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ABSTRACT

A population-based bioaccumulation fugacity model is designed to simulate the continuous and dynamic
transport of polychlorinated bisphenols (PCBs) in an aquatic environment. The extended model is developed
based on a previous fugacity model by Campfens and Mackay. The new model identifies each biotic species as a
populated compartment and constructs all the exchange routes between organisms and the environment based
on known biological processes. The population-based design could assist to uncover the impacts of organism
activities on PCB fate and transport in the ecosystem. The new model utilizes the PCB loading as inputs and
calculates the PCB distribution in each biotic and environmental compartment simultaneously.
© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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Specifications table

Subject area Environmental Science

More specific subject area Pollutant Transport

Method name Population-based simultaneous fugacity model

Name and reference of the original method Fugacity-Based Model of PCB Bioaccumulation in Complex Aquatic Food Webs [1]
Resource availability Matlab R2016b, Microsoft Excel 2017

Method details
Model assumptions

1 All compartments are homogeneity and PCBs are evenly distributed inside each compartment. No
spreading delay is considered;

2 The biota population size is varied by growth rate, mortality rate, and predation rate;

3 The fugacity capacity varies based on the compartmental temperature. The organism fugacity
capacity is also affected by the lipid content. However, we lack proper lipid content variation data.
As a compromise, current model assumes constant lipid content for each species.

4 No PCB dechlorination effect and species migration effect is quantitatively considered in this
approach.

General model description

The fundamental approach includes two types of compartments: the environmental compart-
ments (air, water, and sediment) and the biotic compartments. Moreover, the new design adopts the
population perspective and estimates pollution exchange rates between the environment and
organisms. The accumulated pollutant in each compartment is expressed as [9,17,20]:

M; = ViZif; 1

Where M; represents the mass of PCBs accumulated in compartment i; V;(m3) is the volume of
compartment i; Z; (mol/Pam?) is the fugacity capacity of compartment i; f;(Pa) is the PCBs fugacity
which represents the level of PCBs in compartment i. Thus, the dynamic change of PCBs in
compartment i is estimated as:

dM; _ d(ZiVify)

dt dt @)

The formula is transformed through partial difference to become,

dfiy 1 /dM;
dt — ZV; \ dt

az, _.dv
Vi - 26 3)

As shown in formula (3), the change of PCBs fugacity in compartment i has three general
contributions: the PCBs mass variation (dM;/dt), the change in fugacity capacity (dZ;/dt), and the
change in compartment volume (dV;/dt). All compartments related to PCBs transport involve at least
one of these three general components. To determine the fugacity variation in the certain
compartment, we need to separately define the process and parameters in each media according to
their physical, chemical, and biological features. Furthermore, we need to define the exchanging terms
among different compartments. Moreover, we need to apply a method to estimate the existing
biomass/population volume in each biotic compartment for population scale study.
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The fugacity capacity
Air

The main components related to PCBs transport in the air are a gaseous phase and aerosol. The
fugacity capacity in each component could be expressed as [2]:

1 .
Zy = RT, (Air) 4)
Z7 =0.1Z1Kos  (Aerosol) (5)

Where R is the ideal gas constant (8.314 J/mol K); Ko, is the octanol-air partition coefficient; T, is the
air temperature (K). Thus, the fugacity capacity in air compartment should be:

Iy =271+ 1127 (6)

Where 1, is the volume fraction of aerosol.

Water

The water compartment contains water column and suspended sediment. In some model designs,
water compartment also includes aquatic organisms. However, since organisms are isolated and
calculated separately, we isolate organisms from the water compartment. The fugacity capacity could
be expressed as:

Z, :% (Water) (7
_ Z2ps85Koc i
Zs = ~S000 (Suspended  Sediment) (8)

Where H is the Henry’s Law constant (Pa m?/mol); ps is the suspended sediment density (kg/m3); 85 is
the mass fraction of the organic carbon; Koc is the organic carbon partition coefficient (L/kg), which is
approximately 0.41 times of the Kow [3]:

Thus, the capacity of water compartment should be:

Zw =23 + T2Zs 9)

Where 1, is the volume fraction of suspended sediment.

According to assumption 1, the water phase and the suspended sediment particle should have
identical fugacities during PCB transport. In 2011, LimnoTech provided a study report regarding PCB
loading patterns in Lake Ontario [4]. According to the study, the PCB input of Lake Ontario in 2005
came from air transmission (20%) and water flows (80%). Moreover, a detailed analysis on aquatic PCBs
input indicates a 70%/30% allocation between dissolved PCBs (water column) and particle PCBs
(suspended sediment). Thus,

Myaier _056 _ VwaterZwaterf water
mi’qu%s sedi. 0.24 Vsusp. sedi.Zsusp. sedifsusp. sedi.
VwaterZwaater _ 1000V yaterZo _ @ (10)
T2VwaterZsf susp. sedi.  T2VwaterZ20505Koc — 0.24
1000  0.56

'L'2,0585KOC T 0.24
Thus

3000

2= 7,05851(0(‘
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Sediment

The vertical homogeneity conversion of the sediment compartment is difficult since the PCBs
content with sediment depth depends on the PCB contamination level during the deposition period.
As a temporary compromise, the current sediment compartment only includes the very top layer of
bio-active sediment (~0.1 m) which contains 10% dry residual mixed with around 90% of the saturated
water (in volume fraction). The sediment is considered as flooded sediment, where little air existed in
the compartment [19]. As a result, the sediment compartment is a mixture of water and sediment solid
with organic particle attached to the organic matters. The solid sediment particle phase has a fugacity
capacity as:

. 22 ,O4(S4I<OC .
Zy = 4000 (dry sediment) (12)
Thus, the fugacity capacity of the sediment compartment is:
Zs = (1 — ‘L'3)Zz + T3Z4 (13)

Where 73 is the volume fraction of solid sediment.
For accurate estimation, the fraction of organic carbon in flooded sediment could be calculated
through water content and dry bulk density [5]:

Dry Bulk Density (g/cm®)=1.776 —0.363I1nOC (14)

Where OC is the organic carbon concentration (mg/dw g). The inorganic sediment particle density is
conventionally taken 2.65 g/cm?; the density of organic matters can be corrected assuming a density
of 1.25 g/cm®. Thus, the sediment solid density can be expressed as:

Soild Density (g/cm?) = 1.25 % (% OM) + 2.65 x (1 — % OM)

OM = 1.70C (15)
Thus, the water content is:

5= (1 Dry Bulk Density

P il 9
Soild Density) x 100% (16)

Finally, the fraction of OC is:

1.776 — 0.363In(1000+0M/1.7)
2.65 - 1.4%0M

This equation means we can use water content to estimate the fraction of organic carbon in the
sediment.

- (17)

Organism
According to Mackay, the fugacity capacity of biota is defined as [2]:

Where L is the lipid fraction in the organism.
PCB mass variation

The PCB mass variation, or dM;/dt, is defined as the PCB mass enters or exits the system with
general transport processes. The general form for the changes of fugacity in compartment i can be
expressed as,

dM; 1
L > (0if) = D (19)
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In this formula, i represents the different media; j represents other media that interact with media
i; M;(mol) represents the current PCB mass in medium i; t(day) represents the PCB transport and
allocation time; E;(mol/day) represents the direct pollution exchange rate to medium i; f;(Pa)
represents the PCB fugacity in medium j; f;(Pa) represents the fugacity of medium i; D;; (mol/Pa day)
represents the PCB transport processes from medium j to medium i (i # j); Dy, (mol/Pa day) represents
the total PCB elimination/exit from medium i.

Air

Pollutant transport processes related to air compartment include three processes: the inter-media
exchange, the self-elimination, the systematic exchange [6]. During the inter-media exchange, the
entrée is mainly through water volatilization (air-water diffusion, Dy ), while the exit pathways include
absorption (water-air diffusion, Dy), wet dissolution (Drww), dry deposition (Dgpw), wet particle
deposition (Doww ). Since no biota is considered in the air, no direct exchange between the air
compartment and any organisms. The self-elimination, or reaction (R4) within the compartment
generally eliminate contaminate through photodegradation and is related to the compartmental-
based lifetime. Finally, the systematic exchange is mainly through the advections (D4;/Dao). As aresult,
the fugacity variation in the air compartment could be written as:

dM

d—tA = (fimDar — faDao) + Dv(fw — fa) — (Drww + Dopw + Doww + Ra)fa (20)
Where
Diffusion : Dy = L + L B (21)
VT \kvahawZs T kvwAawZ:
Wet Dissolution : Drww = AAWUQZZ (22)
Dry Deposition : DQDW = AAWuQUQZ7 (23)
WetParticle Deposition: Doww = AawUrQvoZs (24)

Reaction: Ry = V’;ZA (25)
A
Advection Input: Dy = GjZa (26)
Advection Output: Dag = GoutZa (27)
Thus,
dfs 1 1 !
ZpVa ar - (Fin1Gin — faGout)Za + <kVAAAW21 + kVWAAWZZ) (fw —fa)
VaZa
—(AawUqZs + AawUqvoZ7 + AawUrQvoZ7 + t fa (28)

Biota
The organisms are discussed previously for better understanding their interactions with the
environment phases. In this study, the definition of the inter-exchange process among different biota
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groups occurs only within the food web, while the processes with the environmental groups are
identified as a systematic exchange. In the inter-exchange process, PCBs are absorbed by organisms
through food ingestion (Dg;) and are released through predation (Dpyeg).

When studying the PCB transport between environment and organism in water compartment,
organisms are divided into pelagic and benthic species, because habitat location will lead to different
calculation method PCB exchange rate. Gill uptake is one of the primary routes to transfer PCBs into
organisms (Dgew /Dgcs) [18]. The pathways to transport PCBs to the environment includes gill release
(Derw /Deis), natural mortality (Dyp), and egestion (Dg). Egestion is combined by the undigested food
(1 —Ep) and PCB exchange between the gut and the feces (Dggex). Undigested food is usually
estimated as a proportion of the total food ingestion, while the gut/feces exchange rate is estimated
through trophic magnification factor (TMF) and trophic levels [16]. The PCB self-elimination in biota
group is mainly through metabolism (Rg).

Considering the existence of the decomposing process, we assume that the PCB inside dead
organisms caused by natural mortality will be initially decomposed and released to the environment
before regaining through the food web. For the pelagic species, PCBs from decomposed organisms
return to both water and sediment; for benthic groups, all released PCBs go to the sediment
compartment. Thus, the changes of fugacity in biota could be expressed as:

Pelagic species

dM,
Ttp = Deafw + Z?:pelagkm# PiiDriif; — Dawwf; — (Rgi + Dupi + Dpreai)fi — Y _ Dexif; (29)

Benthic species

dM

d_tB = Decfs + Z:—Lbemhic&i# PyiDrif; — Daisfi — (Rgi + Dupi + Dpreai)fi — Y _ Dexif (30)
Where

Gill Uptake : Dgc = k] Vp,OBZW (3])

ViiGpiZsi
Food Ingestion: Dg;= Eow (32)
Wp;
Gill Release: D¢ = Dgc (33)
Metabiolism :  Rg; = VpZiky (34)

PCB exchange between the gut and the feces

The PCB exchange rate between the gut and the feces can be calculated through TMF and trophic
levels. TMF, or trophic magnification factor, could be used to evaluate the proportion of PCB escape
from the system through feces [16]. The species trophic level can be calculated by the following
formula [7]:

TL =1+ Y TL-p; (35)

Where TL; represents the fractional trophic level of prey j, and p;; represents the fraction of j in the diet
of i. The PCB released through the fence is then decided by the true TMF differences between food and
diet:

_ EppiVpiGpix—n  PyZaf;
Dex ==, i (TL,-—TL]-)'TMF 50
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Predation.

Zn PiVekPiGor Zn 0-02290'06T/31<VPI<P1'1<4ZB_ (37)
- 1

Dpredi = ik Wk ik ngz 5 -

Natural mortality (mortality without predation)

The natural mortality rate is estimated by Then et al. in 2015, who used over 200 fish species to
evaluate the current existing empirical models for natural mortality rate estimation [8]. We selected
one of the best models as a basis for estimating the natural mortality loss.

4.899t-0916y,

max

Dwpi = 355000~ *2*

Where, tng is the maximum surviving time for species i (years);

(38)

Growth dilution

According to the new representation in formula (1) through (3), the growth dilution does not
belong to the first category, %, since there is no actual entrée or exit of any PCB during the process. It is
merely a volume change. As a result, it should be moved to the third part.

In sum, the extended expressions for formula (29) and (30) are:

Pelagic species

dMgp

EDp‘VPiGDi n TL, — TLJ — ‘l¢
i - k1iVeippZwfw + "/vBi Zi# L 1L *TMFxpyZgif
48990916y, 0.022e9%96T o, V. p:
~fi (knvpipgzw + VpiZikmi + W*Zm + E:‘#k ng{?k PP 7y (39)
Benthic species
dMpgp Epp;VpiGpix—~n TLi —TLi —1
dar = k]iVPipBZWfS + ‘I/VB,' Zi%j TL, — TLj '"TMF*pijZijj

4.899¢t;0916y/,. 0.022€%96T o, Vp,.p;
—fi <’<1iVPi,OBZW + VpiZikmi + W*Zm + Z:;k J'(S)k PiPik +Z; (40)
Bk

Water

The pollution transport through water is more complex than the air section because of the
existence of organisms. To achieve fidelity, PCB exchange processes between the environment and
organisms have been built. Similarly, the pollutant exchange in the water section is divided into three
parts. The entrée processes in intermedia exchange include

I Air-Water: absorption (water-air diffusion, Dy), wet dissolution (Dgww ), dry deposition (Dgpw ), wet
particle deposition (Doww);
II Water-Sediment: diffusion (Dy), deposition (Dps);
Il Water-Biota: gill release (D¢ ), death loss (mortality, Dy ), egestion (Qg);

The exit processes in intermedia exchange:
I Air-Water: volatilization (air-water diffusion, Dy );
II Water-Sediment: diffusion (Dy), resuspension (Dks);

[l Water-Biota: gill uptake (Dgow );

The self-elimination, or reaction (Ry/) within the compartment generally eliminate contaminate
under a first-order decay rate, which is relative to its compartment-based lifetime. Finally, the
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systematic exchange is mainly through the advections in/out (Dy,;/Dwo) of the system. As a result, the
fugacity variation in the water compartment could be written as:

dM
— X = (fuzDwi — fwDwo) + Dv(fa — fw) + (Drww + Dapw -+ Doww )f
+> 1 setagic Daaifi = Decifwl— Rwfw + Dy (fs — fw) + Drsfs — Dosfw (41)
Advection in/out: Dw; = Dwo = GwZw (42)
) o Kow
Water — sediment Diffusion: Dy = Y—Aswzz (43)
4
Water — Sediment Deposition : Dps = UppAswZs (44)
Water — Sediment Resuspension : Dgs = UrsAswZ4 (45)
Reaction: Ry = VwZw (46)
tw
In sum the extended expression for water compartment could be written as:
dMy 1 1 -1
dt = CwZw(fiz =fw) + (kvAAAWZl N kvaszz) Fa=fw)
B
+(AawUqZs + AawUqVoZ7 + AawUrQvoZ7 )f4 + Yl:Aswzz (fs = fw) + UrsAswZafs
VwZ f
~UppAswZsfw = =" 13T e (i = fw)kiVeipsZu] (47)

Sediment
Similarly, as water compartment, the sediment compartment includes biotic activities. Thus it also
contains similar processes. The entrée processes in intermedia exchange include

I Water-Sediment: diffusion (Dy), resuspension (Dgs);
Il Sediment-Biota: gill release (D¢ ), egestion (Qg);
Il Water-Biota: part of the egestion (Qg);

The exit processes in intermedia exchange:

I Water-Sediment: diffusion (Dy), deposition (Dps);
II Sediment-Biota: gill uptake (D¢c);

The self-elimination, or reaction (Ry) within the compartment eliminates PCB through
biodegradation (aerobic remediation only), which is relative to its compartment-based lifetime.
The sediment compartment does not have a direct PCB input route, but sediment compartment can
push PCBs out of the system by deposition. As a result, the fugacity variation in the sediment
compartment could be written as:
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dMs  ~—~n Epp;VeiGpix—~n TMF«p;Zyf; n 0;VpiGpi ~—n
dt ’Ziﬂ Wi Zi#j TL; — TL; +Z,-:1 (1_ED)*W—BiZi;AijZBJ'fJ

+ Z?:l Dypif i + Z:l:bemhic [Deiifi — Degif sl+Dpsfw — Rsfs — Dy(fs — fw) — Drsfs (48)
Deposition :  Dsg = GsZs (49)

Reaction : Rs = VsZs/ts (50)

In sum the extended expression for sediment compartment could be written as:

Vo:Gn: TMFx0::Zrif - Vo:Gns:
dMS _ Zn ED,Ole,GD, Zn *pU ij] I Zn (1 _ ED)*prp,GD, Zli';j DUZijj

dt i=j WBi i#j TL, — TLJ i=j WBi
n ViZsfs B
) veninic |(Fi = f9)kaiVeipgZw] + UppAswZsf vy — % - Yi:f\swzz fs —fw)
n 4.8991’70'916Vpi
~UgsAswZafs + Zi:l W*Zmﬂ (51)
Fugacity capacity variation
Air
The fugacity capacity of air compartment could be expressed as:
1
Zp = 5= (110.1Kox + 1) (52)

RT,

According to Li et al., the Octanol/Air partition coefficient is temperature sensitive with an
estimation of:

logKoa (T) = T% +b (53)

Thus, the fugacity capacity variation in air compartment is expressed as:

dz, dEel)  (7,01Ken + 1)dTs | 7,0.1d(Koa)

AT de  je2 dt | RT, dr S
For
d(Koa) _d(10%°")  In(10)10%° dT,
de — dt T2 dt
Thus,
dz, d(%e) (110.1Kos + 1) 7,0.1In(10)10% ] dT,
= = —= (55)
dt dt RT RT; dt
Water
The fugacity capacity in water could be expressed as:
1 720595Kow
Zy = H (1 + 0.41*W (56)

Where H is Henry’s law constant. According to research by Schwarzenbach in 2002, the Henry’s Law
constant could be affected by the temperature with the following formula, also as known as van’t Hoff
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correction [9,10]:

y AUpv /(1 1
H(Tw) = HY exp {f R"W (m - W)} (57)

Where H is the referenced Henry's Law constant at T'; Uy is the is the difference in internal
energies of PCB in the phase change from air to water (kJ/mol). Similarly, the Ko also adept in van’t
Hoff correction:

AUow (1 1
KOW(T):K{;‘{Vexp{— ROW<T_W):| (58)

Where AUpyy is the internal energies requirement for PCB going from octanol to water (kJ/mol).
However, the Koy is much less sensitive to the temperature variation. In this study, we can assume a
constant Koy to simplify the calculation. Thus, the fugacity rate of change in water is:

d (1+0.41*H’A’§5350w>

dZw _1dH

dc dt T2 dt (59)
And
dH d{Hrefexp[_Al‘JzAW_<ﬁ—%)]} _ HxAUaw dTw (60)
dt dt o RTZ, dt
Finally,
dzZy . ‘ T2,0555K0W AUAW dTy,
a (1 + 0413500 HRT2, dt (61)
Sediment
The fugacity capacity in sediment could be expressed as:
Z3p464K
Zs=(1-13)22 +13Z4 = (1 —13)22 + T3M (62)
1000
Thus,
_ 1-73 041 'L'3p4841<ow
Zs=—gF "~ 1000H 63)
Where p, is the sediment density (kg/L). Thus the fugacity capacity change in sediment is:
- 04173 0,84K
dzs - d(%"' Tooor ) =(1-15 +M 1dH (64)
dt dt 1000 H? dt
Finally,
dZs _ 0.41 'L'3,O464KOW AUAW dTy
- (1 1000 HRT2, dt (65)
Biota
According to Mackay, the fugacity capacity of biota is defined as:
Zp =17; =17 = LZ4sKow (66)
Where L is the lipid fraction in biota, then
dZy  d(LZsKow) dL dZw
E = —dt *ZWKOWE_"LKOW _dt (67)
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Then
- ZwKow a LKow HRT&, i (68)

Compartment volume variation

Environmental compartment
In this study, we assume no volume change occurs in the environmental compartment.

Organism volume estimation through natural mortality, growth rate, and predation

The organism population size is another essential factor for the new model. Pre-existing methods
for biomass size estimation involve field investigation and measurement. To improve the estimation of
biomass volume, we develop an energy-mass method, which could estimate the primary producers’
biomass in most trophic structures. In this method, we use energy flow to estimate the biomass of the
primary producers and mass balance to estimate all following species.

The estimation begins with primary producers. To begin with, two assumptions must be
considered. First, it is assumed that the plant cover, such as grassland, forest, wetland, and so on, has
long been existing and stabilized before the estimation. Second, solar energy is identified as the
primary energy source in the ecosystem. Solar energy input is the fundamental source to determine
the scale of the primary producer. However, it is not the only dominant factor to control the plant
biomass. The amount of the plant biomass is also determined by the nutritional condition, water
supply, and for aquatic ecosystems, light penetration. In general, most of these parameters cannot be
measured directly, but they can be estimated via other parameters, such as photosynthetic efficiency
and vegetation coverage [11]. Based on the pre-assumptions, the following formula is used for plant
scale estimation:

PE c T c
Esolar X @;° X 07 X @f x 0; ><A><
C

@i

Mphytoplankton, —algae = Tj (69)

Where Egy - (J/s m?) represents the total solar energy input to the unit surface; @PE(%) represents the
photosynthetic efficiency of plant i; o (%) represents vegetation coverage rate of each type of plant in
the study area; ¢ (%) is the energy transport factor, the efficient proportion of energy stored in the
system; »¢(g/J) represents the carbon production factor which is the energy transferred to carbon in
the system; ¢f (%) represents the carbon fraction, that is, the weight percentage of carbon in the target
organism i; t;(days) represents the average lifetime of the species; A(m?) is the surface area.

In formula (69), the total solar radiation is acquired from the Solargis [12]. Notice that in the current
study, the Photosynthetic Efficiency and Carbon Production Factor are usually measured together. The
combined parameter of Photosynthetic Efficiency and Carbon Production Factor is based on the Green
Solar Collector; converting sunlight into algal biomass [13]. The estimation of the biomass growth
efficiency not only involves the photosynthesis efficiency but also takes into account daily consumption
for organism growth and self-maintenance. The vegetation coverage rate can also be found in books [14]
and the USGS GAP Land Cover Data Set. The calculation results are expressed as volume or mass since the
density of mostaquaticorganismsis near water density. According to the observation datain Lake Ontario
[15], the biomass density of phytoplankton is around 0.01-1 g/m>. The formula (69) calculation results,
depending on the coverage rate and seasonal features, are around 0.03-1.5 g/m>,

The next step is to calculate the higher trophic level biomass. Since all consumers gain their energy
through food ingestion, it is continent to use food mass flows to monitor the biomass in each species.
In current model design, we assume constant population sizes among all the biotic compartments in
the ecosystem. The population size could increase through growth/reproduction and lose its size
through natural mortality and predation. We do not consider disasters or incidents which could
dramatically alter the population scale. Thus, the food mass flow could be written as:

G=P+M (70)
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Where G represents growth rate (day-!) [18], P represent predation rate (day~'), and M is the
mortality rate (day1).
The expressions for growth rate, predation rate, and natural mortality rate are:

Growth Rate: G =kgVp =0.00586 (1.113)72° (1000Wg)™ %2 Vp (71)

Predation Rate :

P= Z 0.022¢0067 kVPI(plk (72)
i#k Bk

4.899¢-0916y,,

Natrual Mortality Rate: M= 36;660 (73)
As a result,
4 — 0.00586 (1.113)" 2 (1000W5) *? Vi - Si%tggg:vﬁ ~ z:; O'Ozze;jiTl/;kkapik 74)
i
Under constant population scale,
L (75)
0.00586 (1.113)72° (1000Wy) °2 vy — & 82%?5556‘/”” zn: 002262 i Vi (76)

i#k Bk

If we knew the food web details and the size of primary producer, it is easy to get all the rest
populations as long as they are connected to the food web. In contrast, if the population of the species
is known, we can also use this formula to calculate the correct food composition of each species.

Data validation and case study

We apply the new model to a series of case studies on polychlorinated biphenyl (PCBs) transport in
Lake Ontario. The results are published in a recent article in Environmental Pollution: Modeling the
impact of biota on polychlorinated biphenyls (PCBs) fate and transport in Lake Ontario using a
population-based multi-compartment fugacity approach [20]. (https://doi.org/10.1016/j.env-
pol.2018.05.068).
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