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Abstract
A major source of anthropogenic polycyclic aromatic hydrocarbon (PAH) inputs into marine environments are diffuse 
emissions which result in low PAH concentrations in the ocean water, posing a potential threat for the affected ecosystems. 
However, the remediation of low-dosage PAH contaminations through microbial processes remains largely unknown. Here, 
we developed a process-based numerical model to simulate batch cultures receiving repeated low-dosage naphthalene 
pulses compared to the conventionally used one-time high-dosage. Pulsing frequency as well as dosage concentration had 
a large impact on the degradation efficiency. After 10 days, 99.7%, 97.2%, 86.6%, or 83.5% of the 145 mg  L−1 naphthalene 
was degraded when given as a one-time high-dosage or in 2, 5, or 10 repeated low-concentration dosages equally spaced 
throughout the experiment, respectively. If the simulation was altered, giving the system that received 10 pulses time to 
recover to 99.7%, pulsing patterns affected the degradation of naphthalene. When pulsing 10 days at once per day, naphtha-
lene accumulated following each pulse and if the degradation was allowed to continue until the recovered state was reached, 
the incubation time was prolonged to 17 days with a generation time of 3.81 days. If a full recovery was conditional before 
the next pulse was added, the scenario elongated to 55 days and generation time increased to 14.15 days. This indicates 
that dissolution kinetics dominate biodegradation kinetics, and the biomass concentration of PAH-degrading bacteria alone 
is not a sufficient indicator for quantifying active biodegradation. Applying those findings to the environment, a one-time 
input of a high dosage is potentially degraded faster than repeated low-dosage PAH pollution and repeated low-dosage input 
could lead to PAH accumulation in vulnerable pristine environments. Further research on the overlooked field of chronic 
low-dosage PAH contamination is necessary.

Keywords Marine oil pollution · Chronic low-concentration pollution · Biodegradation · Chemical fate modelling · 
Bacterial growth model · Simulation of batch experiments

Introduction

Approximately 1.3 million tons of hydrocarbons are emit-
ted through anthropogenic and natural sources to marine 
environments every year (National Research Council, 2003). 
Most prominently known among anthropogenic sources are 
accidental oil spills and disasters like the Deepwater Horizon 
accident in 2010, which generate high public and scientific 
attention. Consequently, current research mainly focuses 
on one-time high-hydrocarbon input scenarios, however, 
these account for only 9% of the total emitted hydrocarbons. 
Another research focus is often natural oil seeps which are 
continuously polluted extreme environments at the seafloor, 
comprising 48% of global hydrocarbon emissions (National 
Research Council, 2003). In contrast, anthropogenic, 
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repeating, diffuse and often low-dosage hydrocarbon emis-
sions account for up to 40% of the total but are underrep-
resented in research. This is mainly because their location 
and timing are highly variable and they occur in pulses, 
e.g., due to ships passing on a shipping route, rain events 
causing increased run-off or atmospheric deposition from 
burning organic matter or fuels (National Research Council 
2003; Duran and Cravo-Laureau 2016). These factors make 
them hard to identify, quantify, and investigate in situ; thus, 
knowledge on the impact of repeated low-dosage hydrocar-
bon pollution remains scarce.

Microbial hydrocarbon degradation is a crucial process 
for contaminant removal from (marine) environments, such 
as the ocean water column (González-Gaya et al. 2019). 
This is well studied for high-pollution events under both 
oxic and anoxic conditions in aquatic systems, considering 
different salinities, and temperatures (Gutierrez et al. 2013; 
Joye et al. 2016), but is not well studied for repeated low-
dosage scenarios due to the difficulties mentioned above. 
When studying hydrocarbons, it becomes apparent that there 
is a difference between aliphatic and polyaromatic hydrocar-
bons (PAHs). While aliphatic, chain-like hydrocarbons are 
degraded faster, PAHs are known to be more persistent and, 
due to relatively low hydrophilic properties, tend to con-
centrate and accumulate in organic material and organisms 
(Baussant et al. 2001; Landrum et al. 2003). Indeed, some 
PAH compounds have been listed as “Priority Pollutants” 
by the US EPA since the 1990s due to their persistence, 
acute toxicity, and carcinogenicity (Environmental Protec-
tion Agency 1993).

PAH degradation by marine bacteria is a highly relevant 
and well-known process, helping the environment to recover 
from one-time high-input hydrocarbon pollution events (Joye 
et al. 2016; Karthikeyan et al. 2020; Bacosa et al. 2022). 
Observed PAH degradation half-lives range from days to 
months and strongly depend on the complexity of substrate 
(single compound vs. mixture of hydrocarbons), tempera-
ture, UV light and composition of the microbial community. 
For example, Liu et al. (2016) found temperature-dependent 
degradation rate constants between 0.101 and 0.399  d−1 with 
PAH residuals between 34 and 75% after 50 days by per-
forming in situ-like microcosm experiments using seawater 
contaminated with 200 mg  L−1 crude oil. In comparison, a 
pure culture of Cycloclasticus spp. degraded up to 99% of 
200 mg  L−1 within 10 days under optimized conditions in 
a laboratory based study by Cui et al. (2014). Knowledge 
on the degradation dynamics of repeated low-dosage PAH 
contamination, however, is scarce since small changes in low 
PAH concentrations are more difficult to study in the labora-
tory due to technical limitations and biological variability 
that masks actual changes in low concentration.

To date, only a few studies have investigated repeated 
low-dosage hydrocarbon degradation in the water column 

of the ocean. For example, Bacosa et al. (2021) incubated 
seawater microcosms with different initial oil concentra-
tions for 50 days and environmentally exposed flow-through 
incubators were studied with two different concentrations 
of weathered diesel (Ryther et al. 2021). No further in situ, 
in situ like, lab-based or simulation-based studies are avail-
able so far to predict the fate of PAHs in a chronic pollution 
scenario. It also remains unclear what role the frequency 
of input and the time interval between regularly occurring 
pollution events play in the recovery of the system. This 
knowledge would be highly relevant for risk assessment 
and contamination management, given that many low-dos-
age PAH inputs are recurring pulse-like pollution events. 
Research on other contaminants like herbicides suggests 
that frequency and dosage concentration play an important 
role for the degradation efficiency of contaminants (Baelum 
et al. 2008; Lancaster et al. 2010). Nonetheless, no data has 
been published so far on pulsing experiments or field studies 
when it comes to marine hydrocarbons, or more specifically 
PAH degradation.

Modelling microbial PAH degradation could help start 
closing the knowledge gap on repeated marine low-dosage 
hydrocarbon pollution of the water column. Although field 
and laboratory-based studies are not replaceable in order to 
understand environmentally relevant processes, they have 
limits when it comes to temporal and spatial resolution, as 
well as number of experiments.

Therefore, conceptual models that represent our cur-
rent understanding of interacting processes and driving 
parameters related to microbial PAH degradation in aque-
ous environments can be used as an alternative, ultimately, 
translating our experimental knowledge into mathemati-
cal equations (Soulas and Lagacherie 2001; Brimo et al. 
2016). Numerical simulations can complement microbio-
logical experimental research and help to analyse available 
data and derive parameter values and degradation kinetics. 
Based on scenario analysis, study results can be transferred 
to different conditions, habitats, or environmental scales 
and the experimental design for follow-up studies can be 
improved. Additionally, using mathematical model simula-
tions with data from previously conducted experiments can 
help to understand dynamics in between sampling points and 
beyond the sampling time. This also allows the sampling 
design for future experiments to be adapted (if required), 
e.g., by choosing sampling times and scales according to 
the most “critical” dynamics as projected by the model. Fur-
thermore, model simulations can be used as a first step to 
investigate different hypotheses, e.g., on driving parameters, 
to refine experimental design and generate preliminary data 
sets. More specifically, utilizing data on microbial degrada-
tion in one-time high-dosage scenarios (Wang et al. 2018) 
can inform simulations of repeated low-dosage microbial 
degradation. This can ultimately help to anticipate the fate 
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of unexplored repeated low-dosage oil input within marine 
environments.

The overarching aim of this study was to simulate and 
understand recovery times of a batch culture for different 
PAH input scenarios, by comparing one-time high-dosage 
to repeated low-dosage inputs. Therefore, i) a numerical 
model simulating a single-strain batch culture of a known 
marine PAH-degrader was developed; ii) parameter values 
were derived by applying our model to available literature 
data on batch culture studies; and iii) scenarios were run to 
predict the dynamics of biomass growth and PAH concentra-
tions over the course of simulated one-time high-dosage vs. 
repeated low-dosage degradation experiments.

Methods

Experimental data

Wang et al. (2018) performed one-time high-input batch 
culture studies with different PAHs in order to analyse the 
degradation pathway, on a genetic level, using the isolated 
marine model organism Cycloclasticus sp. strain P1, a strain 
from a species of well-known key players in marine PAH 
degradation (Dyksterhouse et al. 1995; Geiselbrecht et al. 
1998; Dombrowski et al. 2016). They followed cell density 
and total PAH residual percent of the initial concentration 
for ten days (Fig. 1 in Wang et al. (2018)). Their growth 
experiment is briefly summarized here since its data are the 
basis for our model; Cycloclasticus sp. strain P1 was grown 
in 100 ml oxic artificial seawater medium at 28 °C on a 
rotary shaker (150 rpm) with 500 ppm naphthalene as the 
sole carbon source for 10 days. Naphthalene residuals were 
measured via HPLC, bacterial growth was monitored with 

optical density measurements at a wavelength of 600 nm 
 (OD600). Further details can be found in Wang et al. (2018). 
We used the published growth observations as biomass 
concentration (after conversion from  OD600 in cells  L−1, 
Eq. ES1, SI) and naphthalene concentrations in mg  L−1, 
calculated from the naphthalene residual data as input for 
model calibration (Table S1).

Conceptual model

PAH is assumed to be present in different states, i.e., gase-
ous, dissolved in the aqueous phase, and crystalline (Fig. 1). 
In the model, these PAH fractions, as concentrations (mg 
 L−1), were assigned to three of the state variables of the 
model, Cgas, Ccrystal, and Cdiss, respectively. After being emit-
ted as a pure compound or in a mixture with different PAHs 
and solvents, evaporation and spreading/dilution of the 
crude oil compounds would lead to a decrease in the PAH 
concentration under environmental conditions. Aside from 
photooxidation at the seawater surface, biodegradation is the 
main process that removes PAHs from the water column. 
Therefore, the fourth state variable of the model is assigned 
to the biomass of the PAH-degrading bacteria, B in cells  L−1.

The model is designed to represent batch experimental 
conditions and is based on model concepts developed by 
Monod (1949), Volkering et al. (1992), Grimberg et al. 
(1996), Knightes and Peters (2003), and Brimo et al. (2016). 
When simulating environmental processes in laboratory 
batch cultures incubated in the dark, photooxidation as well 
as spreading and dilution of PAHs can be neglected. The 
following processes, that link the four state variables, are 
considered in the initial model structure, that from here on 
is called reference model  (Mref):

Fig. 1  Overview of the 
dosage-schemes in different 
simulated scenarios of the refer-
ence model; number of dosages, 
dosage interval and dosage con-
centration for scenarios S1 to S6
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PAH dissolution: Dissolution of the crystalline PAH 
(Ccrystal) into dissolved PAH (Cdiss) is driven by the gradi-
ent between the aqueous saturation concentration, i.e., the 
solubility, of the PAH (Csol) and the dissolved concentra-
tion (Cdiss). The rate of mass transfer across the solid–liquid 
interface depends, in addition, on the specific surface area of 
the PAH crystals a (surface area per unit volume, in  cm−1) 
and the mass transfer coefficient for dissolution kdiss (in cm 
 h−1) which is, in fact, a function of chemical and hydrody-
namic properties. Since a batch culture is a closed system 
with limited available PAH, Ccrystal needs to be accounted for 
as a limited resource for dissolution while Csol is considered 
as the capacity-term for maximum dissolution of PAH.

PAH degassing: Unitless Henry coefficients of vola-
tile PAHs range from 8.88·10–6 to 3.1110–2 (naphthalene 
to picene, (Sander 2015)) and indicate a distribution pro-
cess from the aqueous to the gas phase. It remains to be 
determined if volatilization of PAHs into the headspace 
is a relevant process in a closed batch system under labo-
ratory conditions. Thus, degassing is considered in the 
reference model structure and follows the concentration 
gradient between the dissolved (Cdiss) and the gaseous 
PAH (Cgas).

PAH degradation: Aerobic PAH-degrading bacteria 
can oxidize hydrocarbons via complex metabolic path-
ways, thereby using them as carbon and/or energy source 
for biomass production and dissimilatory processes which 
result in  CO2 production (Bouchez et al. 1996; Baboshin 
and Golovleva 2012; Dombrowski et al. 2016). Considering 
the lipophilic properties of PAHs and high ionic strength 
of seawater, solubility is limited, making it a potential rate 
limiting step in microbial degradation since uptake into the 
cell and, therefore, bioavailability is strongly linked to the 
dissolution of compounds. Thus, only the dissolved frac-
tion of PAHs is considered to undergo degradation. PAH 
degradation is linked to biomass growth and follows Monod 
kinetics assuming a constant biomass yield per PAH mass 
(Ybio in  mgBIO  mgPAH

−1).
Bacterial growth: Growth of bacterial biomass B (cells 

 L−1) is assumed to follow Monod kinetics with the Monod 
constant (or half-saturation constant) Km (mg  L−1) and maxi-
mum PAH degradation rate qmax in  mgPAH  mgBIO

−1  h−1. As 
described above, the biomass yield Ybio is assumed to be 
constant. Growth is considered to be net growth, i.e., explicit 
cell death does not play a role during the simulated 10-day 
period. Production of emulsifying compounds by bacteria 
is neglected in our model, as is sorption of PAH to biomass.

Model equations

The mass balance model, as outlined above, was formalized 
into the following system of four differential equations that 
simulate the dynamics of microbial biomass B (cells  L−1) 

and hydrocarbon concentration in aqueous (Cdiss in mg  L−1), 
crystalline (Ccrystal, in mg  L−1) and gaseous (Cgas, in mg  L−1) 
states in a PAH degrading, marine batch culture.

with the growth rate constant kgr  (h−1) as a function of the 
dissolved PAH concentration Cdiss following Monod kinetics

and the mass transfer coefficient for dissolution kdiss (cm 
 h−1), the specific surface area a  (cm−1) of the crystalline 
PAH, the solubility, i.e., saturation concentration of the PAH 
in the aqueous phase Csol (mg  L−1), the biomass yield Ybio 
 (mgBIO  mgPAH

−1), the mass transfer coefficient for volatili-
zation kgas  (h−1), the dimensionless Henry coefficient H (-), 
the maximum growth rate constant qmax  (h−1) of the bacte-
ria, and the Monod half-saturation constant Km (mg  L−1). 
The factor  10–9 in the degradation term of Cdiss (Eq. 2) is 
a conversion factor for the microbial cellular biomass, i.e., 
biomass per cell (mg  cell−1). This system of ordinary differ-
ential equations was defined as the reference model structure 
and was solved numerically with MATLAB R2018a using 
the in-built solver ode15s.

Model alternatives and sensitivity were analyzed by 
switching on and off subsets of transfer pathways (processes) 
between the variables of PAH states and bacterial biomass B, 
varying parameter dependencies and adopting mathematical 
descriptions of the assumed kinetics where reasonable.

Model alternatives and sensitivity analysis

A model alternative was developed to investigate the struc-
tural uncertainty due to assumptions made about processes 
and their kinetics. The model alternative maintains the set 
of four state variables but differs in the assumptions on dis-
solution kinetics (model alternative  Mlit).

Mlit: In literature, the dissolution term as defined in Eq. 2 
and 3 is simplified to follow a first-order rate model driven 

(1)
dB

dt
= kgr ∙ B

(2)
dCdiss

dt
= kaq ∙ a ∙ Ccrystal ∙

(

1 −
Cdiss

Csol

)

−
kgr

Ybio
∙
(

B ∙ 10−9
)

− kgas ∙
(

Cdiss ∙ H − Cgas

)

(3)
dCcrystal

dt
= −kdiss ∙ a ∙ Ccrystal ∙

(

1 −
Cdiss

Csol

)

(4)
dCgas

dt
= kgas ∙

(

Cdiss ∙ H − Cgas

)

(5)kgr = qmax ∙

(

Cdiss

Km + Cdiss

)
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by the gradient between maximal soluble PAH (Csol) and the 
dissolved PAH (Cdiss) (Perry 1950). Note that this approach 
does not consider the limited availability of PAH in the 
closed batch system but has been shown to explain dissolu-
tion kinetics in earlier studies, e.g., Volkering et al. (1992), 
Grimberg et al. (1996). Therefore, the dissolution term in 
Eqs. 2 and 3 is slightly adjusted in the differential equations 
for the change of the dissolved PAH and the pure PAH:

Sensitivity: Volatilization of PAHs plays a significant 
role under environmental conditions when the volume of 
the atmospheric compartment and, thus, the PAH concentra-
tion gradient from the aqueous to the gaseous phase is large 
(National Research Council 2003). Under laboratory batch 
conditions, the headspace is small compared to the atmos-
phere and volatilization might be an instantaneous process. 
The sensitivity of the model results was tested by varying 
the value of the mass transfer constant kgas for volatilization 
in a range of 0.1 to 10,000  h−1.

Derivation of model parameters

Data on total PAH (naphthalene) concentration (Ctot) and 
microbial cells (B) for model calibration and parameter 
deviation were taken from Wang et al. (2018). Simulating 
a regular growth experiment where the addition of PAH 
marks the starting point, the state variables were initially: 
Ccrystal,0 = Ctot,0, Cdiss,0 = 0, and Cgas,0 = 0. Model alternatives 
 (Mref,  Mlit) were fitted to the experimental data to derive a 
set of optimum model parameter values (Table S2-SI). The 
biomass yield (Ybio), the maximum growth rate constant 
(qmax), and the half saturation (Monod) constant (Km) as well 
as the mass transfer constant for degassing of naphthalene 
into the gas phase (kgas) and the coefficient for dissolution 
of naphthalene into the aqueous phase (kdiss) alongside with 
the specific surface area (a) were estimated using nonlinear 
least-squares fitting implemented in the computer software 
MATLAB (lsqnonlin). Lower (0 for all parameters) and 
upper boundaries (1  h−1 for qmax, 1000 for all other param-
eters) for the parameter values were defined for the fitting 
procedure to limit the search space. To avoid overemphasiz-
ing the biomass data during the fitting procedure due to com-
parably high cell concentration versus total PAH concen-
tration, biomass and naphthalene concentration data (both 

(6)
dCdiss

dt
= kdiss ∙ a ∙

(

Csol − Cdiss

)

−
kgr

Ybio
∙
(

B ∙ 10−9
)

− kgas ∙
(

Cdiss ∙ H − Cgas

)

(7)
dCcrystal

dt
= −kdiss ∙ a ∙

(

Csol − Cdiss

)

measured and simulated) were normalized by the respective 
maximum measured value.

For model comparison, the Akaike Information Crite-
rion (AIC), Bayesian Information Criterion (BIC), and the 
normalized root-mean-square error (NRMSE) were used as 
indicators for the goodness-of-fit of the models to experi-
mental data. Additionally,  AICnorm and  BICnorm were cal-
culated using normalization by the respective maximum 
measured value in order to equally regard errors in all model 
parameters, regardless of their absolute value. All indicators 
consider the deviation of the model results from the actual 
data points. AIC is a relative indicator for the model fit and 
takes the number of fitted parameters and the size of the 
underlying dataset into account. It rewards the goodness of 
fit to the data while punishing model complexity, i.e., a high 
number of fitted parameters that might lead to overfitting. 
BIC, similar to AIC, uses the maximum log-likelihood to 
evaluate and compare different models. In contrast to AIC, 
however, it punishes complexity even more by giving mod-
els with an increased number of model parameters a higher 
score. NRMSE, AIC, and BIC are smallest for the most 
appropriate model. In addition to the statistical criteria, a 
graphical analysis, undertaken by inspecting the visual devi-
ations between model results and measurements, supports 
the determination of the most appropriate model approach.

Model application for experimental design

The optimized model was used to analyze six setups 
(model scenarios) for microbial laboratory-based deg-
radation experiments that differ in PAH dosage and 
pulsing frequency by simulating naphthalene degrada-
tion and growth of the model organism Cycloclasticus 
sp. strain P1 (Table 1). A common experimental setup 
of a one-time high-dosage PAH-degradation experiment, 
reflecting, e.g., an accidental oil spill, was compared to 
scenarios where the same total mass of naphthalene was 
applied at equal intervals over the total experimental 
time of 10 days, representing e. g. repeated river runoff. 
For the one-time high-dosage scenario (S1), 500% of 

Table 1  Overview of the dosage-schemes in different simulated sce-
narios with the reference model

Scenario Number of 
dosages

Dosage 
interval 
[days]

Dosage con-
centration  
[mg  L−1]

Total simulated 
incubation time 
[days]

S1 1 - 144.79 10
S2 2 5 72.40 10
S3 5 2 28.96 10
S4 10 1 14.48 10
S5 10 1 14.48 16.9
S6 10 6.12 14.48 55.1
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the calculated naphthalene solubility in the given sys-
tem was selected (solubility = 28.96 mg  L−1 with salinity 
0.612 mol  L−1 and Setschenow constant for naphthalene 
in seawater 0.256 L  mol−1; Xie et al. 1997). Correspond-
ingly, for the three repeated low-dosage scenarios sub-
sequently lower concentrations per dosage were chosen. 
Two times 250% (S2), five times 100% (S3) and ten times 
50% (S4) of 28.96 mg  L−1 were added at equal intervals 
during the simulated experiments, thereby predicting 
biomass dynamics and naphthalene concentration in the 
different states (crystalline, gaseous, dissolved).

Degradation performance and the recovery of the 
batch culture after a repeated low-dosage contamina-
tion was investigated by simulating how long it would 
take to have the added naphthalene degraded to the same 
extent as in S1 after 10 days. Therefore, for scenario S5, 
a simulation of S4 was run with low PAH pulses equally 
added during the 10 days of the experiment and, after-
wards, biomass and PAH dynamics were left unaffected 
by further inputs. Recovery time was measured while 
the residual naphthalene slowly faded. For scenario S6, 
S5 was adjusted as such that time between pulses was 
elongated, allowing the system to recover before a new 
pulse was added.

All simulation results were plotted using MATLAB. 
Figure 1 was created in Microsoft PowerPoint.

Results

Reduced complexity of the reference model

Both model structures, i.e.,  Mref and its alternative  Mlit, 
were fitted to the available experimental data from Wang 
et al. (2018) to simulate naphthalene degradation in a closed 
batch system by Cycloclasticus sp. strain P1. All indica-
tors for the goodness of fit AIC/AICnorm, BIC/BICnorm, and 
NRMSE indicated relatively good fits and were in favor of 
 Mref (Table 2). Additionally, plotting the simulated biomass 
and total naphthalene concentrations of the two models 
in comparison to the experimental data from Wang et al. 
(2018) showed that  Mref represented the data better than  Mlit 
(Fig. 2). This means that the statistical criteria fit the obser-
vations if the availability of the crystalline PAH, Ccrystal, is 
assumed to be the limiting factor for the dissolution kinetics 
and Csol is the upper boundary, i.e., the capacity-term of the 
dissolved naphthalene concentration.

Additionally, the model structure of  Mlit resulted in a dis-
continuous development of simulated biomass and naphtha-
lene concentrations around day 5 when crystalline naphthalene 
concentration was almost zero (Fig. 2 and Fig. S1-SI). Since 
the dissolution term of  Mlit (Eqs. 6 and 7) is driven by the 
gradient between maximal soluble naphthalene (Csol) and the 
dissolved naphthalene (Cdiss), a conditional assignment was 
created for the case where Ccrystal > kdiss ∙ a ∙

(

Csol − Cdiss

)

 
was false. This condition leads to the immediate dissolution 
of the remaining crystalline naphthalene in a final dissolution 

Table 2  Fitted parameters and goodness-of-fit indicators (NRMSE 
normalized root-mean-square error, AIC Akaike Information Crite-
rion, BIC Bayesian Information Criterion, AICnorm normalized AIC, 
BICnorm normalized BIC) for the simplified reference model  Mref,s and 

the alternative model structure  Mlit. Specific surface area a and kgas 
were set to 1 when model complexity of the reference model  Mref was 
reduced to  Mref,s n.a. – no literature data available

a Volkering et al. (1992), bKnightes et al. (2003), cKnightes et al. (2000) dAnnweiler et al. (2000), eBouchez et al. (1996), fGrimberg et al. (1996) 
this value was estimated for phenanthrene in a non-marine system and is given as a measure for an order of magnitude since no naphthalene spe-
cific data were available, gMulder et al. (2001); (Brimo et al. 2016)

Parameter Literature values Mref,s Mlit Parameter description

qmax  [h−1] 0.3a – 0.636b,c 0.281 0.543 Max. growth rate  constanta,b,c

Km  [mgNAP  L−1] 0.291c – 0.572b,c 1.000 0.499 Monod constant, half-saturation conc.b,c

Ybio  [mgBIO  mg−1
NAP] 0.17d – 0.775c 0.208 0.276 Biomass  yieldb,c,d,e

kdiss [cm  h−1] 1.83E-3f 2.5E-2 1.86E-1 Mass transfer coefficient for dissolution of PAH into aqu. phase, 
dependent on PAH particle size and diffusion  coefficienta,f,g

a  [cm−1] n.a 1 0.775 Specific surface area of PAH
kaq = kdiss · a  [h−1] n.a 0.025 0.144 Mass transfer constant for dissolution of PAH into aqueous phase
kgas  [h−1] n.a 1 0.856 Mass transfer constant for degassing of PAH into gas phase
NRMSE [-] 2.725 4.446 Normalized root-mean-square error
AIC [-] 323.7 334.2 Akaike Information Criterion
BIC [-] 323.4 333.9 Bayesian Information Criterion
AICnorm [-] 145.8 156.3 Akaike Information Criterion, normalized by max. values
BICnorm [-] 145.6 156.0 Bayesian Information Criterion, normalized by max. values
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step before no more dissolution was possible, since there was 
no crystalline naphthalene left. This if-condition created an 
unsteady development of the crystalline and dissolved naph-
thalene concentrations, which in turn affected the concen-
trations in gaseous concentration and biomass growth. By 
treating Csol as a capacity-term (Eqs. 2 and 3) and thereby not 
requiring a conditional assignment, the model structure of  Mref 
was more robust against discontinuous developments.

In order to avoid over-parameterization, the model struc-
ture  Mref was tested for the necessity of the processes consid-
ered, i.e., for their sensitivity towards process parameters. The 
specific surface area a of naphthalene—a parameter which is 
very challenging to estimate in a laboratory experiment and 
for which no literature data for the given conditions could be 
found—was arbitrarily set to 1 with the product of a and kdiss 
fitted as a bulk parameter constant (kaq in  h−1). Fitting the 
model with both free parameters vs. keeping one parameter 
constant at 1 and fitting the other, resulted (and needs to result) 
in the same product of kdiss · a and improved goodness-of-
fit indicators due to the reduction in parameters to be fitted 
and, thus, in model complexity. A sensitivity analysis for kgas, 
testing values between 0.1 and 10 000  h−1, showed that the 
model results are insensitive to changes in kgas (Fig. S2-SI and 
Fig. S3-SI, Table S3-SI). Considering a low kgas, meaning a 
kinetic inhibition of degassing, is physico-chemically not rea-
sonable and not observed in the laboratory. Thus, kgas was set 
to 1  h−1 and thereby excluded from further simulations which 
resulted in the following simplified model structure  Mref,s of 
the reference model.

(8)
dB

dt
= kgr ∙ B

(9)

dCdiss

dt
= kaq ∙ Ccrystal ∙

(

1 −
Cdiss

Csol

)

−
kgr

Ybio
∙
(

B ∙ 10−9
)

−
(

Cdiss ∙ H − Cgas

)

with the bulk dissolution rate constant kaq in  h−1 (which 
is, internally, a function of the specific PAH surface area 
a in  cm−1 and the dissolution coefficient kdiss in cm  h−1, 
kaq = kdiss ∙ a).

Derived model parameters

The resulting set of fitted model parameters for both 
model structures, the simplified reference model  Mref,s 
and  Mlit, was in good agreement with and in the same 
order of magnitude (except kdiss) as the available litera-
ture data, i.e., for qmax, Km, Ybio (Table 2). The biomass 
independent maximum growth rate constant per bio-
mass yield (qmax/Ybio) resulted in 1.35 mg NAP  (Mref,s) 
to 1.97 mg NAP  (Mlit) per mg microbial biomass and 
hour (literature: 0.39–3.74  mgPAH  mgBIO

−1  h−1). The dis-
solution rate coefficient kdiss was overestimated by one 
 (Mref,s) to two  (Mlit) orders of magnitude in comparison 
to the only available literature value, which was, how-
ever, determined for phenanthrene in freshwater medium 
(Grimberg et al. 1996). Literature values describe kinet-
ics observed in PAH degradation studies in soils, sedi-
ment, or freshwater. This might explain the deviation, 
especially for dissolution kinetics for a marine water col-
umn system with high initial naphthalene concentration. 

(10)
dCcrystal

dt
= −kaq ∙ Ccrystal ∙

(

1 −
Cdiss

Csol

)

(11)
dCgas

dt
= Cdiss ∙ H − Cgas

(12)kgr = qmax ∙

(

Cdiss

Km + Cdiss

)

Fig. 2  Comparison of simulated 
biomass (blue) and naphthalene 
(pink) concentrations over time 
by  Mref (dark color) and  Mlit 
(lighter colour) to experimental 
results from Wang et al. 2018
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Specifically, degradation studies by Cycloclasticus sp. 
strain P1, the model organism investigated in the under-
lying studies for this model application, are yet to be 
conducted.

One‑time high‑dosage vs. repeated low‑dosage

Using the model to compare naphthalene degradation and bio-
mass growth of Cycloclasticus sp. strain P1 in one-time high-
dosage and repeated low-dosage batch cultures showed that a 
high PAH contamination scenario is potentially degraded faster 
than regularly pulsed low-concentration emissions due to the 
increased dissolution kinetics that dominate substrate availabil-
ity. This is reflected in four different contamination scenarios 
(Fig. 3a–d). Simulating an incubation time of 10 days, highest 
biomass concentration (3.80·107 cells  mL−1) and lowest naph-
thalene residuals (99.7% degradation) were observed in, S1 

where the total amount of naphthalene (144.8 mg  L−1 = 500% 
maximal solubility) was added in a one-time high-dosage at the 
beginning of the experiment, representing a high-input event 
like an oil spill (Table 3). In contrast, the lowest final degrada-
tion (83.5%) was predicted after 10 days in S4, where the same 
total amount of naphthalene was pulsed daily (14.48 mg  L−1 
each = 50% of maximal solubility) to represent a chronic, diffuse 
naphthalene source such as repeating emissions. A similar final 
magnitude of biomass was reached at the end of all scenario 
simulations, while the concentration of PAH residuals varied 
remarkably between 0.4 mg  L−1 (0.3% of the total added PAH 
amount in scenario S1) and 24 mg  L−1 (16.5% of the total PAH 
amount in scenario S4; Table 3). Growth patterns and degrada-
tion dynamics were highly influenced when the total substrate 
mass was pulsed in partial quantities rather than being available 
at once in the beginning (Fig. 3a–d). The higher the frequency 
of the pulses the more naphthalene accumulated since microbial 

Fig. 3  Total naphthalene 
(pink, dot dash) and biomass 
concentrations (blue, dotted) 
over time for the investigated 
scenarios. Note that x-axis for 
fading and elongating scenarios 
(S5 and S6) differ, indicating 
longer running times. Simu-
lated biomass and naphthalene 
concentration over time for 
different input) scenarios. S1: 
High input scenario one-time 
dosage of 144.79 mg  L−1 (500% 
max. solubility concentration). 
S2: Two medium dosages of 
72.40 mg  L−1 (250% max solu-
bility concentration). S3: Five 
dosages of 28.96 mg  L−1 (100% 
max. solubility concentration). 
S4: Ten dosages of 14.48 mg 
 L−1 L (50% max. solubility 
concentration). S5: After ten 
dosages of 14.48 mg  L−1 with a 
daily frequency, PAH degra-
dation takes about 16 days to 
reach the same concentration as 
in S1 (0.4 mg  L−1). S6: Low-
concentration pulse (14.48 mg 
 L−1) is degraded to the same 
PAH concentration as at day 10 
in S1 (0.4 mg L.−1) before the 
next pulse is given to the system 
(incubation time for degradation 
of ten pulses 55 days)
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growth and degradation kinetics in between two pulses could 
not counterbalance the addition of naphthalene into the batch 
system. Thus, recovery of the system for chronic contamination 
was investigated with additional model scenarios.

Higher recovery time for less‑frequent pulsing

The recovery of the system was investigated by adapting 
the repeated low-dosage PAH contamination scenario, 
S4. The amount of naphthalene per dosage (14.48 mg 
 L−1) remained constant, but the simulations were given 
more time in order to reach the same extent of naphtha-
lene degradation as observed in the one-time high-dosage 
scenario S1 (99.7%). In S5, where the pulsing frequency 
was not altered, but the system was given more time to 
recover after the last pulse, an additional recovery time 
of 6.85 days was predicted (Table 3). Moreover, when 
waiting for the system to fully recover each time before 
adding the next pulse in S6, an even greater elongation 
of the experimental time was predicted. The estimated 
time between each pulse was extended to 6.12 days, lead-
ing to a prolongation of the total simulation with ten 
pulses of 45.13 days in comparison to the initial 10 days 
of simulation. This indicates that not only naphthalene 
concentration, but also pulsing frequency highly influ-
ences the system recovery.

Discussion

Comparison of high one‑time and low repeated 
dosages

One-time highly concentrated PAH emissions are degraded 
more quickly than repeatedly introduced low-concentration 
emissions due to the dissolution kinetics that dominate 
the substrate availability. The gradient between pure and 
dissolved PAH was the main driving force for the degra-
dation kinetics in a closed batch system. The greater the 

concentration difference between the pure phase reservoir 
and the dissolved PAH, the faster the dissolution kinetics 
(according to Fick’s first law). If Ccrystal is low (at low-con-
tamination events or at the end of a high-level contamination 
event) and degradation of the dissolved PAH concentration 
is limited by the availability of PAH in solution, the fast 
degradation kinetics lead to a continuously low concentra-
tion in the dissolved, bioavailable PAH pool (Cdiss). This 
small gradient between Ccrystal and Cdiss caused dissolution 
and the emptying of the PAH reservoir to slow down. As 
a consequence, this led again to a smaller dissolved, and 
thereby bioavailable substrate fraction.

A low dissolved substrate concentration results in a 
retarded increase in biomass, since growth of the bacteria is 
directly dependent on the bioavailable substrate concentra-
tion (Volkering et al. 1993).

This means, that biomass growth alone is not a conclusive 
measure for PAH degradation in batch experiments. All the 
simulated scenarios, S1 to S4, had the same order of magni-
tude of biomass concentration at the end of the simulations. 
Nevertheless, 99.7% of naphthalene was degraded in S1 and 
the simulated bacteria, with a generation time of 0.65 days, 
clearly reached stationary phase in the end. In contrast, only 
83.5% of the added naphthalene was degraded in S4, accumu-
lating over time, and the simulated batch culture grew linearly, 
with a generation time of 3.81 days, not reaching stationary 
phase by the end of the simulation. This effect was described 
30 years ago by Volkering et al. (1992), who found that the 
growth rate of PAH-degrading microorganisms and the solu-
bility of the substrate are correlated. Their conclusion was 
that bioavailability is constrained due to, e.g., low solubility 
of the substrate which restricts microbial growth and leads 
to a linear increase in biomass, rather than an exponential 
one. In our study, the slowed growth kinetics, reflected by an 
increased generation time in the less contaminated scenarios, 
lead to retarded degradation and thereby an accumulation 
and higher naphthalene residuals over time. In their review, 
Johnsen and Karlson (2007) describe how diffuse, low-con-
centration contamination of PAHs can become enriched in 

Table 3  Comparison of simulated final naphthalene (nap) and bio-
mass concentrations, overall nap mass loss (degradation) at the end 
of the simulation and incubation times for the investigated scenarios. 

Generation times were calculated to highlight retardation of growth 
despite the similar final biomass concentrations in the different sce-
narios

Scenario Incubation time
[days]

Final biomass con-
centration
[cells  mL−1]

Final nap. concentra-
tion [mg  L−1]

Nap. degradation 
[%]

Generation time
[days]

S1: 1 × 144.8 [mg  L−1] 10 3.80·107 0.42 99.7 0.65
S2: 2 × 72.40 [mg  L−1] 10 3.72·107 4.03 97.2 1.31
S3: 5 × 28.96 [mg  L−1] 10 3.53·107 13.4 86.6 3.17
S4: 10 × 14.48 [mg  L−1] 10 3.31·107 23.8 83.5 3.81
S5: 10 × 14.48 [mg  L−1] 16.9 3.80·107 0.42 99.7 3.81
S6: 10 × 14.48 [mg  L−1] 55.1 3.50·107 0.40 99.7 14.15
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pristine environments like soils despite the presence of PAH-
degrading organisms, due to limited bioavailability of the sub-
strate, in this case caused by sorption. Indeed, breaking the 
established gradient of a system by mixing is a well-known 
measure for increasing biodegradation. For example, the 
constant shaking of bacterial cultures in laboratory experi-
ments or mixing contaminated soil with air in remediation 
scenarios are processes that enhance the bioavailability of the 
electron donor or acceptor (PAH and/or oxygen), promoting 
biodegradation (Sales da Silva et al. 2020). This highlights the 
importance of both, (1) studying pollutant degradation over 
longer time spans, even under controlled batch conditions, and 
(2) measuring hydrocarbon concentration rather than using 
abundance of PAH-degrading organisms as an indicator for 
degradation kinetics. So far, this has been discussed but rarely 
applied in microbial field studies, due to the challenges con-
nected to in-situ hydrocarbon degradation experiments (Gon-
tikaki et al. 2018; Liang et al. 2019). However, as shown with 
the simulation studies here, only observing biomass abun-
dance could lead to an overestimation of naphthalene degrada-
tion in low-contamination scenarios.

Depending on the pulsing frequency, low-concentra-
tion hydrocarbon pulses could lead to a long-term accu-
mulation of the pollutant rather than nearly complete deg-
radation as described for several pristine areas like alpine 
lakes or mountain areas (Carrera et al. 2001; Vilanova 
et al. 2001).

System recovery takes longer for repeated low-concentration 
contamination events. Lower pulsed PAH concentration lead 
to less dissolved substrate that is available for PAH-degrading 
bacteria. This, in turn, prevents PAH-degrading bacteria from 
growing to high densities during the short times which is a self-
enforcing process, and ultimately leads to a retardation of the 
system’s recovery. This effect is amplified when increasing the 
time between dosages (comparing, e.g., the generation times and 
incubation times of S5 and S6, Fig. 3e and f, Table 3). The impli-
cation is that for a pristine marine system, less frequent low-input 
contamination takes longer to fully recover from or might even 
lead to pollutant accumulation in the long-run because the PAH-
degrading community is not well established due to low growth 
rates, inhibited by low substrate availability (Carrera et al. 2001; 
Vilanova et al. 2001). Given that most anthropogenic PAH con-
taminations in marine environments occur at low concentration 
and on a relatively continuous, repeated basis, the environmental 
relevance for PAH degradation dynamics is significant.

Limitations of the model

Since the model itself as well as the underlying degradation 
experiment are simplifications of the environmental condi-
tions and processes, the chosen model structure was based on 
a set of boundary conditions and, therefore, comes with limita-
tions. Model outcomes in this study represent homogeneous, 

laboratory batch experiments. Since, in this study, the general 
degradation dynamics and growth patterns were of importance, 
not the absolute concentration values, only the dissolved frac-
tion of the PAH is considered to be bioavailable without restric-
tion of the general validity. Nevertheless, under environmental 
conditions, additional processes like sorption to solid particles, 
to dissolved organic matter or to biomass like dead cell walls or 
EPS in bioaggregates might play a role and could even increase 
the effects we observed, since bioavailability of the PAH would 
be even lower (Volkering et al. 1992). Microbial degradation of 
PAHs might be adversely affected by the PAH concentration 
itself, e.g., by a toxicity effect at high PAH concentration or by 
a concentration threshold below which bacteria stop degrad-
ing the PAHs, though no such effects have been reported for 
naphthalene in the literature so far. In addition, dissolution can 
be actively enhanced by bacteria, e.g., due to the excretion of 
biosurfactants and bioemulsifiers (Bozzi et al. 1996; Grimberg 
et al. 1996; Mulder et al. 1998; Qin et al. 2007). However, 
Gutierrez et al. (2018) found that Cycloclasticus spp., isolated 
near the highly damaged Deepwater Horizon oil rig in 2010, 
were not capable of producing such biosurfactants, so this was 
neglected for the PAH biodegradation by Cycloclasticus spp. in 
our model. When extending the model to include several bac-
terial strains or a complex microbial community, the effect of 
biosurfactants should be considered since the same study sug-
gested that Cycloclasticus spp. jointly with other oil-degrading 
bacteria were able to benefit from the emulsifying properties 
of such biosurfactants.

Different physico-chemical properties of aromatic pol-
lutants other than naphthalene could change the observed 
degradation behavior. Given that naphthalene is a relatively 
hydrophilic PAH, resulting in a comparably high solubility 
(even in seawater), the one-time high-dosage scenario that 
showed a fast degradation process might also be retarded for 
substances with slower dissolution kinetics (Volkering et al. 
1992). Nevertheless, the relative pattern between the input 
scenarios theoretically should not change when transferring 
the results for naphthalene to other organic compounds if the 
conditions are kept the same. Mulder et al. (2001) simulated 
the biodegradation of four PAHs with different mass transfer 
parameters such as water solubility and sorption coefficients 
and found similar patterns of degradation, which were gov-
erned by the physico-chemical properties of the PAHs. They 
concluded that extrapolating kinetic information for different 
PAHs can be done under mass-transfer limited conditions 
because the mass-transfer processes are then dominated by 
the physico-chemical properties of the pollutants.

The elongated degradation times and accumulation of 
PAHs that we observed for repeated low-concentrated hydro-
carbon input is especially relevant for pristine environments. 
These rely on the establishment of a PAH-degrading com-
munity for decontamination, which in turn needs PAH to 
grow and sustain itself. Studies suggest, that in chronically 
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polluted areas where low levels of PAHs constantly exist, 
the native bacterial community adapts and enriches PAH-
degrading organisms, probably from the “rare biosphere” 
and is therefore able to respond faster to PAH contamination 
(King et al. 2015; Kleindienst et al. 2016; Cerro-Gálvez et al. 
2021). Thus, the observed effects from our study are poten-
tially not as severe for such chronically polluted environ-
ments and further simulations should investigate this aspect.

In marine environments, contamination is rarely caused by a 
single PAH, but a complex hydrocarbon mixture like crude oil or 
diesel, containing aliphatic, branched, cyclic, and polyaromatic 
hydrocarbons which interact and influence the mass transfer 
between the compartments of the system (Ghoshal and Luthy 
1998; Guha et al. 1999; Ribicic et al. 2018). On top of this, not 
a single strain, but a complex community evolves to degrade the 
compounds, all influenced by environmental factors like salinity, 
UV light, pressure, shoreline energy, mineral particles, nutrients, 
and temperature (Bargiela et al. 2015; Ward et al. 2018; Pic-
cardi et al. 2019; Bacosa et al. 2022). To begin to understand 
the effect of (re-occurring) low-concentration oil contamination 
and expand the model to account for all these variables, further 
research both in the field and in the laboratory is necessary to 
tease apart the tangled interlinkages between them.

Conclusion

The model outcomes in this study indicate that it takes longer 
for a system to recover from less frequent and repeated low-
concentration hydrocarbon contamination events. Therefore, 
events like contamination due to shipping might lead to pol-
lutant accumulation over time. These findings are even more 
relevant, considering that low-concentration hydrocarbon con-
tamination events occur more often than one-time high-dosage 
contamination events like accidental oil spills. Additionally, 
such diffuse events are, in general, a challenge to monitor and, 
thus, are overlooked. Furthermore, pristine environments are 
more likely to suffer from low-concentration hydrocarbon con-
tamination since the system is not adapted to PAH-input and, 
therefore, PAH-degrading bacteria are potentially less abun-
dant and active. This highlights the vulnerability of regions 
like the Arctic Ocean towards even sporadic low-dosage 
hydrocarbon contamination. Ultimately, awareness needs to 
be raised and efforts need to be increased to protect such vul-
nerable areas against diffuse chronic contamination.

Further studies are needed to investigate contaminated 
marine systems with high temporal and spatial resolution. More 
complex experiments and models with PAH mixes or crude 
oil as well as field studies in marine habitats are required to 
discern the bioavailability and degradation efficiency of low-
concentrated hydrocarbon contamination. This is of particular 
importance considering the different parameters that influence 
the bioavailability of hydrocarbons such as the solubility of 

PAHs in the presence of co-solvents, the salt concentration, 
and the presence of sediment particles or biosurfactants. Field 
campaigns that sample habitats influenced by regular low-
concentration hydrocarbon contamination—e.g., shipping 
routes—over timescales from days to months could determine 
disruptions and in situ recovery times for these ecosystems that 
might also adapt to the pollutant pressure. Collectively, these 
data would be needed to confirm the trends we simulated and 
to increase the model complexity, i.e., to test our advances in 
system understanding. Our study is the foundation that can be 
used to better constrain the interactions of coupled pollutant 
degradation and microbial growth processes and may have 
important implications for future management and risk assess-
ment of diffuse oil contamination in the marine environment.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11356- 023- 26546-9.

Acknowledgements We thank Adrian Mellage for early discussions on 
model development. The authors acknowledge funding by the Emmy 
Noether Programme of the German Research Foundation DFG, granted 
to Sara Kleindienst (Deutsche Forschungsgemeinschaft; grant num-
ber 326028733). Katharine J. Thompson is funded by the Institutional 
Strategy of the University of Tübingen (German Research Foundation 
[DFG], ZUK 63).

Author contribution All authors (ALV, KJT, SK, and CZ) contributed 
to the study conception and design. Material preparation, coding of 
the model and analysis were performed by ALV and CZ. The first draft 
of the manuscript was written by ALV and all authors commented on 
previous versions of the manuscript. All authors read and approved 
the final manuscript.

Funding Open Access funding enabled and organized by Projekt 
DEAL. This work was financially supported by the Emmy-Noether 
Programme of the German Research Foundation DFG, granted to 
Sara Kleindienst (Deutsche Forschungsgemeinschaft; grant number 
326028733). Katharine J. Thompson is funded by the Institutional 
Strategy of the University of Tübingen (German Research Foundation 
[DFG], ZUK 63).

Data availability The MATLAB code used to generate the simulations in 
this study is available from the corresponding author on reasonable request.

Declarations 

Ethical approval Not applicable.

Consent to participate Not applicable.

Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 

https://doi.org/10.1007/s11356-023-26546-9


59824 Environmental Science and Pollution Research (2023) 30:59813–59825

1 3

the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Annweiler E, Richnow H, Antranikian G, Hebenbrock S, Garms C, 
Franke S, Francke W, Michaelis W (2000) Naphthalene degrada-
tion and incorporation of naphthalene-derived carbon into bio-
mass by the thermophile Bacillus thermoleovorans. Appl Envi-
ron Microbiol 66(2):518–523. https:// doi. org/ 10. 1128/ AEM. 66.2. 
518- 523. 2000

Baboshin MA, Golovleva LA (2012) Aerobic bacterial degradation of 
polycyclic aromatic hydrocarbons (PAHs) and its kinetic aspects. 
Microbiology 81(6):639–650. https:// doi. org/ 10. 1134/ S0026 
26171 20600 21

Bacosa HP, Ancla SMB, Arcadio CGLA, Dalogdog JRA, Ellos DMC, 
Hayag HDA, Jarabe JGP, Karim AJT, Navarro CKP, Palma MPI, 
Romarate RA, Similatan KM, Tangkion JAB, Yurong SNA, et al. 
(2022) From surface water to the deep sea: a review on factors 
affecting the biodegradation of spilled oil in marine environment. 
J Mar Sci Eng 10(3) https:// doi. org/ 10. 3390/ jmse1 00304 26

Bacosa HP, Kang A, Lu K, Liu Z (2021) Initial oil concentration affects 
hydrocarbon biodegradation rates and bacterial community com-
position in seawater. Mar Pollut Bull 162:111867. https:// doi. org/ 
10. 1016/j. marpo lbul. 2020. 111867

Baelum J, Nicolaisen MH, Holben WE, Strobel BW, Sorensen J, Jacob-
sen CS (2008) Direct analysis of tfdA gene expression by indig-
enous bacteria in phenoxy acid amended agricultural soil. ISME 
J 2(6):677–687. https:// doi. org/ 10. 1038/ ismej. 2008. 21

Bargiela R, Mapelli F, Rojo D, Chouaia B, Tornes J, Borin S, Richter 
M, Del Pozo MV, Cappello S, Gertler C, Genovese M, Denaro 
R, Martinez-Martinez M, Fodelianakis S et al (2015) Bacterial 
population and biodegradation potential in chronically crude oil-
contaminated marine sediments are strongly linked to tempera-
ture. Sci Rep 5:11651. https:// doi. org/ 10. 1038/ srep1 1651

Baussant T, Sanni S, Skadsheim A, Jonsson G, Børseth JF, Gaudebert 
B (2001) Bioaccumulation of polycyclic aromatic compounds: 
2. Modeling bioaccumulation in marine organisms chronically 
exposed to dispersed oil. Environ Toxicol Chem 20(6):1185–
1195. https:// doi. org/ 10. 1002/ etc. 56202 00607

Bouchez M, Blanchet D, Vandecasteele J-P (1996) The microbiologi-
cal fate of polycyclic aromatic hydrocarbons: carbon and oxygen 
balances for bacterial degradation of model compounds. Appl 
Microbiol Biotechnol 45(4):556–561. https:// doi. org/ 10. 1007/ 
BF005 78471

Bozzi L, Milas M, Marguerite, Rinaudo (1996) Characterization and 
solution properties of a new exopolysaccharide excreted by the 
bacterium Alteromonas sp. strain 1644. Int J Biol Macromol 18(1–
2):9–17. https:// doi. org/ 10. 1016/ 0141- 8130(95) 01038-6

Brimo K, Garnier P, Sun S, Bertrand-Krajewski JL, Cebron A, Ouvrard 
S (2016) Using a Bayesian approach to improve and calibrate 
a dynamic model of polycyclic aromatic hydrocarbons degrada-
tion in an industrial contaminated soil. Environ Pollut 215:27–37. 
https:// doi. org/ 10. 1016/j. envpol. 2016. 04. 094

Carrera G, Fernández P, Vilanova RM, Grimalt JO (2001) Persistent 
organic pollutants in snow from European high mountain areas. 
Atmos Environ 35(2):245–254. https:// doi. org/ 10. 1016/ S1352- 
2310(00) 00201-6

Cerro-Gálvez E, Dachs J, Lundin D, Fernandez-Pinos MC, Sebastian 
M, Vila-Costa M (2021) Responses of coastal marine microbi-
omes exposed to anthropogenic dissolved organic carbon. Environ 

Sci Technol 55(14):9609–9621. https:// doi. org/ 10. 1021/ acs. est. 
0c072 62

Cui Z, Xu G, Gao W, Li Q, Yang B, Yang G, Zheng L (2014) Isolation 
and characterization of Cycloclasticus strains from Yellow Sea 
sediments and biodegradation of pyrene and fluoranthene by their 
syntrophic association with Marinobacter strains. Int Biodeterior 
Biodegradation 91:45–51. https:// doi. org/ 10. 1016/j. ibiod. 2014. 
03. 005

Dombrowski N, Donaho JA, Gutierrez T, Seitz KW, Teske AP, Baker 
BJ (2016) Reconstructing metabolic pathways of hydrocarbon-
degrading bacteria from the Deepwater Horizon oil spill. Nat 
Microbiol 1(7):16057. https:// doi. org/ 10. 1038/ nmicr obiol. 2016. 57

Duran R, Cravo-Laureau C (2016) Role of environmental factors and 
microorganisms in determining the fate of polycyclic aromatic 
hydrocarbons in the marine environment. FEMS Microbiol Rev 
40(6):814–830. https:// doi. org/ 10. 1093/ femsre/ fuw031

Dyksterhouse SE, Gray JP, Herwig RP, Lara JC, Staley JT (1995) 
Cycloclasticus pugetii gen. nov., sp. nov., an aromatic hydro-
carbon-degrading bacterium from marine sediments. Int J Syst 
Evol Microbiol 45(1):116–123. https:// doi. org/ 10. 1099/ 00207 
713- 45-1- 116

Environmental Protection Agency (1993) Provisional guidance for 
quantitative risk assessment of polycyclic aromatic hydrocarbons, 
United States, Environmental Criteria and Assessment Office, 
Office of Research and Development

Geiselbrecht AD, Hedlund BP, Tichi MA, Staley JT (1998) Isolation of 
marine polycyclic aromatic hydrocarbon (PAH) degrading Cyclo-
clasticus strains from the Gulf of Mexico and somparison of their 
PAH degradation ability with that of Puget Sound Cycloclasticus 
strains. Appl Environ Microbiol 64(12):4703–4710. https:// doi. 
org/ 10. 1128/ AEM. 64. 12. 4703- 4710. 1998

Ghoshal S, Luthy RG (1998) Biodegradation kinetics of naphthalene in 
nonaqueous phase liquid-water mixed batch systems: comparison 
of model predictions and experimental results. Biotechnol Bioeng 
57(3):356–366. https:// doi. org/ 10. 1002/ (SICI) 1097- 0290(19980 
205) 57:3% 3c356:: AID- BIT12% 3e3.0. CO;2-E

Gontikaki E, Potts LD, Anderson JA, Witte U (2018) Hydrocarbon-
degrading bacteria in deep-water subarctic sediments (Faroe-
Shetland Channel). J Appl Microbiol 125(4):1040–1053. https:// 
doi. org/ 10. 1111/ jam. 14030

González-Gaya B, Martínez-Varela A, Vila-Costa M, Casal P, Cerro-
Gálvez E, Berrojalbiz N, Lundin D, Vidal M, Mompeán C, Bode 
A, Jiménez B, Dachs J (2019) Biodegradation as an important sink 
of aromatic hydrocarbons in the oceans. Nat Geosci 12(2):119–
125. https:// doi. org/ 10. 1038/ s41561- 018- 0285-3

Grimberg SJ, Stringfellow WT, Aitken MD (1996) Quantifying the 
biodegradation of phenanthrene by Pseudomonas stutzeri P16 in 
the presence of a nonionic surfactant. Appl Environ Microbiol 
62(7):2387–2392. https:// doi. org/ 10. 1128/ aem. 62.7. 2387- 2392. 
1996

Guha S, Peters CA, Jaffé PR (1999) Multisubstrate biodegradation 
kinetics of naphthalene, phenanthrene, and pyrene mixtures. 
Biotechnol Bioeng 65(5):491–499. https:// doi. org/ 10. 1002/ (SICI) 
1097- 0290(19991 205) 65:5% 3c491:: AID- BIT1% 3e3.0. CO;2-H

Gutierrez T, Morris G, Ellis D, Bowler B, Jones M, Salek K, Mulloy 
B, Teske A (2018) Hydrocarbon-degradation and MOS-formation 
capabilities of the dominant bacteria enriched in sea surface oil 
slicks during the Deepwater Horizon oil spill. Mar Pollut Bull 
135:205–215. https:// doi. org/ 10. 1016/j. marpo lbul. 2018. 07. 027

Gutierrez T, Singleton DR, Berry D, Yang T, Aitken MD, Teske A 
(2013) Hydrocarbon-degrading bacteria enriched by the Deepwa-
ter Horizon oil spill identified by cultivation and DNA-SIP. ISME 
J 7(11):2091. https:// doi. org/ 10. 1038/ ismej. 2013. 98

Johnsen AR, Karlson U (2007) Diffuse PAH contamination of surface 
soils: environmental occurrence, bioavailability, and microbial 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1128/AEM.66.2.518-523.2000
https://doi.org/10.1128/AEM.66.2.518-523.2000
https://doi.org/10.1134/S0026261712060021
https://doi.org/10.1134/S0026261712060021
https://doi.org/10.3390/jmse10030426
https://doi.org/10.1016/j.marpolbul.2020.111867
https://doi.org/10.1016/j.marpolbul.2020.111867
https://doi.org/10.1038/ismej.2008.21
https://doi.org/10.1038/srep11651
https://doi.org/10.1002/etc.5620200607
https://doi.org/10.1007/BF00578471
https://doi.org/10.1007/BF00578471
https://doi.org/10.1016/0141-8130(95)01038-6
https://doi.org/10.1016/j.envpol.2016.04.094
https://doi.org/10.1016/S1352-2310(00)00201-6
https://doi.org/10.1016/S1352-2310(00)00201-6
https://doi.org/10.1021/acs.est.0c07262
https://doi.org/10.1021/acs.est.0c07262
https://doi.org/10.1016/j.ibiod.2014.03.005
https://doi.org/10.1016/j.ibiod.2014.03.005
https://doi.org/10.1038/nmicrobiol.2016.57
https://doi.org/10.1093/femsre/fuw031
https://doi.org/10.1099/00207713-45-1-116
https://doi.org/10.1099/00207713-45-1-116
https://doi.org/10.1128/AEM.64.12.4703-4710.1998
https://doi.org/10.1128/AEM.64.12.4703-4710.1998
https://doi.org/10.1002/(SICI)1097-0290(19980205)57:3%3c356::AID-BIT12%3e3.0.CO;2-E
https://doi.org/10.1002/(SICI)1097-0290(19980205)57:3%3c356::AID-BIT12%3e3.0.CO;2-E
https://doi.org/10.1111/jam.14030
https://doi.org/10.1111/jam.14030
https://doi.org/10.1038/s41561-018-0285-3
https://doi.org/10.1128/aem.62.7.2387-2392.1996
https://doi.org/10.1128/aem.62.7.2387-2392.1996
https://doi.org/10.1002/(SICI)1097-0290(19991205)65:5%3c491::AID-BIT1%3e3.0.CO;2-H
https://doi.org/10.1002/(SICI)1097-0290(19991205)65:5%3c491::AID-BIT1%3e3.0.CO;2-H
https://doi.org/10.1016/j.marpolbul.2018.07.027
https://doi.org/10.1038/ismej.2013.98


59825Environmental Science and Pollution Research (2023) 30:59813–59825 

1 3

degradation. Appl Microbiol Biotechnol 76(3):533–543. https:// 
doi. org/ 10. 1007/ s00253- 007- 1045-2

Joye S, Kleindienst S, Gilbert J, Handley K, Weisenhorn P, Overholt W, 
Kostka J (2016) Responses of microbial communities to hydrocar-
bon exposures. Oceanography 29(3):136–149. https:// www. jstor. 
org/ stable/ 24862 716

Karthikeyan S, Kim M, Heritier-Robbins P, Hatt JK, Spain JC, Overholt 
WA, Huettel M, Kostka JE, Konstantinidis KT (2020) Integrated 
omics elucidate the mechanisms driving the rapid biodegradation 
of Deepwater Horizon oil in intertidal sediments undergoing oxic-
anoxic cycles. Environ Sci Technol 54(16):10088–10099. https:// 
doi. org/ 10. 1021/ acs. est. 0c028 34

King GM, Kostka JE, Hazen TC, Sobecky PA (2015) Microbial 
responses to the Deepwater Horizon oil spill: from coastal wet-
lands to the deep sea. Ann Rev Mar Sci 7:377–401. https:// doi. 
org/ 10. 1146/ annur ev- marine- 010814- 015543

Kleindienst S, Grim S, Sogin M, Bracco A, Crespo-Medina M, Joye SB 
(2016) Diverse, rare microbial taxa responded to the Deepwater 
Horizon deep-sea hydrocarbon plume. ISME J 10(2):400–415. 
https:// doi. org/ 10. 1038/ ismej. 2015. 121

Knightes CD, Peters CA (2000) Statistical analysis of nonlinear parameter 
estimation for Monod biodegradation kinetics using bivariate data. 
Biotechnol Bioeng 69(2):160–170. https:// doi. org/ 10. 1002/ (SICI) 
1097- 0290(20000 720) 69:2% 3c160:: AID- BIT5% 3e3.0. CO;2-J

Knightes CD, Peters CA (2003) Aqueous phase biodegradation kinetics 
of 10 PAH compounds. Environ Eng Sci 20(3):207–218. https:// 
doi. org/ 10. 1089/ 10928 75033 21671 410

Lancaster SH, Hollister EB, Senseman SA, Gentry TJ (2010) Effects 
of repeated glyphosate applications on soil microbial community 
composition and the mineralization of glyphosate. Pest Manag Sci 
66(1):59–64. https:// doi. org/ 10. 1002/ ps. 1831

Landrum PF, Lotufo GR, Gossiaux DC, Gedeon ML, Lee J-H (2003) 
Bioaccumulation and critical body residue of PAHs in the amphi-
pod, Diporeia spp.: additional evidence to support toxicity addi-
tivity for PAH mixtures. Chemosphere 51(6):481–489. https:// doi. 
org/ 10. 1016/ S0045- 6535(02) 00863-9

Liang C, Huang Y, Wang H (2019) pahE, a functional marker gene for 
polycyclic aromatic hydrocarbon-degrading bacteria. Appl Envi-
ron Microbiol 85(3) https:// doi. org/ 10. 1128/ AEM. 02399

Liu J, Bacosa HP, Liu Z (2016) Potential environmental factors affect-
ing oil-degrading bacterial populations in deep and surface waters 
of the northern Gulf of Mexico. Front Microbiol 7:2131. https:// 
doi. org/ 10. 3389/ fmicb. 2016. 02131

Monod J (1949) The growth of bacterial cultures. Annu Rev Microbiol 
3(1):371–394. https:// doi. org/ 10. 1146/ annur ev. mi. 03. 100149. 002103

Mulder H, Breure A, Rulkens W (2001) Prediction of complete biore-
mediation periods for PAH soil pollutants in different physical 
states by mechanistic models. Chemosphere 43(8):1085–1094. 
https:// doi. org/ 10. 1016/ S0045- 6535(00) 00185-5

Mulder H, Wassink GR, Breure AM, van Andel JG, Rulkens WH 
(1998) Effect of nonionic surfactants on naphthalene dissolution 
and biodegradation. Biotechnol Bioeng 60(4):397–407. https:// 
doi. org/ 10. 1002/ (SICI) 1097- 0290(19981 120) 60:4% 3c397:: AID- 
BIT1% 3e3.0. CO;2-H

National Research Council (2003) Oil in the sea III: Inputs, fates, 
and effects 280

Perry JH (1950). Chemical engineers' handbook: prepared by a staff 
of specialists. Chemical engineers' handbook: prepared by a staff 
of specialists: 1042–1042

Piccardi P, Vessman B, Mitri S (2019) Toxicity drives facilitation 
between 4 bacterial species. PNAS 116(32):15979–15984. https:// 
doi. org/ 10. 1073/ pnas. 19061 72116

Qin G, Zhu L, Chen X, Wang PG, Zhang Y (2007) Structural charac-
terization and ecological roles of a novel exopolysaccharide from 
the deep-sea psychrotolerant bacterium Pseudoalteromonas sp. 
SM9913. Microbiology 153(Pt 5):1566–1572. https:// doi. org/ 10. 
1099/ mic.0. 2006/ 003327-0

Ribicic D, McFarlin KM, Netzer R, Brakstad OG, Winkler A, Throne-
Holst M, Storseth TR (2018) Oil type and temperature dependent 
biodegradation dynamics - combining chemical and microbial 
community data through multivariate analysis. BMC Microbiol 
18(1):83. https:// doi. org/ 10. 1186/ s12866- 018- 1221-9

Ryther CM, Ortmann AC, Wohlgeschaffen G, Robinson BJ (2021) 
Temperate coastal microbial communities rapidly respond to low 
concentrations of partially weathered diesel. Microb Ecolhttps:// 
doi. org/ 10. 1007/ s00248- 021- 01939-w

Sales da Silva IG, Gomes de Almeida FC, Padilha da Rocha e Silva 
NM, Casazza AA, Converti A, Asfora Sarubbo L (2020) Soil 
bioremediation: overview of technologies and trends. Energies 
13(18) https:// doi. org/ 10. 3390/ en131 84664

Sander R (2015) Compilation of Henry's law constants (version 4.0) 
for water as solvent. Atmos Chem Phys 15(8):4399–4981. https:// 
doi. org/ 10. 5194/ acp- 15- 4399- 2015

Soulas G, Lagacherie B (2001) Modelling of microbial degradation of 
pesticides in soils. Biol Fertil Soils 33(6):551–557. https:// doi. org/ 
10. 1007/ s0037 40100 363

Vilanova RM, Fernández P, Martı́nez C, Grimalt JO, (2001) Polycyclic 
aromatic hydrocarbons in remote mountain lake waters. Water Res 
35(16):3916–3926. https:// doi. org/ 10. 1016/ S0043- 1354(01) 00113-0

Volkering F, Breure A, Sterkenburg A, van AndelJv, (1992) Microbial 
degradation of polycyclic aromatic hydrocarbons: effect of sub-
strate availability on bacterial growth kinetics. Appl Microbiol 
Biotechnol 36(4):548–552. https:// doi. org/ 10. 1007/ BF001 70201

Volkering F, Aá B, Van Andel J (1993) Effect of micro-organisms 
on the bioavailability and biodegradation of crystalline naphtha-
lene. Appl Microbiol Biotechnol 40(4):535–540. https:// doi. org/ 
10. 1007/ BF001 75745

Wang W, Wang L, Shao Z (2018) Polycyclic aromatic hydrocar-
bon (PAH) degradation pathways of the obligate marine PAH 
degrader Cycloclasticus sp. strain P1. Appl Environ Microbiol 
84(21):e01261–01218. https:// doi. org/ 10. 1128/ AEM. 01261- 18

Ward CP, Armstrong CJ, Conmy RN, French-McCay DP, Reddy CM 
(2018) Photochemical oxidation of oil reduced the effectiveness 
of aerial dispersants applied in response to the Deepwater Horizon 
spill. Environ Sci Technol Lett 5(5):226–231. https:// doi. org/ 10. 
1021/ acs. estle tt. 8b000 84

Xie W-H, Shiu W-Y, Mackay D (1997) A review of the effect of salts on 
the solubility of organic compounds in seawater. Mar Environ Res 
44(4):429–444. https:// doi. org/ 10. 1016/ S0141- 1136(97) 00017-2

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s00253-007-1045-2
https://doi.org/10.1007/s00253-007-1045-2
https://www.jstor.org/stable/24862716
https://www.jstor.org/stable/24862716
https://doi.org/10.1021/acs.est.0c02834
https://doi.org/10.1021/acs.est.0c02834
https://doi.org/10.1146/annurev-marine-010814-015543
https://doi.org/10.1146/annurev-marine-010814-015543
https://doi.org/10.1038/ismej.2015.121
https://doi.org/10.1002/(SICI)1097-0290(20000720)69:2%3c160::AID-BIT5%3e3.0.CO;2-J
https://doi.org/10.1002/(SICI)1097-0290(20000720)69:2%3c160::AID-BIT5%3e3.0.CO;2-J
https://doi.org/10.1089/109287503321671410
https://doi.org/10.1089/109287503321671410
https://doi.org/10.1002/ps.1831
https://doi.org/10.1016/S0045-6535(02)00863-9
https://doi.org/10.1016/S0045-6535(02)00863-9
https://doi.org/10.1128/AEM.02399
https://doi.org/10.3389/fmicb.2016.02131
https://doi.org/10.3389/fmicb.2016.02131
https://doi.org/10.1146/annurev.mi.03.100149.002103
https://doi.org/10.1016/S0045-6535(00)00185-5
https://doi.org/10.1002/(SICI)1097-0290(19981120)60:4%3c397::AID-BIT1%3e3.0.CO;2-H
https://doi.org/10.1002/(SICI)1097-0290(19981120)60:4%3c397::AID-BIT1%3e3.0.CO;2-H
https://doi.org/10.1002/(SICI)1097-0290(19981120)60:4%3c397::AID-BIT1%3e3.0.CO;2-H
https://doi.org/10.1073/pnas.1906172116
https://doi.org/10.1073/pnas.1906172116
https://doi.org/10.1099/mic.0.2006/003327-0
https://doi.org/10.1099/mic.0.2006/003327-0
https://doi.org/10.1186/s12866-018-1221-9
https://doi.org/10.1007/s00248-021-01939-w
https://doi.org/10.1007/s00248-021-01939-w
https://doi.org/10.3390/en13184664
https://doi.org/10.5194/acp-15-4399-2015
https://doi.org/10.5194/acp-15-4399-2015
https://doi.org/10.1007/s003740100363
https://doi.org/10.1007/s003740100363
https://doi.org/10.1016/S0043-1354(01)00113-0
https://doi.org/10.1007/BF00170201
https://doi.org/10.1007/BF00175745
https://doi.org/10.1007/BF00175745
https://doi.org/10.1128/AEM.01261-18
https://doi.org/10.1021/acs.estlett.8b00084
https://doi.org/10.1021/acs.estlett.8b00084
https://doi.org/10.1016/S0141-1136(97)00017-2

	Dosage concentration and pulsing frequency affect the degradation efficiency in simulated bacterial polycyclic aromatic hydrocarbon-degrading cultures
	Abstract
	Introduction
	Methods
	Experimental data
	Conceptual model
	Model equations
	Model alternatives and sensitivity analysis
	Derivation of model parameters
	Model application for experimental design

	Results
	Reduced complexity of the reference model
	Derived model parameters
	One-time high-dosage vs. repeated low-dosage
	Higher recovery time for less-frequent pulsing

	Discussion
	Comparison of high one-time and low repeated dosages
	Limitations of the model

	Conclusion
	Anchor 20
	Acknowledgements 
	References


