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NEDBRYDNING AF PESTICIDER

1 Introduktion

Pesticider sprøjtes i enorme mængder p̊a markerne over hele verden. Den primære skæbne af disse meget
giftige kemikalier er nedbrydning (metabolisme) af mikroorganismer i jorden. Men denne process ender
ikke nødvendigvis i fuldstændig mineralisering (dvs. kuldioxid) eftersom datterprodukter og ”bundne
restkoncentrationer” kan dannes. Disse restprodukter kan ogs̊a være giftige, og udgøre en risiko for
mennesker og dyreliv.

Denne opgave handler om at modellere den metaboliske kæde af et pesticid i jorden. Det anbefales, at
du først læser artiklen af Matthies et al. (2008) ”Determination of soil biodegradation half-lives from
simulation testing under aerobic laboratory conditions: A kinetic model approach” [?].

Data for nedbrydning af pesticid blev i artiklen simuleret ved et system af lineære differentialligninger.
Din opgave er at arbejde med systemer af lineære differentialligninger og at gentage hovedtræk af un-
dersøgelsen i artiklen.

Den overordnede modelstruktur er vist i figur 1. Stamproduktet P er nedbrudt til metabolit M eller til
den ikke-ekstraherbare (”bundne”) rest N , der ikke kan identificeres kemisk. Metabolit M er endvidere
nedbrudt til den flygtige metabolit V .



Ligningernes struktur er givet i næste afsnit. Alle relationer er antaget lineære, beskrevet ved hastighed-
skonstanter kij . Dette betyder konkret, at hastigheden af en reaktion fra i til j er proportional med kij ,
se ligning (2.1)-(2.4).

DegT50¼ lnð2Þ
kPM

: ð6Þ

The respective DT90 and DegT90 values can easily be calculated by multiply-
ing DT50 and DegT50 with ln(10)/ln(2) ¼ 3.32.

2.3. Fitting procedure

Least-square-fitting of the data was performed using the computer program
Scientist for Windows! Version 2.01 (http://www.micromath.com). The pro-
gram uses a modified Powell algorithm. Starting values for M, N, and V
were set to 0, the starting value P0 for P was optimized together with the
rate constants (see Supplementary Material). The parameter range for P0

was constrained to [80, 120] (%), the parameter ranges for all rate constants
to [0, 0.5] (day$1). If visual inspection of the resulting fit raised suspicion
that the found optimum was only a local one, the fitting procedure was re-
peated with appropriately adjusted starting values in the same parameter
ranges. Several statistical parameters, namely R-squared, coefficient of deter-
mination (CoD), correlation between observed and calculated values and the
Model Selection Criterion (MSC) are reported by the software as indicators
of goodness-of-fit (see Supplementary Material). We examined all criteria
yet preferred the MSC for comparison of different model structures. It is
a modified Akaike Information Criterion (Akaike, 1976), which attempts to
represent the ‘‘information content’’ of a given set of parameters p that
were required to obtain the fit to n observations:
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MSC allows evaluating models with different number of parameters and data
points against each other. The most appropriate model will be that with the

largest MSC. In our study, we used the unweighted MSC, i.e. wi ¼ 1. We
tested the suitability of a reduced model structure without bound residues
formation from parent compound and compared it to the original model by
using their MSC difference MSC( p) $MSC( p $ 1) ¼ ln[RSS( p $ 1)/
RSS( p)] $ 2/n, with RSS ¼ residual sum of squares. A generalized likelihood
ratio test for nested linear models was applied to compare both models (Bor-
owiak, 1989). The test statistic S is c2 distributed with f ¼ 1 degree of freedom
under normality of the error

S¼ n$ln½RSSðp$ 1Þ=RSSðpÞ& ¼ n$½MSCðpÞ $MSCðp$ 1Þ& þ 2: ð8Þ

A significance level a ¼ 0.05 was used to discriminate the two models.

3. Results and discussion

3.1. Model simulations

Fig. 2 shows two exemplary data sets to allow for a visual
assessment of a fit with representative quality. Both examples
can be fitted well to the model, but their dynamics are quite dif-
ferent. Note that the study with compound G took 210 days and
that with compound F 360 days. Fitted rate constants and
goodness-of-fit parameters are summarized in Table 2. All
three statistical parameters are around 0.99 and the MSC of
both studies is greater than 4.0, which is satisfactory. Primary
degradation kinetics (kPM) is similar for both compounds. For-
mation of bound residues dominates the ultimate fate of G,
both from parent compound (kPN) and metabolite (kMN) with
almost the same rate constant. Mineralization (kMV) of G is
small and volatile compounds comprise only minor amounts
(6.2%) at the end of the study. Model results suggest that
bound residues formation of compound F occurs only from
the parent compound. Mineralization is much faster than for
G and constitutes the ultimate sink process. More than 60%
is evolved as 14CO2 from the test vessel. These differences
cannot mechanistically be evaluated by taking only one sink
compartment into account (FOCUS, 2006). DT50 for the two
studies are 82 days and 92 days; DegT50 are slightly larger,
112 days and 120 days. This is a consequence of the fact that
DT50 includes other processes than primary degradation and
thus has to be lower (or equal) than DegT50. Substances classi-
fied as not persistent with the DT50 approach may thus be
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Fig. 2. Degradation of 14C-labelled (a) G and (b) F in soil under aerobic laboratory conditions (in % applied radioactivity). -, parent compound; C, metabolite;

:, bound residues; A, volatile degradation products.
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Fig. 1. Model structure with P ¼ parent compound, N ¼ non-extractable resi-
dues, V ¼ volatiles (14CO2), M ¼ metabolites and kij ¼ first-order rate con-
stants for reactions from i to j.
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Figure 1: Model struktur med P =stamprodukt (pesticid), N =ikke-ekstraherbare rester, V =flygtige
rester (14CO2), M =metabolitter og kij =første-ordens hastighedskonstanter for reaktioner fra i til j.
Figur fra [?].

2 Model

Nedbrydningen antages at følge første-ordens kinetik. Den metaboliske kæde for pesticid kan da udtrykkes
ved et system af lineære differentialligninger for stamproduktet P og metabolit M ,

P ′(t) = −(kPM + kPN )P (t) (2.1)

M ′(t) = kPMP (t) − (kMN + kMV )M(t) (2.2)

og for restprodukter N og V som,

N ′(t) = kPNP (t) + kMNM(t) (2.3)

V ′(t) = kMV M(t) (2.4)

Hvor kij er hastighedskonstanten for reaktion fra i til j, f.eks. er kPM hastighedskonstanten for reaktionen
fra P til M . I den følgende opgaver skal vi se, hvordan disse ligningssystemer kan opstilles p̊a matrixform,
og hvilken betydning egenværdier af denne matrix har.

Opgave 1 (Generelle betragtninger)

Vi antager nu, at kij er ukendte hastighedskonstanter.

(a) Opskriv den generelle løsning for P (t), givet at P (t) opfylder differentialligningen (2.1).

(b) Vis at systemet af differentialligninger givet ved ligning (2.1)-(2.4) kan skrives p̊a matrixform som
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x′(t) = Ax(t) , (2.5)

hvor x(t) =


P (t)
M(t)
N(t)
V (t)

 og A er en 4 × 4 matrix. Opskriv matricen A udtrykt ved konstanterne kij .

3 Løsning af differentialligninger

Vi har set, at de processer vi vil studere, er beskrevet ved ligning (2.5). Det er derfor p̊a sin plads at
undersøge hvad de grundlæggende egenskaber er for løsninger til denne ligning i et simpelt tilfælde.

Opgave 2 (Numerisk løsning)

Vi antager, at koncentrationen P til tiden t = 0 opfylder P (0) = C > 0, og at der til at starte med ikke
er metabolit M tilstede: M(0) = 0.

Antag kMN = 0, kPN = 1, kPM = 1, kMV = 0.1.

(a) Brug dsolve i Maple til at løse ligningssystemet (2.5) med disse værdier. Her og i resten af opgaven
anbefales det, at man skriver decimaltal i Maple som brøker, f.eks. 0.1 = 1/10 osv.

(b) Plot koncentrationen P (t) i et passende tidsinterval. Lav plots for forskellige værdier af startkoncen-
trationen C, der f.eks. kan g̊a fra 1 til 2 med spring p̊a 0.1. Kombiner de forskellige plots i en graf s̊a
man kan sammenligne dem direkte. Gør det samme for koncentrationen M(t).

(c) Bestem egenværdier og egenvektorer for A med givne værdier af kij . Hvad har de med den fundne
løsning at gøre, og hvordan skal vi fortolke dem med hensyn til plottene?

(d) Antag, at der er metabolit tilstede til t = 0. F.eks. M(0) = P (0)/2. Gentag opgave (b) i denne
situation.

Opgave 3 (Løsning ved diagonalisering)

I denne opgave g̊ar vi tilbage til at betragte situationen med ukendte hastighedskonstanter. Begyndelses-
betingelsen er, P (0) = C, og M(0) = N(0) = V (0) = 0. I denne opgave skal du løse ligningssystemet
(2.5) ved at diagonalisere matricen A.

(a) Anvend egenværdier og egenvektorer for matrix A til at diagonalisere den ved en similartransforma-
tion, alts̊a D = V−1AV, hvor D er en diagonalmatrix og V er en kvadratisk matrix, der er bestemt ved
egenvektorerne for A.

(b) Sæt x(t) = V u(t), dvs u(t) = V−1 x(t) og u er en søjlematrix u =


u1

u2

u3

u4

. Vis, at den homogene

differentialligning (2.5) for x(t) er ensbetydende med at u(t) opfylder differentialligningen,

u′(t) = Du(t), hvor u(0) = V−1x(0). (3.6)

(c) Opskriv de fire tilhørende differentialligninger for u1, u2, u3, u4 og løs dem. Brug derefter x(t) = V u(t)
til at finde den fuldstændige løsning til det oprindelige ligningssystem (2.5).
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Opgave 4 (Løsning i konkret model A)

Vi antager nu, at hastighedskonstanterne har bestemte værdier. De anvendte hastighedskonstanter for
to konkrete pesticider (G og F ) er angivet i tabel 2 (fra [?]). P (0) i udgangsstoffet skal være 100%, mens
alle andre koncentrationer er lig med nul.

DegT50¼ lnð2Þ
kPM

: ð6Þ

The respective DT90 and DegT90 values can easily be calculated by multiply-
ing DT50 and DegT50 with ln(10)/ln(2) ¼ 3.32.

2.3. Fitting procedure

Least-square-fitting of the data was performed using the computer program
Scientist for Windows! Version 2.01 (http://www.micromath.com). The pro-
gram uses a modified Powell algorithm. Starting values for M, N, and V
were set to 0, the starting value P0 for P was optimized together with the
rate constants (see Supplementary Material). The parameter range for P0

was constrained to [80, 120] (%), the parameter ranges for all rate constants
to [0, 0.5] (day$1). If visual inspection of the resulting fit raised suspicion
that the found optimum was only a local one, the fitting procedure was re-
peated with appropriately adjusted starting values in the same parameter
ranges. Several statistical parameters, namely R-squared, coefficient of deter-
mination (CoD), correlation between observed and calculated values and the
Model Selection Criterion (MSC) are reported by the software as indicators
of goodness-of-fit (see Supplementary Material). We examined all criteria
yet preferred the MSC for comparison of different model structures. It is
a modified Akaike Information Criterion (Akaike, 1976), which attempts to
represent the ‘‘information content’’ of a given set of parameters p that
were required to obtain the fit to n observations:

MSC¼ ln
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MSC allows evaluating models with different number of parameters and data
points against each other. The most appropriate model will be that with the

largest MSC. In our study, we used the unweighted MSC, i.e. wi ¼ 1. We
tested the suitability of a reduced model structure without bound residues
formation from parent compound and compared it to the original model by
using their MSC difference MSC( p) $MSC( p $ 1) ¼ ln[RSS( p $ 1)/
RSS( p)] $ 2/n, with RSS ¼ residual sum of squares. A generalized likelihood
ratio test for nested linear models was applied to compare both models (Bor-
owiak, 1989). The test statistic S is c2 distributed with f ¼ 1 degree of freedom
under normality of the error

S¼ n$ln½RSSðp$ 1Þ=RSSðpÞ& ¼ n$½MSCðpÞ $MSCðp$ 1Þ& þ 2: ð8Þ

A significance level a ¼ 0.05 was used to discriminate the two models.

3. Results and discussion

3.1. Model simulations

Fig. 2 shows two exemplary data sets to allow for a visual
assessment of a fit with representative quality. Both examples
can be fitted well to the model, but their dynamics are quite dif-
ferent. Note that the study with compound G took 210 days and
that with compound F 360 days. Fitted rate constants and
goodness-of-fit parameters are summarized in Table 2. All
three statistical parameters are around 0.99 and the MSC of
both studies is greater than 4.0, which is satisfactory. Primary
degradation kinetics (kPM) is similar for both compounds. For-
mation of bound residues dominates the ultimate fate of G,
both from parent compound (kPN) and metabolite (kMN) with
almost the same rate constant. Mineralization (kMV) of G is
small and volatile compounds comprise only minor amounts
(6.2%) at the end of the study. Model results suggest that
bound residues formation of compound F occurs only from
the parent compound. Mineralization is much faster than for
G and constitutes the ultimate sink process. More than 60%
is evolved as 14CO2 from the test vessel. These differences
cannot mechanistically be evaluated by taking only one sink
compartment into account (FOCUS, 2006). DT50 for the two
studies are 82 days and 92 days; DegT50 are slightly larger,
112 days and 120 days. This is a consequence of the fact that
DT50 includes other processes than primary degradation and
thus has to be lower (or equal) than DegT50. Substances classi-
fied as not persistent with the DT50 approach may thus be
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Fig. 2. Degradation of 14C-labelled (a) G and (b) F in soil under aerobic laboratory conditions (in % applied radioactivity). -, parent compound; C, metabolite;

:, bound residues; A, volatile degradation products.
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Fig. 1. Model structure with P ¼ parent compound, N ¼ non-extractable resi-
dues, V ¼ volatiles (14CO2), M ¼ metabolites and kij ¼ first-order rate con-
stants for reactions from i to j.
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considered persistent with the DegT50 approach. However, the
formation of relatively large amounts of bound residues (e.g.
20% and 40% in approximately 200 days in the examples)
does not necessarily lead to a large increase in DegT50, because
the estimated kinetic rate constants for their formation are rela-
tively slow compared to metabolism (Table 2).

All other experimental data sets can also be fitted well in
terms of goodness-of-fit criteria demonstrating the general
suitability of the model to describe the transformation kinetics
in soil simulation testing. All CoD values lie between 0.92 and
0.99, correlation values between 0.98 and 0.99 and R-squared
values between 0.95 and 0.99 for the 61 studied data sets. The
MSC covers a range from 2.19 to 7.64. As expected, decrease
of bound residues could not be observed in any of the data sets
confirming the assumption that they are a sink for the com-
pounds on the considered time scale. Furthermore, the differ-
ent extraction procedures did apparently not affect the
goodness of fit. The results of the model fit exercise corrobo-
rate the validity of the underlying model assumption for all
compounds, namely first order kinetics for all considered pro-
cesses including formation of bound residues from parent as
well as from metabolite. A common mechanism, presumably
co-metabolic microbial activity, might account for degradation
as well as for formation of bound residues. Additionally, the
combination of all metabolites/degradation products to one
state variable did not negatively affect the model results.

Median rate constants for the eight compounds are pre-
sented in Table 3. The normalized range, which is defined as
(maximum-minimum)/median, is displayed as a measure of
spread. We included the compounds B and H for comparison
though only two studies could be examined, which prohibits
any reliable statistical analysis. Most normalized range values
are around 1.0 with some exceptions indicating a spread in the
scale of the estimated median. Although only studies under
standard conditions were selected, normalized ranges of the
various rate constants can be quite large, which is due to dif-
ferent soil properties in the various studies, in particular sorp-
tion and microbial activity. The various test substances exhibit
quite different behaviour. According to the model fit results,
compound B, E and F form bound residues exclusively from
parent compound (kMN ¼ 0), whereas for the other five sub-
stances both pathways have to be considered. The rate con-
stant of mineralization (kMV), i.e. ultimate degradation to

14CO2, varies across 2.5 orders of magnitude with compound
A exhibiting none and compound H rather low mineralization.
However, normalized ranges can be so large that no general
conclusion can be drawn.

An interesting point is the inter-correlation of the four
kinetic rate constants (Table 4). Rate constants are non-
correlated for primary degradation, kPM, and mineralization,
kMV. Fast degradation of the parent compound does not imply
fast mineralization and vice versa. Thus, quantitative relation-
ships between both processes are questionable in the light of
this outcome. Furthermore, both rate constants for the forma-
tion of bound residues, kPN and kMN, are neither correlated.
Only the two dissipation processes of the parent compound,
kPM and kPN, are correlated. Logarithmic values of kPM and
kPN are used in Fig. 3 to show that data points are evenly dis-
tributed over three orders of magnitude (from 10"1 to
10"4 day"1) indicating a close relation between both processes
over the whole range of calculated rate constants. Only studies
with nonzero values are used for the logarithmic plot. Both
processes are very slow, if not yet negligible, in sterile soils
used as control in simulation testing for some of the com-
pounds. These findings suggest that microbial activity is re-
quired for the formation of bound residues, at least for the
investigated compounds.

3.2. Formation of bound residues from metabolites only

As an alternative model structure, we assumed the exclu-
sive formation of bound residues from metabolites, i.e. we

Table 3
Median rate constants (day"1) and their normalized range for the eight
compounds

Compound kPM kPN kMN kMV

A Median (4) 0.0022 0.0066 0.11 0
Norm. range 1.41 1.53 4.55 e

B Median (2) 0.0005 0.0009 0 0.0043
Norm. range 1.0 1.11 e 1.0

C Median (8) 0.029 0.016 0.0017 0.0043
Norm. range 1.92 1.26 3.17 2.12

D Median (7) 0.070 0.058 0.0032 0.015
Norm. range 0.75 1.3 1.69 1.49

E Median (4) 0.0019 0.0051 0 0.044
Norm. range 1.21 0.41 e 10.7

F Median (7) 0.0056 0.0019 0 0.038
Norm. range 0.57 1.21 e 0.53

G Median (6) 0.0030 0.0021 0.0014 0.0014
Norm. range 2.2 0.62 1.93 2.93

H Median (2) 0.0063 0.0017 0.0031 0.0006
Norm. range 0.19 1.06 0.74 0.00

Number of studies with standard conditions is given in parentheses.

Table 4
Coefficients of determination (r2) of rate constant correlation

kPM kPN kMN kMV

kPM 1.0
kPN 0.8792 1.0
kMN 0.0116 0.0044 1.0
kMV 0.0067 0.0015 0.2118 1.0

Table 2
Fitted rate constants and statistical parameters of studies with compounds G
and F from Fig. 2

Parameter Compound G Compound F

kPM (day"1) 0.00621 0.00578
kPN (day"1) 0.00224 0.00177
kMN (day"1) 0.00268 0.00000
kMV (day"1) 0.00101 0.03498
P0 (%) 97.8 96.7
R-squared 0.995 0.992
CoD 0.991 0.987
Correlation 0.996 0.994
MSC 4.39 4.12
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(a) Beregn koncentrationen i % af P , M , N og V for forbindelse F og G for t = 210 dage og t = 360
dage. Plot koncentrationerne som funktion af antal dage (fra 0 til 360 d) for F og G.

(b) Sammenlign resultaterne for forbindelserne F og G, og sammenlign resultaterne med dem, der er
fundet i Matthies et al. [?]. Skriv et par forklarende linjer for hver sammenligning. Hvori best̊ar den
største forskel mellem pesticid F og G?

(c) Hvilken betydning har det for miljørisikoen af pesticider, at ikke-ekstraherbare (og dermed ikke-
m̊alelige!) bundne restkoncentrationer dannes? Til dette anbefales det, at man beregner koncentra-
tionerne efter 10 år. Anvend hastighedskonstanterne i tabel 2, men antag derudover et tab fra jorden
(fordampning til luft) p̊a 0.001 pr. dag for den flygtige metabolit V ).

Opgave 5 (Løsning i konkret model B)

Nu vil vi ændre lidt p̊a situationen og dermed modellen. Som ovenfor skal P (0) i udgangsstoffet være
100%, alle andre koncentrationer er lig med nul. Forestil dig, at den bundne rest (N) af forbindelse F ikke
altid forbliver bundet, men derimod nedbrydes ved lav hastighed til metabolit X. Nedbrydningshastighe-
den af den ikke-ekstraherbare rest N skal være kNX = 1.58 × 10−7 pr. dag. Nedbrydningshastigheden
for metabolit X er k = 7.91 × 10−6 pr. dag.

(a) Opskriv de tre differentialligninger for P , N og X i denne situation. Bestem den fuldstændige løsning
(P (t), N(t), X(t)) til dette ligningssystem med vilk̊arlige konstanter kij .

(Vink: Diagonaliser systemet af differentialligninger for P (t), N(t), X(t) ved at bruge metoden ovenfor).

(b) Hvad er koncentrationen af N og X efter 1 år, 500 år, og efter 10.000 år?

Opgave 6 (Løsning i konkret model C)

Forestil dig, at den ikke-ekstraherbare, bundne rest af forbindelse G ikke altid forblive bundet, men
derimod reagerer tilbage til den oprindelige forbindelse P . Som ovenfor skal P (0) i udgangsstoffet være
100%, alle andre er lig med nul.

(a) Opskriv de fire differentialligninger for P , M , N og V i denne situation og bestem dermed den nye
tilhørende 4 × 4 matrix A.
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(b) Hvad er konsekvenserne af en tilbage-reaktion for koncentrationen af stamproduktet P , metabolit M
og den ikke-ekstraherbare metabolit N? Hvilken koncentration ændrer sig mest, n̊ar du øger hastigheden
af tilbage-reaktionen kNP fra 0.01 til 0.2 pr. dag? Forklar dette umiddelbart ikke-intuitive resultat.

(Vink: Plot de fire koncentrationer som funktion af antal dage i begge tilfælde).

(e) Diskuter konsekvenserne af s̊adan en baglæns reaktion for den miljømæssige risiko af pesticider (sam-
menlign med opgave 4(c)).
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