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Abstract. One fourth of the forests in Finland are growing on the model simulations was conducted to explain how the as-
drained peatlands. Forestry operations such as ditch networkumed relationship between soil moisture and transpiration is
maintenance increase the export of suspended solids and nteflected in the modelled runoff. Modelled runoff decreases
trients, and deteriorate water quality in lakes and rivers. Wa-and evaporation increases when ditches are cleaned in poorly
ter protection presupposes an understanding of how forestrygrained sites, where the initial ditch depth is small and the
operations affect peatland hydrology. The objective was todepth of a highly conductive topsoil layer is low. The numer-
study the hydrological impacts of ditch cleaning on the ba-ical experiment can be applied to assess when ditch cleaning
sis of water table level and runoff measurements from twodoes not improve evapotranspiration and is unnecessary.
pairs of artificially delineated catchments in drained peat-
land forests in Finland. Data from treated and control catch-

ments indicated that ditch cleaning lowered the level of thel Introduction
water table in sites where a shallow peat layer was under-
lain by mineral soil. In sites with deep peat formation, the
water table showed no detectable response to ditch cleanin

Forest cuttings in the middle of the 20th century exceeded

Runoff data suggested that annual runoff clearly increased a?;he annual growth of the stock volume in Finland. In or-
99 y der to increase timber production, ditch drainage was intro-

ter ditch cleaning, which was in conflict with the previously . .S .

. ; . duced in peatland areas where poor aeration in the rooting
reported small impacts of ditch network maintenance. TheZone restricts the arowth of the trees. In the late 1960’
hydrological model FEMMA was calibrated and applied to 9 '

. . and early 1970s’ about 2500 Krof pristine peatlands were
assess the conformity of the data and the experimental Setu%’raine d annually (Keriimies, 2006). The drainage activi-
In the modgl application, the cat'chmer}ts were assumed t%es subsequently gradually decreased toward the end of the
behave as independent hydrological units. However, as$€SY990s" when pristine peatlands were no longer drained. The
ment of the model results and the measurements suggesteI cheé deteriorate over time (Robinson, 1986kk et al '

that ditch cleaning had an impact on hydrological measure-, .
ments in both treated and control catchments. It appearegooo)’ thereby decreasing the growth of the tree stands. The

that the independence assumption was violated and there Wgsroblem can be rectified by maintaining the ditch network,

i.e. digging complementary ditches or cleaning old ditches.
SThe need for ditch network maintenance has increased and is

and, therefore, the results of the data analysis were ConS'déurrentIy estimated to be about 1600kper year (Tomppo,

ered misleading. Finally, a numerical experiment based Or5005). According to the 9th National Forest inventory, one
fourth of the managed forests in Finland are located on peat-
lands (Tomppo, 2005). The share of peatlands drained for
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The hydrological effects of draining pristine peatlands Joensuu et al. (1999, 2001, 2002) investigated how ditch
have been studied widely in Finland (e.g., Kaitera, 1955; Mu-maintenance affects runoff and water quality by compar-
stonen and Seuna, 1971; Seuna, 1980; Starr @néfen, ing infrequent (biweekly — monthly) measurements from a
1981; Ahti, 1987) and elsewhere (e.g., Robinson, 1986jarge set of small catchment pairs. Clear effects of ditch
Lundin, 1994; Pevost et al., 1999; Holden et al., 2006). maintenance on water quality were detected, but the ef-
Holden et al. (2004) provide an extensive review on the ef-fects on measured runoff were not visibleaivanen and
fects of drainage on the hydrological and hydrochemical pro-Sarkkola (2000) also suggested that ditch network mainte-
cesses of peatlands. The drainage of peatlands has botfance combined with stand thinning has minor impacts on
short- and long-term effects on hydrological processes, andhe hydrology of peatlands in terms of water table elevation.
the magnitude and direction of the effects are dependent oAhti and Raivanen (1997) reported that ditch network main-
local conditions. Many studies report increases in low flow tenance alone results in a drop of only 0.05m in the high-
rates after draining peatlands (Mustonen and Seuna, 197E st levels of the water table. Lundin (1994) studied the ef-
Seuna, 1980; Ahti, 1987; Johnson, 1998gVist et al., fects of forest clear-cutting and remedial drainage on flow
1999), but the impact of drainage on the peak flows reportedegimes in catchments partly covered with peat or shallow
in different studies varies. Peak flows after drainage havdayers 0.3 m) of organic material and partly covered with
been found to increase (Mustonen and Seuna, 1971; Seunmineral soil (till). Mean annual runoff clearly increased af-
1980; Ahti, 1987), decrease (Kaitera, 1955; Lundin, 1994),ter clear-cutting, and to a lesser extent after the subsequent
or to be unchanged (Bvost et al., 1999). Field studies have remedial drainage of the ditch network.
demonstrated that differences in soil hydraulic properties, The data and methods used in earlier experimental studies
meteorological conditions, vegetation cover and drainage dedo not support an evaluation of the effects of ditch mainte-
sign, can affect the direction of change in the hydrologicalnance on peatland hydrology as a whole. Combining exper-
response. Robinson and Rycroft (1999) reviewed the mechimental data with hydrological modelling provides one op-
anisms underlying the impacts of drainage and stated that, ition for assessing and understanding how forest management
addition to site characteristics, also catchment scale propepractices affect hydrological processes (see e.g., Kokkonen et
ties, such as the location of the drained area and alterational., 2006; Koivusalo et al., 2006; Lam et al., 2005). Meteo-
in the main channel are reflected in the runoff response. Irrological and hydrological measurements are bound together
the long-term the drainage of peatlands increases growth o the hydrological model, which allows the user to assess the
the tree stands (Se@la, 1969; Hkka, 1997). The increased suitability of the model structure, the quality of the data, and
height and leaf area index (LAI) of the tree stand result inthe consistency of the experimental setup. Poor performance
higher canopy interception and transpiration, which gradu-of the model can indicate deficiencies in the model struc-
ally leads to a decrease in runoff volumes (e.g., Koivusalo eture. An abrupt or gradual change in the model performance,
al., 2006). A well-growing, densely-stocked tree stand mayon the other hand, can be an indicator of inconsistency in
play a decisive role in the water balance of a drained peatthe data or in the experimental setup. A successful model
land (Ahti and Hbkka, 2006). Rivanen and Sarkkola (2000) application produces information for understanding the pro-
suggested that maintenance of a ditch network is not necessesses behind the observations. In a hydrological model, the
sarily required when the volume of the growing stock is suffi- drainage of forested peatlands can be described using rou-
ciently large to maintain efficient interception and transpira-tines implemented in agricultural water management mod-
tion. An important question for practical forestry is to assessels (e.g., Skaggs, 1980; Jarvis, 1994; Oztekin et al., 2004;
whether ditch network maintenance is required, or whetherOosterbaan et al., 1996). Amatya et al. (1997) and Skaggs et
the water uptake of the forest stand is sufficient to maintainal. (2006) implemented a ditch drainage scheme of this sort
favourable moisture conditions in the rooting zone. In addi-in a forest ecosystem model. Dunn and Mackay (1996) pre-
tion to the growth of the tree stand, the vegetation colonisasented an application of a catchment scale simulation model,
tion in the ditches can reduce runoff in the long term, ow- which showed that ditch drainage has counteracting effects
ing to the decrease in ditch depths and drainage efficiencyn the generation of surface runoff and subsurface flow. The
(Robinson, 1986). Peatland drainage also has long-term efeounteracting effects can change the direction of the drainage
fects on the structure of the topmost peat layers (Silins andmpact on runoff response.

Rothwell, 1998; Holden et al., 2006). The decreasing soil This study exploits experimental data from a drained peat-
moisture content enhances decomposition and subsidence t#nhd area in central Finland, where four artificial forested
the peat layer, and alters the bulk density, water retentiorcatchments were created using ditch delineation. Two of the
characteristics, and pore-size distribution of the peat. Theseatchments were subjected to ditch cleaning twenty years af-
changes can lead to a decrease in the hydraulic conductivitier the initial drainage. The objectives of the study were 1)
of peat (Silins and Rothwell, 1998). to identify the impact of ditch cleaning on water table lev-

Although the hydrological effects of draining pristine peat- els and runoff on the basis of experimental data, 2) to cal-
lands have been comprehensively studied, the hydrologicabrate a hydrological model against the data, and to assess
effects of ditch network maintenance are not fully known. how model performance reflects the data and the conformity
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Fig. 1. Location of Tilanjoki and the weather stations iér&ijarvi, Puolanka, and Vaala), layout of 4 research catchments (C1...C4) and
39 measurement sitél), and layout of a measurement site between two ditches. W1... W3 refer to water table measurement locations and
S1...S3to snow measurement points. Forest compartments with different tree stand properties are delineated with grey lines in (b).

of the experimental setup, and 3) to derive the effect ofthe ditches prior to the cleaning was 0.3-0.5m, and 0.8 m
ditch cleaning on annual runoff using a model-based, nu-after the cleaning.
merical experiment. The model calibration is based on the Runoff at the outlet of each catchment was measured us-
approach of Generalised Likelihood Uncertainty Estimationing v-notched weirs and limnigraphs plotting the height of
(GLUE) outlined in Beven and Binley (1992) and Beven and the water level at the weir. Inside the four catchments there
Freer (2001). GLUE is introduced to identify multiple pa- were altogether 39 measurement sites, where snow depth
rameter sets that produce acceptable predictions of water taand depth of the level of water table were measured at three
ble level and runoff, to study the sensitivity of model perfor- points in each site (Fig. 1b, c). In addition to the snow depth
mance to calibration parameters, and to identify the limita-measurements, snow water equivalent (SWE) was monitored
tions of the model structure. at one location in each site. The snow and groundwater level

measurements were made once every 1-2 weeks.

Daily meteorological data, including precipitation, air

temperature, relative humidity, wind speed, and cloudiness,
2 Site description and field data were available from nearby weather stations operated by

the Finnish Meteorological Institute ind&kijarvi (Utajarvi),
The experimental peatland area of Tilanjoki is located on theVaala and Puolanka (Fig. 1a). In addition to these data, chart
border between two municipalities, Usayi and Puolanka, in  records of air temperature were available from two on-site
Finland (Fig. 1a). The long-term (1971-2000) mean annuafstations near the outlets of catchments 1 and 4. The hydrom-
temperature in the area wadCland precipitation 550 mm/a. €teorological variables were measured from 1983 to 1994.
The peatlands were drained for the first time in 1969, four Tree stands in the study catchments are dominated by
experimental catchments were delineated in 1983, and ditclscots pine Rinus sylvestrisL.), with a minor admixture
cleaning was conducted in two of the catchments (C1 andf pubescent birchBetula pubescenghrh.) and Norway
C3) in autumn 1989 (Fig. 1b). The catchments in which ditchspruce Picea abied.. Karst.). Stand characteristics, as well
cleaning was carried out, and the control catchments wheras the characteristics of the dominant trees (100 largest trees
the ditches were not treated, were set up in Tilanjoki to facil- per ha), including height, diameter at breast height (DBH),
itate a paired catchment analysis of runoff and the export ofand tree density, were measured on sample plots established
solids and solutes. The areas of catchments C1, C2, C3, and the 39 measurement sites. In 1983, 1989, and 1995 the
C4 were 0.74, 0.50, 0.99, and 0.28%mespectively. The proportion of Scots pine out of the total stand volume was
spacing of the ditches ranges from 28 to 43 m, the depth 0©1%, 90%, and 89%, respectively. The stand volumes in the
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measurement sites ranged from 1.6 to 154w, and the me-  a measure of the treatment effect. In the computation of an-
dian volume was 30 Atha in 1983. The bottom layer vege- nual runoff the data were accumulated only for those days
tation consisted oBpaghnummoss and the field layer vege- when records were available from both the treated and con-
tation of sedges and dwarf shrubs. trol catchments. Because of the missing data, the estimate
The Tilanjoki area is characterized by a shallow peat thick-of annual runoff in this case is an underestimate compared to
ness in most of the measurement sites. In this study, topsoihe actual runoff from the catchments.
refers to the shallow peat layer, except in two sites (7 and 8) In a paired catchment analysis, the treated and control
with a deep peat formation, where the topsoil refers to thecatchments need to be relatively similar in terms of area, to-
peat layer above the depth of the ditches. Subsoil refers to albography, geology and vegetation, and the catchments must
the material below the topsoil. Subsoil is composed of peatnot have a connection linking their hydrological behaviour.
till, or sand, and their spatial distribution within the catch- When these criteria are met, the catchments can be assumed
ments was interpreted from ground penetrating radar data. to have a similar response to manipulation (Cosby et al.,

1996).
3 Methods 3.2 Hydrological model
3.1 Analysis of water table level and runoff data FEMMA (model for Forestry Environmental Management)

consists of sub-models for interception and transpiration in

Water table and runoff measurements were analysed in orthe overstorey and understorey vegetation layers, snow ac-
der to detect the main hydrological impacts of ditch clean-cumulation and melt, soil- and ground water interactions,
ing. In each catchment the water table data were classifiednd stream discharge (Koivusalo et al., 2005; eauet al.,
according to the three subsoil types (peat, till, and sand). FoR005). In the current study, daily time series of air tempera-
each subsoil type and catchment, the median water table levelire, precipitation, relative humidity, wind speed, and down-
was computed for all measurement occasions. Median wagvard short and long-wave radiation were used as input data.
used instead of average, because the water table frequentor the current study, FEMMA was modified in order to 1)
dropped below the depth of the measurement tubes, resulimprove the description of the canopy model for young and
ing in censored observations. The median value is not asparse peatland forests, 2) facilitate the computation of the
sensitive to censored data as an average value. The annuglainage flow as a water balance component, 3) improve pre-
mean values of the median water table levels before and afeiction of the water table level, and 4) formulate a spatial
ter ditch cleaning were computed, and the non-parametri@escription of a modelling domain for a drained peatland for-
Mann-Whitney U test was applied to assess whether thest. The following paragraphs briefly address these modifi-
level of the water table changed between the pre- and posieations, together with the general description of FEMMA.
treatment periods. The non-parametric test was also applied
to determine whether the difference between the catchmer8.2.1 Canopy and snow models
pairs (C2-C1 or C4-C3) changed between the pre- and post-
treatment periods for each subsoil type. The significance oBased on input data characterising the meteorological con-
the change was assessed using a risk level of 5%. In thditions above the canopy, the canopy model simulates
computation of annual water table depth, the censored valdownward short and long-wave radiation, wind speed, and
ues were replaced with the measured maximum water tabléhroughfall beneath the forest canopy. Relative humidity and
depth of the observation tube. The maximum value was useair temperature are assumed to be unaffected by the canopy.
because the effective length of the measurement tubes waBhe process descriptions are given in detail in Wigmosta et
not known. The data from the first year (1983) were omittedal. (1994), Koivusalo and Kokkonen (2002), and Koivusalo
from the analysis due to the sedimentation of soil material atet al. (2006).
the bottom of the tube after installation. The canopy model accounts for the interception of rainfall

A paired catchment analysis between C1 and C2, and Cand snowfall in the overstorey vegetation (trees), and for the
and C4 (Fig. 1) was conducted to determine changes in thénterception of rainfall in the understorey vegetation (field
annual runoff volumes following ditch cleaning. The pre- and bottom layer). Whenever the ground is snow-covered,
treatment (1983-1988) data were used to form a regresinterception in the understorey is disregarded. The stand den-
sion model between the time series from the control andsity gives the proportion of the ground that is covered by the
treatment catchments (e.g. Nieminen, 2004). For the posteverstorey. In the current version of the canopy model, the
treatment period, the regression model and the data from thenethod presented by Raupach (1994) and Schaudt and Dick-
control catchment were used to predict runoff for the treat-inson (2000) was applied to parameterize the zero plane dis-
ment catchment under the assumption that the treatment hgolacement height and the roughness height as a function of
not occurred (e.g. Watson et al., 2001). The difference bethe stand density (canopy closure) and crown ratio. The pa-
tween the observed and predicted values was assumed to lbameterization ensures that aerodynamic resistance decreases
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when canopy closure approaches either full coverage in a £.(0)
dense forest or zero in a very sparse forest. The density of
the understorey canopy was set to the value of one.

Potential evaporation of intercepted water is computed
separately for the overstorey and understorey vegetation ac- 075
cording to a combination equation of the Penman-Monteith
type, where the stomatal resistance is set to zero. Evapora- 05 |
tion of the intercepted water occurs at the potential rate until
all the intercepted water is depleted. Transpiration, whichis ;5 |
initiated after the canopy has become dry, is controlled by
the stomatal resistance. The stomatal resistance is controllec ,
by the leaf area index (LAIl), soil temperature, water vapour OCI50m)  6(12m)0(0.7m) 6(0.15m) 60 m)
pressure deficit, photosynthetically active radiation (PAR),
and soil moisture (see Sect. 3.2.2). Evaporation from the

il surface was neglect he moss vegetation
soil surface was neglected, because the moss vegetatio ar&clig. 2. Relationship betweef (pressure head) and functigia(p),

undecomposed litter covering the ground were assumed to . S A -
. Whereé is the soil moisture content. Soil moisture does not limit
block evaporation from the peat surface.

. transpiration whery,(0) is equal to 1.0.
The snow model simulates the snow surface energy bal-

ance, heat conduction through the snowpack into the soil,

snowmelt, liquid water retention in the snow, melt water dis- _ . . _
charge out of the snowpack, and compaction of the snow!N€rérsminis the minimum stomatal resistanof(7soi) is a
The snow model is described in more detail in Koivusalo etfunction describing the influence of the soil temperatys

1

Soil moisture

al. (2001, 2006). onrg, f2(Ae) defines the influence of the vapour pressure
deficit Ae on rg, f3(PAR) defines the influence of the pho-
3.2.2 Characteristic profile model tosynthetically active radiation (PAR) o, and f4(6) de-

picts the influence of the soil moistweonr,. The functions
Soil and ground water interactions in FEMMA are described £, (Tsi), f2(Ae), f3(PAR) are given in Nijssen et al. (1997)
on the basis of the characteristic profile approach of Kar-and the soil moisture function is illustrated in Fig. 2. When
vonen et al. (1999). In the case of a drained peatlandthe pressure head of a computation node in the rooting zone
the characteristic profile is a vertical one-dimensional col-js between —0.15 m and —0.70 m, soil moisture does not limit
umn residing between the drainage ditch and the midpointranspiration. Schérzel et al. (2006) sketched the relation-
between two parallel ditches. Soil water movement andship down to a pressure head of about —1.2 m, where the ratio
runoff generation processes are simulated using daily seriesf actual and potential evapotranspiration is about 0.5. In this
of throughfall/snowmelt available from the canopy and snowstudy, the functionfs(#) was assumed to further decrease
sub-models. The characteristic profile model is quasi-two-toward zero when the pressure head approaches the wilting
dimensional in the sense that vertical and lateral water fluxegoint (dashed line in Fig. 2).
are computed alternately. The soil column is divided verti- After the vertical water fluxes and the resulting ground-
cally into soil layers and the water fluxes between the Iayer%mater level of a column are solved, the lateral water flows
are computed according to the Richards equation (Richards[0 drainage ditches are computed. When the soil is fully
1939). Transpiration is extracted from the soil layers reSid'saturated and surface runoff is generated, surface runoff en-
ing within the rooting zone. Infiltration into a soil column is tering the ditch is delayed using a Iinee’1r store. Lateral
controlled either by the current air-filled pore volume or the drainage flow within the soil column is computed accord-
hydraulic conductivity of the topsoil layer. Water that cannot ing to Hooghoudt's drainage equation (e.g., El-Sadek et

infiltrate is transported laterally to the ditch as surface runoff. ,, 2001). The method assumes steady state recharge and
In ord(_erto s_imulate the eff_ect qfdrainage on trar_]Sp_iration’drainage fluxes, and allows a description of soils with dif-
the relationship between soil moisture and transpiration Wage gt yajues of an effective saturated hydraulic conductivity

cragged fron:j_ea:jrlier .applicgtions .Of FE'\SMA' Scinael (_at ._above and below the ditch depth. The effective saturated hy-
al. (2006) studied moisture dynamics an evapotranspirationy o jic conductivity is computed by dividing the total trans-

in a drained peatland and presented a relationship betwe?issivity above or below the drain depth with the depth of the

the r0(_)t||ng Zone pressure hez_ﬁl] andl the rar'][!o of aCtL(’jal an orresponding saturated layer. The water level in the ditch
potential evapotranspiration. e relationship was adopte s set equal to the elevation of the ditch bottom, and it pre-

in .FEM.MA to charact_erise how excessive soil |_”noi_sture O scribes a boundary condition for the drainage flow computa-
soil drying n the rogtlng zone decrease transpiration. Thetion. Ditch cleaning changes the boundary condition when
stomatal resistanog is given by the ditches are dug deeper. Channel flow processes and dy-
rs = rsminfy (Tsoil) f5 “(Ae) f3 1(PAR) £, 1(6) (1)  namics of the water level in the ditches, as well as gradual
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S . 1983 3.3 Parameterisation of the experimental catchments
0 1989
237 - 1995 One characteristic profile, i.e. a soil column between two
= 7] - : : parallel ditches, was parameterised for each measurement
3 15 5 e s e 535’ - 080,53 . site where three snow depth and water table level measure-
AR P AT S T AL P S S ments, and one SWE measurement were available. As the
0'3 43 ' 55 small number of snow observation points per site did not war-

o rant the separate calibration of the canopy and snow models
1.3 5 7 911131517 1921232527 29 31 33 3537 39

e & 7 ) ®, for each site, the sub-models were not calibrated against the

snow data. Instead, the parameters for the snow model were

Fig. 3. Estimated values of LAl in years 1983, 1989, and 1995 in adopted from Koivusalo et al. (2006).

the 39 measurement sites at Tilanjoki. Catchments C1 and C3 were The input data for the snow and canopy models were com-

subjected to ditch cleaning in 1989, and catchments C2 and C4 werpiled from the closest weather stations. Downward short-

control catchments. and long-wave radiation fluxes were estimated on the basis
of air temperature, simulated clear-sky radiation, and cloudi-

) ) ) ) . nessindex (see e.g. Tarboton and Luce, 1996). Daily air tem-
dpclme of Fhe ditch depth resulting from vegetation COlon'Sa'perature was derived from both temperature graphs measured
tion, are _dlsregar_deo_l in the model. on-site and from the closest weather station. The validity of
. In earll_er applications, the lateral groundwater ﬂO_W WaS the on-site temperature measurement was assessed on the ba-
included in the model to account for subsurface flow in sall-gic of the snow model results as explained in Sect. 4.2.1.

rated soil (e.g. Kokkonen et al., 2006). In the current study, Forest stand characteristics at each site were inventoried

ter the drainage flow ceases no groundwater flow occurs. Th order to derive LAI at each site, the needle biomass of

sum of the twq runoff components entering a ditch — sun‘aceScots pine was computed from the stand properties in the
runoff and drainage flow — forms the total runoff. following way. A two-parameter Weibul distribution char-
hacterizing the stand DBH distribution was fitted against the
measured arithmetic mean DBH of the stand and the mean
DBH of the dominant trees. Once the Weibul distribution
In FEMMA only the direct hydrological effects of ditch Was created, the neec_lle bioma_ss was computed for ten dis-
cleaning were considered. It was assumed that subsiden¢d®t® DBH classes using the biomass function proposed by
of the peat mainly occurred during the years following the Hakkila (1979). The biomass for different DBH classes was
initial drainage, and that the temporal change in peat strucSubsequently multiplied by the stem number and the specific
ture during the five-year periods preceding and following theN€edle area to produce the estimate of LAI. Finally, the re-
ditch cleaning is small and does not have a large impact orationship betwgen the effective winter leaf area mdex and
the hydrology of the peatland. The saturated hydraulic conihe forest density (Pomeroy et al., 2002) was applied to de-
ductivity was assumed to be significantly higher in the top- rive canopy closure directly from the LAl estimate. Figure 3
most soil layers compared with the subsoil, and this differ-illustrates the distribution of LAI in the measurement sites.
ence was not influenced by ditch cleaning. The effect of The estimated values of LAl and the canopy closure were

ditch cleaning on forest growth was not simulated. Tempo-Used in the parameterisation of thg overstqrey vegetation.
ral changes in forest properties, such as LAI, canopy denThe LAl for the understorey vegetation was fixed to a value
sity, and tree height, were estimated on the basis of the stan@f 1.0.

measurements (see Sect. 3.4.). Understorey vegetation was The parameters of the functions controlling stomatal re-
assumed to adapt immediately to the changed soil moisturéistance were fixed to the values reported in Nijssen et
conditions, i.e. there was no degeneration of old species ofl- (1997), except for the parameter defining the minimum
invasion of new species. Both overstorey and understoreyptomatal resistancerstin), which was calibrated as ex-
transpiration were limited by excessive soil moisture condi-Plained in Sect. 3.4. The rest of the canopy model param-
tions or soil drying, as described in Fig. 2. Changes in chan-eters were set according to Koivusalo et al. (2006), with the
nel flow processes caused by ditch cleaning were ignoredexception of the new parameter, the crown ratio, which was

because the flow delay caused by the ditch network is likelySet to a value of 3.5 (see e.g., Schaudt and Dickinson, 2000).
to be shorter than the daily modelling time step used in the Separate water retention curves were described for the peat

study. layer from the surface down to a depth 0.3 m and for the layer
below the depth of 0.3m. The water retention characteris-
tics for the peat layers were adopted froév@nen (1973),
who tabulated water retention characteristics$phagnum

3.2.3 Assumptions behind the parameterisation of ditc
cleaning
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peat with different bulkldensmes anq Qegrees of humlflCa'TabIe 1. Ranges of the calibration parameters. Calibration parame-
tion. The water retention characteristics of samples 173+e(s are the retention coefficient of surface runoff the saturated
178 (Raivanen, 1973) with a bulk density of 47 kginvere  hydraulic conductivity of the topsoil layeKtop), the conductivity
adopted for the upper peat layer, and the water retentiomf sandy subsoilKsang, the conductivity of till subsoil Ky ), the
characteristics of samples 97-100 with a bulk density ofconductivity of peat subsoilpead, and the minimum stomatal re-
108 kg/n¥ for the lower peat layer. In the current study, pa- sistancersmin). The values of the parameters used in the numerical
rameters of the van Genuchten (1980) function were fittedexperiment are also shown.

against the data from&tanen (1973). Temporal changes

in peat characteristics were neglected. The water retention Min Max  Numerical exp.
characteristics for mineral soils were derived by using the al 0.05 095 1
on-site measurements of particle size distribution and the re- Kiop[cm/h] 0.1 500 124
lationship presented by Jauhiainen (2004). Ksanglcm/h]  0.0001 10 4.6

Peat is characterised by a high hydraulic conductivity in Ky [cm/h]  0.0001 10 2
the top soil layer, and the conductivity typically decreases Kpeat[cm/h]  0.0001 2 0.08
with depth (e.g. Rivanen, 1973; Ahti, 1987; Lundin, 1994; Fsmin [S/M] 50 1000 508

Skaggs et al., 2006). In each measurement site, the depth
of an interface between a highly conductive upper soil layer
and a less conductive lower soil layer was deduced from the
water table data in each site. During excessively wet peritivities of peat subsoil, sand subsoil, and till subsoil control
ods, such as the summer of 1987 in Tilanjoki, the water table¢he dynamics of the water table and runoff. The range of
remained near the bottom level of the highly conductive top-the hydraulic conductivity of the topsoil was prescribed to be
soil layer. The depth of an interface between the top soillarger than the ranges for the subsoil hydraulic conductivities
layer having high hydraulic conductivity and the lower layer (Table 1). The ranges were chosen according to preliminary
having low conductivity was set equal to the median level oftesting of the model parameterisation during the wet summer
the measured water table in the wet summer of 1987 (May-Of 1987. It is noteworthy that the saturated hydraulic con-
September). The depth of the rooting zone was set to a valugluctivity of the topsoil layer was assumed to be the same in
of 0.2m. all three sites used for the calibration. The retention coeffi-

In the model setup the depth of the drainage ditches wasient of surface runoff affects the runoff dynamics during the
set to 0.5m prior to ditch cleaning and 0.8 m after cleaninghighest peak flows in spring. The calibration range for the
in autumn 1989. Changes in the depth of the ditches causetgtention coefficient was a physically meaningful range from
by erosion, sedimentation, and vegetation colonisation weré small value close to zero to a value close to unity.

disregarded. The model calibration was based on the GLUE (Gen-
eralised Likelihood Uncertainty Estimation) approach of
3.4 Calibration of FEMMA Beven and Binley (1992). In the application of the GLUE

methodology, prior distributions of the calibration parame-

FEMMA was calibrated against both water table and runoffters were assumed to be uniform within the predefined pa-
data. Water table data for the calibration were from site 7,rameter ranges. For each parameter set, a likelihood mea-
where the subsoil is peat, from site 26 with sandy subsoil sure,Er, was computed as
and from site 27 with till subsoil. The three calibration sites Er— B BB E @)
represented the three different subsoil types within the catch-"7 — ~9WP=awtEgws=r
ments. Measured runoff for the calibration was from catch-where Egyyp is the Nash and Sutcliffe (1970) efficiency be-
ment C3, where the ditches were cleaned in 1989. The modeaveen the measured and modelled depth to the water table
elled runoff that was compared against the measured runofin site 7 with peat subsoilEgwt is the efficiency between
during the calibration was computed as the average runofthe measured and modelled water table depth in site 27 with
from the two sites (26 and 27) located in catchment C3. Intill subsoil, Equs is the efficiency between the measured and
order to reduce the computation time during the model cal-modelled water table depth in site 26 with sandy subsoil,
ibration, not all the sites (23-37) located in catchment C3and E, is the efficiency between measured and modelled
were used in computing runoff. daily runoff in catchment C3. The parameter set was de-

The six calibration parameters are listed in Table 1. Thetermined to be ‘behavioural’ when the individual efficien-
minimum stomatal resistance controls the level of transpira<cies Egwp, Egwt, Eqws, and E,) were greater than the pre-
tion during the growing season, and its range was set followscribed threshold (See Sect. 4.2.1). After a large set of
ing the values presented for coniferous trees in earlier studiethehavioural” parameter sets were identified, the posteriori
(e.g. Wigmosta et al., 1994; Nijssen et al., 1997; Whitaker etdistributions of the calibration parameters were derived as
al., 2003; Koivusalo et al., 2006). The hydraulic conductiv- likelihood-weighted cumulative distributions. The 5th and
ity of the saturated topsoil layer, and the hydraulic conduc-95th percentiles of the model parameters, simulated water
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table level, and simulated runoff were derived as outlined in4 Results and discussion

Beven and Binley (1992) and Beven and Freer (2001). It

should be noted that the uncertainty estimation in the GLUE4.1  Analysis of the experimental data

methodology includes subjectivity, because the selection of

calibration parameters, their prior distributions, and the form4.1.1  Water table level

of the likelihood function are fixed on the basis of the mod-

eller’s deduction (see e.g., Freni et al., 2008). Here the unThe response of the annual water table level to ditch clean-

certainty limits were applied to see how the equifinality of ing depended on the subsoil type (Fig. 4). The annual water

the calibration parameters was reflected in the model resulttable level showed no change from the pre-treatment to the

and whether there were reasons for a rejection of the modgpost-treatment period in the sites with a deep peat layer in

structure. catchment C1 (Fig. 4a, P-value=0.15). In the sites with till
After model calibration, runoff from each catchment was subsoil in catchment C1, the water table level decreased af-

computed for each parameter set at a time as follows. Théer ditch cleaning (Fig. 4b, P-value=0.016). However, the

hydrological model was applied in each measurement site talifference between the annual water table levels between

simulate the runoff input that enters the ditch network. To-catchments C1 (ditch cleaning) and C2 (control) did not

tal runoff from the catchments was computed as an equallychange when moving from the pre-treatment period to the

weighted average runoff from the measurement sites locateglost-treatment period (Fig. 4b, P-value=0.056). The results

in each of the catchments C1-C4 (Fig. 1). The simple averfor catchments C3 (ditch cleaning) and C4 (control) with till

aging scheme implies that the distribution of soil and vegeta-subsoil (Fig. 4c) suggest that the difference between the wa-

tion properties is assumed to be similar in the catchment ander table levels in the two catchments increased after ditch

among the water table measurement sites inside the catchmaintenance (P-value=0.008). The impact of ditch cleaning

ment. on the water table level was smaller in catchment C1 com-
pared with catchment C3. The mean depth of the surface
3.5 Numerical experiment peat layer is thin (0.22m) in catchment C3 compared with

] . ) the mean peat depth (0.57 m) in catchment C1. The impact
In the numerical experiment, FEMMA was applied 10 o gitch cleaning could be related to the thickness of the sur-
demonstrate how the key assumptions behind the modehce peat layer on the till subsoil. In the sites with sand sub-
structure are reflected in the simulated ditch cleaning impactg,y;| the impact of ditch cleaning on the water table level was
on the water balance. The numerical experiment focused 0B|ear in both catchment pairs C1-C2 and C3-C4 (Fig. 4d—e,
identifying changes in annual runoff, when the ditch depthp.y41ye=0.008). The peat depth in the sites with sand subsoil

varied in the range typically found in Finnish drained peat-y45 0.29 and 0.33 m in catchments C1 and C2, and 0.12 and
lands before and after ditch network maintenance. The hyg 16 m in catchments C3 and C4, respectively.

pothetical drained peatland forest used in the numerical €X- 1ha decrease of the water table in the control catchment
periment was _hydrologically isolated from its surroundings, ~4 \yas significant in Fig. 4c (P-value=0.008) and in Fig. 4e
and the most important water fluxes out of the system Werep 4 e=0.016). This indicates that 1) the meteorological
the water flow to the ditches and evapotranspiration of the.jitions driving the water table dynamics changed from
vegetation. Model S|.mulat|_ons were conduc'Fed to V'Sl_Ja_I'SEthe pre-treatment to the post-treatment periods, 2) the control
the effect of forest dimensions (LAl) and soil conductivity ¢atchment was not fully isolated from the treated catchment,
structure (depth of the highly conductive layer) on the annualy; 3y the ghserved change resulted from the different number
runoff volume. LAl and conductivity depth are the variables, ¢\ ater table measurements in the pre- and post treatments
which show large variability between the 39 measurement,qioqs This issue is analysed further in the modelling exer-

sites in Tilapjoki. ) cise in Sect. 4.2. The small response of the water table level
Table 1 lists the model paramgters for the numerical €Xn sites with a deep peat formation is line with earlier results
periment. In each model simulation, the ditch depth, forest ¢ Anti and Raivanen (1997).

dimensions, subsoil type, and soil structure, were set to pre-
scribed values, and the model was run for a four-year period, 4 » Runoff
from 1990 to 1993. The ditch depth varied from a depth of

0.3 mto adepth of 1.2m, LAl of the initial tree stand in 1990 g ,noff from the treated catchment C1 was, on the average,

was either 0.5 or 2.0, the subsoil type was either peat or till,j 504 |ower than runoff from the control catchment C2 before

and the depth of the highly conductive layer ranged from 0.14ch cleaning but, after ditch cleaning, the runoff of C1 was

to 0.4m. The spacing of the ditches was set to a value 0b3, higher than that from C2 (Fig. 5a). The paired catch-

40m. ment analysis yielded a regression between the two catch-
ments for the pre-treatment period with &R value of 0.93
(P-value=0.0017). The resulting treatment effect suggested
that runoff increased by 38% after ditch cleaning.
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Fig. 4. Measured median depth of the water table level (WT) in sites with peat sub¥oihedian WT depth in sites with till subsoil

located in catchments C1 (treated) and C2 (confiw)l) median WT depth in sites with till subsoil located in catchments C3 (treated) and
C4 (control)(c), median WT depth in sites with sand subsoil located in catchments C1 afd),Ghd median WT depth in sites with sand
subsoil located in catchments C3 and @} The horizontal lines show the mean annual WT levels.

A similar analysis was conducted for the catchment pairmedial drainage was estimated to increase the mean annual
C3-C4, where the number of missing data was lower tharrunoff from 9 to 36% compared to the clear-cut catchment
in catchment pair C1-C2 (Fig. 5b). Before ditch cleaning before the remedial drainage. The estimate of the impact of
the runoff from the treated catchment C3 was 17% higherditch cleaning in Tilanjoki is at the upper end of this range,
than that from the control catchment C4, and after cleaningeven though no cuttings were conducted in Tilanjoki. In the
this difference was 83% (Fig. 5b). The regression betweemext Section the Tilanjoki case is further discussed in the ap-
the catchments C3-C4 for the pre-treatment period had aplication of the hydrological model.

R? value of 0.95 (P-value=0.0010). The paired-catchment
analysis again showed a clear increase (37%) in runoff af-
ter ditch cleaning. The increase of runoff is in contradic-
tion with earlier results, where ditch network maintenance
was reported to have only a small impact on runoff (Joen-
suu, 2002). The results can also be viewed against those of
Lundin (1994), who studied the impacts of subsequent clear-
cutting and drainage on the runoff regime in catchments. Re-
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Fig. 5. Measured annual runoff in catchments C1 (treated) and C2 (cotdjphnd measured annual runoff in catchments C3 (treated) and
C4 (control)(b). The proportion of days per year when measurements are missing for the catchment pair are also presented. Ditch cleaning
occurred in 1989.

170 7 © Measured Table 2. Performance of the snow model in the sites located in
T 160 1 - _ = Modelled four study catchments (C1-C4) before ditch cleaning (1983-1989)
£ 1 T _ e 0 —— Regression line and after cleaning (1990-1994). NS is median Nash and Sut-
w 150 o cliffe (1970) efficiency, MAE is the mean absolute error, and WBE
< is the bias between the measured and modelled snow water equiva-
2 lent.
=}
g C1 c2 C3 Cc4
g NS before 056 062 0.72 0.92
S NS after 059 064 0.74 0.96
% MAE before [cm] 13 13 11 11
MAE after [cm] 11 11 8.5 8.5
WBE before % 13 13 8.7 8.7
0 0.5 1 1.5 2 2.5 WBE after % 18 18 12 12

LAI

Fig. 6. Measured and computed annual maximum snow water . . ) .
equivalent (SWE) plotted against leaf area index (LAI) in the for- test for the consistency of wintertime meteorological data.

est stands of Tilanjoki. The regression between measured SWE ankarge errors in precipitation and air temperature become
LAI has a P-value of 0.009. highlighted as mismatches between measured and modelled

snow accumulation and snowmelt, respectively. Because of
the clear mismatch between on-site snow data and model
4.2 Assessment of model performance against the measimulation during 1989-1992, the daily air temperature dur-

surements ing this period was estimated as the mean temperature of
the two closest weather stationsa(&ijarvi and Puolanka)
4.2.1 Snow modelling instead of on-site temperature chart measurements.

The performance of the snow model is better in the sites
The canopy and snow models were run separately in all 39ocated in catchments C3 and C4 compared to the pair C1
measurement sites, where the tree height, LAI, and canopgnd C2 (Table 2). The difference between the computed and
closure developed with time according to the data gathereaneasured annual maximum SWE was negatively correlated
from the sites. The snow model application is an efficientwith the measured annual maximum SWE, which indicates
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that SWE was underestimated by the model in the sites with . b)
a high maximum SWE and overestimated in the sites with a
low maximum SWE. The annual maximum SWE decreased
with LAI, as shown in Fig. 6, but the annual highest SWE
was recorded in small seedling stands instead of nearly oper © 04 i
sites, where the model produced the highest annual maxi- 027 ~ Posterior
mum SWE. The higher accumulation of snow in seedling 0+4 ‘ ‘ 07 ; ‘
stands compared with the open could be a result of lateral 0 05 ! 0 50 100
wind-driven snow transport, which was not included in the SR retention coeff. [1/d] Top soil cond. [m/d]
snow model. 9 .. orir d

Model performance for the periods preceding and follow- 08} y l

0 0

Cum P
Cum. P

Posterior

i 0.8
ing ditch cleaning (Table 2) was similar, suggesting that the PR
compiled meteorological variables did not contain errors that
could affect snow processes and change systematically ovel
the study period. After the snow model was found to have
a consistent performance for the periods preceding and fol-
lowing ditch cleaning, the model analysis was continued with
water table and runoff simulations.

0.6

Cum. P
Cum. P

0.4

Posterior

1 2 1 2
Sand cond. [m/d] Till cond. [m/d]

e) f)
17 Prior
0.8 Posterior
0.6
0

4.2.2 Application of GLUE methodology

In the application of GLUE methodology, the prior distri-
bution of the calibration parameters was assumed to be uni-
form within their ranges (Table 1). Monte Carlo sampling
was applied to produce 21000 sets of parameters, and the 02 04 00 1000
likelihood function (Eq. 2) was computed for each parameter Peat cond. [mid] Stomatal res. [s/m]
set. The parameter set was determined to be “behavioural”
when Egwt, Egws, and £, were greater than 0.4, antywp  Fig. 7. Cumulative prior and posterior distributions (Cum. P) of the
was greater than 0.1. A less strict threshold efficiency wasalibration parameters including the retention coefficient of surface
used for simulation of the water table level in siteHgyfyp), runoff (a), the saturated hydraulic conductivity of the topsoil layer
because the range of the water table level variation in the sitéb), the conductivity of sandy subsdit), the conductivity of till
with a peat subsoil was small compared with the range in thesubsoil(d), the conductivity of peat subsdi), and the minimum
sites with a till or sandy subsoil. The highest efficiency value Stomatal resistandg).
in site 7 was 0.22 and the corresponding mean absolute error
was 4.0 cm. In contrast to these values, the best efficiencies
in sites 26 and 27, where the water level fluctuations wereivities for till subsoil (0.28 ... 1.3 m/d) and for peat subsoil
dynamic, were 0.72 and 0.65, respectively, and the mean ad0.002 ... 0.19 m/d) showed less equifinality compared with
solute errors were 10.9 and 11.8 cm. the sandy subsoil (Fig. 7d—e). Finally, 90% of the minimum
After parameter sampling and model computations, a totastomatal resistance values (Fig. 7f) were in the range 440 to
of 738 “behavioural” parameter sets were identified. Prior 930 s/m, which was large and indicated a considerable degree
and posterior distributions of the calibration parameters re-of equifinality for this parameter.
vealed the degree of equifinality of the calibration param- The large degree of equifinality in the retention coefficient
eters (Fig. 7). The prior and posterior distributions of the was explained by the fact that the modelled generation of
surface runoff retention coefficient (Fig. 7a) were approxi- surface runoff was minimal due to the high hydraulic con-
mately the same, which suggests that the parameter had rductivity of the saturated soil in the topmost layer. The low
influence on the performance of the model. The posteriorvolumes of simulated surface runoff and the retention scheme
distribution of the saturated hydraulic conductivity of the top of the surface runoff had no significant effect on model per-
soil layer (Fig. 7b), which was same for all calibration sites formance. The ranges of the saturated hydraulic conductiv-
(7, 26, and 27), clearly changed from the prior distribution, ities indicated that the conductivity decreased when moving
but 90 % of the values were still within a large range of 24 from the topsoil to sandy subsoil, to till subsoil, and to peat
to 54 m/d. The saturated hydraulic conductivity of the sandysubsaoil in this order. The calibration results of the conductiv-
subsoil (0.6 ... 2.26 m/d) showed only a small change be-ty values reflected the dynamic water table behaviour in sites
tween the prior and posterior distributions, which suggestswith sandy and till subsoil, and a more stagnant behaviour in
that the predefined range of the prior distribution may havesites with a peat subsoil (see Fig. 4). The underlying ground-
been too narrow (Fig. 7c). The saturated hydraulic conducwater aquifer probably affected the water table level in the

Cum. P
Cum. P

0.4

Posterior 0.2
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Fig. 8. Measured and modelled median depth of the water table level (WT) in sites with till subsoil in catchment C3 ((e9atetd) in
catchment C4 (controlp). Modelled depth is presented in terms of the 5th and 95th percentiles (90% uncertainty limit).

sites with a conductive subsoil. For example, water table lev- The uncertainty limits of the simulated water table levels
els below ditch depth were frequently observed during thewere wide during the growing season and decreased in the
pre-treatment period, as seen in Fig. 4b—e. The effect of noend of the winter low flow period, when the simulated water
including the groundwater aquifer in the model could lead tolevel reached the depth of the drainage ditch (Fig. 8). Sev-
poor identifiability of the model parameters controlling the eral water table level observations in catchments C3 and C4
water table behaviour. The equifinality present in the calibra-were outside the 90% uncertainty limits which, according
tion of the stomatal resistance was influenced by the role oto the GLUE methodology, suggests that the model struc-
the spring flood, because it is the highest annual runoff eventure for simulating the water table dynamics should be re-
in the calibration catchment. The spring flood in catchmentjected. In control catchment C4 the measured water table
C3 was measured over a period of 9 years, and the maximurtevel was commonly above the 5th percentile during 1983—
daily runoff occurred during the spring in 8 of these years. 1987, within the uncertainty range during 1987-1989, and
The efficiency coefficieniE, was prone to errors in simu- mostly within or below the 90% limits during the rest of
lating the largest event, and the insensitivity of the stomatathe years. The 90% range in Fig. 8b seems to be shifting
resistance, which most strongly affected the summer and awsver time when compared with the measurements. There
tumn runoff, resulted from the tendencyBf to sacrifice the  was subjectivity in producing the uncertainty limits in the
performance of summer and autumn peaks for the reproducsLUE methodology, because the uncertainty limits are af-
tion of spring high peaks. fected by the selection of calibration parameters, the ranges
and types of prior distribution of the parameters, and the
4.2.3 Assessment of model performance and data quality form of the likelihood function. The uncertainty limits be-
come wider when, for instance, increasing the number of
The snow simulations already indicated that the meteorologcalibration parameters, or lowering the thresholds that define
ical input was not fully consistent for the daily simulation of the “behavioural” parameter sets in the likelihood function
the snow processes, but that the errors in the meteorologicgkreni et al., 2008). Increasing the uncertainty ranges de-
variables were likely to be similar in the periods preceding creases the prediction ability of the simulation model. How-
and following ditch cleaning. In order to assess the confor-eyver, increasing the uncertainty limits is likely to result in a
mity of the hydrological data preceding and following ditch similar change for the periods preceding and following ditch
cleaning and the consistency of the experimental setup, thgleaning. The larger uncertainty limits were not expected to

‘behavioural’ parameter sets and their associated likelihoodead to systematic temporal changes in the model resullts.
values were applied to produce the 5th and 95th percentiles

(90% uncertainty limit) of the simulated water table levels at In order to attain a clearer picture of the model perfor-
the sites with a till subsoil (Fig. 8) and the simulated runoff mance and the measurement setup during the time periods
in control catchments C2 and C4 (Fig. 9). preceding and following ditch cleaning, the paired catchment
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Fig. 9. Measured annual runoff in catchment C1 (treated) and modelled runoff in C2 (cdalot)easured and modelled runoff in Q8),
measured runoff in catchment C3 (treated) and modelled runoff in C4 (co(dyond measured and modelled runoff in @. Modelled
runoff is presented in terms of the 5th and 95th percentiles (90% uncertainty limit). Ditch cleaning occurred in 1989.

analysis of the annual runoff volumes presented in Sect. 4.1.2rease was estimated to be 43%. The results presented in
was repeated by using the simulation results as a controfFig. 9c—d suggest that the measured runoff in the treated
dataset. The uncertainty limits in the annual runoff volumescatchment C3 decreased by 1% and the runoff in the control
presented in Fig. 9 are relatively narrow, which is explainedcatchment decreased by 27% compared with the modelled
by the fact the only one of the calibration parameters (mini-mean runoff in the control catchment C2. The runoff results
mum stomatal resistance) exerted a strong control on the wasupported rejection of the simulation model for describing
ter balance in the annual time scales. The rest of the calibrathe hydrology of the Tilanjoki catchments.

tion parameters had a larger impact on the short-term dynam-

ics of the runoff hydrograph. Again, changing the number The change in the behaviour of the control catchments
of calibration parameters and the likelihood function would Was not a result of changes in the meteorological conditions.
have increased the uncertainty limits, but these changes weré there were systematic errors in the climatic variables be-
not deemed to be necessary for the subsequent assessmétigen the pre- and post-treatment periods, then the errors
of the pre- and post-treatment periods. When the measurewould be reflected in the snow simulation results. Therefore,
runoff in the treated catchment C1 was compared against théhe hydrological behaviour of the control catchments was af-
modelled runoff in the control catcment C2 (Fig. 9a), the re-fected by the ditch cleaning in the adjacent catchments. The
lationship between the time series was found to be opposit€ontrol and treated catchments were not isolated from each
to that between the measured runoff time series in F|g 5apther, which in this case violated the use of paired catchment
The results of paired catchment analysis for the measure@nalysis for studying the management impacts on hydrology.
runoff in C1 and the modelled mean runoff in C2 suggest The treatment effect cannot be estimated using the paired-
that runoff in C1 decreased by 16% after ditch cleaning. Incatchment analysis and, therefore, the ditch cleaning impact
the regression for the pre-treatment period, the valug%f estimated from the measurements alone in Sect. 4.1 is mis-
and its P value were 0.86 and 0.008, respectively. In Fig. 9bleading. Rejection of the model implied that there was no
the measured runoff in the control catchment C2 was foundstructure in the model that could link the control and treated
to decrease with respect to the modelled runoff in catchmen€¢atchments together. The inconsistency of the experimental

C2. According to the paired catchment computation, the desetup was not detected without an application of a hydro-
logical model that binds the meteorological and hydrological
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Fig. 10. Effect of ditch depth on the mean annual runoff in hypothetical sites where the subsoil type is peat and LA&)stBessubsoil
type is peat and LAl is 2.(b), the subsoil type is till and LAl is 0.£c), and the subsoil type is till and LAl is 2(@).

fluxes together. zone is often close to saturation. In this case deepening the
Beven (2006) noted that a hydrological model is often ditches made the soil moisture regime drier and shifted it to-
not structurally correct, because it is not possible to arriveward the optimum transpiration range, where soil moisture
at a single correct representation of the hydrological systendid not limit transpiration. The effects of ditch depth and
given the particular set of observations for the model calibra-conductivity depth on runoff were similar for the two tree
tion. This study confirms that the rejection of the model is stands in Fig. 10a and b, but the level of runoff was lower in
not a deadlock, but provides an opening for identifying un- the vegetation with a higher LAI.
expected controls of the studied case, which shows the way When the subsoil type was till (Fig. 10c—d) with a hy-

to competing model structures. draulic conductivity that was higher than the conductivity
of the peat subsoil, ditch cleaning increased or decreased
4.3 Numerical experiment runoff depending on the initial ditch depth. Runoff decreased

with increasing ditch depth, when the ditch depth was small
A numerical experiment was conducted to apply the model 0.6 m) and the thickness of the highly conductive layer
alone and to demonstrate the impacts of ditch cleaning oness than about 0.3m. The runoff response in this case was
annual runoff in sites with a different vegetation cover andre|ated to the soil moisture limit in near-saturated soil, as ex-
soil conductivity structure (Fig. 10). In the case with peat pjained earlier (Fig. 2). When ditch depth increased in the
as the subsoil type (Fig. 10a—b) the volume of runoff de-range above about 0.6 m, runoff started to increase. The in-
creased as the ditch depth increased. The decrease in the rgi@ase was again explained by the soil moisture restriction
of runoff levelled out in the deeper ditches. The volume of jn Fig. 2. In well-drained conditions and with a conductive
annual runoff was dependent on the size of the tree stand angl;psil type, the soil moisture regime was mostly within the
on the depth of the highly conductive top soil layer. The ef- range where soil moisture did not limit transpiration. In this
fect of ditch depth on runoff decreased when the thickness otase deepening the ditches shifted the soil moisture to a dryer
the highly conductive layer increased. The runoff responsgegime where, according to Fig. 2, soil moisture starts to de-
to changing ditch depth was explained by the soil moisturecrease transpiration. The increase of runoff was larger for the

limit shown in Fig. 2, where an excessively high soil mois- |arger stand (Fig. 10d) than for the smaller stand (Fig. 10c).
ture restricts transpiration. In soils with a small depth of

the highly conductive layer, the soil moisture in the rooting
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The model suggests that, in most cases, the annual runoffluded that ditch cleaning must have had an impact on runoff
volume decreases and evapotranspiration increases when both the treated and control catchments. When paired
ditches are cleaned down to a greater depth. If the increase icatchments are artificially delineated side-by-side using rel-
evapotranspiration is assumed to be related to forest growthatively shallow ditches, there is the possibility that the catch-
then excessive deepening of the ditches, or cleaning of thenents may not in fact be fully isolated from each other.
ditches in sites with deep a surface layer of highly conduc-Derivation of the water balance in a separated sub-area of
tive soil, would not be necessary. a peatland is a more demanding task than in pristine head-

Finally, it should be noted that the results of the numericalwater catchments. In Tilanjoki, the hydrological connection
experiment only demonstrate how the hydrological impactbetween the treated and control catchments was clearly re-
of ditch cleaning varies and depends on certain vegetatiofflected in the runoff measurements and less clearly in the wa-
and soil characteristics, but the modelling results are not der table measurements. In the design of hydrological experi-
generalization of ditch cleaning impact. Earlier studies havements in drained peatlands the possibility of dependence be-
shown that field, catchment, and meteorological characteristween artificial catchments should be considered. The study
tics have complex and counteracting effects on the hydrologcatchments should preferably be natural catchments delin-
ical impact of drainage (Lundin, 1994; Dunn and Mackay, eated by topography. When artificial catchments are used,
1996; Robinson and Rycroft, 1999). Since long term pro-the side-by-side location of differently managed (e.g., control
cesses, such as vegetation colonization in ditches and subsind treated) catchments should be avoided. Runoff data from
dence of the peat (Robinson, 1986; Holden et al., 2006) wer@ natural catchment that includes the artificial study catch-
disregarded in the model, their effects on runoff could not bements (measurements in nested catchments) would be useful
assessed on the basis of the numerical experiment. for the data analysis.

A numerical experiment based on model simulations

demonstrated how the function between soil moisture and
5 Conclusions transpiration efficiency controls the impact of ditch cleaning

on the total annual runoff. According to the model, runoff
Available experimental data on the water table level showedijecreases and evapotranspiration increases, when ditches are
that the effect of ditch cleaning was not seen in sites withdug deeper in poorly drained sites, where the initial ditch
a deep peat formation. The effect of ditch cleaning be-depth is small and the depth of highly conductive top soil
came clear in sites with a shallow peat layer underlain bylayer is low. From the point of view of evapotranspira-
till or sand. The results of a paired catchment analysistion efficiency, ditch cleaning is not necessary in sites where
suggested that annual runoff volume from the two treatecthe highly conductive surface soil layer extends to a depth
catchments, where ditch cleaning was performed, stronglyof about 0.3 m and the initial ditch depth is about 0.5m or
increased compared with the control catchments, where n@eeper. Information about the necessity of ditch network
cleaning was implemented. The increase estimated from thenaintenance is valuable for outlining practical guidelines for
data was in conflict with the results of earlier studies, and itforest management on drained peatlands.
was concluded that a further assessment of the data quality
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