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Abstract

+ Key message The NFIWADS database contains aggregated results for the German National Forest Inventory (NFI)
plots based on process-based water balance simulations. More than 150 water budget, soil moisture, and drought stress
indicators were derived for mature, closed-canopy beech and spruce stands, and provide a basis for the assessment of
forest productivity and risks. Dataset is available in the Open Agrar repository (Schmidt-Walter et al 2018) at https://
www.openagrar.de/receive/openagrar_mods_00044576. Associated metadata is available at https://metadata-afs.nancy.
inra.fr/geonetwork/srv/fre/catalog.search#/metadata/2f09d81c-b663-4820-8b84-0b247bba6d3S5.

Keywords Forest inventory - Soil water availability - Water balance - Drought stress - Climate change

1 Background

The German National Forest Inventory (NFI) provides im-
portant information on tree species composition, forest struc-
ture, yield and growth, as well as the composition of ground
vegetation and the amount of deadwood (BMEL 2016). It is
the basis for the estimation of carbon sequestration in forests
and future wood supply at the national scale (Cienciala et al.
2008; Tomppo et al. 2010; Dunger et al. 2012; BMEL
2016). The permanent plots are a representative sample of
the forested areas across Germany, hence cover a wide range
of climatic and soil conditions. In order to provide a basis
for understanding the effects of climate, soil and site condi-
tions on the vitality and productivity of forests in Germany,
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NFI data were connected with regionalized climate data
(Dietrich et al. 2019) and representative soil profiles, which
were extracted from various soil information sources
(Petzold and Benning 2017). We used the soil and climate
data to apply the LWF-BROOK90 hydrological model
(Hammel and Kennel 2001) in order to obtain plot-level
estimates of water fluxes, soil moisture conditions and
drought stress. Various studies on climate sensitivity of tree
growth have shown that these factors are indicative of forest
productivity in general and growth depressions in particular
(Lebourgeois et al. 2005; Friedrichs et al. 2009; Michelot
et al. 2012), which motivated us to assemble the NFI water
budget, soil moisture and drought stress indicator database
(NFIWADS).
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2 Material and Methods
2.1 Locations, plot selection and temporal coverage

The water balance simulation results are one of the four envi-
ronmental databases of the German NFI (Mette et al. 2018).
The water balance simulations were carried out for the inven-
tory plots of the basic 4 x 4 km NFI sampling grid. Each node
of the NFI sampling grid is represented by an inventory clus-
ter, which consists of up to four inventory plots. For all NFI
inventory plots with available soil and climate data, two site-
specific water balance simulations were carried out for a ret-
rospective period (1961-2013) and for each of three climate
change scenarios (2011-2050). For each climate representa-
tion, the two simulations describe the hydrological conditions
at the NFI plots for mature, closed-canopy pure stands of the
most common deciduous tree species, European beech (Fagus
sylvatica L.) and the most common coniferous tree species,
Norway spruce (Picea abies [L.] H. Karst), in Germany. In
total, 24,610 plots from 8800 inventory clusters were used for
the simulations, with a mean annual (1961-1990) temperature
and annual precipitation sum ranging from 2.1 to 10.9 °C, and
435 to 2923 mm, respectively.

2.2 Model description

We used the process-based, one-dimensional soil-vegetation-
atmosphere-transport model LWF-BROOK90 (Hammel and
Kennel 2001) to derive the basic data for the NFIWADS da-
tabase. The model simulates daily evapotranspiration and soil
water fluxes, along with soil water contents and soil water
potentials of a soil profile covered with vegetation. It is a
modified version of the original BROOK90 hydrological
model (Federer 2002; Federer et al. 2003). Both versions have
demonstrated their potential in many studies, proving their
ability to capture the temporal variation of both water flow
components and soil moisture content of forests stands
(Armbruster et al. 2004; Schwirzel et al. 2009; Baumgarten
et al. 2014; Vilhar 2016). The main differences of LWF-
BROOK90 compared with the original model version concern
the description of soil hydraulic properties and the option to
use dynamic, temperature-driven vegetation characteristics in
the simulation. Soil hydraulic properties were parameterised
using the expressions of van Genuchten (1980) and Mualem
(1976). The soil profile is represented by multiple layers, and
the vertical water movement through these layers is described
according to Darcy’s law and the continuity equation
(Richards 1931), taking root water uptake and macropore-
assisted infiltration into account. The lower boundary of the
profile is defined as the unit gradient gravitational water flow
from the lowest soil layer. Groundwater inflow and interflow
at sloped sites is not accounted for. Evapotranspiration is es-
timated using the approach of Shuttleworth and Wallace

INRA

@ Springer

T==" SCIENCE & IMPACT

(1985), modified to differentiate between day-time and
night-time evapotranspiration. The method is based on the
Penman-Monteith equation (Monteith 1965) and separately
estimates the vapour fluxes originating from a ‘single big leaf”
plant layer (transpiration and interception evaporation) and the
ground surface (soil and snow evaporation), using a water
vapour conductivity model. An important controlling variable
is the leaf area index (LAI), which is used to partition available
energy between plant and soil according to Beer’s law, to
determine rainfall interception storage capacity and catch rates
and to scale stomatal conductance to the canopy level.
Stomatal conductance is calculated from maximum leaf con-
ductance, which is reduced for unfavourable temperature, va-
pour pressure deficit and global radiation following the model
of Jarvis (1976). The calculated water demand of the canopy
(potential transpiration) is covered by a water supply rate (ac-
tual transpiration) that depends on plant conductivity as well
as the individual water availability and root length density in
each soil layer. If water availability in the rooting zone is
limited, actual transpiration is reduced below potential
transpiration.

3 Model input
3.1 Meteorological data

LWF-BROOKO90 requires daily precipitation, global solar ra-
diation, minimum and maximum air temperature, average va-
pour pressure and average wind speed. The data were extract-
ed from climate grids with a 250-m resolution, as described in
Dietrich et al. (2019). All climate parameters are valid for a
reference height of 2 m above the ground. The data cover a
retrospective period (1961-2013) and three climate projec-
tions (2011-2050). The climate change scenarios were simu-
lated with the STARS 2.4 model (Orlowsky et al. 2008) and
are based on the MPI-ESM ECHAMG6 RCP scenarios 2.6, 4.5
and 8.5 (Stevens et al. 2013).

3.2 Soil profile data

Soil physical properties (texture, bulk density and coarse frag-
ments) were extracted from the NFI soil profile database
(Petzold and Benning 2017), which assigns the one or two
predominant soil units to each inventory plot, based on their
areal share within a radius of 20 m around the plot centre. The
soil units are uniquely associated with representative soil pro-
files, which were compiled and harmonised by federal soil
experts from the various soil surveys and site evaluation sys-
tems of the federal states of Germany.

The soil profiles contain soil physical information for each
horizon. If needed, missing soil physical information for sin-
gle horizons was completed by inter- or extrapolating from
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adjacent horizons. Soil profiles were extended to a minimum
soil depth of 2 m, if not constrained by solid bedrock. In total,
8528 different soil profiles could be used, covering 24,610
NFI plots from 8800 inventory clusters. If two soil units were
assigned to one inventory plot, the soil profile with the higher
areal share was selected for the simulation. Soil hydraulic
properties (soil water retention function and hydraulic conduc-
tivity function) were derived from the soil physical properties
of the respective horizons using pedotransfer functions (PTF),
which were selected according to a systematic evaluation of
several PTF with respect to measured hydraulic properties
(von Wilpert et al. 2016). For mineral soil layers, water reten-
tion parameters (6, 6,, o, n, as in van Genuchten 1980) were
estimated from tabulated values of porosity, water content at
field capacity and wilting point (DIN4220 2008), using the
software RETC (van Genuchten et al. 1991). The parameter m
was calculated as m = [/—1/n. The parameters of the conduc-
tivity function (K, 7, as in Mualem 1976) were derived using
tabulated values from Wessolek et al. (2009). For organic soil
horizons, retention and conductivity parameters were taken
from Waosten et al. (1999). After establishing soil hydraulic
properties, the soil profile depth discretisation was constructed
by slicing the horizons into model layers of increasing thick-
ness (from 1 to 2 cm at the top to 20 cm at the bottom of the
profiles), with the original horizon boundaries being pre-
served. The fine root density depth distribution was estimated
from horizon depth, physical properties and site parameters
using a statistical model (von Wilpert et al. 2016). The rooting
depth was limited to a maximum soil depth of 160 cm
(Czajkowski et al. 2009). In addition, rooting depth was
constrained if root penetration barriers, such as solid bedrock
or impermeable soil layers, were present in a soil profile. The
lower boundary of all soil profiles was formed by two stan-
dard model layers with a coarse grain texture and an overall
thickness of 40 cm, in order to determine a uniform lower
boundary. As no information on forest floor horizons was
present in the soil data, a standard uniform, root-free forest
floor horizon of 6 cm thickness was added to each soil profile,
in order to provide uniform soil evaporation conditions (cf.
Thiele et al. 2017).

3.3 Vegetation properties

In the water balance simulations, two vegetation parameter
sets were defined to reflect the different hydrological behav-
iour of mature, closed-canopy forest stands of European beech
and Norway spruce, respectively (Table 1). The parameter sets
were adapted from standard parameter sets for temperate de-
ciduous and evergreen conifer forests (Federer et al. 1996).
Modifications were made to fit interception evaporation and
soil water content dynamics measured at Level II intensive
monitoring plots in Germany (ICP Forests 2016). The most
crucial differences between the two parameter sets are the

characteristic intra-annual variations in LAI of deciduous
beech and evergreen spruce, which results in contrasting sea-
sonal courses of canopy conductance and energy partitioning,
as well as interception capacity and catch rates. Inter-annual
variation of stand characteristics was neglected, i.e. it was
assumed that no long-term vegetation development took
place. Phenological phases were determined dynamically.
The start of the vegetation period (onset of leaf flush) was
derived using the degree-day approach described in Menzel
(1997), which is parameterised for European beech and
Norway spruce. The end of the vegetation period (onset of
leaf fall) was estimated using the method of von Wilpert
(1990), where the vegetation period is either restricted by a
temperature or a day length criterion, whichever is met first.

4 Model output and data processing

LWF-BROOKUO0 calculates daily potential and actual transpi-
ration (7, and T,), evaporation of intercepted rain (/) and
snow ([s), soil and snow evaporation (E; and E,,), drainage
(D), surface runoff (R) and other water budget variables, along
with daily soil water content (6;) and soil water potential (¥;)
for each soil layer (see Federer 2002 for a detailed flow chart).
In total, simulations for 53 years of the retrospective simula-
tion period (1961-2013) and for 40 years for each of the three
climate projections (2011-2050), each for two stand types and
24,610 inventory plots, were conducted, resulting in
8,515,060 simulation years with a daily data resolution.
From the variables obtained, indicators representing daily soil
moisture conditions and soil drought stress of (1) the topsoil
(0-30 cm) and (2) the entire root zone were derived from the
layer-wise soil water content and soil water potential. For the
two depth representations, total soil water storage S, plant
available water storage A, relative soil water storage RS and
relative extractable water (REW, Granier et al. 1999) were
calculated as

S =Y 0*(1-c;)*d;, (1)
A =YL (0—0wp,)*(1=c;) *d;, (2)
S
= — =" (1= ) %A
RS FC7 FC Zz:]a.fcl (1 C,) dl (3,4)
REW = ——, AWC =}Y" c—0wp. ) ¥(1—c;) *d;
w AWC’ wc Zt:l (efcz ewpl) ( C,) dl) (5, 6)

with 6; being the volumetric water content fraction of the fine
earth in the ith soil layer, ¢; is the volume fraction of coarse
fragments (gravel and stones) and d; is the layer thickness in
mm. AWC is plant available soil water storage capacity, FC is
field capacity, 0fc; and Owp; represent field capacity and
wilting point water contents at pressure heads of —6.3
and — 1585 kPa, respectively. Mean daily soil water potential

INRA 2 springer

SCIENCE & IMPACT




39 Page4of9

Annals of Forest Science (2019) 76: 39

(PSI) was calculated from log-transformed ¥;, weighed by fine
earth volume (/-v;-¢;) of the respective soil layer:

PSI = _1027:1 log10(=W;)*(1=vi—c;)*d; ¥}, (1-vi—¢;) *d; 7 (7)

where ¥; represents the soil water potential of soil layer 7, and
v; 1s the porosity of that layer.

The transpiration deficit was expressed as difference and
ratio between actual (7;) and potential transpiration (7},). In
LWF-BROOKO90, soil water deficits reduce actual transpira-
tion below potential transpiration. The ratio 7,/T),
(transpiration ratio, 7R; Zierl 2001) thus indicates drought
stress by values below unity, whereas the difference 7),-7,
(transpiration difference, Tp;g; Schultze et al. 2005) indicates
drought stress by values greater than zero.

In order to ease data handling by reducing the overall size
of the data, all daily variables were aggregated to (1) monthly
values and (2) yearly values integrating the time interval be-
tween beginning and end of the dynamic vegetation period.
The aggregates were designed to keep most of the information
contained by the respective daily variables. To illustrate the
aggregation procedure and database output, exemplary results
from the retrospective beech data for a single NFI plot (inven-
tory cluster 16,699, plot 2) are shown for the years 2002 and
2003 in Fig. 1. For temporal aggregation, daily water budget
variables and T were summed up to monthly totals (Fig.
1A). For the soil moisture condition variables and the transpi-
ration ratio, overall mean and minimum values were calculat-
ed for the respective time intervals, of which monthly mean S,
REW and PSI are shown in Fig. 1B and C. More complex
monthly and growing season representations of daily drought
stress include indicators quantifying the duration and intensity
of periods with limited water availability, in which soil water
availability falls below critical limits. These periods can be
quantified by counting the number of days and the number
of consecutive days below or above a critical threshold value
or as a deficit sum integrating the intensity values below or
above a certain threshold. Accordingly, the number of days
(d REW¢;), on which relative extractable soil water (REW)
falls below a critical limit CLzzy, and the corresponding in-
tensity (v_REW;, Fig. 1B), were calculated as:

REWj < CLgpw : 1

__ \end
dREW ¢, = jn—heg{ REW ;>CLggw : 0 )

REW; < CLggw : 1-(REW;/CLggw)

_ ~end
V-REWer = { REW;>CLggy : 0

j=beg
©)

with beg and end marking the beginning and end of the inte-
gration interval, respectively, and REW; (Fig. 1B) being the
relative extractable water on day j. Both indicators were com-
puted on a monthly basis and per vegetation period, using two
levels of CLggw (0.2, 0.4; Granier et al. 1999; Bréda et al.
2006), referring to the topsoil and rooting zone, respectively.
Similarly, threshold-based drought stress indicators were cal-
culated from the transpiration ratio (7R)):

TR, < CLrp : 1

__~end J R

d-TRc, = j—beg{ TR;>CLz : 0 1o
o [ TR < Clg: (1R L)

v-IRcL = jbeg{ TR;>=CL1x : 0 -

with the critical limit CLzx set to two levels, 0.8 and 0.5
(Schulze 2000; Wellpott et al. 2005; Schwirzel et al. 2009).
A third set of drought stress indicators was computed from the
daily mean soil water potential PSI; (brown line in Fig. 1C),
also quantifying the duration days and sum of soil water po-
tential below a critical limit of CL,, =— 120 kPa, below which
growth reduction was reported (von Wilpert 1991):

PSI; < CLy : 1
__xend J Y
d_PSIc; = ibeg{ PSI;>CLy : 0 (12)
PSI; < CLy : ¢, ~PSI;
 wend j ¥ CL J
v_PSlc, = i_beg{ PSI;>CLy : 0 . (13)

Apart from drought stress, persistent waterlogging can also
affect forest health and forest growth. On waterlogged soils,
insufficient aeration may reduce fine root growth and forest
stress resilience (Thomas and Hartmann 1998; Gaertig et al.
2002) and also increase the risk of windthrow (Panferov et al.
2009; Schmidt et al. 2010). In order to complete the descrip-
tion of the water regime at the NFI plots to incorporate

Table 1 Vegetation parameter
sets for European beech and

Norway spruce stands, modified
from Federer et al. (1996).
Minimum and maximum values
refer to intra-annual variability
(summer/winter)

Spruce Beech
Leaf area index (m® m 2) (max/min) 5.5/4.4 6/0.6
Maximum canopy conductance (mm s~ ) (max/min) 19.25/15.4 25.2/2.52
Canopy rain interception capacity (mm) (max/min) 1.5/1.28 0.76/0.436
Rain interception catch rate (—) (max/min) 0.8/0.668 0.85/0.31
Leaf width (cm) 04 5
Albedo (-) 0.14 0.18
Albedo, ground covered with snow (—) 0.14 0.23
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waterlogging, the minimum soil depth at which the soil is
water-saturated, if ever, was extracted from layer-wise daily
water contents. From the saturation depth (zsaf), the means,
minima and maxima were calculated on both a monthly and
vegetation period basis (Fig. 1C). In addition, all days and
consecutive days were counted, on which free soil water oc-
curred in soil depths above a reference soil depth z,..:

zsat; < Zyor o 1

28at;>Zp0r 1 07 (14)

d‘SATU’"f = Z?ﬁieg{

with the reference soil depths chosen at 30 and 60 cm.

In this way, the database provides comprehensive informa-
tion on the hydrological status of each NFI plot. For example,
plot 16,699/2 (Fig. 1) on average receives 800 mm rain per
year (1981-2010), of which 598 mm is returned to the atmo-
sphere through transpiration (315 mm), interception (184 mm)
or ground evaporation (99 mm). The remaining amount
(203 mm) is routed to groundwater or surface waters, predom-
inantly as drainage (D) from the soil profile. Due to a perco-
lation barrier at a soil depth of 50 cm, excess water gathers in
the soil profile when transpiration ceases in autumn, some-
times approaching the soil surface. When the complete soil

profile is saturated for a longer time, as it was the case in
January 2003 (Fig. 1C), surface runoff (R) is generated (Fig.
1A). The soil properties also form a root barrier, so that the
effective rooting depth and plant available water capacity at
the site are rather low. This results in rapid soil water depletion
due to water uptake during summer, with the relative extract-
able water (REW) frequently falling below the critical limit of
CLgew= 0.4 (Fig. 1A), indicating drought stress. The summer
of 2003 was extraordinarily dry, causing a considerable tran-
spiration deficit (Tp;;) of about 80 mm in August and
September.

4.1 Reproducibility of results and software used

All water balance simulations were carried out with the model
LWF-BROOKO90 (Version 1.2). To facilitate automation and
parallelisation, we developed the software package
“b90nfiwads™ for the free software environment R (R Core
Team 2015). The package loads an interface (“brook90r”,
Schmidt-Walter 2018a) between the R environment and the
command line tool of the LWF-BROOK90 executable code.
For a single site, “brook90r” writes input files from model

Fig. 1 Aggregated water budget 140
and drought stress indicators at
the NFI inventory cluster 16,699,
plot 2, simulated using the beech
parameter set. (a) Monthly
transpiration difference (7 and
water fluxes of transpiration (7},),
rain and snow interception
evaporation (I, Is), soil and snow
evaporation (Ey;, Ej,), drainage
(R), surface runoff (D) and
precipitation (P). Negative values
indicate drainage to groundwater
and surface runoff, positive
values indicate fluxes to and from
the atmosphere. (b) Daily (lines)
and monthly (symbols) total (S,
Savg) and plant available relative

monthly water flow sums and Tpy [mm]

140

(REW, REW,,,,) oot zone water

storage, (¢) daily (PSI, line) and
monthly soil water potential

(PSI,,g, circles) and maximum

water table depths (zsat.x. tildes)
(¢). Drought stress indicators 7
(a),v_ REW¢; (b)and v _PSI¢; (¢)

S, Sayg [mm]

REW, REW,4 [-]

are marked as hatched areas

—_ v=—120 kPa E
E o5 4 - 500 =
E ' 7 V_PSlg. K
% | o PSlayg L g_)
@ -1.0 — psl 1000 -
~ Zsatmax g_)

-1.5 - - -1500

T
J F
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control options, parameters, and climate data, and then exe-
cutes the command line tool and returns the simulation results.
The “b90nfiwads” package extends the functionality of the
“brook90r” interface, by providing functions for running
LWF-BROOK90 on a sequence of sites in parallel, and further
functions for aggregating the model output to the desired
monthly and vegetation period representations. The R-
package is part of the supplementary material of the data and
can be accessed in the Zenodo repository (Schmidt-Walter
2018b) at https://zenodo.org/record/1491520#.
XIJpWChKiUk. With the input data, and the model control
options and parameters of the NFI plots set up in the
accompanying R scripts provided, the full reproducibility of
the datasets is ensured.

5 Access to data and metadata description

The NFIWADS database is available in the Open Agrar repos-
itory (Schmidt-Walter et al. 2018) at https://www.openagrar.
de/receive/openagrar mods 00044576. It comprises eight
database files (sqlite-format), which contain separate results
and description tables for each of the two tree species in each
climate representation (the retrospective period and three
climate change scenarios). Each database file features seven
tables, of which two tables provide the simulation results on a
monthly and vegetation period basis (e.g. nfiwads_beech
19612013 monthly, nfiwads_beech 19612013 vegper) and
one contains information on the execution time of the
individual simulations (e.g. simtime_beech 19612913). The
three tables z_db, z_tab, z_col provide descriptions of the
databases, the tables included and the columns featured by

o
o _|
D A — y=572+1007x
R2: 0.949
= ME: 58.96
g S 7 RMSE: 86.72
o)
o 8
s =
£x
L 8 |
= 3
= =
1S o
E 8 7
w
o

[ | [ [ [ [
0 500 1000 1500 2000 2500

F [mm] TUB-BGR

the tables. Information about the applied model version and
input parameter sets, as well as the version names of climate
and soil parameters are provided by the table z_parameter
version. Each database file additionally contains four data
views, which select or aggregate basic result sets of the
simulation results and provide a starting point for exploring
the featured data. The tables and views can be linked by the
primary keys TNR and ENR, which identify the NFI
inventory cluster and plot, or by an id variable composed of
TNR and ENR. More information on the dataset can be found
in the metadata file, which can be accessed at https://metadata-
afs.nancy.inra.fr/geonetwork/srv/fre/catalog.search#/
metadata/2f09d81¢c-b663-48a0-8b84-0b247bba6d35. The
metadata file contains tables for (1) data provision and discov-
ery, (2) contextual information on the simulation and data
processing software and on the origin of the input data and
(3) a technical documentation containing a description of each
variable name, the corresponding abbreviation used in the text
of this manuscript (if applicable), as well as the technical data
types, units and the value ranges.

6 Technical validation

We checked the consistency of the simulation results by eval-
uating the soil water mass balance:

P=1Ig+1Is+To+Ey+Eg+D+R+AS, (15)

where P is precipitation and AS is the change in total water
storage of the soil profile. Mass balance errors over the com-
plete retrospective simulation period (1961-2013) were not
directed to positive or negative values and within an

b - y=-19.2 +0.872
R2: 0.929

ME: -45.13
RMSE: 105.01

1500 2000 2500
|

1000

F [mm] LWF-BROOK90
500

[ [ [ [ [ [
0 500 1000 1500 2000 2500

F [mm] TUB-BGR

Fig. 2 Comparison between mean annual discharge (F) as the sum of drainage (D) and surface runoff (R) (1981-2010) for beech (a) and spruce (b),

computed with the TUB-BGR method and LWF-BROOK90
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acceptable range (+£5 mm). This indicates only minor viola-
tions of mass conservation, probably due to integration and
precision errors. We also checked the mean total discharge
F = D + R against values computed using the TUB-BGR
method (Wessolek et al. 2008; Ahrends et al. 2018). TUB-
BGR is hydro-pedotransfer function to calculate mean annual
percolation rates, which is parameterised for different land use
types, including conifer evergreen and deciduous forests.
Using the beech forest parameter set, the mean total discharge
(1981-2010) calculated with LWF-BROOKO90 agreed very
well with the values computed for deciduous forests using
TUB-BGR (Fig. 2A). However, in contrast to LWF-
BROOK90, TUB-BGR accounts for capillary rise and also
allows negative water balances, causing a systematic devia-
tion of the regression line from the bisector and a mean error
(ME) of 59 mm. For spruce, there is a slightly stronger devi-
ation of the total mean discharge calculated with the conifer
forest parameter set in TUB-BGR (Fig. 2B). The slope of the
regression line is significantly below unity, indicating a lower
discharge derived using LWF-BROOK90. The deviance
might arise from the conifer forest parameterisation in TUB-
BGR, which does not differentiate between pine and spruce
forests. Pine forests achieve lower interception rates compared
to spruce (Meesenburg et al. 2014). Thus, the total discharge
from the conifer forest parameterisation in TUB-BGR might
be higher than that from spruce stands, which are represented
in the results computed with LWF-BROOK90.

7 Reuse potential and limits

The database contains plot level water fluxes, soil moisture con-
ditions and drought stress indicators for mature, closed-canopy
beech and spruce stands. Regardless of the forest types present at
the forest inventory plots and of their individual development
over time due to growth, thinning and other disturbances, the
physical characteristics (e.g. LAI, stand height, and root distribu-
tion) of these stands were kept constant in space and time.
Therefore, the simulation results for beech and spruce do not
reflect the ‘real’” hydrological status, which would adjust to the
actual forest vegetation, but rather may be regarded as land-use
scenarios for the NFI plots. This approach is in accordance with a
simplified ‘indicator stand’ concept (Thiele et al. 2017), aimed at
extracting the combined climate and soil effect on water avail-
ability, related forest productivity conditions and potential risk
factors. The effects of climate and soil are, in fact, the only
sources of variation in our water balance simulation results.
Thus, the provided water fluxes, soil moisture conditions and
drought stress indicators for the two forest types can primarily
serve as predictors for analysing climate-sensitive site-productiv-
ity relationships and risk potentials, when connected to the yield
and mortality data of the NFI.

Aside from fields of application where rather long-term
mean values of water availability are required, the various
monthly and seasonal variables can also serve as predictors
in applications that focus on the inter-annual and intra-annual
variability of forest growth and forest vitality, as preserved in
tree-ring chronologies and surveyed by annual crown condi-
tion and defoliation inventories. The latter field of application,
in particular, appears promising, as drought seems to have
superseded acid deposition and soil acidification as main driv-
ing factors of defoliation in Germany during the past 15 years
(Augustin et al. 2009).

However, for investigations of inter-annual and intra-
annual variation of forest productivity and vitality, it is cer-
tainly advantageous to use indicators for water availability that
were computed using actual stand characteristics and their
development over time. Nevertheless, as long as the actual
stand characteristics do not differ substantially from our
standardised, closed-canopy forest stands (e.g. young affores-
tation, sparse and open forests), the water availability vari-
ables provided can be expected to adequately describe the
prevailing hydrologic conditions and dynamics of the individ-
ual plots. We are confident that the water availability variables
provided can explain significant amounts of seasonal and
inter-annual variance in the growth of closed-canopy conifer-
ous and deciduous forest stands.
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