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Abstract. The investigation in the catchment of the Mulde ical status (e.g. minimize technical impacts) of the water
(51°0'55" N, 131554" E Saxony, Germany) researches the bodies and flood protection. As a partner in the Integrated
effect of afforestation measures on the soil hydraulic prop-Project “FLOODsite” (6th EU-FP) we investigate the impact
erties. The concept of a “false chronosequence” was usedf land-use on runoff formation and runoff concentration.
to quantify the time-dependent dynamical character of theAdditionally, the novel Water Law of Saxony #8hsWG
forest impact. Four adjacent plots were identified at a tes2004) contains regulations concerning “flood formation ar-
location with comparable pedological start conditions andeas” (Hochwasserentstehungsgebieje” For such “flood

a set of tree stands of different age: (1) arable field (initial formation areas” the novel law addresses the conservation
state); (2) 6-year-old afforestation; (3) 50-year-old afforesta-and improvement of the natural water retention.

tion; (4) ancient natural forest (“target” stocking). Water re- It is generally accepted that changes in land-use patterns
tention curves and unsaturated conductivities were analysefe.g. expansion of settlements including road-construction,
in the lab. In the field, the undisturbed infiltration capacities deforestation, distinct practices in arable and grassland man-
were measured quantitatively (hood infiltrometer) and qual-agement) contribute to an increased frequency and sever-
itatively (brilliant blue tracer). Pronounced differences be-ity of flood generation. For forest land-use, it has been
tween all 4 plots were detected. The afforestation causes astated that afforestation and the promotion of sustainable for-
increased infiltration and soil water retention potential. Es-est management will considerably increase the water reten-
pecially the topsoil layers showed a distinct increase in con+ion in landscapes (FAO 2003). However, there is a con-
ductivity and portion of coarse/middle pores. The influencetroversial debate on the quantitative impact of such non-
of these changes on rainfall-runoff calculations at the test lo-structural flood risk management measures with respect to
cation was analysed in this study. event size and scale-based physical conditions (e.g. Calder
et al., 2007; Laurance 2007). Modelling approaches very
often neglect important aspects when rainfall-runoff-models
are parameterised. Hence, many models just consider vege-
tation parameters (root depth, leaf area index (LAIl), canopy

The European Flood-Directive (EC 2007) points out the neecr'eIght or parameters generalized in the curve number (CN)

of flood risk maps. Based on these maps flood risk man_approach). Some more advanced models (€.9. AKWA-M:

agement plans will be prepared focusing on prevention, pro-.MunCh 2004; WaSiM—ETH: Schulla and Jasper_ 2001) also
tection, and preparedness. The assessment of the cath—CIUde pre-event soil water storage by calculating land-use

ments’ potential to retain water in the landscape is part of thespecific evapotranspiration and related soil water dynamics.

management plans. This effort has to be done river-basin!n @ddition, one should also be aware that changes in the veg-

oriented and directly linked to the EU-Water-Framework- etation cover (e.g. conversion from arable land into grassland

Directive (EC 2000). Thus, emphasis has to be put onr forest) in the mid- to long-term will also result in distinct

the detection of synergy effects between the good ecologg:hanges in soil hydraulic properties (infiltration, percolation,

retention).
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2 Methods and material (3) 50-year-old afforestation (old afforestation);

2.1 False chronosequence (4) ancient natural forest (“Otarget” stocking).

Afforestation appears to be a potential measure to increase The pedological background (“start”) conditions were

the water retention in the landscape (FAO, 2003jrich et ~ comparable. All plots were characterised by a loamy silt sub-
al., 2007; Wahren et al., 2008). However, the influence ofstrate derived from the initial loess parent material.

such long-term measures is not easy to observe at experimen-

tal sites. RR-models help to estimate the effect of measure4-3 Measurements

but they describe only the processes as they are implement
in the applied model. In such RR-model based analyses, th
change in land-use often is accomplished just by changin

the above-mentioned vegetation parameters whereas most diti0|_’1al proviQed storage (highgr water consu.m.ption and
the soil hydraulic properties remain unchanged. Further- igher interception) and decelerating runoff by shifting water

more, the typical practice is to parameterise the soil hydraulic:Into slower pathways (improved infiltration and vertical per-

characteristics by fitting the RR-madel to a given runoff hy- colation, cf. Wahren et al., 2007b). The key values to assess

drograph. Due to that, the physical background of the Soilthe retention capacity are the air-filled pore-space (empty soil

parameters gets lost and a reliable prediction of the impacﬁ;orage) before a rainstorm occurs and the infiltration capac-

of a changed land-use is impossible.

The ongoing debate (e.g. Calder, 2006; i#eh 2006;
Wahren et al., 2007a) on decentral flood protection by . :
adapted land-use still presents a lot of uncertainty associateI nd—usgs. The am was o detect both t he land-use drlyen
with the model-based assessment of the efficiency of suct ange in the S.Q'I matnx_ for Wa‘?r retention and the on-5|t_e
measures. infiltration conditions, which are highly dependent on the soll

To assess land-use effects on soil hydraulic properties Wétructure (macropores etc.).
implemented experimental work on afforested sites. The2_3.1 Field measurements
concept of a “false chronosequence” was used to keep the
effort reasonable. For our purpose it was necessary to find gfiltration capacities
location where afforested arable land next to an arable plot,

which was still in use, could be investigated. It was quite im-  Hood infiltrometer (Schiérzel and Punzel, 2007) field
portant that the pedogenetic background settings (geologyests in conjunction with time-domain reflectometry (TDR)
elevation, slope, aspect etc.) of the plots were similar. In thémeasurements were carried out to characterize the effect of
best case, there might be several adjacent plots representingsorestration on saturated and near-saturated soil hydraulic
different ages of afforestation and an ancient close-to-natur@onductivity. Hood infiltrometer enables the measurement of
forest stand. hydraulic properties from saturation up to the bubble point
A cropland plot represented the initial state, the plots with of the soil. Detailed information on the method and data

different old trees stood for succession stages after tree plangnalysis is given by Schivzel and Punzel (2007). For every

ing. For each of these plots the soil hydraulic properties were

identified. Tracer experiments

e “forest effect”, in comparison to other land-uses on
oods, can be split into two general parts: retention by

A combination of field and lab measurements was applied
to examine the soil hydraulic behaviour under the different

2.2 Investigation site To visualise changes in the infiltration pathways, dye

acer experiments were conducted for each of the four plots.

An ad te i tigati it hed in th o
n adequate investigation site was searched in the uppe Brilliant Blue FCF” has been frequently used as a dye tracer

Mulde catchment (Saxony, Germany). This catchment is part . : ; .
of the transnational Elbe river basin. to stain flow pathways in porous media (Flury andi#ér,

A suitable site was found at the eastern border of thelg%) and has a low toxicity (.Flury andifler, 1994). This_,
“Zellwald” forest in the Saxon loess hill zone (@55’ N colour tracer was used to avoid any ecosystem damage in the

13°1554" E). In this protected area some spots of arable land” r?:teciﬁd area .Ze"Wf‘Id .t h of the testi ots. 1
had been afforested in the past. An excellent setting was or tne expenments, at each ot the testing plots, m

ith the following land- . potwas sele.cted'where we simulgtequO mm rainfall event
detected with the following land-use sequence on adjacengIurlng 15 min (high pre-event soil moisture). A 3gt

plots: “Brilliant Blue” solution was applied with a watering can
(1) arable field (initial state); (Fig. 1.). _ _

Vertical cross-sections of 1m (widtk)»2m (depth
(2) 6-year-old afforestation (young afforestation); — depending on the depth of tracer penetration) were
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Fig. 2. Water retention — topsoil layer (30 cm).

tion might have on runoff-concentration (e.g. changed lat-
Fig. 1. Application of the dye-tracer “Brilliant Blue FCF". eral fluxes) was not destined in this study. It would not be

possible to simulate it with the chosen experimental setup,

although a distinct modification by newly formed roots or
photographed and drawn on transparent plastic foil at 25 cnthanged soil hydraulic properties would be plausible. Our
intervals. Spatial maps of “Brilliant Blue FCF” distribution  jnvestigation focused on the land-use effects on the site con-
were derived from the digital photographs combined with thegitions at each plot. Here the plots assume a comparable role

foils. to the hydrological response units (HRU) in a spatially dis-
tributed model.
2.3.2 Lab measurements AKWA-M calculates the runoff generation processes for

HRUs. The 4 different land-uses were represented by
Upon completion of the infiltration experiments, we ex- 4HRUs. For each considered plot two rainfall events were
tracted undisturbed soil cores (three samples per diagnossg|culated with a duration of 2h and the return periods of
tic horizon), from beneath the positions where the infiltra- o5 (45mm) and 100 (56 mm) years. First, each plot was
tion had been measured. These cores were used to det%arameterised in the “common” way considering land-use
mine (desorption) water retention curves, the unsaturated hYChange by changing the vegetation parameters (root depth,
draulic conductivities and bulk densities. The unsaturatedeaf area index (LAI), canopy height, vegetation density,
soil hydraulic properties were determined in the lab dur-gjpedo, macropores, stomatal conductance etc. —i@hdw,
ing transient conditions using the evaporation method (Wen2004, Minch et al., 2007) without changing the soil hy-
droth et al., 1993) and during steady-state conditions usingyraylic properties (“unchanged soil”). Thereafter, the newly
the hanging water column method and a pressure apparatyferived information on changed soil physical conditions was
(Dane and Topp 2002). Hydraulic conductivities were calcu-jmplemented into the model (“changed soil”) and the differ-

lated using the approach of Wind (1968). ence between the two model runs was assessed. The calcula-
) tions were done for three initial pre-event soil moisture situ-
2.4 Rainfall-runoff-model ations (high, intermediate, and low). In this article the model

. . . results for the initial state (arable plot) were compared with
To describe the effect of the changed soil hydraulic prop-ihe target state (forest).

erties on the output of a rainfall-runoff-model the spatially

distributed model AKWA-M was used. The model is based

on the water budget model AKWA-M (Golf and Luckner, 3 Results and discussion
1991; Minch, 2004). In recent years it has been advanced by

Dr. Dittrich & Partner Hydro-Consult GmbH (Mhch etal., 3.1 Pore size distribution

2007; Wahren et al., 2007a). This water balance and rainfall- . 0.2 ivsed in the lab. Di
runoff model simulates the water balance and flood runoffW""ter retention curves (Fig. 2) were analysed in the lab. Dis-

in watersheds and transforms the different processes frorf{nct dlﬁerencgs were dgtected. For all forest stands an in-
a site to a larger area. It contains physically based Compogrease of the field capacity was observed (up to the depth of

nents (runoff generation) as well as a conceptual backgrouna fm). In p;art_igg:ar the t0p$0g|| Ia;l/ersﬂs]hom;?d a dhigher p(:jrtio_nh
(runoff concentration). of coarse/middle pores (Table 1). This effect decreased wit

For our study, firstly only the runoff generation was con- the depth.
sidered. A detailed estimation of the influence that afforesta-

www.adv-geosci.net/21/99/2009/ Adv. Geosci., 21, 922009
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Table 1. Pore distribution [vol%], related field capacity, and plant available field capacity in the top layers (30 cm).

Land-use Horizon Pore Diameteri] Field Capacity Plant available Field Capacity
>50 50-10 10-0.2 [mm] [mm]

Arable Land Ap 6 5 3 1069 55+16

Young Afforestation Ah 6 9 7 1493 82+13

Old Afforestation Ah 5 14 10 1792 120+21

Ancient Forest Ah 5 11 8 1205 7712

.2 Hydraulic conductivity and infiltration
Table 2. Bulk density [g crrT3], total carbon amount [%], organic 3 y y

matter class (AG-Boden 1994; Ad-hoc-AG Boden 2005) intop min- 4 qrajic conductivities measured in the lab and in the field

eral soils at all investigated plots. are presented in Table 3. Distinct differences between the
four land-uses similar to the pore size distribution (cf. Ta-

Land-use Bulk Density  Total carbon  Organic matter
amount class ble 1) were observed._
3 These results confirm the well-known fact, that the top-
— 0, - . e . . . .

[gem™] (%] ] soil conditions in forests are more favourable for infiltration
Arable Land 1.20.10 1.9 h2 h d bl The hvd i ductiviti
Young Afforestation  1.40.20 11 h5 t an under arable use. The hydraulic con .UCtIVI'[IeS at sat-
Old Afforestation 0.8:0.06 12.0 hs uration and at field capacity of the forests sites are between
Ancient Forest 1.£0.09 116 h5 two and four times higher than the corresponding conductiv-

ities of the cropland site, whereby the absolute variation for
replicates on the arable plat(80 cm d 1) is lower than on
the forest plots£300cmd !, £400cmd?1, £450cmd?).

Due to the higher amount of stored carbon in forest soils,The higher small-scale heterogeneity under forest is mainly
it was expected that field capacity increased from arable landiue to the presence of decayed root channels leading to spots
over growing forest to the ancient forest. However, this waswith high infiltration rates. It mainly depends on the place-
not completely confirmed by our measurements (Table 1)ment of the hood infiltrometer whether such a high perme-
Interestingly, the field capacity of the ancient forests was sig-able spot is hit or missed. Obviously, the ploughed arable
nificant lower than the corresponding values of the affore-land has a disturbed (destroyed) macropore structure. Af-
stration. This might be due to soil compaction by former ter infiltration, water cannot further percolate into the subsoil
forestry operations using heavy machinery. The higher bulkbecause the macropores are cut at the lower boundary of the
density of the ancient forest compared to the afforestrationglough horizon. Therefore, the infiltration capacity at the
(Table 2) may support this suggestions. Otherwise, there i@rable plot is lower than at the forest plots and less variable.
no guarantee that there are absolutely any differences in the The infiltration patterns (Fig. 3) clarify, that at high rain-
pedological background settings between the afforested plotfall intensities the water transport through the forest soils
and the all-time-forest plot. A reason for long-term forestry is dominated by preferential flow. In contrast to the forest
land-use at that plot might be that the subsoil of this site wassoils, no macropores contributing to the infiltration beyond
denser leading to water excess (stagnant). the plough horizon were detected at the arable plot. Figure

All forest plots showed a distinct higher total carbon 4a shows an isolated macropore, which was not stained by
amount than the arable plot. No differences in the amounthe dye tracer. This pore was cut off by the mechanical im-
of coarse pores (@ of pores50..m) between the different  pact of the plough. In comparison to that, Figure 4b shows a
plots were found (Table 1). These amount of pores were deeonnected macropore from the young afforestation plot.
rived from the fitted water retention curve. The fast drainable Figure 3 also underlines, that the “ancient forest”-plot acts
porosity is not so importing for water retention but essentialsomewhat differently compared to the other test plots. The
for infiltration and percolation (water transport). Thus, not subsoil layer (deeper than 30 cm) is more compacted. The
only the amount of the macropores, but also the soil struc-dye tracer passed the topsoil layer comparatively fast. A big
ture is essential to characterize flood retention effects. Theportion of the blue colour remains at the bottom of the loess
macropore conductivity cannot be quantified by lab tests betayer and probably drains laterally. Only some roots were
cause only small soil core samples (volumes of 108)cm able to penetrate the layer beneath.
were used.

Adv. Geosci., 21, 99107, 2009 www.adv-geosci.net/21/99/2009/
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Infiltrations Rate from Hood Infiltrometer Measurement
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Fig. 3. Infiltration patterns from dye-tracer experiment “Brilliant Blue FCF”.

We compared the two above-mentioned different plots (in
AKWA-M: Subareas/HRUSs). The parameterisation from the
typically available soil map (LfULG 2006) for the arable plot
was used and the parameters for the afforestation were as-

Table 3. Unsaturated (pF 2.5) and saturated hydraulic conductivity
in the top layers.

Land-use Conductivity (pF 2.5)  Conductivity (sat.) - ) ) ) A

1 I sumed in two different ways first: changing the in 2.4
Arable Land OCOni::O 02 ;('S“QEISO named vegetation parameters and macropores (soil prop-
Young Afforestation 0.0260.05 710:300 erties unchanged)segond: cha_ngmg vegetatlor! parame-
Old Afforestation 0.043.0.10 1106400 ters, macropores, '30|I hydrauhc properties (soil properties
Ancient Forest 0.0320.10 1206-450 changed) and adding a litter layer (Wahren et al., 2007a).

The changed soil parameters for the different realisations are
shown in Table 4.

3.3 Rainfall-runoff calculation 332 Simulation

3.3.1 Parameterisation ) )
A 20-yr water balance calculation was simulated for the three

For the model parameterisation of afforestation, the initial TRUS (arable, old forest unchanged, old forest changed). To
state (arable plot) was compared with the “old afforestation”-display the different pre-event soil moisture situation, the
plot (target state). The typical way to parameterise land-us@€MmPty Soil storage, which is available to retain water for a
changes in RR-models is to change the vegetation paramé&ertain time, was defined as:

ters. If afforestation is modelled a higher root depth is con- Empty soil storage (ES) =field capacity — actual soil water
sidered. It implies, that a larger part of the soil water storagecontent.

can be utilised by root uptake prior to the storm event. Fur- The different soil storage distribution functions (empiri-
thermore, an increased vegetation density leads to a higheial non-exceedance probability) for the 20 yr (1984 — 2005)
LAl and an all-year vegetation cover leads to higher ratesshow that the effect of the land-use increases with decrease of
of interception. This will result in decreased pre-event soil the soil moisture (Fig. 5). Itis also obvious, that the changed
moisture. Moreover, RR-models describe in general a plansoil parameters have a distinct impact on the calculated re-
specific transpiration. tention potential of the HRU.

It depends on the model, how the macropore flow is in- Especially in the summer months, when some of the most
cluded. AKWA-M calculates infiltration with the SMINF disastrous floods occured in the considered region in Sax-
model (Peschke 1982) and uses for macropores a “bypas®ny (e.g. August 1897, July 1954, July 1981, August 2002),
flow-concept” similar to the COUPMODEL approach (Jans- the deviation between the different parameterisations is pro-
son and Karlberg 2001). More macropores are representedounced. Figure 6 shows the ES-distributions for the summer
by higher bypass conductivity at saturation. The results ofmonth (June—August) for the topsoil layer (0-30 cm) and the
our hood infiltrometer measurements (cf. 3.2) support the askayer beneath (30-95 cm).
sumption of former model calculations (Wahren et al., 2007a, The graphs show for the Sw-horizon (30-95cm depth),
b) whereby the infiltration caused by macropores under for-e.g. that at 80% of the summer days there were 7mm
est cover is much higher than under traditional arable usenore soil storage available only considering the changed
(ploughing). vegetation, but 15mm more if the changed soil properties

www.adv-geosci.net/21/99/2009/ Adv. Geosci., 21, 3922009
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Table 4. Soil parameters (Pore distribution [-]) for the model calculations.

depth Arable Land (initial) Old Afforestation (target)
unchanged soil changed soil
litter layer  porosity —-5-0 X X 0.60
field capacity X X 0.30
wilting point X X 0.10
Ap/Ah porosity 0-30 0.43 0.43 0.62
field capacity 0.34 0.34 0.60
wilting point 0.18 0.18 0.20
Sw porosity 30-95 0.40 0.40 0.47
field capacity 0.34 0.34 0.43
wilting point 0.19 0.19 0.19
Bt-Sd porosity 95-150 0.37 0.37 0.41
field capacity 0.31 0.31 0.35
wilting point 0.17 0.17 0.19
Bt-Sd porosity 150-200 0.41 0.41 0.41
field capacity 0.36 0.36 0.36
wilting point 0.23 0.23 0.23

Table 5. Runoff peaks from an afforested site for initial state and two model parameterisations (“unchanged soil” and “changed soil”) for
the “target state” land-use (old forest) rainfall 45 mm2h

Runoff peaks [mm]

Land-use Pre-event soil moisture
high intermediate low
Arable Land (initial) 30 27 17
soil properties 17 16 13
Old Afforestation (target) unchanged —43% —41% —24%
soil properties 15 14 11
changed —50% —48% —35%

Difference between both
parameterisatioqs_ _ 7 7 11
[% of peak from initial state]

are taken into account too. For 50% of the summer days it The first rainfall event has a 25-year return period and an

was calculated: amount of 45 mm within two hours. The compared values are
the peaks of the fast runoff components (surface runoff and
Ah-horizon: (unchanged soil) + 6 mm fast subsurface flow) from the HRU. The deviation between
both parameterisations produced by considering or neglect-
(changed soil) + 9 mm ing the changed soil hydraulic properties is shown in Table 5.
The same calculation set was applied for another rainfall
Sw-horizon: (unchanged soil) + 17 mm event with a 100-yr return period and duration of two hours.
The total amount of this event was 56 mm. The difference
(changed soil) + 26 mm between the two parameterisations for all three pre-event soil

moistures was 4% of the peak from the initial state.
The difference between the two parameterisations is
12mm at 50% of the empirical non-exceedance probability _ .
for the two top layers. To estimate the influence on the runoff4 Synthesis and conclusion

generation during flood events two heavy rain events Wereﬁ)ur rainfall-runoff calculations produce clear evidence, that

S|m'ultated..tFo:' both of these t.v&/o e\éer(ljts thr%%r re-e\:ent SO|mplementation of modified soil physical conditions into the
moisture situations were considered (dry, middle, wet). model can more realistically describe land-use effects. With

Adv. Geosci., 21, 99107, 2009 www.adv-geosci.net/21/99/2009/
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Fig. 6. Empirical non-exceedance probability of empty soil storage
(summer month, top soil layer and Sw-horizon).

respect to our experimental data soil hydraulics (up to 2m
depth) is clearly related to land-use. Not only the macro-
pores and the pre-event soil moisture are influenced by the
land-use but also the water retention characteristics due to a
changed pore distribution. Thus, a change in land-use and
land cover will have distinct effects on infiltration and water
retention. A model-based analysis of retention in catchments
should take these changes into account. However, it is logi-
Fig. 4b. Connected macropore. cal that it takes time until such changes occur, but from our
data it can be concluded that already after 6 year following an
afforestation distinct changes in soil physics are detectable.

www.adv-geosci.net/21/99/2009/ Adv. Geosci., 21, 3922009



106 A. Wahren et al.: Land-use effects on flood generation

Especially the topsoil layers showed an increased conductivtral flood retention lies in the sum of effects (infiltration, pre-

ity and a higher portion of coarse/middle pores causing arevent soil moisture, soil storage, surface roughness, reduced

increased infiltration and soil water retention potential. erosion risk etc. — Markart and Kohl, 1995; Laurance, 2007;
According to former studies (Wahren et al., 2007a), af- Schiler, 2006; Armbruster et al., 2004; Bronstert, 2004).

forestation of arable land was calculated with AKWA-M by:  Targeted measures to improve the natural retention in the
— an increase of root depth, meaning that a larger part ofvatershed are long-term challenges and, thus, the appear-

the soil water storage can be taken up by roots; ance of the benefits may take decades. As a consequence,
— an additional organic (forest floor) layer on top of the reliable model calculations are inevitable to estimate the

mineral soil (increasing the soil water storage capacity);  actual potential of land-use strategies and their limitations.
— a higher amount of organic matter in the top layers of theBeside the use of state-of-the-art models to predict effects

mineral soil increasing the soil water storage capacity (e.gfor the present planning and building of flood protection

changing organic matter class (AG-Boden, 1994) from classstrategies, also tools to predict key parameters (notably

“h2” (1-2%) to class “h5” (10-15%)); relevant soil properties) should be improved continuously in
— a higher amount of macro-pores represented by a highesrder to minimise the uncertainties.

macro-pore conductivity.
The field observations confirmed the relations for the Edited by: B. Schmalz, K. Bieger, and N. Fohrer

changed root system with respect to the changed infiltratiorReviewed by: E. Christoffels and another anonymous referee

conditions and the increased soil water storage capacity due

to a organic layer (litter layer) on top of the mineral soil. The

dependency of field capacity on the amount of organic mat-References

ter was parameterised according to AG-Boden (1994). The
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