;[1 — ¢p(r)] (11)
Y is dependent on the local courant number and is given by the following equation.
_ Cri(l - Cri), CTi <05 . _
Y, = { 0.25, Cr05 with Cr; = |U;|. At /Ax (12)

®(1y) in the equation (11) is a minmod flux limiter which is given by the following expression

for this study.

¢ (r;) = max(0, min(2r;, 1)) (13)

11
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The drawback with operator-splitting methodology is that only one operator acts on the data at
the correct time level (Valocchi et al. 1992). This might lead to inaccurate numerical solution,
to circumvent this problem the sequence of application of advection and diffusion solver was
changed at every alternate time step. If the advection operator is denoted by L.a and the diffusion
operator is denoted by Lp then the sequence of application can be presented by the following

expression
(O)™*? = LyLpLpLs(C)™? (14)

As regards to the ODE that governs the evolution of bottom attached benthic algae (B), Eq (2),

and benthic nutrients (Rv1), Eq (4), is solved by fourth order Runge-Kutta scheme.

2.3 Analytical solution & model validation
The models developed as a part of this research are independently and individually tested and

validated against analytical solution if present.

2.3.1 Case 1: Advection Dispersion Reaction (ADR) Equation
In order to verify the accuracy of the numerical model developed, the model is first applied to

solve an ADR equation in a channel setting (Fig. 2). ADR equation can be presented as follows.

2

oC oC 0o C
—+U—=0D 2—KC (15)
ot 0x 0x

In the above C is the concentration of the tracer in mg/l, U is the velocity in the domain, D is

the diffusion coefficient in m?/s and K is the first order decay rate.

12
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Fig. 2. Comparison between analytical and numerical solution of a passive tracer concentration at X = 2000 m

from the upstream end in the middle of the channel

In this benchmark problem flow was simulated in a channel of length 11 km, width 50 m and
depth 10 m (Fig. 2). At the upstream end a constant steady discharge of 15 m?/s was maintained.
The downstream boundary condition was prescribed at a constant stage value of 2 m. At the
upstream end tracer concentration of 30 mg/l was applied for the first six hours of the
simulation. The diffusion coefficient (D) for the tracer was fixed at 30 m?%/s and decay rate K
was fixed at 1 day!. Researchers have frequently used ADR equation as a benchmarking
problem for evaluating and assessing their models (Kim et al. 2012; Chao et al. 2008). The
analytical solution of the ADR equation in one dimension is given by the following expression

as given in Chapra (1997).
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In the above expression T = /1 + 4y and, - X2 For channel flow problem simulated here
U

I' = 6 hrs. After having set up the model the numerical and analytical solution was compared at
2000 m from the upstream end of the domain (Fig. 2) the numerical model was able to reproduce

analytical solution in a successful manner.

As mentioned before from the numerical point of view, it is the advective term in the solution
of the ADR equation that makes the problem most intractable. In order to test the model’s
capacity to solve the advective term, the case of pure advection was also considered. To solve
the problem of pure advection the above problem is repeated in a slightly different manner. The
flow domain/channel was initialized with zero tracer concentration, at the start of the
simulation. A constant inflow tracer concentration of 30 mg/l was specified at the upstream
boundary, flow velocity in the modelled domain was fixed at a constant value of 0.3 m/s. The
comparison between the simulated and analytical tracer concentration at 2000 m from the

upstream end of the domain is presented in Fig. 3.

14
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Fig. 3. Comparison between analytical and numerical solution for a tracer pulse at X = 2000 m moving with

constant convective velocity of 0.3 m/s

2.3.2 Case 2: ADR Equation with Nonlinear Decay Term
Finally, to test the model and its response to a severe case of stiff source term, we numerically
solved advection-dispersion equation with a nonlinear decay term. The reaction term of the

source code was modified and the governing equation presented in Eq. (17).

2

oC oC 0o C .
—+U—=D—-KC (17)
ot 0x 0x

Simulations were conducted in a channel of 3.25 m length, the velocity (U) in the domain was
fixed at 0.4 m/s, the longitudinal dispersion (D) was prescribed as 0.3 m? s'! and the decay rate
(K) was fixed at 0.05 s’ The initial and the boundary conditions for the considered domain

were determined by the analytical solution which is given by the following equation.

Clr) 2D 2(x-Ur)

(18)

K (x-Ut) +6Dt

15



The simulation was conducted in the aforementioned domain for a period of 1.0 second with
time step of 0.01 second. The tracer concentration along the channel from the numerical model

is compared with the analytical solution at different time step. Good agreement between

@)

10

11

12

13

14

numerical and analytical solution was obtained as shown in Fig. 4.

5 —
-
475 F
a5} AnlL.t=0.25s
L Num.t=0.25s
425F AnlL.t=050s
= 4L Num.t=050s
?Eu‘o Anl.t=1.00s
:3_75 2 Num.t=1.00s
k=] 3
w 35F
=
S
03.25 =
[
8 sf
275
251
228F o.,.“’ >,
2 > L 1 L 1 L 1 L “I’. J
1 1.25 15 1.75 2 225 25 275 3 3.25

Channel distnace (m)

Fig. 4. Comparison between numerical and analytical solution along the channel length at different times
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3 Study site and hydraulic modelling

The Bode River basin is approximately 3300 km? in area located in central Germany (Fig. 5).
The region is characterized by sharp gradients in temperature, precipitation and land use with
elevation varying between 55 — 1100 m above mean sea level, the mean annual temperature is
9 °C and annual average precipitation is of the order of 660 mm annually with high degree of
spatial and temporal variation (450 — 1600 mm; peaks in summer) (Zacharis et al. 2011). The
geology of the Bode catchment is dominated by schist and claystone in the one-third of
catchment in the high altitude parts and loess soils in the lower area of the catchment. With
regard to the land use the catchment is dominated by agriculture amounting to 70% of the total
area, urban areas constitute 6 %, open pit mining 1% and rest is occupied by forests. The surveys
conducted in order to implement WFD (Water Framework Directive) have found that 76 % of
the river bodies in the catchment are unlikely to reach a good ecological status. The adverse
water quality conditions found in the surface water within the catchment is potentially attributed
to high nutrient loads stemming from agricultural practices as well as modified river
morphology. Furthermore, researchers suspect that the current condition might be further
exacerbated due to land use change and shift towards the energy plants and increased use of
nutrients. In light of above findings, it is imperative to examine and understand the impact
nutrient supply on the algal dynamics. With this motivation 30 kms stretch of the Bode River
between Hadmersleben and Stassfurt (Fig.5) has been numerically modelled in this research.
The aforementioned modelled reach is an ideal stretch for examining the algal dynamics in
relation with hydrological variability as the ground water abstraction in the reach is almost
negligible and difference between inflow and outflow is less than 3% as found from the

observed data
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Fig. 5. Bode River basin (right) located in central Germany (left), the modelled river reach runs between Hadmersleben and

Stassfurt.

In order to develop relation between primary hydraulic variable, discharge, and ancillary
hydraulic variables like, depth-averaged velocity, flow depth, surface width and shear velocity
HEC-RAS model (Brunner 2001) was setup for the aforementioned 30 km stretch of the lower
Bode River. Four hundred and ten morphological cross-sections were used in setting up the
HEC-RAS model for the aforementioned reach between Hadmersleben and Stassfurt and
unsteady simulations were conducted. The minimum and maximum flow at Hadmersleben
(upstream end) and Stassfurt (downstream end) varied between 2 m?®/s and 72 m%/s across
various simulated flow events. The bed slope for the aforementioned reach along the thalweg
is (11/30000). Results from hydraulic simulations were validated with the help of stage
observations available at Athensleben, 8 kms upstream of Stassfurt (Fig. 5). The observed
variation in the stage was captured satisfactorily by the model (Sinha et al. 2014). Discharge
and other ancillary hydraulic variables mentioned before were stored at 15 minutes interval for

each morphological cross-section in the HEC-RAS model. Finally, reach-wise representative
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values of all the hydraulic variables were obtained at every 15 minutes interval by taking
average of these values across 410 morphological cross-sections. The relation between
discharge and ancillary hydraulic variables were successfully captured by power-law type of

equations (Sinha et al. 2014) as shown in Eq. (19).

U=0250"" (19 a)
H=040"" (19 b)
R=040"" (19 ¢)
= V. C
u.=0.0376 0% (19 d)
B=10.00"" (19 ¢)

In Eq. (19) U is depth-averaged reach-wise velocity, H is the flow depth in the reach, R is the
hydraulic radius, u- is the shear velocity and B is channel surface width. With regards to the
longitudinal dispersion (Dx) needed for the solution of suspended algae, Eq (1) and surface

nutrients, Eq (3), following formulation (Fishcer, 1966) was used.

0.011 UB °

(20)

4 Simulation results and discussion

We began by reporting the values of ancillary variables for low-flow (2 m*/s) and high-flow
(50 m?/s) conditions (Table 1). Applying the formulation presented in Eq. (19) we found that
the depth-averaged velocity increased by 3.5 times between low and high-flow conditions. The
bed shear velocity and longitudinal dispersion values increased approximately by two and ten
folds (Table 1). The values of the reported ancillary variables were used by the developed

hydro-ecological model for computing the spatiotemporal evolution of suspended and benthic
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algae concomitantly with the nutrients residing in the water column as well as the benthic zone
(Fig. 1).

Table 1: Values of ancillary hydraulic variables for different flow conditions

Disch. (Q) Veloc. (U) Depth(H) Shear Surface  Longitudinal
Velocity(ux) Width(B) Dispersion(Dx)

2m3/s 0.32m/s 0.475m 0.043m/s 13.0m 26.47 m?/s

50 m3/s 1.11m/s 1.06 m 0.085m/s 42.0m 239.05 m?/s

It is worth mentioning that benthic algae monitoring programs generally consider shallow or
low-flow conditions from the safety point of view of the monitoring personnel (Flynn et al.,
2013; Suplee et al., 2012), consequently simultaneous measurements of pelagic and benthic
algae for wide range of stream flow conditions is rarely available. Therefore, development and
application of numerical models to study the cyclical nature of spatiotemporal evolution of
pelagic and benthic algae for range of flow conditions and boundary concentrations is a viable
alternative. Hydro-ecological model developed in this research is primarily used to examine the
qualitative trends in the evolution of algae and nutrients in pelagic and benthic zone under
different boundary conditions for range of parameters values as reported in peer-reviewed

published literature.

4.1 Impact of light penetration and decay rate at low-flow conditions for the
modelled state variables

The parameter values used by the model along with the initial conditions for the four major
state variables i.e. pelagic algae (Ao), suspended nutrients (Rsufo), benthic algae (Bo) and
benthic nutrients (Roio) is presented in Table 2. The appropriate range for various parameters as

reported in literature is also presented in Table 2. As the spatiotemporal evolution of pelagic

20



algae and surface nutrients are characterised by PDEs presented in Eqgs (1) and (3) respectively,
Dirichlet boundary condition was applied at the upstream end, Hadmersleben, and Neumann
boundary condition at the downstream end, Stassfurt, of the modelled reach (Fig. 5). For the
simulation corresponding to low-flow condition the upstream boundary concentration for

pelagic algae and suspended nutrients were fixed at 10 mg C m™ and 5 mg P m™ respectively.

Table 2: Parameter values used for hydro-ecological simulation in the Bode River (* parameters which were varied

within the specified range)

Parameter Value Definition & Unit Range Source

ap 0.05 Nutrient exchange rate between benthic layer and - Jager et al. 2014
surface water [m day!]

C4,CB 0.02 Phosphor to carbon quota of algae [mg P mg C'] - Jager et al. 2014

ha,hp 60 Half sat. const. for light-limited production [pumol 30-90 Flynn et al. 2013
photons m? s™']

Iy 300 Light intensity at the surface [umol photons m? s™'] - Jager et al. 2014

ka* 0.03 Light attenuation coefficient due to pelagic algae 0.0088 —0.031 Flynn et al. 2013
[m? mg C]

kp* 3.0 Background light attenuation coefficient [m™] 0.02 - 6.59 Kirk 1994

Kp 1200 Carrying capacity of benthic algae [mg C m™] - Flynn et al. 2013

Ly Ig" 0.4 Loss rate of pelagic and benthic algae [day™!] 0.0-0.8 Flynn et al. 2013

My, Mp 90 Half saturation constant for nutrient-limited 5.0-175.0 Turner et al.2009
production [mg P m™]

P4, DB 1 Maximum production rate pelagic and benthic - Jager et al. 2014
algae [day!]

Sa 0.02 Sedimentation rate of pelagic algae [day!] 0.02 --- 0.2 Long et al. 2011

r 0.05 Fraction of settling pelagic algae attaching to - Jager et al. 2014
benthic zone

Zp 0.01 Depth of the benthic layer [m] - Jager et al. 2014

E 0.002  Background emigration rate of benthic algae [sm '  0.002 --- 0.004  Labiod et al. 2007;
day™] Graba et al. 2013

Ao 250 Biomass of algae in the surface water at t =0 [mg
Cm?]

Bo 500 Biomass of algae in the benthic layer at t =0 [mg C
m?]

Reio 25 Concentration of dissolved nutrients in the benthic
layer at t = 0 [mg P m~]

Riurpo 25 Concentration of dissolved nutrients in the benthic

layer at t = 0 [mg P m™]
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For the specified boundary condition, as mentioned before, we tracked the evolution of benthic

algae, benthic nutrients, suspended algae and suspended nutrients at the midpoint of the stream

which is 15 kms from the upstream end, Hademersleben, of the modelled domain. Furthermore
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Fig. 6. Variation of benthic algae (a-d), benthic nutrients (e-h), pelagic algae (i-1) and suspended nutrients (m-p) at the midpoint

of the stream for inflow of 2m%/s at benthic algae entrainment rate (E) of 0.002 s m™! day’!

to examine the effect of light penetration (K. and Kyg) and decay rate (la and Ib) on suspended

and benthic algae, we run multiple simulations by changing the value of the parameters by an

order of magnitude within the permissible range where possible. The temporal evolution of

benthic nutrients at the midpoint of the stream is presented in Fig. 6 (a-d). The continuous and

consistent decrease in the value of benthic algae implies that the sink terms 1.e. loss due to

decay, third term in the rhs of Eq. (2), and entrainment of benthic algae from benthic to pelagic
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zone, last term in the rhs of Eq. (2), dominates the source terms i.e. growth of benthic algae and
settling of suspended algae from the water column to the benthic zone. It should also be
reiterated that temporal evolution of benthic algae is characterised by the ODE presented in Eq.
(2) hence it is not influenced by the boundary conditions, however, the impact of the pelagic
algae concentration in the overlying water column is taken in account with the help of the
second term in the rhs of Eq. (2). Due to larger impact of the sink terms in this simulation we
observed the concentration of benthic algae diminished by 46% from its initial value of 500 mg
C m> to 270 mg C m>. Furthermore, as we change the value of the parameter K,, light
attenuation coefficient due to pelagic algae, we don’t observe any discernible impact on the
temporal evolution of the benthic algae (Fig. 6a) within the simulated time frame. To examine
the controls of light penetration further, we altered the value of the parameter Ky, background
light attenuation coefficient, by an order of magnitude within the specified range (Table 2).
Once again we did not observe any distinct difference in the evolution pattern of benthic algae
(Fig. 6b). The insensitivity of the parameters associated with light on the evolution of benthic
algae can be explained by the fact that the attenuation of the light intensity from the water
surface to the bottom of the water column is not significant at low flow and low depth.
Furthermore, as shown in Eq. (6) the impact of light is associated with the production term is
incorporated in monod kinetic form consequently any change in the intensity of light at the
bottom of the water column, benthic zone, results in miniscule change in the growth rate and
evolution pattern of benthic algae. Simulations conducted by changing the values of loss rate
of pelagic algae (l.) has no significant impact on the evolution trend of benthic algae (Fig. 6¢).
As regard to the impact due to change in loss rate of benthic algae (1), we observed a significant
increase in the depletion of benthic algae, resulting in lower benthic algae concentration at the
end of the simulation for the higher 1, values (Fig. 6d). For the Iy value of 0.004 day! we

observed a 0.7 % increase in benthic algae concentration from its initial value of 500 mg C m”
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3t0 503.67 mg C m™ by the end of simulation period of 48 hrs. As regard to the 1, value of 0.04
day’!, the final benthic algae concentration had decreased by 5.1 % to a value of 474.51 mg C
m~. This distinct impact of loss rate of benthic algae on the evolution trend imply that this is
the most sensitive parameter with respect to the temporal evolution of benthic algae. The
temporal evolution of the benthic nutrient is presented in Fig. 6(e-h). Benthic nutrients also
exhibit a diminishing trend for the entire simulation period. We observed a decrease of 86.5 %
in benthic nutrient concentration from its initial value of 20 mg P m™ to 2.3 mg P mat the end
of the simulation. The contrasting nature of the ODEs governing the temporal evolution of
benthic nutrients and benthic algae is worth reiterating, the source term associated with the
production rate of benthic algae, first term on the rhs of Eq. (2) becomes the sink term for the
benthic nutrients with appropriate conversion factor, second term on the rhs of Eq. (4). Despite
the same starting initial concentration of benthic algae and benthic nutrients at 25 mg C m™ and
25 mg P m™ respectively which nullifies the impact of the first term on the rhs of Eq. (4), the
overall diminishing trend of benthic nutrients can be attributed to sink term associated with the
production of benthic algae which is further magnified due to the presence of the term zy (Table
2), the thickness of the benthic zone, in the denominator of the second term on the rhs of Eq.
(4). Interestingly we did not observe any change in the evolution pattern of benthic nutrient
across multiple simulations with different parameter values (Figs. 6 e-h). We finally tracked the
evolution of pelagic algae and suspended nutrients characterised by PDEs in Eqgs (1) and (3) at
the midpoint of the modelled domain and presented in Figs. (6 i-1) and Figs. (6 m-p)
respectively. At low flow conditions the average longitudinal velocity as obtained by the
hydraulic modelling is 0.32 m/s (Table 1) which implies that a parcel of water starting at the
upstream end of the domain will take nearly 13.2 hrs to reach the middle of the modelled
segment hence the residence time for the water parcel for half the stream reach is 13.2 hrs. As

regard to the temporal evolution of pelagic algae we observed a gradual decrease in pelagic
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algae concentration till 13.2 hrs followed by a sharp drop. The concentration of pelagic finally
reaches an asymptotic value of 8.7 mg C m™ which is near the prescribed upstream boundary
concentration of 10 mg C m™. This reveals a very interesting and important fact about the
interconnection between physics and kinetics, a parcel of water in a stream segment has time
that is limited by its residence-time to be acted upon by various kinetic terms before it gets
superimposed by the upstream boundary concentration or flushed down the system. The
depletion pattern of pelagic algae until the half-reach residence time, 13.2 hrs, is nearly same
across the multiple simulations conducted with different parameter values (Fig. 6 i-1). However,
at lower decay rates of pelagic algae (la), for the values of 0.04 and 0.004 day™!, we observed
the depletion rate of the pelagic algae to be severely diminished (Fig. 6k), until the half-reach
residence time, when the sudden and sharp drop in the concentration of pelagic algae is
instigated by the arrival of the water parcel from the upstream end carrying the boundary
condition signal. As regard to the temporal evolution of the suspended nutrients in the water
column, we did not observe a mark difference in the evolution across the multiple simulations
conducted with different parameter values (Fig. 6 m-p). The concentration of suspended
nutrients in the water column was constant until the half-reach residence time which implies a

balance between the source and sink term acting of the suspended nutrients in the water column
(Eq. 3).

The source and sink terms used in the equations (Egs. 1 and 2) describing the spatiotemporal
evolution of pelagic/suspended and benthic algae have been used by multiple researchers in
different modelling exercise (Whitehead and Hornberger 1984; Wade et al., 2001; Jager and
Diehl 2014; Whitehead et al., 2015) and are pretty well understood along with the permissible
parameter ranges. However, there seem to exist a significant uncertainty in the value of the
benthic algae entrainment rate (E) as reported in Labiod et al., (2007) and Graba et al., (2013)

for the experimental work conducted in the field and lab respectively.
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Fig. 7. Variation of benthic algae (a-d), benthic nutrients (e-h), pelagic algae (i-1) and suspended nutrients (m-p) at the midpoint

of the stream for inflow of 2m%/s at benthic algae entrainment rate (E) of 10 s m™' day"!

In order to examine the impact of increased entrainment rate (E), we reran the simulations

presented in Fig. 6 with E =10 s m™! day™ , orders of magnitude larger than our base value of

0.002 s m™! day‘1 (Table 2). As expected, the increased entrainment rate, resulted in 75% loss,

significantly larger than observed for E = 0.002 s m™ day'at 46 % (Fig 6 a-d), of benthic algae

from its initial concentration of 500 mg C m™ to 125 mg C m™. The depletion trend observed

across the multiple simulations conducted with different parameter values are almost identical

(Fig. 7 a-d) albeit for the lower values of decay rate of benthic algae (Ib). For the values of 1b

0.04 and 0.004 day™', we observed only about 50% reduction in the concentration of benthic

algae from its initial concentration. As the entrainment rate (E) doesn’t directly figure in the
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governing equation for the evolution of benthic nutrients (Eq. 4), we did not observe a mark
difference in the evolution pattern of benthic nutrients for the simulations conducted with
increased entrainment rate (Fig. 7 e-h). It is interesting to note that because of the increased
entrainment of algae from the benthic zone, we observed a bloom of pelagic algae in the water
column till half-reach residence time (13.2 hrs) as shown in Figs. (7 i-1). There was nearly 48%
increase, to a value of 375 mg C m? from its initial value of 250 mg C m~, in the concentration
of pelagic algae in the water column until half-reach residence time across the multiple
simulations conducted with different parameter values (Fig. 7 i-1). The sharp drop in the
concentration of pelagic algae beyond the half-reach residence time is attributed to the upstream
boundary concentration. The peak concentration reached for pelagic algae, for la values of 0.04
and 0.004 day! is even higher at 425 mg C m™ which is expected due to less loss at reduced
loss rates. Once again, as the entrainment rate (E), is not present in the governing equation for
the spatiotemporal evolution of suspended nutrients in the water column (Eq. 3), we did not
observe a significant difference in its evolution pattern (Figs. 7 m-p) when compared with the

simulation conducted with entrainment rate (E) value of 0.002 s m™! day! (Figs. 6 m-p).
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4.2 Impact of light penetration and decay rate at high-flow conditions for the

modelled state variables
In this section we report the results from the simulations conducted at high-flow rate
corresponding to stream discharge of 50 m%/s which results in average stream-reach velocity

and depth values of 1.11 m/s and 1.06 m respectively (Table 1). The shear flow velocity and

longitudinal dispersion value at this flow rate was 0.085 m/s and 239.05 m%/s (Table 1).
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Fig. 8. Variation of benthic algae (a-d), benthic nutrients (e-h), pelagic algae (i-1) and suspended nutrients (m-p) at the midpoint

of the stream for inflow of 50m?%/s at benthic algae entrainment rate (E) of 0.002 s m'! day"!

Spatiotemporal evolution of algae and nutrients in pelagic and benthic zone at the midpoint of

the modelled reach is presented in Fig. 8. For the aforementioned hydraulic conditions,

corresponding to the high flow scenario, the half-reach residence time is 3.75 hrs. The evolution
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pattern of benthic algae and the final concentration of benthic algae at the end of the simulated
time frame (Fig. 8 a-d) is not very different from the simulations conducted at low flow
conditions (Fig. 6 a-d). This can be potentially explained, once again, by the fact that evolution
of benthic algae is governed by the ODE (Eq. 2) and is not affected by the upstream boundary
concentration. As noted before the most sensitive parameter with regard to the evolution of
benthic algae is the loss rate of benthic algae (Ib), similar to the low flow conditions (Figs 6d),
at lower values of 1b i.e. at 0.04 and 0.004 day'l, the final concentration of benthic algae at the
end of simulation (Fig. 8d) is significantly greater than in comparison with simulations
conducted with other parameter values (Figs. 8 a-c). The nature of evolution of nutrients in
benthic zone, Figs. 8 e-h, is very different from what was observed for low flow scenario (Figs.
6 e-h). However, it is worth noting, that until half-reach residence time (3.75 hrs), we observed
decreasing trend in the concentration of benthic nutrients, which was reversed thereafter (Figs
8 e-h). This reversal in trend can be explained by the first term on the rhs of Eq. (4), the
governing equation for the evolution of nutrients in benthic zone, as the high concentration of
surface nutrients from the upstream end reaches the middle of the domain by half-reach
residence time, the first term on the rhs of Eq. (4) becomes the source terms which aids in
overall increase in the concentration of benthic nutrients. We observed nearly 128% increase in
the concentration of benthic nutrients to a value of 67 mg P m™ from its initial value of 25 mg
P m?. It is worth noting that at lower decay rates of benthic algae (Ib), specifically for 1b values
of 0.04 and 0.004 day-1, there is higher concentration of algae in benthic zone (Figs. 8d red and
black lines) which leads greater consumption of nutrients from the benthic zone, resulting in
lower benthic nutrients concentration (Figs. 8h red and black lines). This trend shows the
cyclical and coupled nature of the evolution of benthic algae and nutrients. For the simulations
conducted at high flow scenario we hypothesized that a storm-event generating high flow

scenarios will generally lead to higher nutrients and pelagic algae concentration from the
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upstream reach and terrestrial ecosystem, hence for the high flow conditions we specified the

upstream boundary concentration for pelagic algae and nutrients at 500 mg C m> and 100 mg

P m? respectively. For the aforementioned boundary concentration, the evolution of algae and

nutrients in the water column seem to be dominantly governed by upstream boundary

concentrations (Figs. 8 i-p).
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Fig. 9. Variation of benthic algae (a-d), benthic nutrients (e-h), pelagic algae (i-1) and suspended nutrients (m-p) at the midpoint

of the stream for inflow of 50m*/s at benthic algae entrainment rate (E) of 10 s m™' day"!

We finally examined the impact of increased benthic algae entrainment rate (E = 10 s m™! day"

1 for high flow condition (Fig. 9). At high entrainment rate the final concentration of benthic

algae at the end of the simulation (Figs. 9a-d) is around 67 mg C m which is significantly less

than the corresponding concentration (125 mg C m™), at low flow scenario (Figs. 7a-d). This
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lower concentration can be explained by the combined effect of the high entrainment rate (E)
and higher shear velocity at high flow rate, the product of which acts as the sink term in the
evolution of benthic algae as shown in the last term on the rhs of Eq. (2). Once again benthic
nutrients shows an increasing trend (Figs 9 e-h) beyond the half-reach residence time which, as
explained before, is governed by the upstream boundary concentration of suspended nutrients
coming into the system. The higher entrainment rate leads to persistent increase the in the
concentration of benthic nutrients for the entire simulation period (Figs. 9 e-h). The evolution
of pelagic algae and nutrients in the water column, once again, is dominantly governed by the
upstream boundary concentration. However, beyond the half-reach residence time (3.75 hrs),
we observed a general decreasing trend in the concentration of pelagic algae (Figs. 9 i-1) which
can be potentially explained by the dominance of the sink term associated with the loss rate of
pelagic algae (la) as shown by the fourth term in the rhs of Eq. (1). The evolution of nutrients
in the water column is primarily governed by the upstream boundary concentration (Figs. 9 m-

p).

4.3 Impact of light penetration and decay rate at transient-flow conditions on
the modelled state variables

In order to examine the impact of transient boundary conditions, we subjected the modelled

domain to synthetic boundary conditions. At the upstream end of the domain we prescribed
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Fig. 10. Transient boundary condition for a) discharge, b) pelagic algae and c¢) suspended nutrients
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discharge varying from 2 m® s! to 50 m? s™!, pelagic algae varying from 10 to 500 mg C m™

and suspended nutrients from 5 to 100 mg P m™ in Gaussian fashion for the simulated time

frame of 48 hrs with maximum values attained at the end of 24 hrs period (Figs. 10). It should

be noted that the transient discharge will lead to transient half-reach residence time which will

have a distinct bearing on the evolution of the major state variables.
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Fig. 11. Variation of benthic algae (a-d), benthic nutrients (e-h), pelagic algae (i-1) and suspended nutrients (m-p) at the midpoint

of the stream, 15 kms from the upstream end, for transient flow, pelagic algae and suspended nutrient concentration at benthic

algae entrainment rate (E) of 0.002 s m™! day"!

For the aforementioned transient boundary concentrations, the final concentration of benthic

algae at the end of the simulation is around 260 mg C m™ (Figs. 11 a-d) which is similar to the

values obtained for both low flow scenario (Figs 6 a-d) and high flow scenario (Figs. 8 a-d).
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This reaffirms the fact that the temporal evolution of benthic algae is insensitive to the upstream
boundary concentration. The loss rate of benthic algae (Ib) continues to be the most sensitive
parameter and reducing the same successively by an order of magnitude (Fig. 11d) results in
less depletion and higher concentration of algae in the benthic zone at the end of the simulation.
As regard to the evolution of benthic nutrients, similar to the simulation of high flow scenario,
the evolution is impacted by the upstream boundary concentration of suspended nutrients.
However, till approximately time-mark of 8.5 hrs after the start of the simulation we observed
continued decay in the concentration of benthic algae similar to low flow scenario. Beyond the
aforementioned time mark the concentration of benthic nutrients is very similar to the Gaussian
boundary prescribed for the suspended nutrients at the upstream end of the modelled domain.
The cyclical and coupled nature of the evolution of benthic algae and benthic nutrients can be
seen in Figs. 11d and 11h. Reduction of loss rate due benthic algae (Ib) by order of magnitude
leads to higher final concentration of benthic algae (Fig. 11 d red and black lines) which in turn
results in lower peak nutrient concentration in the benthic zone (Fig. 11 h red and black lines).
As regard to the evolution of pelagic algae and nutrients in the water column the temporal
evolution is predominantly governed by the upstream boundary concentration beyond 4.5 hrs
mark. However, before this time mark we see concomitant decrease in the concentration of
pelagic algae and suspended nutrients. This decrease in the concentration of pelagic algae,
during the aforementioned time frame, can be explained by the dominance of the parameter
associated the with loss rate of pelagic algae (la) which depletes the concentration at the
midpoint of the modelled domain before it gets influence by the boundary concentration after
4.5 hrs time mark. This decrease in pelagic algae combined with rapid loss of benthic nutrients
leads to the domination of sink terms in the governing equation of suspended nutrients resulting
in its loss too before the time mark of 4.5 hrs before it gets superseded by the boundary

concentration coming from the upstream end of the domain.
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Fig. 12. Variation of benthic algae (a-d), benthic nutrients (e-h), pelagic algae (i-1) and suspended nutrients (m-p) at 22.5 kms
from the upstream end of stream for transient flow, pelagic algae and suspended nutrient concentration at benthic algae

entrainment rate (E) of 0.002 s m™' day™!

Our simulations consistently revealed the importance of the upstream boundary concentration,
half-reach residence time and the constituents driven by advection in the system. In order to
examine this further and because our model is spatially explicit, we tracked the evolution of the
modelled state variables at 22.5 kms from the upstream end of the domain (Fig. 12). We
observed the exactly same trends in the evolution of the major state variables, as observed in
the middle of the domain, albeit shifted in time. As the water parcel starting at the upstream end
of the domain takes longer to reach the 22.5 km mark, the biological processes happening can
continue for longer period of time (Fig. 12) before getting superseded by the upstream boundary

concentration.
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5 Conclusion

In the research work presented in this paper, we developed a numerical model, first of its kind,
to examine the spatiotemporal dynamics of suspended and benthic algae in concomitant fashion
in a riverine ecosystem. The developed model, tracked the variation of algae and nutrients in
longitudinal direction. The numerical scheme of the model was first validated with the
analytical solution of the standard advection-dispersion-reaction (ADR) equation with linear as
well as non-linear decay term. Model was finally applied to the 30 kms stretch of the Bode
River in Central Germany. Simulations were conducted to explore the impact of changing flow
rate, light intensity and different loss rates of suspended and benthic algae, on the temporal
evolution of concentration of algae and nutrients in pelagic and benthic zone. The spatially
explicit nature of the model enabled us to track the temporal variation of the modelled state
variables at different spatial points in the river-reach simultaneously. This modelling approach
is different from the methodology adopted by other researchers (Whitehead et al., 2015; Lazar
et al., 2016) where the river reach is generally modelled as a single spatial unit. The numerical
modelling exercise, presented here, provided an insight into the cause-effect relationship for
the spatiotemporal variation of algae present in pelagic and benthic zone. Furthermore, the
modelling exercise, showed the relative importance of different parameters in the temporal
evolution of suspended and benthic algae. Our research emphasized the limitation of residence
time on the biological activity. The loss rate of pelagic (1a) and benthic algae (Ib) was identified
to be the most sensitive parameters affecting the temporal evolution of pelagic and benthic
algae. However, largest uncertainty, stems from the possible big range in entrainment rate (E)
of benthic algae from benthic to pelagic zone which warrants more research in lab as well as
field. The model developed here could easily be extended to examine the impact of point loads

distributed along the river reach and to identify its zone of influence.
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As the operational field monitoring can be expensive, development and application of
numerical models can be a viable alternative to study aquatic ecosystem, however, models of

this kind needs extensive dataset for validation before its results can be used with confidence.
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