














remaining, such that

dt
where, @, is the decay parameter and, t, is time.

It follows from (3) that:
m=me®" 4)

where, m,, represents the original labile mass of
OM. Additionally, the model describes the removal
of labile and non-labile OM in the acrotelm through
runoff. As the mass of the labile fraction of each
parcel of OM within the acrotelm is removed by
decay, the volume of labile material decreases and
the weighted average bulk density increases. Con-
sequently, as raised peat development proceeds,
the critical bulk density is reached and the parcel
enters the catotelm (Fig. 2: end of acrotelm). Fur-
ther decomposition is then treated as anaerobic.
In this way the model generates an acrotelm/
catotelm boundary. The decrease in the volume of
the labile component within a parcel, and hence
total parcel volume, determines the depth contri-
bution of each parcel to the depth of the core as
their horizontal area is deemed to remain constant.
Raised peat depth is the sum of the volume of the
individual parcels, Raised peat mass is the sum of
the masses of the individual parcels.

The simulated climate sequence

Changes in NPP and aerobic decay were selected
as the means of integrating changes in climate over
time for the raised bog. These parameters were
chosen because there is stratigraphical evidence
of wetland NPP responding to shifts in climate in
the past (Hammond 1981). Additionally, acrobic
decay has a significant influence on the passage
of OM to the peat accumulating anaerobic zone.
and is considered to be climatically sensitive
(Clymo 1984, Doyle & Dowding 1990). However,
in the preliminary model, only one rate was des-
ignated for fen NPP and aerobic decay and thus
climatic responses were confined to the raised bog
phase. The raised bog phase of the model uses
changes in NPP and aerobic decay to simulate a
maximum of four climatic periods for Ireland of
500, 2 400, and 2 600 years with a final balancing
period (3 000 years in the initial model run). In
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establishing NPP and aerobic decay as indices of
climate change reference was made to the climatic
chronology of the Holocene in Ireland (i.c. Late
boreal, Atlantic, Sub-boreal and Sub-Atlantic pe-
riods). The initial model run presented in this pa-
per was for 10 000 years and covered the four
simulated climatic periods.

Modification of NPP and aerobic decay in the
raised bog

Based on published literature (Table 1) an aver-
age NPP for raised bog development was ca. 500 g
m~ yr' and the average aerobic decay rate was
0.06 yr' (Clymo 1984, Madden & Doyle 1990).
During the Late boreal (500 years), temperatures
were at their highest since glaciation although
precipitation was low relative to current rates
(Hammond 1981). Thus the initial NPP attributed
to this period in the model was 300 g m= yr' dry
mass (Table 1) which represents a relatively low
value when compared with contemporary Irish
NPP measures (Madden & Doyle 1990). During
the Atlantic period (2 400 years) the climatic shift
was towards a warm but wet environment. To re-
flect this climatic shift the NPP value was in-
creased 10 450 g m™ yr' dry mass (Table 1), The
Sub-boreal (2 600 years) was associated with ini-
tially warm but drier conditions which then dete-
riorate towards wet and cooler conditions and is
associated with a major phase of bog develop-
ment (Mitchell 1986). The NPP value used to re-
flect these influences, particularly the higher
precipitation towards the end of the period was 650
gm yr' dry mass (Table 1). Finally, a NPP value
of 400 g m~ yr' dry mass (Table 1) was used to
describe inputs during the Sub-Atlantic (2 500
years) which was a period characterised by an
increase in wetness but further falling tempera-
tures (Hammond 1981),

The enzymatic response of decay demonstrates
a non-linear relationship with temperature and
moisture. However, NPP also demonstrates a simi-
lar non-linear relationship with temperature and
moisture in that it is driven by physiological ac-
tivity. It was therefore assumed that variation in
aerobic decay was proportional to NPP. Thus
based on the NPP measures outlined above, the
average aerobic decay rate of 0.06 vr' was modi-
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fied to give 0.036, 0.054, 0.078 and 0.048 yr' for
the four climatic periods respectively.

Variation of NPP and aerobic decay based on
their assumed relationship with climatic conditions
represents a simplificd and somewhat arbitrary
modification of these parameter values. However,
it is reasonable to assume that temperature and
rainfall effects would influence NPP and aerobic
decay. Thus the relative values used attempt to
take account of the recorded climatic conditions
and are not contrary to established theory on plant
growth and microbial activity. A more complex
simulation of the live plant/microbial dynamics is
beyond the current scope of this paper.

Parameters and variables

Important variables and parameters that influence
peat dynamics were identified from a review of

the published literature. The parameters and vari-
ables used in the model are summarised in Ta-
ble 1. The initial parameter and variable values
used to generate the preliminary set of results were
based on ranges commonly reported in the litera-
ture (Table 1) and are not site specific,

Model output

The model output provides profiles of total peat
depth and mass with time for both the fen peat
and raised peat strata, The model also generates a
profile of bulk density with depth for the fen/raised
bog complex at the end of the simulated period.
In the model run the integration interval was an-
nual for the fen and every 100 years for the raised
bog phase, with outputs generated at each inter-
val. The model has been programmed in Visual
Basic 6.

Table |. Parameter and variable values used in the initial simulation run of the model.

Parameter/ Meaning Values Units Literature references used in estimation
vanable of parameter and variable values

oy Aerobic decay rate (fen) 0.4 yr' Heal & French (1974); Thormann & Bayley (1997)
o, Anacrobic decay rate (fen) 00008  yr- Clymo (1984, 1992a, 1992b & 1998)

O,  Aerobic decay rate (rased bog) 0036  yr! Clymo (1965, 1978): Lieffers (1988)

., Acrobic decay rate (raised bog) 0.054  yr' Clymo (1965, 1978): Lieffers (1988)

., Aerobic decay rate (raised bog) 0.078  yr! Clymo (1965, 1978); Lieffers (1988)

(t.. Aerobic decay rate (raised bog) 0,048  yr! Clymo {1965, 1978); Lieffers (1988)

t,,  Anaerobic decay rate (raised bog) 0.0008 yr' Clymo (1984, 1992a, 1992b & 1998)

D, Surface bulk density (dry) 0.05 Mg m~  Tolonen (1977); Clymo (1978 & 1984)

D..  Critcal bulk density 0065 Mgm’ Clymo (1978, 1992a & 1984)

D,, Labilc density (raised bog) 0043 Mgm~ Tolonen (1977); Clymo (1978 & 1984)

Dy.. Non-labile density (raised bog) 0.1 Mg m~  Tolonen (1977); Clymo (1978 & 1984)

D,  Labile density (fen) 0.043 Mgm~ Tolonen (1977): Clymo (1978 & 1984)

Dy, Non-labile density (fen) 0.11 Mgm~  Tolonen (1977): Clymo (1978 & 1984)

LF,  Labile fraction in NPP (fen) 08 gg’ Heal & French (1974); Malmer & Wallen (1999)
NLF, Non-labile fraction in NPP (fen) 0.2 gg! Heal & French (1974); Malmer & Wallen (1999)
LF,. Labile fraction in NPP (raised bog) 0.75 gg! Clymo (1983); Flaig et al. 1975

NLF, Non-labile fraction in NPP (raised bog) 0.25 gg! Clymo (1983); Flaig et al. 1975

L Lake depth 30 m Mitchell (1976, 1986); Mitchell & Ryan (1997)
NPP, Fen nel primary productivity 600 gm7yr' Bradbury & Grace (1983): Madden & Doyle (1990)
NPP,., Raised bog net primary productivity 300 gmyr' Bradbury & Grace {1983); Madden & Doyle (1990)
NPP.., Raised bog net primary productivity 450 gm”yr' Bradbury & Grace (1983); Madden & Doyle (1990)
NPP,,; Raised bog net primary productivity 650 gm~yr' Bradbury & Grace (1983); Madden & Doyle (1990}
NPP.., Raised bog net primary productivity 400 gm~yr' Bradbury & Grace (1983): Madden & Doyle (1990)
R, Runoff coefficient (fen) 0.6 yr! Thormann & Bayley (1997)

R,  Runoff cocfficient (raised bog) 0.2 yr! Verry & Urban (1992)
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climate change.

Sensitivity analysis

The model was initially run using values estimated
from the literature (Table 1). Sensitivity analysis
was then performed to identify those parameters
and variables of greatest influence on model out-
put, The procedure adopted for sensitivity analy-
sis was to increase and decrease the initial simu-
lation value for each parameter or variable by 10%
requiring 32 simulations. Only one parameter or
variable was modified for any given run of the
model except for o, and NPP,, which were modi-
fied collectively. In each case the impact on acro-
telm depth as well as total depth and cumulative
mass at 500, 5 000 and 9 000 years were recorded.

RESULTS

The estimated growth in depth and mass for a fen/
raised bog complex was projected for 10 000
years, based on the values in (Table 1) (Figs. 3
and 4). The transition from fen to raised bog oc-
curred after a simulated period of 1 500 years when
the peat reached a depth of 3 m (Fig. 3).
Ombrotrophic bog development then advanced
over 8 500 years embracing the four climate peri-

ods (indicated by vertical lines Figs. 3 and 4). The
model projected a peat core at the end of the simu-
lation run as having an acrotelm depth of 0.11 m
and generated a profile for the increase in bulk
density with depth. During the initial 500 years
of raised bog development continued decay in the
fen peats resulted in a decline in depth of fen OM
that approximately matched the increase in raised
bog depth. This resulted in no net growth in depth
and retarded growth in mass for the combined fen/
raised bog complex during this period (Figs, 3
and 4). At the end of the fen (year 1 500), cumu-
lative mass was just below 173 kg m* (Fig. 4).
During the simulated period, year 1 500 to 2 000,
the combined fen/raised bog complex gradually
increased in mass rising to approximately 188 kg
m™~ at 2 000 years. When the simulation was run
to approximately 5 000 years, decay in the fen
was substantially complete, and the profile of to-
tal depth and mass for the combined fen/raised
bog complex paralleled that of raised bog devel-
opment on its own. At 5 000 years the total depth
was approximately 6 m (Fig. 3) and cumulative
mass was approximately 487 kg m~ (Fig. 4). Run-
ning the simulation to 10 000 years generated a
total peat depth of 10.5 m (Fig. 3) and a cumula-
tive mass of 962 kg m™ (Fig. 4). In contrast, by
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this same point in time the depth and cumulative
mass of fen peat which had reached its maximum
value at year 1 500 in the simulation run had
dropped to 0.7 m and 72 kg m~ respectively
(Figs. 3 and 4).

Sensitivity analysis

Total depth and mass were most notably effected
by changes in LF,, where relative differences ranged
between approximately 25% and 27% (Fig. 5).
When only long term effects were considered
(= 9000 years) the model output demonstrated
significant sensitivity to changes in NPP (with
relative differences of between 8% and 9% ) (Fig. 5).
The analysis, in respect of the long term projec-
tions, of depth with increased and reduced param-
eter/variable values and of mass with reduced pa-
rameter/variable values indicated relative differ-
ences of between 5% and 11% with the modified
Dy, (Fig. 5a, 5¢ and 5d).

When short term depth effects were consid-
ered the parameter/variable to which the model
was most sensitive was R, (with a relative differ-
ence of approximately 15%) followed by NPP,
D, and o, in that order (Fig. Saand Sc¢). The same
analysis in respect of mass showed that the pa-
rameter/variable to which the model was most
sensitive was again R, (with a relative difference

climate change.

of approximately 15%) followed in this case by
NPP,, LF,, o, respectively (Fig. 5b and 5d).

The model output for acrotelm depth demon-
strated greatest sensitivity to changes in D, Dy,
and LF,, with relative differences ranging between
approximately 15% to just below 25% (Fig. 6).

DISCUSSION
Sensitivity analysis

In discussing the output of the model it is first
necessary to consider the insights that sensi-
tivity analysis provided in terms of model re-
sponse to changes in parameter/variable val-
ues. With the exception of NPP, and R, the
model response, across the selected output
measures, was non-linear with respect to the
modification in paramecter or variable values
(Figs. 5 and 6). In particular the model output
demonstrated sensitivity to LF, and NPP,,
(Fig. 5)and Dy_and D, ,, (Fig. 6), the underly-
ing mechanisms of which will be examined,

Raised bog parameters and variables

Labile fraction: The most significant parameter
in terms of its effect on the overall model profile
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Fig. 5. Sensitivity analysis showing change in depth (graphs a, ¢) or mass (b, d) compared to the initial simulation run with
a 10% increase (a, b or reduction (¢, d) in parameter / variable values, Categories: 1 =Critical bulk density (D,,), 2 = Non-
Jabile density (raised bog) (Dy,.), 3 = Labile density (raised bog) (D). 4 = Acrobic decay rate (raised bog) (at,,), 5 =
Anaerobic decay rate (raised bog) (€r,,), 6 = Net primary productivity (raised bog) (NPP.,), 7 = Labile fraction in NPP
(raised bog) (LF ). 8 = Runoff coefficient {raised bog) (R..}. 9 = Non-labile density (fen) (D), 10 = Labile density (fen)
{Dy,). 11 = Net primary productivity {fen) (NPP,), 12 = Labile fraction in NPP (fen) (LF). 13 = Aerobic decay rate (fen)
(L), 14 = Anaerobic decay rate (fen) {et,,), 15 = Runoff (fen) (R,) & 16 = Lake depth (1)

output was LF,,. Increasing LF,, by 10% causeda  acrotelm depth (ca. 15%). A higher LF,, implies a
reduction in the depth and mass of between ap-  lower NLF,, and since this material, given time,
proximately 25% and 28%, but an increase inthe  comes to represent the major component in the
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peat accumulating system, an increase in LF,,
would be expected to reduce depth and mass. Simi-
larly, in the acrotelm, the labile mass is increased
due to the additional fractions of labile material
entering the system which increases volume
contribution and thus total parcel volume (height).
Additionally, the parcel D, is reduced delaying
the progression to Dy, (the trigger for anaerobic
decomposition). As a result there are more par-
cels in the acrotelm and depth is increased (Fig. 6).
A similar line of reasoning applies to the situa-
tion where the value of LF, was reduced.

Primary productivity: Changing NPP,, by 10%
with respect to the initial simulation value changed
acrotelm depth by 10% and total depth and mass
projections at 5 000 and 9 000 years by approxi-
mately 9% (Figs. 5 and 6). This is the response
pattern expected. Increasing NPP,, increased the
amount of labile and non-labile material entering
the ecosystem and thus increased the depths and
masses for all time periods since the parcels were
simply larger. The responses were reversed with
a decrease in NPP,.. However, modifying NPP,,
does not effect the duration that material resides
in the acrotelm,

Critical bulk density: The increase in D,, by
10% caused an increase in acrotelm depth of
nearly 15% (Fig. 6). This was because the parcel
D, took longer to reach the increased D, and hence
the acrotelm comprised more parcels of OM. Since
the catotelm established later and received more
highly decomposed OM total depth and cumula-
tive mass at 5 000 and 9 000 years were reduced,
despite the acrotelm depth increase (Fig. 5a and
5b). This same analysis applies in reverse where
the D, 1s reduced.

Labile density: Increasing Dy, caused a re-
duction in acrotelm depth of nearly 20% (Fig. 6).

crease/reduction in parameter/
variable value, Categories: see
Fig. 5.

This was because labile OM is a significant com-
ponent in the acrotelm and increasing D, ., reduced
parcel volume such that the acrotelm would oc-
cupy less volume (depth). Additionally, because
the density of the labile fraction was increased,
the D, of the acrotelm parcels would be increased
and thus take less time to reach the D,. Conse-
quently the acrotelm would comprise fewer par-
cels of OM which would also decrease depth. A
similar line of reasoning applies to the reduction
in D, .

Fen parameter and variables

The modification of fen parameters and variables
have their greatest impact on the short term scale
because the fen completes its development cycle
relatively early in the simulation (approximately
vear 1 500 in the initial simulation run). Clearly
the contribution of fen peats to the growing raised
bog becomes smaller as time passes (Fig. 5). In
relation to the fen and short term model responses
to parameter/variable modification, R, and NPP,
were the most important parameters. Since the R,
is a direct proportion of NPP; it is more appropri-
ate to consider the impact of NPP;. As with NPP,,,
increasing NPP; increased the amount of labile
and non-labile material entering the ecosystem and
thus increased the masses and depths for all time
periods. These responses were reversed with a
decrease in NPP,. The evaluation of the other fen
parameters Dy, and LF, are similar to that which
applics to their raised bog equivalents. By com-
parison the modification of the aerobic decay rate
(0, and o) plays a relatively minor role in de-
termining the shape of the outputs generated by
the model.



Fen profiles

The projected duration of fen development (ap-
proximately 1 500 years) was shorter than some
reported values which have been shown to last up
104 000 years (Mongan bog) (Parkes, unpublished
data, 1999). However, the Bog of Allen (an Irish
Midland raised bog) shows fen development as
lasting approximately 1 000 years (Mitchell &
Ryan 1997). The simulation parameter and vari-
able values generated a fen which existed for a
period of time comparable with the ecarly
hydroseral phases of Irish raised bogs. Identify-
ing what is significant in controlling the output
obtained will guide investigation of specific field
sites in terms of trying to identify what the rel-
evant parameter and variable values may have
been during the actual local development of such
precursor fens.,

The projected final depth of fen peat strata at
0.7 m was broadly consistent with data gathered
from a selection of Midland bogs in Ireland (Ra-
heenmore, Clara and Mongan bogs) (Bloetjes &
van der Meer 1992), In the model the maximum
depth of fen peat was set by the depth of the lake.
The value used in the initial simulation was based
on descriptions of Irish midland topography in the
early post-glacial period and represents an aver-
age primordial fen lake depth (Mitchell 1986, Mit-
chell & Ryan 1997). At any specific location, ac-
tual depth will depend on lake floor topography.
Additionally, the rooting depth of fen plants will
limit maximum lake depth although marginal en-
croachment may allow progressive in-filling of
deeper lakes. However, the influence of lake depth
on the total depth of the mature bog is relatively
minor (Fig. 5).

Raised bog profiles

The model projected a final total peat depth of ap-
proximately 10.5 m, raised bog strata of 9.8 m and
an acrotelm depth of 0.11 m (Fig. 3). The outputs
are consistent with available data for raised bogs
in Ireland (Hammond 1981, Bloetjes & van der
Meer 1992, Feehan & O'Donovan 1996, Mitchell
& Ryan 1997, Barber 1981, Barber & Chambers,
unpublished data 1998, Parkes, unpublished data
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1999). It is significant to note that the contribution
of fen peats to the pattern of raised peat develop-
ment is substantially reduced after 3 000 years and
immaterial after 5 000 years (Figs. 3 and 4).

Rates of peat accumulation responded as NPP
varied among climatic periods (Figs. 3 and 4). The
model showed that where NPP changed from a
higher value to a lower value peat accumulation
was retarded. The period of this reduced or even
zero rate of peat accumulation varied depending
on the magnitude of the changes and the mass of
labile material in the peat at that time, but has
been shown to last over several hundred years.
However, the incorporation of a refractory com-
ponent in OM ensures that peat growth is never
zero. This outcome, while clearly only valid within
a specific time frame. is not inconsistent with
available evidence (Clymo 1984, Bloetjes & van
der Meer 1992, Mitchell & Ryan 1997),

The model projection of cumulative peat mass
(173 kg m~ at 1 500 years, 487 kg m* at 5 000 years
and 962 kg m * at 10 000 years) was greater than
reported data for peatland sites in Fennoscandia.
Cumulative mass at 5 000 years range from 160-
220 kg m“ for sites in Southern Finland and Den-
mark (Aaby & Tauber 1975, Tolonen 1977).
While the model projection was approximately
twice these values, data for Mongan bog (an Irish
Midland raised bog) shows cumulative masses
(assuming an average bulk density of 0.09 Mg
m’) of 180 kg m? at 1 500 years, 430 kg m* at
5 000 years and 750 kg m™~ at 9 500 years (Barber
& Chambers, unpublished data 1998, Parkes, un-
published data 1999). This would suggest that
currently the model’s output is more consistent
with data relating to raised bog development in
the Irish Midlands. Given that the model output
of depth and mass was reduced by nearly 10% for
a 10% reduction in NPP,, (Figs. 5 and 6) suggests
that where NPP measures were reduced as might
arise where a greater continental influence pre-
vailed (over the last 10 000 years) the depth and
mass projections would be reduced making them
more comparable to those reported for Fennoscan-
dia. Indeed, Vasander (1982) has reported the con-
temporary above ground productivity of a south
Finnish raised bog at 237 ¢ m™ yr!' which is a
value considerably below most of the values used
in the initial model run. Additionally, values above
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0.8 for the initial labile fraction of OM in NPP
have been reported for tundra regions (Heal &
French 1974). If these fractional values and modi-
fied NPP are used in the model then the depth
output approaches 5 m and mass 500 g m~ for a
10 000 year run. This result is much closer to val-
ues commonly reported for Fennoscandia. The
analysis indicates that the model output can be
consistent with data relating to raised bog devel-
opment in the Irish Midlands (as currently para-
melerized) but the theory is flexible enough to
apply elsewhere.

Conclusion

The model continues to be developed. It intro-
duces a new approach to the determination of bulk
density through differential decay and then uses
this to control the rate of that decay. Addition-
ally, the model introduces the influence of cli-
mate change and examines the contribution of fen
peats to the maturing raised bog. Model analysis
at this stage is primarily concerned with address-
ing the issue of whether the assumptions about
process are valid and what reliability can be placed
on these descriptions, Additionally, this simula-
tion analysis helps raise questions about the pos-
sible relationship between parameter and variable
values and the influence of prevailing abiotic con-
ditions. To that end this model represents both a
synthesis of existing efforts in this arca and an
advancement in the form of a new tool as an aid
to understanding bog development.
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