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Abstract

In hydrological terms raised bogs can be approximated by simple models as in the
acrotelm-catotelm concept. However, raised bogs are often characterized by a pronounced
surface topography, causing large changes in connectivity of contributing areas onthe bog. In
this study, daily regression of measured discharges versus catchment areas is used to quantify
the importance of surface topography on catchment connectivity within a raised bog. The
resulting coefficient of determination shows the strengthof the relationship between the
discharge and catchment area over time under different hydrological conditions. Monitoring of
discharge, water table, transmissivity, and basic weather data on a raised bog (1.9km 2) in
eastern central Estonia took place from May 2008 to June 2010. Contributing areas, calculated
based on the outlet’s discharge volume (V,) divided by the net precipitation volume (Vp .,), of

the outlet containing the central pool-ridge system varied between 1 mes10™3 m 2 and
0.7km 2, suggesting significant differences in connectivity between hydrological events.
Correlation between discharge and theoretical catchment size was high (R?>0.75) when the
water table was closeto the surface (less than 5 cm below peat surface), and consequently
transmissivities were also high (up to 1030 m 2 d 1), which lead to connectivity of local
storage elements, such as pools and hollows. However, a water table below this threshold
resulted.-in large parts of the catchment being disconnected. The importance of water table
depths on catchment connectivity suggests the need to reconsider the hydrological concept of
raised bogs; to incorporate these shallow flow components and better understand residence
time and consequently transport of solutes, such as DOC, from patterned peatlands.
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Introduction

Peatlands are primarily characterised by their high organic matter content and ability to retain
large amounts of water (up to 90% by volume). The integrity of raised bogs is only ascertained
when water stored in the peat body is retained during periods of precipitation deficit, yet
efficiently removed in wet periods [35,2]. The high water storage capacity of the upper peat
layer and its ability to shrink and swell facilitates a relative stable water table close to the bog’s
surface [16]. The capacity to retain water under drought is enhanced by the strong decrease of
hydraulic conductivity as a function of depth as a result of compaction [24] and degree of
decomposition [4,34]. The feedback between hydrology and plant species facilitates the
distinctive microtopographic structures found on raised bogs, such as hummocks, hollows,
lawns and ridges [9]. Large differences in hydraulic properties as well as biogeochemical
regimes exist between the different surface pattern features [30,5].
The transition in peat structure, as evident by the change in bulk density and hydraulic
conductivity over depth, led to the acrotelm-catotelm concept [17]. The acrotelm serves as the
aquifer with little decomposition and a high hydraulic conductivity and storage capacity,
whereas the catotelm is more inert, owing to more humified and permanently saturated
conditions. In contrast to the original concept of [17], [14] and tetclymo-limits-1984 also
considered biological processes, like peat growth and decomposition rates and the transition
between oxic and anoxic zones, in the partitioning between the acrotelm and catotelm.

[15] provided the relationship between water table depth and lateral flow for a theoretical
raised bog with uniform saturated hydraulic conductivity. Ingram’s proposed model was based
on the Dupuit-Forchheimer approximation for Darcy’s law, in which vertical flow is
disregarded and the slope of the water table is equal to the hydraulic gradient:

U H?

T W
where U(md ~1) is net recharge (precipitation (P) - evapotranspiration (ET)), K (md ~1)is
horizantal hydraulic conductivity, H (m) is head above drainage base, L (m) is the distance
from the bog’s edge to the bog’s hydrological divide.

Since hydraulic conductivity varies strongly with depth, it is considered more appropriate to
use transmissivity in flow calculations [31]. Transmissivity is the product of hydraulic
conductivity and layer thickness of each layer contributing to flow. Based on Ingram’s
assumptions this would imply that a falling water table results in a

1. reduced hydraulic gradient between the bog’s dome and its margin and
2. a lower transmissivity due to reduced thickness of flow

However, in contrast to Ingram’s assumptions, peat properties such as hydraulic conductivity,
porosity and water retention parameters are seldom constant with depth. Due to the water table
depth variable transmissivity, a change in water table depthalso affects lateral flow.

Patterned raised bogs consist of ridge-pool or ridge-hollow topography. Ridges are oriented
perpendicular to the main flow direction, but may have low-lying preferential flow paths that
increase connectivity between adjacent pools during periods of high water table [25]. These
preferential flow paths, generally occurring as superficial shallow channels affect the lateral
flow of water. For low-angle terrain, [8] and [1] showed that as soon as the global gradient of
elevation is sufficiently smaller than the size of local microtopographical variations a
fill-and-spill process becomes important. This fill-and-spill process adds complexity to the
flow_patterns [33], as ponded depressions may merge during wetting, or separate during
drying. The role of soil surface flow in wetlands was addressed by [22], who showed the
formation of complex patterns of water ponding and redistribution when microtopographical
variation was considered (see Fig. 1).
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The acrotelm-catotelm concept is deeply ingrained into current thinking about peatland
hydrological processes and structures. However, both theoretical [3,20] and
experimental [12] studies have identified a number of limitations to the acrotelm-catotelm
maodel and have advocated the need for the peatland community to adopt more flexible cohort
based models of peatland development [21]. Beside the limitations in describing peatland
development over longer periods, the acrotelm-catotelm concept’s simplicity is possibly also a
limitation for describing the dynamics of patterned bog hydrology over shorter periods. The
assumptions of a homogeneous bog, with idealised geometry and boundary conditions, ignores
the reality of a strong spatial variable surface topography and peat structure.

In this paper, we specifically elaborate on the discharge of a raised bog by analysing
experimental data including discharge, groundwater levels and transmissivity from a raised
bog in_ Estonia. We tested measured data against common approaches
from citetingram-size-1982 and [17] to describe the flow of water on a raised bog.

We hypothesise that

1. preferential flow paths in the pool-ridge complex play a crucial role in
temporal variation in

2. flow direction and

3. the internal distribution of water on the bog .

Material and methods

Site description

In eastern central Estonia, south of the Pandivere Upland, poorly drained depressions as a
result of bedrock topography and glacial deposits have led to the formation of lakes and bogs.
The raised bogs in this area formed ca. 3500 years ago on top of fen peat that developed 8000
years-ago on lake deposits in the eastern part of the post-glacial lake Suur-Endla [13,27].
Ménnikjérve bog is a convex raised bog located in central Estonia(N 5852 °,E2615 °)and
is part of the larger Endla nature reserve. The bog’s surface topography is characterized by
areas of different surface topographical features, with a central pool-ridge complexes and pine
bog forest at the margin. Hummocks and hollows range in size from a few decimeters to several
meters. Differences in surface level between hummocks and hollows are mostly less than 40
cm, although locally higher hummocks occur. The total area of the bog is ~ 1.9km?, and the
peat-in-the central part of the bog reaches a thickness of ~ 7m [13]. The pools within the
pool-ridge complex have and elongated shape with an average depth of 1 m and 1.5m
(maximum of 2.5m) [18] and cover ~ 3% of the total surface. From an aerial photograph 103
pools have been identified, the surface area of the pools ranges from 20m 2 and 8639m 2
and their perimeter ranges from 18 m and 1477m. The bog’s surface has a relatively flat slope
oriented from east to west, with a gradient of ~ 0.2% from the central part of the bog until the
pool-ridgecomplex. Towards the western margin, the bog has a slope with a gradient of
~ 0.5%. Typical plant species found on ridges and hummocks of Mannikjarve bog are
Sphagnum fuscum, Calluna vulgaris, Ledum palustre, and Andromeda polifolia. In hollows
and lawns the vegetation is dominated by Sphagnum cuspidatum, Scheuchzeria palustris, and
Carex sp. Towards the margins the contribution of Pinus sylvestris increases.

In 1910 an experimental mire station was established in Tooma village close to Ménnikjarve
bog in order to perform studies related to the drainage of bogs; old drainage ditches are still
visible on the eastern margin of the bog. Since 1950 a hydro-meteorological station has been
operated on Tooma mire station by the Estonian Meteorological and Hydrological Institute
(EMHI). In 1963 the bog was surrounded by marginal ditches to prevent it from expanding
laterally [13].
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Data acquisition

Hydrological monitoring took place from May 2008 to June 2010. The Estonian
Meteorological and Hydrological Institute (EMHI) provided daily values for discharge from
three V-notch weirs (Q1, Q5, Q7, shown in Fig. 2), precipitation and snow depth, evaporation
from pools (GGI 3000 pan, USSR), evapotranspiration (GGI-B-1000 evaporimeter, USSR),
and air temperature from their field station. Two additional VV-notch weirs (Q2 and Q3) were
installed to capture discharge at the north boundary of the bog. Additionally, Ménnikjarve bog
was_instrumented for measurements of water table along an east-west transect (Fig. 2).
Precipitation was measured continuously with a tipping bucket rain gauge (Lambrecht) located
in the pool-ridge complex. Piezometers were installed at nine locations along an approximately
1km E-W transect across the bog to capture the main microtopographic zones, including the
pool-ridge zone. The piezometers were constructed from PVC tubes with a diameter of 4.5 cm,
which were perforated over 50 cm starting 10 cm below the bog’s surface. Each piezometer
was equipped with a pressure transducer (Diver, Schlumberger) that recorded at 30 min
intervals. A separate pressure transducer (Diver) recorded the atmospheric pressure. In
preparation of the hydrological monitoring that happened from 2008-2010, transmissivity was
measured at 26 locations (see Fig. 2) eight times under different water table conditions during
2002 to 2004 using the semi-steady state method followed by the pit-bailing method [32].

Data analysis

Discharge and water table time-series analysis

Data from pressure transducers (bog, pool, and upstream of two V-notch weirs) was corrected
for atmospheric pressure. Twice yearly the measured pressure heads were adjusted to manually
measured water levels. Discharge at Q2 and Q3 was determined from rating curves and
upstream water levels. Discharge, water level, and precipitation records were aggregated into
daily values using R [26]. To eliminate disturbances in the measured water levels and
discharges caused by frost and snow, the hydrological year was restricted to frost free periods
(mean daily temperature above zero). The amount of water coming from the remaining snow
cover at the start of the frost free period was estimated from snow depth and snow density data.

Transmissivity

The 26 locations at which transmissivity was measured were grouped by ecotope based on their
location on the bog. For each ecotope, the measured transmissivities and their water tables
were fitted to Eq. 2 using a non-linear least squarefunction (R package nis2, [11]).

K

maxx(1—h)1~M

T=—"r"7 ()

where T is transmissivity inm 2d~1, h is water table depth in m, K, is maximal saturated
hydraulic. conductivity at the peat surface inmd 1 and M is parameter describing the rate of
decrease in hydraulic conductivity with depth.
To estimate the starting values the brute-force algorithm was used followed by a non-linear
least square (nls) optimization to obtain values for K., and M. Since water table is
considerably easier to monitor compared to measuring tranmissivity, once values for K.«
and M are obtained water table data can be used to estimate transmissivity values for a similar
location using Eq. 2.
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Topographic catchment area and correlation with discharge

To assess the daily variation in the relationship between discharge and its catchment area the
daily discharge time series were used. Based on contour lines and point measurements obtained
from a topographical map (scale 1:10000) a flownet was created (QGIS GRASS: r.flow),
which defined the general direction of lateral flow in the bog. This flownet was used to obtain
the internal catchment boundaries of the four outlets (Q) (Fig. 2). Catchment size for each
outlet was calculated from the digitised polygon features obtained from the watershed
delineation routine (QGIS GRASS: r.watershed). With the use of the derived catchment areas,
a daily regression of the discharge at the four outlets (Q, Ls ~1) versus theircatchment areas
(A;m-2)was computed [29]. The resulting daily coefficient of determination (R?) shows the
strength of the proportion between the discharge and catchment area over time under different
hydrological conditions. A change in the proportion between the discharges results in an
unbalance between the catchment size and amount of discharge and, therefore, a reduced R?
value.

Event dependent contributing area

To estimate the size of the contributing area for each outlet under different hydrological
conditions, we selected hydrological events based on the 90™ percentile precipitation events (>
12mmd ; ~1) (see Table A.1). This resulted in a total of eighteen events (see Appendix B
and Fig. C.1). For each event the size of the contributing areas was calculated based on the
outlet’s discharge volume (V,) over the duration of theevent divided by the net precipitation
volume (V5 .) over the same period:
Vo
A - <
VPnet(B)
where A'is the catchment’s contributing area (m  2), V,, is the discharge volume (m 3) and
Vp e IS NEL precipitation volume (m). The resulting sizes of the contributing areas can be

compared with the theoretical catchment areas based on the bog’s surface gradient.

Statistical analysis

We wused a Kruskal-Wallis test to determine if water table behaviour at different
locations/piezometers (i.e. microforms) is significantly different. The Kruskal-Wallis test
allows for testing differences between two or more groups that are not necessarilynormally
distributed. A post-hoc Dunn test allowed for the identification of individual
locations/piezometers that are significantly different.

Results

Water balance

Total precipitation during the study period was largest in 2008 with 638 mm, followed by 2009
and 2010 with 520 mm and 422 mm, respectively (Table 1). Unlike 2010, when precipitation
was fairly evenly distributed over the year and snowmelt had a large contribution to the total
precipitation input, a substantial proportion of the 2008 and 2009 precipitation occurred in the
summer months. Water losses caused by evapotranspiration were larger than the losses by
discharge(see Table 1). During the summer months evapotranspiration was often equal to or
slightly larger than the precipitation inputs. Storage changes had a pronounced seasonal
pattern, with decreasing storage during the summer months and recharge during the spring and
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autumn periods. Whilst 2008 had the largest precipitation amounts, the net storage deficit is
smallest in 20009.

Discharge

A clear discharge peak marks the snowmelt in 2009 and 2010 as soon as the air temperature
rises above zero (Fig. 3). After the snowmelt period, discharges reduce as a result of increasing
evapotranspiration losses. The average daily discharge from the entire bog was ~ 3 Ls 1,
The large discharge peak at outlet Q3 observed during the period before the snowmelt in 2010
IS questionable, since temperatures were still well below zero. Spatial differences in snowpack
distribution could have resulted in differences in snowmelt water inputs towards the different
outlets. However, this is unlikely to have played a role here as EMHI measurements found
good agreement between snow depths measured at three locations (data not shown).
Furthermore, even though the frost period was over, artifacts due to frozen loggers in our
monitoring wells and weirs might have occurred. By disregarding periods when frost occurred,
we tried to minimise any artifacts caused by frost.

For the different outlets, three flow situations were defined based on discharge percentiles (see
Table A.1): low flow (<25th P), normal flow (>25th P — <75th P), and high flow (>75th P).
Over the study period there were 487 to 689 days with flow (discharge >0 Ls ~1) that
discharged a total of 2.2 x 10° to 3.6 x 10> m 3 (see Table A.2). The high flow period
accounted for 25% of the days, but contributed 70 to 90% of the discharge. Low flow periods
represented only 1 to 3% of the total flow. During dry periods, discharge at outlets Q5 and Q7
quickly reduced to almost zero. However, no flow days were far less frequent at outlet Q2 and
Q3. Rapid increases in discharge after precipitation events were still observed during the
summer months, despite overall lower discharge rates.

Water table

The temporal variability in water table depth of the piezometers showed a similar responds to
precipitation input (Fig. 4). For most of the study period the water table was located slightly
below the bog surface. In the summer months water tables decreased and extended periods of
low water tables were observed during June 2008 and July—September 2010. The position of
the water table reflects the outcome of the storage balance (P — (Q + ET)), were P and ET are
the main water balance terms (Table 1). A positive storage balance results in higher water
tables, a negative storage balance results in decreasing water tables.

Although similar trends over time are observed, a water table frequency distribution (Fig. 5)
shows that the different piezometer locations have different water table regimes. The results
from. the-Kruskal-Wallis test showed that the differences between the water table regimes
measured at the piezometers are significant (Chi-square: 3182 >theoretical 15.5, p-value:
<2.2 x 1071%), From the post-hoc Dunn test it can be concluded that all piezometers except
W36 and. W2 as well as W36 and W27 are significantly different from each other (see
Table D.3). Furthermore, also W38 and W5 are not significantly different from each other.
Piezometers W36 and W27 are both located in themargin (see Fig. 2). Piezometer W2 is
located on the edge of margin to ridge-hollow, however, its water table regime clearly
resembles that of the other margin piezometers. Piezometers W38 and W5 are both located on
the highest(central) part of the bog.

This article is protected by copyright. All rights reserved.



Transmissivity

Transmissivity was similar across the different topographic zones: with median
transmissivities of 15 m 2d "1, 17m 2d "1, 17m 2 “tand22m 2d “lin
order of appearance in Fig. 6. The lower quartile of values were measured during periods of
lower water table depths. The greatest transmissivity values occurred during periods of high
water tables, facilitating shallow subsurface flow conditions.

For each ecotope, the measured transmissivities and their water tables were fitted to Eq. 2 to
obtain values for maximum hydraulic conductivity at the peat surface (K.x) and the rate of
hydraulic conductivity decrease withdepth (M) (Fig. 7). The largest K,,.x values occurred at
the peat surface of the pool-ridge zone, but decreased fastest with depth. Maximum
transmissivities for water tables at the bogs surface ranged from nge351030, respectively in the
hollow-ridge and pool-ridge ecotope zones.

Topographic catchment area and correlation with discharge

As the bog’s water table is located close to the peat surface, with water draining laterally by
gravity [17], the bog’s surface gradient is assumed to represent the hydraulic gradient
(Fig. 8a). Under these assumptions the bog’s surface gradient contains information about the
internal catchment boundaries. The two largest sub-catchment areas are those that discharge
through-Q7 and Q5. They comprised 0.39 km 2 and 0.35km 2, respectively, and cover the
southern and northern part of the pool-ridge zone (see Fig.8b). The topography of
thesesub-catchments is characterized by a flat surface slope with large hollows at the water
divide. Halfway down the slope, the surface slope becomes slightly steeper and the topography
becomes more pronounced (pool-ridge zone) (Fig. 8c). Towards the outlets, the topography
changes again to hollow-ridge and passes into a narrow margin with bog forest. The two
northern.sub-catchments, Q2 and Q3, were 0.11 km 2 and 0.14 km 2, respectively. The
topography gradually changes from hollow-ridge at the outer ends of the pool-ridge zone to
bog forest margin towards the outlets. The total area covered by the sub-catchments of the five
outlets was ~ 1km 2, which is ~ 56% of the total bog surface.

The coefficient of determination (R?) was used as a measure of the strength of the relationship
between discharge and catchment size [29]. Average R? between discharge from the four
outlets and their corresponding catchment sizes were 0.6 in 2008 and 0.4 in 2009 and 2010 (see
Fig. 3). Days for which the discharge was strongly correlated with the theoretical catchment
size occurred during high flow periods and water tables at or near thebog’s surface. A large
decreasein R? coincided with periods of decreasing discharge and water table depth.

Event dependent contributing area

For each of the selected events, the size of the contributing was calculated based on the outlet’s
discharge volume (V,) over the duration of the event divided by the net precipitation volume
(Vo) OVEr the same period (see Materials and Methods - Data analysis). The resulting sizes
of the contributing areas are shown in Table 8 and can be compared with the theoretical
catchment areas based on the bog’s surface gradient.

Event 14 provides a good example of contributing areas that resemble the theoretical
catchments based on topography (Fig. 8b). The small storage deficit in autumn with minimal
evaporation demands resulted in shallow water tables (see Fig. C.1 for response of water table
and discharge to precipitation input per event). This suggests that under wet preconditions the
bog’s catchments behave according to the common hydrological theory for bogs.
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Most events in the summer (events 1 to 4, 7 to 12, and 16 to 18) had smaller contributing areas
than the theoretical catchment size. Although some of these events (1 and 4) had larger
precipitation input than event 14, which behaved closest to theory, the contributing areas were
much smaller. This was caused by lower water tables at the start of the events (Fig. C.1), which
would require the available storage to be filled before discharge was generated. A similar
situation was observed during events 11, 16 and 18, where the Q5 and Q7 catchments appeared
most affected by the dryer preconditions leading to smaller contributing areas.

In contrast, autumn events 5 and 6 and spring event 15 showed much larger contributing areas
compared to the theoretical catchments. A reason for this could be that, because of the already
high water table, a ponding layer initiated surface runoff. For instance, a large amount of
snowmelt water (187 mm) contributed to discharge event 15, corresponding with the largest
discharge peak observed during the study period. The contributing areas of Q5 and Q7 doubled
during event 5 and 6, but during eventl5 the contributing areas of Q2 and Q2 were mainly
affected. It is plausible that during event 15 the peat surface was still partly frozen, creating
frost barriers in places where otherwise overflow points in the ridges between the pools would
have occurred, and as a result water was retained in the pool-ridge complex. This could have
forced water to flow perpendicular to the ridges towards Q2 and Q3.

Discussion

Transmissivity to control water flow

Based on the paramaters obtained after fitting the relationship between transmissivity and
water table depth (Eq. 2), transmissivity was found to change fastest with depth in the
pool-ridge zone (M = 47, see Fig. 7). The maximum hydraulic conductivity at the peat surface
(Kyax= 47781m d  ~1) obtained from this relationship, too, occurred in the pool-ridge zone.
This would correspond to a transmissivity of 1030 m 2 d ~. To establish connectivity
between the pools in the pool-ridge zone, the water level in the pools have to rise to close to the
peat surface to benefit from the high transmissivities and allow flow through the ridges.
Hollows extending the pool system at the northern and southern ends of the pool complex
maintain. more constant shallow water tables (comparable to W3), and have a less sharp
decrease in transmissivity with depth.

High transmissivities in the upper few cm can be explained by the open structure of the living
peat moss, which acts more like vegetation resistance in open water flow than hydraulic
conductivity resistance as we know  from flow  through porous
media citepmccarter-ecohydrology-2014. The open structure of living peat moss is mainly
due to the lack of decomposition, which decreases the pore diameter and active porosity [28].
Pore diameter and pore geometry determine water storage properties of the peat and control
flow of water through the peat [19]. The phenomena of vegetation drag dominated water
movement through highly conductive peat is observed in several peatlands [5,25,23] as well
as'in other wetlands like the Everglades [6]. At low water tables flow resistance in these
peatlands was controlled by decreasing pore geometry and active porosity causing increased
tortuosity of flow paths. The role of surficial water flow in shallow groundwater systems was
also addressed by [22]. For a raised bog with a shallow groundwater table they quantified
surface runoff and groundwater flow, revealing the relevance of characteristic horizontal
drainage distance that exist at different scales for the hydraulic response of the system.

The observations of variation in water table depth and transmissivity over different ecotopes
underline the important role of water table depth in the feedback between discharge and
connectivity. To apply the Darcy-Dupuit groundwater model, as proposed by [14],
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assumptions regarding the homogeneity of flow through the peat matrix have to be made.
However, this approximation does not accommodate for the large increase or decrease in
transmissivity in response to small changes in water table depth. Nor does it account for spatial
variability in transmissivity as a result of different decomposition rates and swelling and
shrinking behaviour of microtopographic features. Our field measurements of transmissivity
underline the occurrence of this large variability (see Fig. 6). This raises the question whether
Ingram’s model assumptions are valid for the complex arrangement of pool-ridge systems and
hummock and hollow structures found on a raised bog.

Variable contributing catchment size

The contributing area analysis revealed that discharge at outlet Q5 and Q7 was particularly
sensitive to initial pool water levels. This indicates that discharge from Q5 and Q7 was strongly
driven by the water table depth in the pool-ridge system, causing the pool-ridge system to be
either part of the catchment or disconnected. Because transmissivities in large hollows
extending the pool system at the northern and southern ends of the bog remained higher, they
provided an alternative flow path that came into play when flow along the prevailing slope was
interrupted by insufficiently high water levels in the pools. This would explain why, even
under base flow conditions, outlets Q2 and Q3 had relatively stable contributing areas, whereas
the contributing area of Q5 was more strongly influenced by the water level in the pools. When
this occurs water from the pool system flows laterally towards the sides. This is in keeping with
previous findings that variation in pool-ridge hydrologic connectivity was a first-order control
on runoff response [25]. Furthermore, a study by [10] showed that drainage density can vary
by one order of magnitude, suggesting significant differences in connectivity between the
expanded and contracted flow networks and their contributing areas.

Although different swelling and shrinking behaviour of microtopographic features can affect
the local slope on a bog’s surface, the general surface slope of a bog is considered to be stable
according to the theories of [17] and [14]. Furthermore, it is assumed that the general surface
slope represents the hydraulic gradient. These assumptions led to a rigid interpretation of water
distribution on the bog’s surface, and inflexible sub-catchment boundaries.

Water table regulated connectivity in pool-ridge zone

If topographic. thresholds in the pool-ridge system dictate the hydrologic functioning of the
bog, regulating the proportion of active contributing area, this should cause discharge to
become most proportional to its theoretical catchment size during wetconditions. To test this
hypothesis, we plotted the mean water table depth in the pool system (P7) and mean correlation
coefficient between discharge and catchment size of the eighteen events (Fig. 9). Pool system
P7 was chosen becauseit is the biggest and most western pool complex in the pool-ridge zone,
making it the last threshold connecting the pool-ridge zone and the lower western part of the
bog (W2 and W36) to the outlet (Q5). The relationship between discharge and theoretical
catchment size was clearly stronger for a water table less than 10 cm below peat surface.
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Similar results were obtained by [10], who also found that water table depth was a key factor
determining temporal patterns of surface flow connectivity. The stronger coefficient of
determination (R?) between discharge andtheoretical catchment size under wet conditions
showed that discharge is only proportional to the theoretical catchment size when connectivity
of local storage elements, such as pools and hollows, is obtained. Since the theoretical
catchment area of outlet Q5, and part of Q7, include the pool-ridge system, it is likely that the
pool-ridge patterning in this part of the bog causes the strong fluctuation in discharge to
catchment size correlation. The water table depth plays a crucial role, similarto that of
transmissivity, by regulating whether or not a certain amount of precipitation is large enough to
raise the water tables to near or at the bog’s surface, and this connecting the pools and hollows.
If the water table threshold is not reached, parts of the catchment become or remain
disconnected.

Conclusion

Beside the limitations in describing peatland development over longer periods, the
acrotelm-catotelm concepta€™Ss simplicity is possibly also a limitation for describing the
dynamics of patterned bog hydrology over shorter periods. With this study we provide
experimental evidence which is consistent with the suggestion that at wet conditions, the flow
direction of water changes and is driven by topographical differences. Due to the very high
transmissivities at the peat surface, the flow of water at high water table conditions is more like
shallow surface flow or channel flow than flow in porous media (i.e Darcy flow). Therefore,
small differences in topography can determine the direction of shallow surface flow. Because
of this, changes occur inthe shape and size of the contributing areas when a bog changes from
dry to wet state. Over 80% of the bog’s discharge occurred under non-baseflow conditions with
water tables up to 2 cm below the peat surface. In view of the structure of living peat moss
(upper 10 cm), with its very high transmissivities (up to 1030 m 2 d ~1), and the
shallowness of the water table (less than 5 cm below peat surface) when discharge is generated
from the bog’s surface, validity of a groundwater flow approach is disputable. Connectivity of
local storage elements, such as pools and hollows, possessing large transmissivities when
activated, strongly influence the proportionality of the discharge generated from the bog’s
sub-catchments. This was shown by the strong R? between discharge and theoretical
catchment size under wet conditions, whereas the R? diminished under drier conditions.
Furthermore, we provide further evidence for the need to consider connectivity and storage
dynamics of hollow-ridge and pool-ridge systems and their influence on hydrologic behaviour
in patterned raised bogs. We believe that the lack of storage and routing processes are an
important source of error in current physically based numerical models of patterned raised bog
hydrology. Accounting for storage and routing processes is especially important as these
influences the travel time of the water and the consequent transport of solutes, such as DOC.
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A. Precipitation and discharge percentiles

Table A.1. Precipitation and discharge percentiles

90"75"M50™M25™
PP PP
Pnet 12
(mm
d -1
Q5 2111 5 2
(Ls 1)
Q7 158 3 1
(Ls 1)
Q2 5 2 1 3
(Ls 1)
Q3 6 4 2 1
(Ls 1)

Table A.2. Flow situations with flow days and amounts

Days Total
with flow
flow (m 3)
(>0
Ls
_1)
Q5487 3.6 x
10°
Q7624 3.3 x
10°
Q2687 2.2 x
10°
Q3689 2.7 x
10°
Low NormalHigh
flow flow flow
(<25th(>25th (>75th
P) — <75"P)
P)

Q583 x1.1x 24X
10® 10° 10°
(126 (248d)(123
d) d)

Q76.1 x9.0 x 2.3 X
103 10* 10°
(161 (320d) (157
d) d)

Q225%x2.0x 2.0x
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103 10* 10°
(172 (343d)(172
d) d)

Q38.6 x6.2x 2.0x
102 10* 10°
(173 (345d)(173
d) d)
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B. Start and end dates of discharge events

Event 1:
Event 2:
Event 3:
Event 4:
Event 5:
Event 6.
Event 7:
Event 8:
Event 9:

Event 10:
Event 11:
Event 12:
Event 13:
Event 14:
Event 15:
Event 16:
Event 17:
Event 18:;

16-6 until 20-6 2008
226 until 30—6 2008
67 until 21-7 2008
2-8 until 11-8 2008
27-8 until 2-9 2008
26-10 until 10-11 2008
3-6 until 9-6 2009
12-6 until 19-6 2009
12-7 until 19-7 2009
23-7 until 30—7 2009
16-8 until 27-8 2009
28-8 until 3-9 2009
3-10 until 11-10 2009
16-10 until 25-10 2009
20-3 until 27-4 2010
10-6 until 18-6 2010
18-6 until 30-6 2010
1-9 until 11-9 2010
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C. Precipitation, discharge and water table of selected events

rainfall, 1 rainfall, 2 rainfall, 3
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rainfall, 16 rainfall, 17 rainfall, 18
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Figure C.1. Individual events (numbered from 1 to 18). Each tick mark on the x-axis represents a day. Note
the the y-axes are scaled different. Discharge: blue is Q7, green is Q5, orange is Q2, pink is Q3. Water table

depth: black is W2, orange is W3, dark blue is W36. Pool level: light grey is P7, dark grey is P8. RZ, dark
grey line; depicts the strength of the correlation between discharge and catchment size.
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D. Significant differences between piezometers from
Kruskal-Wallis test

detect-weight=true, detect-inline-weight=math

Table D.3. Results (p-values) of the post-hoc Dunn test. Bold values represent piezometers that are not
significantly different (p-value: >0.05).

W36 W2 W37 W3 W4 W31 W38 W5

W2 0.87
W37< 2 X< 2 X
10—1610—16

W3 < 2 X< 2X< 2X
10—1610—1610—16

W4 < 2 X< 2X< 2X< 2X
10-1610-1610-1610-16

W3l 2 X< 2 X< 2 X< 2 X< 2 X
10-1610-1610-1610-1610"16

W3815X 65X < 2X< 2X2X < 2X
1078 1071010-1610-1610~* 1071¢

W5 49 X< 2X<2X<2X4x <2X
10° 10~1010-1610-1610~* 101°

W27 < 2X< 2X< 2X< 2X%X1.8x%4.8x%

107'107"°1071°1071°107 210713
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(a) summer (b) autumn

Figure 1. Summer (a) and autumn (b) 2009 pool system connectivity in the pool-ridge zone of Mannikjarve
bog. During summer situation pools surface areas are smaller and pool structures more fragmented
compared to the wetter autumn situation wherepools have coalesced.
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Figure 2. Locations of hydrological instrumentation on Mannikjarve bog. Discharge measurement
locations (Q) are shown by the red dots, locations of water table (W) and pool water level (P) sites are
indicated with blue and purple dots, the locationof the rain gauge (R) is indicated with a green dot, and
transmissivity measurement locations are depicted with orange dots. The edge of the bog is indicated by
the outer dark green line, the second green line shows the edge of the margin zone, the light green line
indicates the border of the pool zone.
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Figure 3. Time series of air temperature (red line), net precipitation (P-ET) (blue bars), discharge, and

correlation coefficient (RZ) between discharge and catchment size. The frost free period is shown as the
periods without grey shading. Line colours distinguish the different outlets (see Fig. 2 for locations).

Discharge: blue is Q7, green is Q5, orange is Q2, pink is Q3. RZ, dark grey line, depicts the strength of the
correlation between discharge and catchment size.
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Figure 4. Time series of air temperature (red line), net precipitation (P-ET) (blue bars), water table depth
and pool level. The frost free period is shown as the periods without grey shading. Line colours distinguish
the different wells (see Fig. 2 for locations). Water table depth: black is W2, orange is W3, light blue is W4,
dark green‘is W5, yellow is W31, dark blue is W36, red is W37, purple is W38. Pool level: light grey is P7,
dark grey is P8.
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Figure6. Transmissivity per ecotope zone (number of pits =9, 5, 5and 7, in order of appearance). The dots

(jittered to prevent over-plotting) depict the individual transmissivity values coloured by the water table at
the time of sampling. bgs: below soil surface

This article is protected by copyright. All rights reserved.



Margin Ridge-Hollow

L o - quasiA®-042
! REE=233 : ASE =352
o o«
[ =T [= T
! Ko = TTBO : Ko = 3814 m fd
d W=zrs 4 W=178
— w3
E @< T T T T < T T T T
:_E -4 2 0 2 4 2 0 2
g Pool-Ridge Hollow-Ridge
= = quasiA*=048 = = quasiFF =003
! REE =455 [s] f ARSE =171
- @©a - = DD
] a% e
F k 47781 mjld <] k 191 m/d o
= m ,=181m
| W =474 4 "H-ess ©
(1] i
L I I T | ] T | I T
-4 2 0 2 -4 -2 0 2
log T (m?/d)

Figure 7. Relationships describing dependency of transmissivity with water table depth according to Eq. 2,
fitted to measured transmissivities and water table depths for the four ecotope zones. For each ecotope
values for parameters K,, boxmax, maximum hydraulic conductivity at the peat surface, and M, rate of
hydraulic conductivity decrease with depth, are obtained.
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Figure 8. Mannikjarve topography. a: DEM and corresponding flowlines (light blue lines) based on slope
curves, black line depicts E-W line of sight of cross-section shown in ¢; b: catchment sizes (km 2) based on
multiple flow drainage direction, red lines depict the borders of the (sub)catchments representing the four
outlets.of the bog; c: bog surface elevation along line of sight E-W, green line depicts the bog surface, light
blue lines indicate pool intersects on the cross-section, and blue triangles show the well locations and their
mean.long-term water table with respect to the bogs surface.
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Figure 9. Water table in pool P07 related to catchment size proportionality (RZ). Each dot depicts the
mean water table depth and mean R* of one of the 18 events.
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Table 1. Water balance during frost-free study period at Mannikjarve bog. The input of water due to
snowmelt is given in ()" as part of the precipitation at the beginning of the frost-free period. Cumulative
storage change is shown in ()" as part of the monthly storage balance.

PrecipitationTotal ~ EvapotranspirationStorage

(mm) discharge(mm) balance
(mm) (mm)
2008
April 32 (32) 20 44 (44)
May 18 2 60 -48 (-4)
June 130 6 127 -8 (-11)
July 89 10 107 -32
(-43)
August 196 35 122 35 (-8)
September59 36 71 -50
(-57)
October 114 21 51 40
(-18)
2009
April 13 (90) 51 52 (52)
May 28 2 73 -51 (1)
June 116 13 108 -7 (-6)
July 84 5 71 5(-1)
August 109 9 124 -27
(-29)
September53 8 44 0 (-29)
October 118 43 37 38 (9)
2010
April 33(178) 132 79 (79)
May 46 8 119 -85 (-7)
June 78 3 91 -20
(-26)
July 75 2 122 -55
(-81)
August 74 4 79 -11
(-92)
September68 7 36 25
(-68)
October 49 12 10 27
(-41)
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Table 2: Contributing areas of different events based on discharge and precipitation

volume.

event Q2 Q3 Q5 Q7 sum

Table 8:

continued

event Q2 Q3 Q5 Q7 sum
Vo 330 627 441 734
(m 3)

1 Vp et 0.05
(m)
A 6 12 8 14 40
(10 3
m ?)
Vo 961 1797 2488 2229
(m 3)

2 Vp et 0.02
(m)
A 40 75 104 93 312
(10 3
m ?2)
Vo 1606 3042 4190 5262
(m 3)

3 Vp et 0.04
(m)
A 44 83 115 144 386
(10 3
m ?)
Vo 2556 3919 8519 4251
(m 3)

4 Vp et 0.07
(m)
A 38 59 128 64 289
(10 3
m ?)
Vo 2483 3241 119497638
(m 3)

5 Vp et 0.02
(m)
A 145 189 697 445 1476
(10 3
m ?)
Vo 8332 6008 3372221228
(m 3)

6 Vp et 0.05
(m)

A 170 123 688 433 1413
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10

11

12

13

Vo
(m

371 1007

10 28

1262 2384

31 58

321 1582

17 86

406 1402

31 105

1496 2724

64 117

516 1414

26 70

1634 2915
)

Voo 0.04

(m)
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639 899

18 25 81

5409 5754

131 139 358

181 873

10 47 160

242 760

18 57 210

2134 1598

91 68 340

484 1028

24 51 170

7344 5141



14

15

16

17

18

A 42 75 190 133 441
(10 3

m ?)

Vo 4450 4100 1170713323
(m 3)

Ve .. 004

(m)
A 102 94 269 306 771
10 3

m ?)

Vo 1375281408335616949550
(m 3)

VPnet 0.2

(m)
A 702 719 287 253 1961
(10 3

Vo 295 668 86 35

19 43 1 2 64

Vo 805 1687 441 510

A 30 63 16 19 128

Vo 358 3346 0 0

A 12 114 O 0 126
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