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Abstract. Compared to monocultures, diverse ecosystems are often expected to show more comprehensive
resource use. However, with respect to diversity—soil-water-use relationships in forests, very little information

is available. We analysed soil water uptake in 100 tree clustéiexidg in tree species diversity and species
composition in the Hainich forest in central Germany. The clusters contained all possible combinations of five
broadleaved tree species in one-, two- and three-species clusters (three diversity levels), replicated fourfold (20
one-species, 40 two-species and 40 three-species clusters). We estimated soil water uptake during a summer
dry period in 0-0.3 m soil depth, based on throughfall and soil moisture measurements with a simple budgeting
approach. Throughout the whole vegetation period in 2009, soil water uptake was additionally determined at

a higher temporal resolution and also for a greater part of the soil profile (0—0.7 m) on a subset of 16 intensive
clusters. During the dry spell, mean soil water uptake was: 0.9 mm day* in 0-0.3 m (100 clusters) and

3.0+ 0.5mmday* in 0-0.7 m soil depth (16 clusters), respectively. Besides a slightly higher water use of
Fraxinus clusters, we could not detect anffexts of species identity or diversity on cluster water use. We
discuss that water use may indeed be a conservative processflgrandies in tree-species-specific traits rnay

be compensated for by other factors such as herb layer coverage and tree spatial arrangement, and thet diversity-
driven diferences in water use may arise only at a larger scale. We further conclude that with respect to stand
water use “tree diversity” alone is not an appropriate simplification of the complex network of interactions
between species traits, stand properties and environmental conditions that have varying influence on stand
water use, both in space and time.

1 Introduction strongly influences primary productivity in European tem-
perate forests across a wide range of sites wiffedint cli-
mates through a strong complementarifieet” (Morin et

Little information is available on the relationship between g\, 2011). Similar findings are also supported by some fiel

tree diversity and stand water use in temperate forests; budtudies: a positive relationship between tree species dive

water use is most likely related to productivity in forest sjty and productivity was indicated in early successional an
stands (Law et al., 2002). For grasslands, an increase in pratisturbed sclerophyllous and conifer forests before canop
ductivity with species diversity has been widely recorded closure (Vik et al., 2005). In a Panamanian experimenta

(e.g. Hector et al., 1999) Evidence for a pOSitive relation-p|antation, mixed_species p|ots y|e|ded on average 30-58¢

ship between productivity and tree species diversity in forestigher summed tree basal area compared to monocultures

is accumulating, indicated by a modelling exercise of com-ter 5yr (Potvin and Gotelli, 2008). On 12 000 permanent for-
petitive interactions of randomly chosen species (Tilman etest plots in Canada, a strong positieet of biodiversity on

al., 1997). From a forest succession model dealing withtree productivity (controlled for environmental conditions)
“real” species, the conclusion was derived that “tree diversity
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was obtained (Paquette and Messier, 2011). Another largefound to difer among diverse and less diverse stands in cer-
scale study in Sweden across 400006 Kound approxi- tain years (Gebauer et al., 2012). However, none of the out-
mately 50 % higher biomass productivity comparing one andcomes could clearly be attributed to a biodiversitjeet,
five species plots (Gamfeldt et al., 2013). Also a large-scaleas increasing biodiversity was paralleled by decreabamg
cross-European modelling study indicated that tree woodyusadmixture, and no monocultures of any other species in-
productivity was positively related to species richnessx Vil volved were studied. In order toftérentiate between the ef-
etal., 2013). fects of tree diversity and of species identity, we applied a
However, mainly due to the longer life cycle of trees, new experimental design in the same study area, where all
and possible changes in biodiversity—productivity relation- observed tree species occur in monospecific study plots and
ships with tree age, experimental approaches in forests ren admixture. We selected 100 groups of three neighbour-
main complicated (Pretzsch and &tfe, 2009). Pretzsch ing trees, hereafter named tree clusters, which contained all
(2005) reported that productivity of mixtures of Norway possible combinations of five tree speciésér pseudopla-
spruce Picea abiey and European beeclrggus sylvatica  tanus Carpinus betulusFagus sylvaticaFraxinus excelsiar
trees may dfer from the respective monocultures 620 to and Tilia sp.). All species occurred in single-species clus-
10 %, dependent on site conditions. In addition climatic vari- ters f1= 20), as well as in two- and three-species mixtures
ables influenced wood production in varying direction and (n= 40, each). We asked whether stand water use is related
magnitude dependent on forest type &udt al., 2013). Even to tree diversity. Our hypothesis was that water uptake in tree
a weak negative relationship between tree species diversitglusters increases with increasing species diversity.
and above-ground biomass was found on several sites across
Central European forests (Szwagrzyk and Gazda, 2007) anEJ Methods
also at our study site (Jacob et al., 2010).
In.grasslands, it has t.)ee'n observed that plant species d5.1 Study area
versity enhances transpiration rates (Verheyen et al., 2008).
In addition, in an experimental tree plantation in Panama,The study was conducted in the deciduous Hainich for-
transpiration increased with increasing tree species diversitgst in central Germany close to the village of Weberstedt
(Kunert etal., 2012). In both studies, complementarity of wa-(51°0528” N, 10°31'24” E). The forest has remained free
ter uptake was discussed as an underlying mechanism. Thisom harvesting or thinning for almost 50yr, and it was
would imply water resource partitioning and, consequently,estimated that the area has hosted a deciduous forest for
more dfective utilization of water resources (Hagger and over 200yr (Mdlder, 2009; Mlder et al., 2006). The study
Ewel, 1997; Hooper et al., 2005). Hence, biodiversity-rich sites are located on level terrain in the south-eastern part
stands may be more susceptible to drought events since theyf the forest area (Fig. 1a) at an elevation of approximately
extract water “moreficiently” than less diverse stands. This 350 ma.s.l. The park receives a mean annual precipitation of
coherence has already been demonstrated for grasslands (Vad4—662 mm (average of 30 yr of precipitation records from
Peer et al., 2004; Verheyen et al., 2008). four climate stations around the national park; DWD, 2008)
It is important to study if a water-use—diversity relation- and has a mean temperature of C5 Soil texture is charac-
ship also exists for forests, since there is an ongoing trenderized by high clay content of 25 % at a soil depth of 0—
in Central European silviculture towards more naturalness0.3m and 33-41 % at 0.4-0.6 m, respectively (Guckland et
or close-to-nature forestry (O’Hara, 2001), which implies al., 2009). Limestone already occurred at shallow soil depths
a transformation of monocultural stands of narrow tree di-(0.6—1.0 m) limiting the rooted soil volumes. Stand fine root
ameter range into stands composed of several tree speci®éomass in the area decreased exponentially with soil depth
with a broader range of diameters. In addition to improving with 63—77 % being concentrated in the upper 20 cm (Meinen
ecological, commercial and recreational purposes of forestset al., 2009).
it is believed that this forest transformation might increase In 2008, tree clusters were selected in two mixed for-
the resilience to extreme climatic conditionsYWE, 2011).  est stands within the Hainich forest area (sub-areas Lindig
Climatic extremes are predicted to occur more frequentlyand Thiemsburg, Fig. 1b). All clusters were located in close
for large parts of Central Europe (Rowell and Jones, 2006yicinity to the study plots of Kaimer and Hlscher (2009,
Christensen et al., 2007). Now if the results from grassland2010). Each cluster consisted of three co-dominant trees ar-
are valid for forests too, the anticipateffext of forest re- ranged in a triangular shape with their surrounding neigh-
structuring might not be achieved. bours. Observed tree species on these clusters ese
First studies on the relationship between tree species divepseudoplatanugsycamore maple)Carpinus betulughorn-
sity and forest water use were carried out in the broadleavetheam) Fagus sylvatic§European beechlfraxinus excelsior
Hainich forest in Germany: here increased water extractionash) andrilia sp. (lime). In this forest, the twdilia species
from the topsoil during a summer drought in diverse plots cordataandplatyphyllosoften form hybrids, which are phe-
compared td-agus-sylvaticedominated plots was observed notypically dificult to differentiate. Hence we did notftér-
(Kramer and Hischer, 2010). Canopy transpiration was also entiate at the species level, and we refer to therilées sp.
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Figure 1. Location of the 100 tree clusters in the two forest areas. The grey dots and black rectangles indicate cluster positions. The 16 black

rectangles represent intensively measured clusters (figure based on Seidel, 2011).

Table 1. Soil properties (0-0.3m soil depth) and structural characteristics of the one- to three-species tree clustesssgie8mailar
letters indicate no significant fiierences between the three diversity levgds 0.05, ANOVA and Tukey’s HSD or Kruskal-Wallis test,
canopy openness).

Cluster characteristics Diversity level

1-speciesrf=20) 2-speciesn=40) 3-speciesn=40)
Canopy openness (%) 10£75.6 a 9.6+t 5.6a 9.0+ 2.5a
Diameter at breast height(m) 0.43.11a 0.43: 0.08a 0.45: 0.07a
Cluster area () 25.2+17.9a 23.3:13.4a 23.8:15.1a
Soil bulk density (g crm?) 1.18+0.08a 1.2 0.09a 1.19: 0.09a
Soil clay content (%) 2& 4a 27+ 5a 28+ 7a

Cluster selection was based on a predetermined combinatiosoil water content measurements and to conduct throughfall
of tree species comprising all possible neighbourhood commeasurements (Fig. 1b).
binations of the five tree species. This resulted in five dif- Since the clusters of the two forest sub-areas were statis-
ferent single-species, ten two-species and ten three-speci¢igally not different with regard to soil properties and tree
cluster combinations, with each combination being repli- structural characteristics, they were pooled in the subsequent
cated four times (twice replicated in each sub-area, Thiemsanalysis. Soil and stand structural characteristics, such as
burg and Lindig). In the two species combinations, it was as-soil bulk density (g cm®), clay content (%), tree diameter at
sured that not one species dominated the mixture in all foubreast height (dbh in m), cluster ground are&)(end open-
replicates. From the 100 clusters, we selected a subset of liGess (%), were also not significantlyfidrent among diver-
clusters containing the speciBagus sylvaticaTilia sp. and  sity levels (Table 1).

Fraxinus excelsioin monoculture and in three-species clus-

ters. The selected clusters were used to monitor soil water

content in the subsaoil, to increase the temporal resolution of
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(@) ) 2.3 Soil water budgeting
@) O Target rces Daily water uptake\Wu (mm day'), between two consecu-
Q Q other tees tive measurements of soil water content was calculated by
. @ FDR sensor, Eq (1)
soil moisture
@) (TF+SfH-AS
g o W Throughfall Wu= ———, 1
/’.,n\?\ x":;\ samp]fr At ( )
+e <4 TOR sesor whereTf is throughfall (mm) Sf stemflow (mm)AS change
; § ' in soil water storage between two successional measure-
O n— '-+O ments (mm) andit the elapsed time between the two suc-
cessional measurements (days3. (mm) was calculated for
@ each cluster from® (m®m~3), measured by TDR sensors,
O o multiplied by the depth of the soil layer in whi¢hwas mea-

sured and converted to mm.
Figure 2. Schematic study plot design (tree cluster) with locations T \yas either measured directly (16 cluster subset) or cal-
of FDR, TDR sensors and throughfall samplers. culated from an established relationship with average cluster
dbh (Tf =817 - 0.2 dbh) for the remaining clusterSf for
each rainfall event during our study period was estimated
from findings of an earlier study in the same area using 50

2.2 Meteorological data, soil water content and stemflow collectors on all five tree species during two suc-

throughfall measurements cessive years (Kamer and Bischer, 2009). The magnitude

of Sf in the Hainich forest in general is usually relatively

Data on air temperature (I gross precipitationRg, mm), low (~ 0.4 to 6.3% ofPg), varying more between seasons

global radiation (MJ m? day 1) and wind speed (nT8) were  than between plots of fiering tree species diversiBagus
recorded hourly at the meteorological station Weberstedtadmixture. It was highest oRagustrees of large dbh and
(Meteomedia, Germany), 2—-3 km northwest of our study arealuring high rainfall events, but even then stemflow was lower
at an altitude of 270 ma.s.l. On all 100 clusters we conducteccompared to otheFagusdominated forests (Kamer and
measurements of soil volumetric water conterin(m® m-3) Holscher, 2009). We quantified intensity and duration of sin-
at four points with a time domain reflectometer (TDR) probe gle rainfall events from hourly data on gross precipitation au-
(CS616, Campbell Scientific) at a depth of 0-0.3 m. Watertomatically recorded at the nearby weather station. We then
content was assessed monthly throughout the vegetation pealculatedSf for given rainfall intensities for each of our
riod in 2009 (30 April to 31 October) and on four occasions cluster trees, dependent on tree species and dbh based on raw
during a dry spell in summer (30 July, 10 and 24 August, 1data from the study of Kimer and BIscher (2009). FoFa-
September). gusandCarpinus Sfwas calculated as 1 % of gross precipi-
The 16 intensive clusters were equipped with PVC accessation for trees with dbk 10 and< 30 cm; for trees- 30 cm
tubes, enabling measurementdofiith a portable frequency Sfwas 3 % at rainfall intensities 2.0 and< 6.0 mm X, For
domain reflectometry (FDR) sensor (Diviner 2000, SentekAcer, FraxinusandTilia, 0.5 % ofPgwas added to the wa-
Pty Ltd. Stepney, Australia) in addition to the TDR measure-ter budget for trees with dbh30cm, at rainfall intensities
ments. Access tubes were installed to a maximum depth of 4 mmtrL. All incoming water Tf and Sf) is regarded to
0.7m in which sensor readings were taken at depth interinfiltrate the soil. Hence evaporation from understorey vege-
vals of 0.1 m. Volumetric soil water content was measuredtation and litter layer enters the budget as root water uptake.
weekly throughout the vegetation period. The FDR sensor Water use of all 100 clusters was only calculated during
had already been soil- and depth-specifically calibrated forthe dry spell for the soil layer in which the TDR was inserted
the local soil conditions in the field (mer and BiIscher, (0.3 m in depth; hereafter referred to\Assog). With regard
2010). By correlating 72 FDR readings affdrent soil wa-  to the 16 cluster subsets on which water content was addi-
ter contents with corresponding TDR readings in the directtionally measured down to 0.7 m by FDR sensak& was
vicinity of the FDR, we established a site-specific calibration determined for all 0.1 m wide subsections of soil according
for the TDR probes. to Eqg. (1) and then summed to yield.yo. Average water use
Throughfall was monitored weekly throughout the whole measured on the 16 clusters during the dry spell is referred
vegetation period on the 16 clusters with rainfall collectorsto asWuyog. Wuyo was determined on several occasions dur-
consisting of a plastic bottle screwed to a funnel attached tang the vegetation period only where trees were fully in leaf.
a metal rod at a height of 1 m. To reduce evaporation from theDrainage or surface ruificcould be neglected here (Bittner et
rain gauge, a table tennis ball was placed in the funnel. Theal., 2010 and personal communication with the author, 2010).
instrumental set-up within a tree cluster is shown in Fig. 2. Also the soil parameters (high residual water content and low
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saturated hydraulic conductivity in the subsoil) lead to very T

slow water movement rates (Bittner et al., 2010) from which .40 {{,4 i

we gain further confidence in our no-drainage assumption. 7 H %
0.30 - T

8§

All statistical analyses were done with R version 3.0.0 (R 0.0 -
Core Team, 2012). We fitted linear mixediext models
(LME, Ime4 package) using maximum likelihood estimation 0.10
(MLE) to determine the influence of the 25 possible species Msy ' ' ' ' ' '
combinations, the 3 diversity levels or absepcesence of
the 5 species (set as fixefferts respectively). For the anal- Figure 3. Average volumetric soil water content (FDR sensor)
ysis OfWuSOd: the sub-areas (T|emsbwtg']d|g) served as a at 0.1 m soil depth durlng the Study perlod in 2009. Values arg
random &ect. We included the covariates cluster area angmneans+ sd (1= 16 clusters). Dotted lines indicate the occasions
cluster dbh and, in the case of the three-diversity-level model Whered was mteatf]urzd on allll 1th C'“Stbers with tTDRS; the Shaid,e
also their interactions, since they are likely to influence clus-2 2 represents the dry spell (three subsequent measurement in
ter water use vals) for whichWuisog andWiuyeg Were determined.

Another LME was used to judge the influence of the
four pos_sibl_e species combinatiorfsagus '_I'ilia, Fraxinus 3 Results
and their mixture), dbh and area ®¥u,; with the date of
measurementn(=11) as a randomfiect. To ensure ho- 3.1 Meteorological conditions
moscedasticityWu,g was log-transformed her&Vu,, was ) ] ) )
further modelled as a smoothing function of radiation and theR@infall in 2009 totalled 773 mm, which was higher than the
factor species combination with generalized additive mod-/0ng-térm average rainfall measured at four stations aroun
els (GAMs, mgcv package) employing thin plate regressionthe park (544-662 mm yh). This is mainly attributed to
splines. The model was supplied with weighmgé) toen- two heavy storms in July. The rather W(_at July was fol-
sure homoscedasticity. Model comparison and the assesiWed by an August of below-average rainfall, the month

ment of the significance of the smoothers and the factorPn Which we mainly focused our study. Here, the averag
species combination within a model were done vfittests. ~ Mmaximum and minimum air temperatures were about25

Residuals of all models were visually checked for ho-3d 12'C, respectively. The global radiation average was
moscedasticity and normality by box plots, residuals againstt/-> MJ = day = During the dry spellPgwas about 9 mm
fitted values plots and Q-Q plots. Non-significarfteets Pl Week.

(p>0.05) in LMEs were discarded from the full model step-

wise by comparing models with the same randoffe@ 3.2 Soil water content

structure fitted with MLE. To this end, likelihood ratio tests
were used, since bottstatistic provided by “anova (LME)”
andF statistic provided by “summary (LME)” are only ap-
proximate (Zuur et al., 2009). Berences between species
combinations or diversity levels, whenever significant in the
mixed model, were further investigated using Tukey’'s HSD

po_ls::]hoc Itetsts (%I_ht,bmtultco%fnp p:%k;?e)' det ined not include these occasions in the calculations\Vofo. In a
€ refationship betweert an was determined us- following period of low rainfall, soil water content decreased

ing a linear regression model. fBérences in soil properties : oo
o . . continuously from the end of July through to the beginning of
and structural characteristics among the three diversity lev, y y 9 g g

: X September. For this dry spell, soil water budgeting was con

?Liftk\:\:a erri:sje;;ggrm;?]é‘ ':I;\ﬁAC%rrgzgzlgiI;VX:w;;ets(;[sr'e\llﬁducted on both the 16 intensive and the 100 cluster group

. see Fig. 1) yieldin andWuggg.

selected stand structural variables &g on all 100 clus- ? g-1)y YViroa Lbod
ters. All statistical tests were considered significant where _

p < 0.01 and marginally significant whege< 0.05. 3.3 Soil water budget — 16 clusters

0 (m* m)

2.4 Statistical analysis

Jun Jul Aug Sep Oct Nov

Throughout May and June 2009, volumetric soil water con
tent averaged over the 16 intensively studied clusters wa
continuously high at around 0.4CGmm~3 (Fig. 3). Two

storms at the end of July were not found to notably increas

flow could have possibly occurred here, and therefore we di

AverageWu,o (n= 16 clusters) calculated for all occasions
within the vegetation period (trees fully in leaf) ranged over-
all between 0.8 and 4.0 mm day(Fagus1.2—4.0:Tilia 0.9—
3.8; Fraxinus 1.3-3.9 and mix 0.8-3.1 mmday and was
closely related to average daily global radiatid®g) dur-
ing these occasions. For illustration simple linear regressio
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Rg (MY m day™) Figure 5. Relationship between average throughfall (% of gross

precipitation,Pg) and average cluster dbh during the soil desic-
cation period (30 July to 1 September 2009). The equation reads
Jf=817-0.2dbh.

Figure 4. AverageWu,, as a function of daily global radiatiofR¢)

for 4 different species combinations £ 4 per species combina-
tion). Shown are data of 11 measurement occasions from June t
mid-September 2009 when trees were fully foliated and linear re-

gression models between averalya;,, and radiation. . .
100 clusters here. Estimate®f input on the clusters was

0.3+0.25 mm during the whole desiccation period and played
therefore only a marginal role.
models are given for all species combinations (Fig. 4). Mod-
eling Wuyo as a smoothing function oRg and species 34  Soil water budget — 100 clusters
combination (levelsfFagus Tilia, Fraxinus and mix) with
a GAM revealed a highly significant smoothing terfa £ The 25 possible species combinations, cluster dbh and clus-
16.21, p<0.001) but no fect of the factor species combi- ter area had no influence aNusos. An LME with species
nation E = 2.38, p = 0.07). A model with a species-specific combination as the only explanatory variable was nfiedi
smoothing term was not significantlyfirent from a model ~ €nt from a model with only randomifects ( ratio=3.96,
with one smoothing term for all species. p = 0.14; Fig. 6). Likewise, testing for presence or absence
Comparing a full MLE (explanatory variables: species Of the 5 species resulted in nffect on daily water uptake.
combination, dbh and area and all two-way interactions) with/ Similar picture was found wheWsog of the 100 tree clus-
MLEs with selectively dropped two-way interactions indi- t€rs was grouped according to diversity levels (Fig. 7): LMEs
cated no significant two-way interactions. Dropping species Showed no significant main or interactioffeet of the ex-
dbh or area selectively from a new full MLE fitted with- Planatory variables oWusoq. As there were three subsequent
out interaction terms indicated ndfect of either one of ~Measurement intervals throughout the dry spell (Fig. 3), we
these variables oWuy,. However, having a full model with also calculated water uptake for each interval. Mean water
species as only an explanatory variable and comparing it té/Ptake across all clusters wa22 0.7 for 30 July-6 Au-
a model including only randomfiects revealed that species 9ust, 19+ 0.2 for 6-24 August, and.@+ 0.7 mmday* for
had slight &fects onWuy (L ratio= 9.07,p = 0.03). Tukey's 24 August-1 September. Again, no significanffetiences
HSD post hoc tests showed that monospeéifaxinusclus- between tree species combinations or diversity levels were
ters had higher water use (average of 11 measurement occfeund employing an LME with date of measurement as a ran-
sions= 0.35 mm day') compared to the mixed species clus- dom efect.
ters ¢ = —2.67, p = 0.04). NeitherFraxinusnor mixed clus- Further correlation tests betwedhyog and selected stand
ters were any dierent from the other species combinations. structural variables from all 100 clusters showed only a slight
The measured throughfall componenteéio was not re- correlation between bulk density and water use (Table 2).
lated to the species composition or diversity throughout theStill, certain stand characteristics correlated with cluster area.
measurement occasions in the year 2009. The same resyiverage dbh as well as canopy openness increased with in-
was found during the dry spell (30 July—1 September 2009)creasing ground area of the clusters=(0.39, p<0.01 and
where averagdf was low (32+9.5mm) ranging between I =0.25,p=0.01).
62 and 80% ofPg. Tf during the dry spell however de-
clined with increasing average dbh of each cluster (Fig. 5).
Therefore we used this relationship to calcul@tefor all
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Figure 6. Wusoq for all possible species combinationsksgus Tilia, Fraxinus Acer andCarpinusduring the soil desiccation period from
30 July to 1 September 2009. Values are meast (0 = 4); same letters specify no significanfidrence between species (LME and Tukey's
HSD).

Table 2. Relationship betweeWusoy during soil desiccation period  possible in terms of ground area, soil physical properties, tre

from 30 July to 1 September 2009 and selected stand structural varikeight, dbh, and terrain inclination. As such, it was not a ran+

ables on the clusters. All 100 clusters were included in the analysigjomized selection. Moreover, there is still uncertainty aroun
(Spearman’s rank correlation). how one can account for stemflow values in water budge
calculations, as there is no understanding on how stemflo

Variable rop water distributes through the soil. In our approach, measure
Canopy openness (%) ~0.18 0.08 ment devices were arranged along the median line betwee
Bulk density (g cm?®) -0.21 0.04 each tree pair and in the cluster centre, which made it pos
Clay content (%) 0.17 0.09 sible for stemflow water not to be measured where the dis
Cluster area (%) -0.18 0.08 tance from the device to the next respective stem was too f3
Mean dbh of cluster trees (cm) -0.18  0.08 However, as we concentrated our measurements on a peri

of soil water desiccation with low rainfall, the water budget
was only very marginally fiected by stemflow anyway.

4 Discussion An analysis of the relative fine root contribution at 0—-0.2 m
also showed that below-ground cluster space was not excl
4.1 The approach sively occupied by roots of tree species forming the respeq

tive cluster but also by neighbouring trees outside the cluste
The temporal frequency of measurements in hydrological(Jacob et al., 2013, supplemental data). However, across
studies is often very high considering that data can be loggedlusters the target tree species contribute@8%0.2 % to the
automatically at almost any desired rate. At the same timestanding fine root biomass. Single-species clustefsanpi-
it is barely possible to establish a similar level of measure-nusand three-species clusters includiFagusandCarpinus
ment replication on a broader spatial scale due to restrictiveappeared to be morefacted by root space occupation of
costs for instrumentation or logistical issues. As a result, thenon-cluster trees compared to other species. In addition, th
number of spatial replicates is often disproportionate to thefine root biomass on two- and three-species clusters was n
frequency of sampling, and it is questionable whether suchtalways homogenously distributed among the cluster formin
data can be spatially representative. With our 100-cluster aptree species. As such, the identification of possible specie
proach and 400 measurement points overall, we tried to comidentity efects on soil water uptake was further complicated

pensate for the lack of spatial resolution at the cost of a fineiMe nonetheless assume that our high number of spatial repli

temporal resolution. However, a subset of 16 intensive cluscates, which is quite unusual in ecohydrological studies, re
ters, for which data were gathered more frequently, served toesents a special advantage of this design over others a
support the 100-cluster approach. During cluster selectionthat it may be very helpful in unravelling possiblfexts of
care was taken to ensure clusters were as homogenous as
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if a diversity or species identityfiect is detectable (Kmer
a a a and Hbischer, 2009). Fourthly, 3-D laser scans on the clusters
showed that canopy space exploration, which is highly influ-
ential on throughfall, was not influenced by species diversity
(Seidel et al., 2013). However, denser canopy crowns were
found whergFaguswas present, which might also partly ex-
plain why Kramer and t8lscher (2009) found decreasii{
I with increasing proportion ofagustrees present for some
of their measurement occasions. However, none of the rela-
tionships betweeff and tree diversity, proportions of tree
species present or stand characteristics established by them
1.0 , , I at our research site were stable durinffetent seasons or
1-species 2-species 3-species over years. Indeed, their measuréfl correlated with tree
diversity only for half of the seasons for which data were
Figure 7. Wuseq grouped for the three diversity levels during the soil gathered.
desiccation period from 30 July to 1 September 2009. Values are Hence, we conclude that a clear relationship betwEen
meanst sd (1-speciesn = 20; 2-, 3-speciesn = 40); same letters  and tree diversity andf and species identity or other pa-
specify no significant dierence between species (LME and Tukey's ameters could not be found at our site. This implies that the
HSD). relationship found for dbh aritf during the dry spell should
only be taken as an aid to transfBr measured in a certain

. " . , . period from the 16 clusters to the 100-cluster approach and
species composition and diversity. Additionally, the strong not as a general rule for the given stand. The second input

relationship petween cluster water use and global radiatioqo our system, stemflow, is of small magnitude compared to
gave us confidence in the data. the water input to the soil via throughfall and, as our focus
was on the dry spell during which precipitation was generally
low, Wuzgq was only marginally influenced bgf. In sum-
mary, the water inputs to the soil were not driven by tree
Throughfall as the main input of water to the system underdiversity or species identity in our study.

consideration was not related to species identity in the 16

clusters, nor_djd the mixed clusterdter from the monocul-_ 43 Soil water uptake

tures. In addition, stand structural parameters only explained
Tf during some measurement occasions (e.g. average clusdeasuredWuyoq (dry spell) on the 16 clusters ranged from
ter dbh explainedf during the dry spell). This finding may about 2.6 to 3.5 mm day and was higher compared to values
have several reasons: first of all, we set up our experiment t@btained for the plots with fliering diversity levels at our re-
test for d@fects of difering diversity levels or species combi- search site based on sap flux estimates for the years 2005 and
nations. Thus, clusters were selected to minimize variation2006 (1.1 to 2.5 mmday; Gebauer et al., 2012). However,

in ground area, tree size and tree age, etc., and a lack of com contrast to our method, sap flux studies do not account
relation between tree or stand structural variablesdndas  for understorey transpiration, evaporation from the topsoil
expected. Secondlyf is not only driven by tree architecture and transpiration of trees with dbh below 10cm (Gebauer
(leaf inclination, nature of the bark, branch angle) but also byet al., 2012). In addition, a species-specific calibration for
stand structural characteristics such as stand height, crowRraxinus(Herbst et al., 2007) was not applied by Gebauer et
length, and canopy roughness @éfner and lIscher, 2009).  al. (2012) which leads to an underestimation of water use by
Consequently, it is expected that these parameters influendéraxinustrees and thus to an overall lower water use of plots
rainfall partitioning at a much larger scale than on the ratherwith strongFraxinuspresence.

small tree clusters. All our study clusters were embedded Calculated amounts of daily soil water uptake for the
in a larger mixed forest stand, and possiblfatences be- whole period from 30 July to 1 September agree well with
tween single- and mixed-species stands could only have beemodel calculations for the adjacent plots offeliing diver-
detected at a larger scale. However, respective large-scalgty levels in Hainich forest (Bittner et al., 2010). We also
monocultures of all tree species are not likely to be found infound positive relationships between the calculated volume
unmanaged mixed forests of advanced age. Thirdly, climaticof daily water uptake of the 16 clusters throughout the season
conditions such as rainfall intensity and duration, wind andand the average daily global radiation during the respective
relative humidity which &ect Tf (Crockford and Richard- measurement intervals (Fig. 4), giving us further confidence
son, 2000) might additionally work unequally on diverging in the applied water uptake calculation.

species. Therefore it depends very much on the nature of the Our data did not indicate an influence of species diversity
respective rainfall event or the season under consideratioffFig. 7), nor of species composition (Fig. 6) Wusgq of the
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4.2 Throughfall and stemflow
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100 clusters during the dry spell. Further, cluster dbh andand yield similar water uptake per unit soil volume among
area or the presence of any certain species hadfeoten  the monospecific plots and the diversity levels of the clus
water use. Recognizing that the input of watéf, §f) was  ters. This balancingfiect could not be found in the Panama-
alike for all diversity levels, water uptake by roots per unit nian plantation (Kunert et al., 2012), since this plantation wa
soil volume must also have been similar. However, this re-newly established (7 yr old) and arranged in regular plantin
sult is in contrast to findings obtained in monocultures andschemes.

two-, three- and five-species mixtures in a Panamanian tree The same would be valid if, in contrast to species identity,
plantation (Kunert et al., 2012) and in advanced forest plotssimple size &ects of trees governed their water use (“func-
of two species and their mixture (Schume et al., 2004). Wetional convergence”), which means that large trees should us
also tested for possibldtects of the wider neighbourhood on more water than smaller ones, irrespective of species identi
calculated water uptake on the clusters. Thus, Shannon bidMeinzer et al., 2005). This implies that large trees, having
diversity index was determined for a 20 m radius surroundinga higher water use per individual, must occupy more groun

the centre point of each cluster (Seidel et al., 2013) and corarea compared to smaller ones if the water uptake per uni

related with water uptake. As no significant relationship wassoil volume is not &ected by the size of cluster trees. In
found (data not shown), we are confident that the ascertainedur clusters we found a positive correlation between aver
findings remain similar even at a wider spatial resolution.  age cluster dbh and cluster arééo(j =0.3; p< 0.01), which
However, in Fig. 6 it can be seen that water usErakinus ~ could indicate the latter. Likewise, there was a positive cor
monocultures during the dry spell was at the upper end of theelation between canopy openness and cluster area, whi
range of water use rates measured. Also the analysis of the 1&uld additionally lead to higher amounts of throughfall in-
clusters that were monitored intensively in time showed thatput on large clusters. @mer and BIscher (2009) found a
the water use oFraxinuswas about 0.35 mmday higher  relationship between canopy gap fraction afd(r = 0.74)
compared to the mixture (marginally significant), but not sig- in one out of three seasons for which gap fraction was dete
nificantly different fromFagusandTilia clusters. But since  mined. In our short measurement period, however, this coul
the degrees of freedom used in the calculation of Tukey’'snot be found.
tests can only be approximated for LMEs (see also Bates, Furthermore, it was stated that the understorey in forest
2006) and given the fact that theffdirences found are only can dfectively bufer differences in tree canopy transpiration
marginally below our significance level gf=0.05, this  (Roberts, 1983). Since both cover and species richness of t
statement should be interpreted with care. Since we did noherb layer increased with tree diversity in our clusters (Vock
find any other indication for a diverging water uptake of mix- enhuber et al., 2011), it is likely that some sort of feedback
tures compared to monocultures, we suppose that ffer-di  between herb and tree layer exists. Still there is much un
ence betweeRraxinusand mixed clusters is based Brax- certainty in the estimation of the contribution of understorey

inus properties rather than on specific properties of the mix-(evapo-)transpiration to the overall cluster water use becaus

ture. IndeedFraxinus differs in many characteristics from the density of herb layer cover varies during the vegetatio
other tree species. Herbst et al. (2007) mention a considperiod and, under prolonged desiccation, herb layer cove
erably higher magnitude of sap flux densitiesFoéxinus is diminished, because most herbaceous plants are droug
compared to dfuse-porous species with calibrated sap flux sensitive. Moreover, the thickness of the litter layer was nega
sensors. Also a higher transpiration per unit leaf ardaaf- tively related to tree species divergigcreasingragusabun-
inuswas reported for our area {tscher et al., 2005). Butthe dance in our area (Blder et al., 2008). A thick litter layer
higher water use could also result from the water use of thevould intercept much of the throughfall but prevent water
undergrowth irfFraxinusclusters. from evaporating from the soil and suppress competition fo
It is somewhat remarkable that the water use of thewater by the undergrowth. A closed herb layer on the othe
monospecific plots only éiered marginally from one an- hand would intercept rainfall as well, but it would also tran-
other (slightly higher water use éraxinusclusters), since spire water taken up from the soil.
many authors found strongly féring hydraulic parameters Nevertheless, thefiects of (evapo-)transpiration ftr-
and sap flux densities for the trees grown at our sitédgeher  ences betweenfilerent trees of a cluster and among trees an
etal., 2005; Gebauer et al., 2008 ¢her et al., 2009). More-  the cluster understorey might cancel each other out. In bas
over, trees in our 16 clusters were shown to take up wateterms, in mature forests with less human interference, tree

from different soil depths when tree species were mixed andvith differing demands for resources as well as the herb laye
varied in dbh (Mei3ner et al., 2012), despite the lack of ver-of the understorey might “arrange” according to resource

tical fine root stratification among the species under consid-availability. Stand transpiration may therefore be more exten
eration from the Hainich forest (Meinen et al., 2009). Thesesively controlled by other stand structural variables; it is not
findings lead to the assumption that if a species-dependertiy stand species composition or species diversity in our cas
water use of trees as supported by physiological measurerhis is in line with conclusions drawn by Roberts (1983),
ments exists, the spatial arrangement dfedent species who states that forest transpiration is a rather “conservativ
might override such anfkect (in particular below ground)
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process” with little variation of transpiration amongffdr-  tive to declining soil water availability. Thus thefiirences
ently composed) stands. in soil water uptake between modellédgusand Fraxinus

In addition, one might also argue that besides a meremonocultures were lower in the dry years than in the wet
tree diversity €ect, interactions between tree diversity and years. The authors conclude further that, depending on the
certain environmental conditions (e.g. rainfall intensity and mixture and the climatic conditions, drought-tolerant species
duration, evaporative demand, soil water availability, etc.)may even exert damage to drought-sensitive species depend-
are crucial. That would explain why relationships betweening on the severity of the drought. We have confidence that
species compositigdiversity and throughfall seem to be no pronounced water stress occurred during the dry spell in
dependent on prevalent rainfall and weather conditions2009 since there was no drop in water uptake during periods
(Kramer and BIscher, 2009), and canopy transpiration only of high evaporative demand (Fig. 4), and water uptake from
differed among diverse and less diverse stands in certaithe topsoil layer continued throughout the whole dry spell.
years (Gebauer et al., 2012). This is further supported by th&herefore we believe that not “drought tolerance” but “max-
fact that diversity &ects on soil water extraction only oc- imum water use rate under wet soil conditions” of the trees
curred in certain periods (lamer and l8lscher, 2010). These was the trait influencing measured soil water uptake by trees
findings indicate that it is not only that there is no “magic ef- here. It remains questionable whether we could have detected
fect” of biodiversity per se (Hector et al., 2000) (the charac-an influence of tree diversity on water uptake under more se-
teristics of underlying species determine whether tree diververe drought since Kamer and Blscher (2010) found that
sity matters or not), but that it also seems that an ecosysterdifferences in soil water extraction rates of diverse Bad
needs to be subject to specific environmental conditions ungusdominated stands in our area disappeared as soil drought
der which tree diversity can accomplish importance. advanced.

Furthermore, more than one characteristic or trait of a In summary, we did not find ffierences in water uptake
species can influence a single ecosystem process (such among single species clusters besides a marginally higher
water use). These traits may additionally be linked or maywater use ofraxinusclusters or among tree clusters of dif-
counteract each other: the variability of drought sensitivity fering diversity levels throughout the vegetation period of
(high to low: F. sylvatica> A. pseudoplatanus- T. cor- 2009. We discuss that water use may indeed be a conserva-
data > C. betulus> F. excelsioy and water consumption tive process, that ffierences in tree-species-specific traits do
(high to low: F. sylvatica> A. pseudoplatanus C. betulus  not necessarily translate into neighbourhood or stand level
> T. cordata> F. excelsioj among tree species in Hainich and that they can be compensated for by one another or by
(Holscher et al., 2005; &cher et al., 2009) reveals an al- stand parameters such as herb layer and tree spatial arrange-
most similar behaviour of species in both parameters. How-ment. Furthermore, species identity or diversifjeets on
ever, it still depends very much on the severity and durationstand water use may only arise under certain environmen-
of a given drought event if a certain species uses much watal conditions. Thus, consideringfects of tree diversity on
ter, because it is a big water consumer or because it is vergtand water use exclusively may not be an appropriate sim-
drought-tolerant. In addition, the volume of soil water extrac- plification of the complex network of interactions between
tion of a stand is strongly dependent on the percentage mixspecies traits, stand properties and environmental conditions
ture of drought-tolerant and high water-using trees, becaus¢hat have varying influence on stand water use, both in space
both act on stand transpiration inféiring ways under cer- and time.
tain soil water availability. These complex relationships be-
tween traits within one species, the combined traits of a mix-
ture as well as between traits and environmental conditiong\cknowledgements.  This study was conducted within the
were discussed in a simplified modelling exercise of waterffamework of the Research Training Group “Graduiertenkolleg
use in artificial stands dfagus Tilia and Fraxinus (Bittner 1086: The role of biodiversity for biogeochemical cycles and biotic

. - interactions in temperate deciduous forests”, funded by the DFG
et al., 2010)Fraxinuswas parameterized to have half of the (German Research Foundation). We thank Dominik Seidel and
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2012). Howeverfraxinuswas also set up to maintain high

transpiration at much drier soil conditions comparedrae Edited by: J. Stadler

gus It was observed that, at times of high potential tran- Reviewed by: three anonymous referees
spiration rates accompanied by soil water depletion, mod-

elledFraxinusmonocultures maintained higher water uptake

rates compared to times with low evaporative demand and

suficient soil water supply. ModelleBagus monocultures

showed the opposite behaviour: transpiration in wet years

was higher compared to dry years, despite the lower evap-

orative demand during these times, since it was more sensi-
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