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Abstract: We describe how a bog hydrology simulation model, developed in the System Dynamics
environment, predicts the changes in the groundwater levels that result from drainage ditch closure
and partial thinning of the surrounding forest stand. Five plots were selected in an area that was
subjected to such ecological restoration, and the observed groundwater levels were compared
with the simulated ones. Across the plots, the mean difference between the observed and simulated
groundwater curves varied between 0.88 and 2.63 cm, and the RMSE between 0.28 and 0.71. Although
the absolute difference between the predicted vs. observed values was greater in the plots with
ditch closure, the curves co-varied more closely there over time. Therefore, hydrological System
Dynamics models can be particularly useful for relative comparisons and risk-mapping of novel
management scenarios.

Keywords: bog restoration; ecological restoration; hydrological modelling; management effectiveness;
simulation modelling; system dynamics

1. Introduction

Investing in natural capital, including the restoration of carbon-rich habitats, is con-
sidered to be one of the five most important fiscal recovery policies that have a major
economic multiplier effect and a positive impact on climate [1]. Mires cover 3% of the
global land area, but accumulate about one-third of the soil carbon [2]. Intact mires are
also habitats for many threatened species, regulate water and nutrient flows, and provide
multiple cultural services to people across landscapes (e.g., [3]). By now, these functions
have been greatly reduced in most regions with a long history of land use. Europe has lost
more than 50% of its mires, with the largest losses in the past 75 years. Due to an emerging
political consensus, substantial efforts of ecological restoration have been recently initiated
within the EU to counteract such historical degradation [4]. From a global perspective,
the United Nations recently launched its Decade on Ecosystem Restoration (2021-2030),
focusing on mainstreaming ecological restoration in landscape contexts.

A necessity to understand how the mire ecosystems work, and what to expect in the
case of human interventions, has been long acknowledged as a research priority [5,6]. For
effective ecosystem restoration, it needs to be explicitly understood how, by changing one
part of a mire, its other parts can be affected [7]. The groundwater level and its fluctuations
are the key parameters for such understanding. There is an increasing need for reliable
and feasible modelling tools for assessing the water supplies and wetland conditions,
which could be then used as inputs for landscape and land-use planning. A desired
feature of such modelling tools would be their robustness to specific land use practices,
in order to predict the consequences of novel management regimes and the (expectably)
unprecedented ecological restoration initiatives.
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In boreal mires drained for forestry, the two main techniques for ecological restoration
are thinning of the woody vegetation and ditch closure [8]. An explicitly described and
tested model would be a valuable tool for planning these interventions at the ecosystem
scale, given the conservation dilemmas and costs included [9]. The Regional Hydro-
Ecological Simulation System (RHESSys) model predicts that forest thinning may cause
an increase in annual streamflow, and watersheds that receive a higher rainfall have a
more robust response; this supports tree thinning as a restoration option [10]. Hence, mire
restoration planning requires a regional-scale model that explicitly and accurately includes
the complex impacts of vegetation change on the water balance.

The existing applied models do not depict the restoration situations common in
drained and afforested mires. For example, one of the most used hydrological models,
MODFLOW, is designed to access the groundwater resources and does not include the veg-
etation parameters [11-13]. The Soil & Water Assessment Tool (SWAT) is a river basin-scale
model used to simulate the quality and quantity of surface and groundwater and to predict
the environmental impact of land use and management and climate change [14]; again,
when the Green-Ampt infiltration equation is used to calculate infiltration in saturated
soil, the interception of rainfall by the canopy must be calculated separately [15]. Several
other hydrological models have been developed, such as WEAP [16], MIKE SHE [17],
HecRAS [18], QUAL2K [19] and others, but their simplifications tend to allow reasonable
accuracy only at large scales.

In order to accurately predict restoration and related impacts on individual mires, we
have been developing a specific hydrological model in an environment of System Dynamics
(SD), using the Stella Architect version 1.9.4, isee systems inc., Lebanon, PA, USA software.
The central concept of the SD is understanding how all the objects in a system interact
with one another through multiple feedback loops [20]. Previous hydrological models of
bogs in the SD environment include the system dynamics watershed (SDW) model that
lacked vegetation-related equations [21]. It was followed in 2009 by an improved version
of the generic system dynamics watershed model (GSDW), which included interception
and evaporation [22], but still did not show sufficient precision against field data [7]. The
same study system (Gulbjusala bog in Latvia) was then used for a thorough revision and
model simulation; the resulting equations, structure, and operating principles have been
described in detail in a previous paper [23].

In the current phase of development, the work on the model has been continued
with high-quality datasets from Estonia. A sensitivity analysis in an intact bog showed
that transpiration had the greatest impact on the groundwater level. For groundwater
fluctuations, the next most sensitive parameters were vegetation related: leaf area index
(LAI), leaf distribution and inclination angle, and specific leaf area [24].

In this paper, we assess the performance of our SD model in a degraded bog forest
that has been treated to recover its hydrological regime and, from a longer perspective, to
restore its natural habitat conditions. Such an assessment (having the input data necessary)
was possible in the protected Soomaa and Kikepera wetland complex in Estonia, where
experimental mire restoration (in 2014-2015) has been accompanied with intensive pre- and
post-treatment monitoring. The restoration included thinning of the forest cover (largely
developed due to draining) and blocking ditches in various parts of the wetland that were
separated from each other by forestry ditches. Our main study question is the parameter
value of the LAI as a proxy to the vegetation effects. LAl is expressed as half of the sum of
leaf areas per unit ground area [25]. LAl is strictly related to many ecological processes,
such as transpiration, interception and carbon flux [26] and can indicate the growth status
of forest vegetation [27].

2. Materials and Methods
2.1. Study Area and Test Plots

The study area was located in the Soomaa National Park and Kikepera Nature Reserve,
in the southwest of Estonia, on the western slope of the Parnu lowland and the Sakala
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highland (Figure 1). The area is characterized by numerous mire systems that are divided
by rivers and seasonally flooded meadows and forests. We used an ongoing experiment,
which was designed in 2013 to restore peatland forest habitats for the Capercaillie (Tetrao
urogallus), an iconic bird species in the Baltic States [28]. The experiment combined ditch
closure (backfilling where possible; damming elsewhere and in combination) and partial
harvest treatments in a block design, and targeted mixotrophic bog areas drained in the
late 1960s. These treatments were similar to the ones used in Estonia and elsewhere for
more general mire habitat restoration [8,29], but the intensity was adjusted to the specific
objective of sustaining forest cover.
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Figure 1. Location of the study area and test plots.

For this study, five plots were selected in order to assess the model simulations against
measured groundwater level fluctuations under different manipulations and site conditions
(Table 1). As shown in Figures 2 and 3, the drainage ditches in the study area were arranged
in rectangular shapes. The plots differed in peat layer thickness, altitude, and forest stand
density. The altitude is related to the surface slope required for surface runoff calculations.
Since the plots were separated by the drainage ditches, their local treatments were unlikely
to have considerable influence on each other. However, the surface water can also reach
geographically lower plots over the ditches. In order to include that effect in lower-lying
plots, we varied the model values of the amount of precipitation in the period prior to ditch
closure. The amount of precipitation was chosen as the input parameter to be adjusted
given its linear relationship with the surface runoff [30] that forms water in ditches.

Table 1. Characteristics of the study plots.

D Peat (m) Date of Forest Date of Closure of Tree Removal at
Thinning Drainage Ditches Thinning (%)
1 0.8 14.08.2014 Not performed 44
2 1.2 15.10.2014 Not performed 31
3 1.2 15.02.2015 Not performed 38
4 1.3 Not performed 01.12.2015 0
5 12 18.02.2015 01.12.2015 34
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Figure 2. Ortophoto, digital terrain model, locations of the forest manipulations, and piezometers in

the southern part of the study area, Kikepera Nature Reserve (data from the Estonian Land Board).
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Figure 3. Ortophoto, digital terrain model, locations of the forest manipulations, and piezometers in
the northern part of the study area study area (data from the Estonian Land Board).
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Of other parameters, the peat thickness was measured in the field. Information about
the underlying mineral soil (5 m of till in our case) and sedimentary rocks (Devonian
sandstones) is based on the geological mapping at the scale of 1:400,000 (Estonian Land
Board) and separate peat resource maps (scale 1:10,000, Estonian Geological Survey).

2.2. The Modelling Techniques

A detailed description of the model, including its calculations, parameterization
techniques, sub-models and feedbacks, is available in [23]. In the current study, the
simulation was applied to the period from 1 November 2013 to 31 December 2018. The
temporal resolution for the model was one day; there were altogether 1836 data points
(days). The input data set contained: (i) meteorological data of daily means (rain and
snow; air temperature; relative humidity; wind speed; solar radiation) as obtained from
the state-run weather stations at Kaansoo and Tiiri; (ii) remote sensing data (reflectance
in red and near infrared bounds before and after thinning of the forest stand) sourced
from the Estonian Land Board; (iii) geological and geomorphological data (peat layer
thickness; slope of the surface of the plot); (iv) soil hydraulic properties (peat layer wetting
front suction head; peat and sandstone total porosity and effective porosity; peat residual
saturation and peat saturated hydraulic conductivity) [31-36], and (v) values calculated
(leaf distribution angle; specific leaf storage; snow interception coefficient; maximum snow
storage in the tree canopy; peat evaporation coefficient; limestone percolation coefficient).

Of the calculated values, the leaf distribution angle ranged between 0.2 and 0.8; specific
leaf storage was between 0.4 and 5.88 [22]. To calculate the snow interception, we modified
the rain interception equation [7] and concluded, after the calibration, that the exact value
can be searched within the range of 2 to 8. The peat evaporation coefficient is an exponent
greater than 1 [21]. For water percolation in sandstone, we developed a new approach
where it is calculated on the basis of peat layer’s water deficit (O;p), peat effective porosity
(Oep), sandstone field capacity (Oys), effective moisture saturation of peat layer (Syp), and
sandstone percolation coefficient (Is):

IF Ojp > Oep
THEN (Syup/ Ofs)*1s @
ELSE 0

The sandstone percolation coefficient was determined as 0.0019 during the calibration.

To address the experimental treatments (stand thinning and ditch closure), remote
sensing data obtained from flights over the area before and after the tree felling was used
to calculate the size of the forest stand and the LAI (from reflectance in the red and near red
spectrum). We acknowledge that the LAI reduction is not always proportional to partial
tree cutting; for example, when shrub layer responds to opening up the canopy with a
rapid growth. Ditch closure was simulated by changing the slope of the ground surface
that causes runoff reduction.

The simulation model coefficients were calibrated only once using the test plot 1
(Table 1). Those calibrated values were also used in the other plots, the plot-specific input
variables being the thickness of the peat layer, reflectance in the red and near infrared
bound, and the slope of the surface. The post-thinning reflectance measurements for the
test plot were not available and were therefore addressed by fitting appropriate values
until the simulated groundwater curve approached as close as possible to the groundwater
measurements. This serves as an example of how to apply a calibrated simulation model
to find an unknown parameter value.

The model performance was validated by comparing the simulated values of ground-
water levels with the measurements performed on site. For the latter, piezometers with a
ceramic piezoresistive pressure sensor (push-in type, manufactured by Geotech AB, Askim,
Sweden) were used. All piezometers were installed at depth of 1.16 m and positioned
15 m away from the nearest drainage ditch. The piezometers measured the pressure and
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temperature at 8 h intervals. The air pressure was later subtracted from the total pressure
in order to get the water column height above the sensor.

3. Results
3.1. Accuracy of Groundwater Level Simulations

The model performance varied among the test plots (Table 2). The mean difference
between simulated and observed groundwater level estimates was 0.88-2.63 cm. The
absolute mean differences between the estimates were smaller in those plots where the
groundwater levels fluctuated less. In parallel, the root mean square error (RMSE) value
was lower in the plots where the difference between the two curves was smaller. In contrast,
correlation coefficients and R? values were closer to 1 (showing closer co-variation) in the
plots where more extensive ecosystem restoration work had been performed. In all plots,
the Nash-Sutcliffe efficiency coefficients (NSE) were above zero, indicating that the model
was not biased and had a potential for forecasting [37].

Table 2. Parameters that indicate the accuracy of the simulation model by study plots.

ID Mean Difference (cm) Correlation R2 RMSE NSE
1 0.96 0.70 0.50 0.32 0.39
2 1.25 0.78 0.60 0.37 0.23
3 0.88 0.68 0.47 0.28 0.25
4 1.64 0.94 0.89 0.42 0.89
5 2.63 0.94 0.88 0.71 0.19

Below, the model performance in each plot is examined in more detail.

The plot 1 was located at 39 m above the sea level, higher up than the surrounding
area (Figure 2). Its groundwater level dynamics indicated a contribution from the thinning
of the forest stand (44% removal on 14 August 2014; the vertical line in Figure 4): from
2015, there were no significant fluctuations in winter and the groundwater level remained
a few cm below the surface. However, fluctuations re-appeared with the onset of warmer
weather and the thawing of the slopes of the drainage ditches; these fluctuations exceeded
those typical of a natural raised bog (within +/—30 cm from the ground surface) [38].

2015
2016
2017
2018

74:“»— \{" ] ,\\{WW‘V (‘N _r-\-‘f“"\\J» '\rl 3

e \easurements
Simulation

Time (years) =" Tree thinning

Figure 4. Measured vs. simulated groundwater level in plot 1.

The groundwater curves of the plot 2 (Figure 5) reveal elevated groundwater levels
in the post-thinning winter (2014/2015). On frozen ground there is no evaporation, but,
unlike deciduous trees, conifers slowly transpire. Nevertheless, the peat layer loses less
water. In summer, the impact of the decrease in transpiration on the total water balance
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was less pronounced. A likely explanation is that the thinning exposed the undergrowth,
where the extra atmospheric heat and solar radiation caused an increase in evaporation.
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Figure 5. Measured vs. simulated groundwater level in plot 2.

Three plots (3, 4 and 5) were located close to each other (see Figure 2) but were
separated and bound by a system of drainage ditches. The thinned plot 3 was located
above the other two plots. Its measured and simulated groundwater level curves matched
most closely among all the plots (Figure 6; Table 3) supporting the view that simulated
curves can become very close to the measured ones.
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Figure 6. Measured vs. simulated groundwater level in plot 3.
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Table 3. Characteristics of the forest stands in the study plots.
NIR before Red before LAIbefore  NIR after Red after LAI after
Forest Stand .
D Forest Forest Forest Forest Forest Forest Thinnin Changes in
Stand Stand Stand Stand Stand Stand Intensit (%/) LAI (%)
Thinning Thinning Thinning Thinning Thinning Thinning ehsity T
1 85 29 2.36 97 53 1.76 44 -25
2 77 41 1.76 97 60 1.54 31 -13
3 52 30 1.65 56 41 1.28 38 —22
4 59 31 1.78 70 36 1.81 0 +2
5 37 21 1.67 44 26 1.61 34 —4
The unthinned plot 4 was located at 31 m above the sea level and one metre below
the plot 3 (Figure 2); it only received the ditch closure treatment (backfilling with peat).
Figure 7 shows that the simulated estimates of its groundwater level started significantly
below the actual levels. Following the closure of the drainage ditches in December 2015, the
simulated values gradually increased until, in summer 2017, they reached the measured
groundwater levels and followed those further.
<t Lo e D~ o0
— Ao — — Ao
o o o o o
N N N N N
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)
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g
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§ ? | Simulation
Z 7 80 ¥ v
c |
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Time (years)

Figure 7. Measured vs. simulated groundwater level in plot 4.

Such a behaviour of the simulated curve has a technical explanation: it was not
possible to simulate a steeper increase in the groundwater level following the closure of the
ditches when using precipitation as the only source of water supply (see also Section 2.1).
Infiltration in the peat layer should exceed the amount of precipitation several times in
order to reach the measured groundwater levels. Thus, after backfilling of the ditches, the
plot 4 was modelled as receiving only the actual amount of precipitation, since the impact
of adjacent sections was significantly reduced. Yet some surface runoff from adjacent plots
may have actually reached it over the surface.

A support that plots 4 and 5 were affected from geographically higher areas even
after the backfilling of the ditches was found in spring 2017 when a thick snow cover was
formed. During this period, the measured groundwater levels were apparently enriched
with a larger mass of water than produced by the snow precipitation alone (Figure 8). The
amount of water to accurately simulate the observed fluctuations in the groundwater level
in the plot 4 was achieved by increasing the precipitation parameter values 5.2 times.
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Figure 8. Groundwater level estimates for plot 4 after adjusting the precipitation parameter to include the water supply
from surface runoff.

The plot 5 received a distinct combined treatment of ditch backfilling with peat soil
and 34% tree removal (the vertical lines in Figure 9). It was lower-lying than the other plots
(30 m above sea level) and all the drainage ditches separating it from the raised bog in the
west were closed during the experiment (Figure 3). Being located approximately one meter
below the plot 4, the drainage impact on its water balance was even more pronounced
here. In order to fit the simulated groundwater level curve with the observations, the
precipitation parameter should be increased 6.2 times for the period before the ditch
closure, but only 1.7 times after the backfilling. This difference probably reflects the share
of the surface runoff from higher areas.
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Figure 9. Plot 5 groundwater level after manipulation with the amount of precipitation.

3.2. Performance of the Leaf Area Index as Vegetation Proxy

The LAI was not directly proportional to the extent of tree removals at thinning
(Table 3). This can be explained by the compensatory responses of the undergrowth after
opening up of the canopies (see above).
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4. Discussion

Our simulation model validation, in terms of the turning points in the time series,
indicated that its mathematical equations work correctly. However, the mean differences be-
tween the observed and simulated groundwater curves were smaller in the case of smaller
groundwater level fluctuations. A general implication is that such models more accurately
simulate the absolute impacts of smaller interventions to the ecosystem. This contrasts
with a practical necessity for such models, specifically in the case of large (planned) in-
terventions, which risk potentially large unwanted environmental impacts and inefficient
expenditure of funds. To address this problem, a relative assessment of the performance
of the model was provided by the correlation coefficients and R? values. These estimates
of the system dynamics were indeed better in the plots with more intensive restoration
treatments. Ecologically, such strong correlations indicate that the simulation model suc-
cessfully detected the rapid increase in the saturation of the peat layer after drainage
ditches were back-filled.

An advantage of our model is that it can be operated in any System Dynamics (SD)
environment. It is tested and works equally well in using both Stella Architect version 1.9.4,
ISEE systems Inc., Lebanon, PA, USA and Insight Maker software. Its main problems are
thus related to the general spatial limitations of the SD modelling framework. Specifically,
in lower lying plots, which received water not only from precipitation but also from the ad-
jacent areas (as surface runoff), our simulation equations did not work accurately without
resolving for additional water supplies. This problem could be solved by transferring the
tested equations to another simulation modelling environment. A promising modelling
environment would allow the whole catchment area to be defined based on a GIS digital
terrain model [39]; then, either agent-based modelling [40,41] could be used, or a new mod-
elling tool in the Python programming language [42,43] developed. In agent-based models,
‘agents’ are the components capable of moving and responding to the local environment.
In our case, the agents would track a water path that goes through a catchment at a given
moment; similarly to the patterns in system dynamics, they could make ‘decisions’ on the
paths. Python is a very popular programming language for scientific computing due to a
low barrier to entry for translating ideas into code and generating actual data [44].

Expanding the geographic area would allow our simulation model to be applied to
real bog restoration projects, while an agent-based modelling approach could open up
possibilities for even wider uses. For example, replacing the peat parameters with those of
mineral soils (supplemented with a couple of other corrections) could open a way to use
the model in precise agriculture. The practical problems addressed could then include the
absorption of fertilizers through roots and degradation in soil, depending on the seeded
plant species, thereby providing insights into an optimal use of fertilisers.

A general message from our study is that the SD approach appears a promising first
step for process-based models. It can simulate hydrological processes at specific locations,
helping to understand the causes, consequences and a sufficient set of system components,
before simulating large-scale processes in an advanced environment.
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