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Abstract

Transplants of lichen Parmelia sulcata collected in an area previously identified as non
polluted, were placed at six stations, five of which were near Power Plants and the other in an area
expected to be a remote station. Together with the lichen transplants, two total deposition collection
buckets and an aerosol sampler were installed. Lichens were recollected two every month from each
station. At the same time the water collection buckets were replaced by new ones. The aerosol sampler
filter was replaced every week, collection being effective only for 10 minutes out of every two hours;
in the remote station aerosol filters were replaced only once a month, the collection rate being kept.
Each station was run for a period of one year. Both lichens and aerosol filters were analysed by PIXE
and INAA at ITN. Total deposition samples were dried under an infrared lamp, and afterwards acid
digested and analysed by ICP-MS at the National Geological Survey of The Netherlands. Data for the
three types of samples were then produced for a total of 16 elements. In this work we used the data set
thus obtained to test a model for the time response of lichen Parmelia sulcata to a new environment.

1. INTRODUCTION

Biomonitoring is an environmental study approach which is being applied already for
more than 20 years. Nevertheless there is not yet a physical or mathematical model about the
processes involved. In this work we try to present an "as simple as possible" model for the
lichen elemental uptake. The model developed is tested against with data provided by an
experiment where six lichen transplants stations were explored during a 12 months period.
Total deposition data was elected as the type of availability data for this test although other
types of data is also available.

In this work we restrict the model testing to Al, Pb and Th. A more exaustive test and
application of the model to other elements and other types of availability data is planed to be
pulished in a near future.

2. PROCEDURE

For this experiment 26x6 samples of lichen Parmelia sulcata were prepared. Lichens
were collected in one site previously identified as scarcely polluted [1, 2]. The selected
lichen substrate was Olive tree and all lichens were picked-up at a distance between 1 and 2
meters above the ground. Lichens still on bark substrate were then mounted in nylon net bags
and kept in the laboratory while waiting to be exposed in the polluted area. For logistic
reasons, experimental sites were selected nearby power plants except for one which was a
priori assumed as a remote clean air environment site. At each site 24 lichen samples were
suspended. The additional 2 lichen samples from the set were at the same time separated and
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prepared for analysis. Afterwards, at intervals of approximately one month, two additional
lichen samples were brought to laboratory and prepared for analysis. This was done by
carefully removing the lichens from any remaining Olive tree substrate used during
transplantation, rinsing the lichens in 18MQ water for about 30 seconds, for cleaning of dust,
freeze drying and grinding in a Teflon balls mill cooled to LN temperature. In each site two
buckets with 25 cm diameter funnels were also installed for total deposition collection which
would be replaced every time a new set of lichens was recollected. Besides lichens and total
deposition, also airborne particles were collected by a Gent Aerosol Sampling Unit [3].

In this work no reference will be made to the aerosol data. We will present a very
simple physical model of the lichen response to environmental elemental availability in
section 2, and in section 3 the total deposition data will be used for comparison to the
measured results.

3. THEORETICAL MODEL

In this work our objective is to develop a physical or mathematical model that aims at
reproducing the time response of lichen elemental concentrations to a new environment. We
are looking for a general model so we want not to use complex atmospheric processes nor
biological complex functions.

The most simple approach would be to say that the uptake (or the increase in the
amount) of element / in the lichen, TV/.', is proportional to its environmental availability, NE''-

dNL i
N

The solution to this equation is Ni(t) = Ni{0) + a Nlg t which is not acceptable

because N'i goes to infinity as time does.
The second most simple approach is to state that the uptake is proportional to the

difference between the availability and the concentration inside the lichen:

dN\ . ... ... .
(2)dt

Better still is to consider that there is a release proportional to the lichen concentration. This
provides an equation similar to eq.(2), namely:

dNL i i
dt t r L

Solving this equation we obtain

Nj (t) = e~r * Nj (0) + — NE (l - e~r {) (4)
y V I

which is not much different from the solution of eq.(2). Unfortunately none of these
approaches behaves properly when compared to our data. By "proper behaviour" we here
mean that:
(i) an acceptable fit to the data can be obtained considering the start of the experiments as

the start of the times,
(ii) once obtained the values for the parameters from the fitting procedure, it should be

possible to produce, from the initial concentration of the lichen and the sequence of
availability values, a time sequence of concentration values which correlates well with
the lichen concentration time series measured

After several attempts we manage to define a simple structure, independent of the
lichen biological processes and based on very simple physical assumptions. We will now
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describe the model and in the next section we present the results obtained by applying it to
Al, Pb from the six stations and to several elements from one station.

Consider the scheme presented in Figure 1. We assume that the lichen has an interior,
I, which does not contact the outside (exterior, E) and an interface where all exchanges take
place. Under this point of view, the elements outside the lichen must be deposited at the
surface, S, of the lichen, where they accumulate before being incorporated in the lichen
interior. Due to the method we use for sampling preparation we assume that we only analyse
the lichen interior. Although this statement might be questionable, its drawbacks reside
mainly on how we define interior. In order to avoid this discussion which is not important for
the validity or not of this model at the present stage, we will define interior as the total
portion of lichen we are analysing after following the sample preparation method described
above. The surface (which acts like a buffer for the lichen) is assumed to become empty
during the 30 seconds rinsing.

E,NE D<

Figure 1. Scheme of the physical structure of the lichen assumed in the model. Four time
rates define the model: Ds , the deposition rate, U, the uptake rate, Rs and Li-

the rates at which the material is lost

In this model all the absorption processes of the element / are then supposed to be
regulated by four time rates: Ds is the rate at which a given amount is deposited on the lichen
surface, U is the rate at which the element once deposited on the lichen surface is absorbed,
and Rs and Lr the rates at which the element is lost from the surface to the exterior and from
the lichen interior to its surface, respectively. Because we cannot state a priori if these
coefficients are element dependent or element independent, for simplicity we will not use the
upper index / in the coefficients. We can then equate this model by a system of two linear
differential equations:

dNl
dt

dN'j

dt

= DsN
i
E-UNi

s-RsN
i
s

= UNi
s-LrN

i
}

(5)

In order that we can speak of proportionality in a straight forward way, the element
amount terms above must represent absolute values and not concentrations. N^, N$ and N;
must then be total amounts of element (number of atoms or total mass) in the exterior, in or
at the surface and in the interior of (or inside) the lichen. But this raises another problem
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because we have no direct access to the total amounts. We can rewrite the system of
equations considering now a surface concentration Ss and a bulk concentration CL defined as:

N's = As 4 N\ = ML C[ (6)

where As and ML are respectively the lichen surface and the lichen mass. We then obtain a
different system:

dt A<

dCl _
dt

d\n(MLy\ci
(7)

dt

The term in d\n(Mi)/dt appears because the lichen mass also varies in time and unlike
the lichen surface, it does change whenever the lichen composition changes. However the
mass change is very small, thus we can at first assume ML as constant and let this term
vanish.

The above system was solved by applying Laplace transforms. During the inverse
transform process we use the following approximation, (let g(x) be any function with existing
convolution) :

(8)

we then obtain the solutions:

1l-e

^r^s
(9)

where :

Ax = U + Rs + Lr

s As
4

2 Shc
 e

~Kvt MLCL(0)
+1,(0)

Bl =

Shc = Sinhl •
B] t

\ 2

UA<
-LrdL(Q)
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(
Chs = CosM

6 II 2
DS(NE) M

Shs = Si • + 2
L,.RS Ax-2Lr

C'liO) and 2^(0) are the initial bulk and surface concentrations of the lichen.
When time goes to infinity, the above expressions converge to:

(10)

These expressions are independent of the initial values. They also show that the lichen
concentration is proportional to the mean environmental availability, as long as the
coefficients involved are constant. This is a very important result. It implies that if the model
is proved to reproduce the lichen response, it becomes automatically true that the lichens,
when transplanted from one place to another, evolve from one equilibrium condition to
another, each of them being independent of the past history of the lichen.

A simple relation between C'i(O) and 2^(0) is also established because the initial
values of lichen concentrations can be assumed to correspond to lichens in equilibrium after
an infinite time in the same environment. Under this hypothesis we can look for the values of
the parameters by fitting a simpler expression to the data, namely:

In fitting this expression a numerical problem has still to be solved because the right
hand side becomes equal to Q/0) when LrRx—>0. To solve this numerical problem, another
expression, namely:

(A-
V)- LrRs

i ?
LrRs

?
A\

must be used when LrRsIK\ <x for small values of x. We used x=0.05

4. MODEL TESTING

In order to be able to fit data using expression (11), the parameters must be grouped to
increase the robustness of the fitting procedure. We used as fitting parameters: DS/ML , U,
Rs+Lr and Rs-Lr. Due to the symmetry of the problem relative to Rs and Lr, it is not possible
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Figure 2. Lichen transplants concentrations time series, fit and simulations, (a) stations were separated in two groups for this fit; (b) Al concentration
simulations using the parameters obtained in (a) ; (c) simulations ofPb concentrations using the parameters obtained by fitting data from Tapada do

Outeiro; (d) simulations ofPb concentrations using the parameters obtained by fitting data from Palmela.
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Figure 3. Results of fitting and simulation ofTh concentration time series obtained by fitting
11 elements data from Tapada do Outeiro station.

to extract any of them separately from this model. Even so the model still presents itself very
critical on the initial values used for the non-linear least squares process used used (the
SigmaPlot package non-linear least squares Marquardt method). This might be intrinsic to
the mathematical problem, will it be the case that there is no well defined minimum for the
least squares process. This kind of conditions have been reported by Williams and
Kalogiratou [4], to appear in several biological mathematical problems. Nevertheless it was
possible to obtain values for the parameters by fitting the experimental data using the whole
year average of availability and the start of exposure as the time reference.

The parameter values so obtained were used to reconstruct the lichen concentration
time series that could be expected from the model and the availability time series. The
approach t»l (or /—»co) was assumed for the relation between the surface concentration and
the bulk concentration (independently of the time step considered). In each iteration the time
lag between measurements was considered as evolution time under a given condition of mean
availability. The new (predicted) lichen concentration value was obtained from the previous
by applying the model. In the cases we are now reporting, the availability variable considered
was the amount of total deposition collected in the buckets. Two values were thus available
and were used to provide some insight to the variability that can be expected by applying this
model. The lichen concentration initial value for each iteration was taken as the mean of the
predicted values obtained in the previous iteration.

In Figure 2 the results obtained for Al and Pb are presented. In Figure 2(a) only the
fitted curves are shown, in this case the six stations were separated in two groups: (i) Tapada
do Outeiro, Carregado and Palmela and (ii) Faralhao, Sines and Monchique. No other reason
then better fit was behind this grouping. In Figure 2(b) the simulations based on each group
parameters are shown. Although no good result can be claimed for the Sines station, it
becomes clear from the Tapada data set that this simple model does reproduce some fast
variations which were both not expected a priori nor specially accounted for during the
model development. In order to access the quality of the simulation (or prediction), the
overall correlation coefficient between the time series of the mean values of predicted and
observed concentration was calculated. In the case of Al data, a value of 0.78 was obtained.
This is a good value once 136 (148 lichen concentration values used minus the
12 corresponding to the instant zero) measured values were predicted from only 8 fitted
parameters.
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In Figures 2(c) and 2(d) results for lead are presented. In this case only one station data
was used to obtain the model parameters, Tapada do Outeiro in the case of Figure 2(c) and
Palmela in the case of Figure 2(d). The simulation of the whole six stations data was then
made using these values of the parameters. The parameters obtained from Tapada do Outeiro
data provide a simulation for Faralhao which reproduces very well the measured data. The
overall correlation coefficient for the six stations is 0.82. For the parameters obtained by
fitting the data from Palmela, good results can be obtained for itself and three other stations:
Carregado, Sines and Monchique . But the Tapada do Outeiro parameters do not reproduce
well the data for Palmela, Carregado, Sines and Monchique, and neither do the Palmela
parameters reproduce well the concentration series from Tapada do Outeiro or Faralhao. The
parameters obtained from fitting the Palmela data provide an overall correlation coefficient
of 0.65 that in spite of being quite meaningful (taking into account the number of degrees of
freedom, 136), is not as nice as the 0.82 obtained from the Tapada do Outeiro data.

These results of comparison of predicted and observed values do show the validity of
the model. Nevertheless the values of the parameters obtained are affected by large errors
which are due to the fact that the fitting routine is either not robust enough or not the
appropriate tool to access this specific problem.

To better access the potentialities of the model still another type of test was made. The
data from Tapada do Outeiro, relative to 11 elements was fitted using the same set of 4
parameters. The elements selected were: Al, Ce, Cs, Ba, Hf, La, Lu, Mn, Th, Ti, Yb. In
Figure 3 the results obtained for Th are presented. The correlation coefficient between the
mean values of simulation and the mean values of measured concentrations found for the
joint data of eleven elements was 0.96.

5. CONCLUSION

In this work a simple two box working model was developed for the lichen time
response to a new environment. The application of the model to measured data permitted to
verify that fast variability patterns identified in the concentration time series can be
reproduced from the deposition data by using such a simple model. Although no good values
could be obtained for each individual parameter, due to problems in the fitting procedures,
the a posteriori tests of the model using the parameters that could be extracted from the
fitting routines revealed that: (a) the time series data obtained for one element can be
reproduced from the availability time series by using the values for the parameters obtained
from fitting the whole concentration series with a function of the annual mean availability (b)
the values obtained for one set of data can reproduce time series from an a priori different
experimental conditions, but not all different experimental environments; (c) lichen
concentrations time series for several elements within the same environmental conditions can
be well reproduced using a unique set of 4 fitted parameters.

We thus conclude that the model is good although improvements must be made both on
the fitting procedure used and towards introducing the effects of different environments into
the model. In fact, the above (c) item can be interpreted by assuming that the parameters are
essentially element independent, while the (b) item shows that the parameters are not
environment independent.
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