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Abstract. In spite of the relative importance of groundwa- to be independent of water availability across seasons and
ter in costal dune systems, studies concerning the responsesgies. Thus, the susceptibility to lowering of GW due to an-
of vegetation to ground water (GW) availability variations, thropogenic exploitation, in plant species from sand dunes, is
particularly in Mediterranean regions, are scarce. Thus, thevariable, being particularly relevant for deep rooted species
main purpose of this study is to compare the responses oénd phreatophytes, which seem to depend heavily on access
co-occurring species possessing different functional traitsfo GW.

to changes in GW levels (i.e. the lowering of GW levels)
in a sand dune ecosystem. For that, five sites were estab-

lished within a 1kré area in a meso-mediterranean sandq |ntroduction

dune ecosystem dominated byaus pinasterforest. Due

to natural topographic variability and anthropogenic GW ex- Vegetation-groundwater interactions are the focus of re-
ploitation, substantial variability in depth to GW between newed interest, particularly in semi-arid areas, reflecting the
sites was found. Under these conditions it was possible t@urrent trend towards a more holistic approach and inte-
identify the degree of usage and dependence on GW of difgrated management of natural resources (e.g. Antonellini and
ferent plant species (two deep-rooted trees, a drought adaptavollema, 2010; Brolsma et al., 2010; Xie et al., 2011).
shrub, a phreatophyte and a non-native woody invader) an@Groundwater (GW) extraction and surface water diversions
how GW dependence varied seasonally and between the hegroduce dramatic changes in stand structure and species
erogeneous sites. Results indicated that the plant species hadmposition, as well as plant functioning (e.g. Valentini et
differential responses to changes in GW depth according tal., 1995; Stromberg et al., 1996; Stromberg and Patten
specific functional traits (i.e. rooting depth, leaf morphology, 1990; Lite and Stromberg, 2005), thereby significantly al-
and water use strategy). Species comparison revealed thadring groundwater-dependent ecosystems (e.g.; Murray et
variability in pre-dawn water potentialifore) and bulk leaf  al., 2003; Lamontagne et al., 2005). To date, very few stud-
813C was related to site differences in GW use in the deep-es have had the opportunity to use artificial lowering of GW
rooted Pinus pinaster, Myrica fayleand phreatophyteS@lix  |evels at the ecosystem scale, in order to monitor the plant
repeng species. However, such variation was more evidentcommunity response to changing GW levels (e.g. Stromberg
during spring than during summer drought. The exotic in-and Patten, 1990). Since 2001, a pine forest, located in the
vader,Acacia longifolig which does not possess a very deep western coastal region of Portugal, has been subjected to arti-
root system, presented the largest seasonal variabilipi  ficial lowering of the GW table, as a result of industrial water
and bulk leafs*3C. In contrast, the response @brema al-  exploitation, providing excellent experimental conditions to
bum an endemic understory drought-adapted shrub, seemestudy the responses of the plant community to variations in

GW availability.
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The patterns of use and redistribution of soil water by plant e - .
species have a considerable impact on hydrological cycles| | e wen f 1T L
in terrestrial ecosystems (Jackson et al., 2000). For exam-|| e iezometer \\ } /
ple, within the same community, species may differ substan- [| o sie 1\ ) v/
tially in rooting depth and water consumption, in such a way \

that shifts in species composition can significantly alter pat- |— I a% \ SN )
terns of ecosystem water use (Canadell and Zedler, 1995 \

Canadell et al., 1996; Jackson et al., 1995, 2000). However,
the water sources and/or depth of soil water uptake by plants 1
have traditionally been difficult to assess (i.e. Ehleringer and I
Dawson, 1992). Currently, considerable progress identifying |
plant water sources has been achieved by means of stable isc
tope analyses (oxygen and/or hydrogen), provided that watel
sources have distinct isotopic signatures (Phillips and Gregg -
2001; Ehleringer and Dawson, 1992; Dawson, 1993; Corbin ——
et al., 2005). Since there is no isotopic fractionation by plant b~

roots during water uptake (White et al., 1985), the isotopic

composition of plant xylem water reflects the isotopic com- Fig. 1. Map of Osso da Baleia, Portugal indicating locations of the
position of water taken up by the plant (e.g. Dawson andwater extraction line, wells, piezometers and field site locations.
Ehleringer, 1991; Dawson, 1993; Dawson and Pate, 1996;

Corbin et al., 2005). In Mediterranean dune systems, drought

is exacerbated by the low water holding capacity of sandyPhreatophytic willow $alix repensssp.argente, a plant
soils and by the likelihood of high salinity and possibility of Species that is dependent upon GW and very sensitive to
sea water intrusion (Garcia Novo et al., 2004; Zunzunegui e€hanges in this water source.

al., 2005; Costelloe et al., 2008; Antonellini and Mollema,

2010). Moreover, in sand dunes, similar to what has beerb Material and methods

observed in deserts and semi-arid zones, small-scale varia-

tionsin vegt_atation density, soil surface cover, and soil.texturezll Site description

can determine the amount of water and nutrients available to

plants (Rosenthal et al., 2005). The study was conducted at Osso da Baleia in Carrico,
Strong seasonality conditions, such as those observed ipombal, Portugal (40'3.47’ N, 08°5414.73 W), in coastal
the Mediterranean region, often raise the question of howgunes with some patches of mature piR@&(s pinasteyfor-
distinct are species’ responses to the shortage of a particlest (Fig. 1). Presently, human influence in this coastal dune is
lar water source. The main objective of this work is, thus, jow, with the exception of GW exploitation for the construc-
to compare the responses of co-occurring species possessifign of natural gas reservoirs, by the National Electricity Net-
different functional traits, to changes in GW levels (i.e. the work (REN). Systematic GW exploitation has been carried
lowering of GW levels) in a sand dune ecosystem. To achieveyut since 2001 by REN. Water is extracted at 20 wells along
this, species specific responses to the combined stresses g4 km long north-south line600 m from the coast) affect-
seasonal drought and changes in GW level were evaluategng the GW levels in 8.2 kfof dune habitat (Fig. 1). Water
For that, each plant species was compared across five diffeextraction at all wells is limited to 600%~! and maximum
ent sites differing in GW depth, but all located within a 1%m  owering of the ground water table is restricted to 5m at each
continuous area. well. A network of wells and piezometers (17 in total) al-
Given the particular conditions of artificial lowering of |owed for a spatially explicit determination of groundwater
GW levels in this study, we hypothesized that species fromdepth throughout the study area.
functional groups which have consistent access to GW For this study, five sites (letters A to E) were selected
(i.e. phreatophytes, and trees with deep, well-developed rootearby to the water extraction line in an area of approxi-
systems) would be less affected by seasonal drought but morgately 1 kn? (Fig. 1); although closely located, each site can
susceptible to the artificial lowering of the GW levels. In pe distinguished by its unique GW dynamics. Microclimatic
contrast, we expected that drought adapted shrubs with limdata were obtained from a Campbell Scientific climate sta-
ited or no access to GW would be less affected by the artition (Shepshead, UK) which monitored wind velocity and
ficial lowering of GW levels. These hypotheses were testediirection, precipitation, air humidity, temperature and solar
by comparing five species with different water use strategiegadiation in the study area.
and rooting profiles: a deep rooted pifér{us pinastey, an
endemic shrubQorema albujy native Myrica fayg and
invasive @cacia longifolig woody understory trees, and a

. \

¢ Study site )
By /////‘l/ =
L NN
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2.2 Plant species quent isotopic fractionation. Xylem water was then extracted
under vacuum in the laboratory. The isotopic composition

Functionally distinct species were selected in order to aswas determined by on an ISOprime IRMS (GV Instruments,

sess the overall community effect of GW lowering: @i} UK) coupled to an automatic water/G@quilibration sys-

nus pinaster a native evergreen tree species (archeophytejem (Multiflow, GV Instruments, UK). Isotopic composition

with a very broad distribution in the Mediterranean basin, is expressed in delta notation &€0 (%) in relation to the

particularly in the coastal areas of France and the Iberiarinternational standard Vienna SMOW (Eq. 1).

Peninsula; (2Corema album- an evergreen shrub of the Er- _qg

icacea family, endemic to the Atlantic coast of the Iberian 8 Osample= (Rsample/ Rstandard—1) 1)

Peninsula; (3)Salix repensssp. argentea— an important  whereRsample@Nd Rstandarcdre the*¥0/160 ratios of the sam-

species of the dune slack habitat, with the southern limit ofple and the standard, respectively. The overall precision of

its distribution in this region; (4Myrica faya- a naturalized, the process and sample analysis W#51%o.

fast-growing evergreen shrub or small tree with the capacity

to fix atmospheric nitrogen; (5) the exotic invasiteacia 2.5 Two-source mixing model for determination of

longifolia - which has characteristic traits of a successful in- plant water sources

vader, such as a rapid growth rate sustained by efficient re- , .

source acquisition (high N-uptake and symbiotic N-fixation), S€asonally, we used the two-compartment linear mixing

and high seed production. The selected woody native and"0del of Phillips and Gregg (2001) to estimate the percent-

non-native species present differential tolerances to droughf9€ Of Xylem water derived from groundwat@iiv):

conditions: Pinus pina}ster_and Corgr_na al_bumare typi_cal ngQXylem_ 8180, in

drought-adapted species, in oppositios#lix repenswhich Pew = —5 18 . (2)

. . 8+°0Ocw — 6*°Crain

is a phreatophyte and therefore particularly dependent on

GW. Where8180Xy|em is the isotope ratio of water extracted from
the plants’ xerm;SlSOrain is the mean seasonal isotope value

2.3 Water potential for rain water ands180gw is the mean isotope value for

groundwater. Stable isotope mixing models are often used
Predawn leaf water potentialfre) was determined in situ to quantify source contributions to a mixture. With the mix-
with a Scholander-type pressure chamber (Scholander et alllg model developed by Phillips and Gregg (2001), we may
1965) (Manofigido, Lisbon, Portugal) to evaluate the wa- calculate the mean and the standard error of the fractional
ter status of each species at each site in spring (May) angontributions based on the uncertainty generated by the vari-
summer (August) 2005. Measurements were conducted on 8bility of both sources (Phillips and Gregg, 2001).
individuals of each species in each of the sites, with the ex- Model application results indicate that some individual
ception ofP. pinasteri.e., a maximum of 25 plants per site. plants had greater than 100 % or less than 0 % dependence on
However, not all five species were present at all locationsgroundwater. This can result from either neglecting a third
and thus a total of 90 plants were measured in each seasonwater source or from errors in xylem or source waitEio

determination (Phillips and Gregg, 2001). Plant values that
2.4 |dentification of water-sources and their differential ~ Were outside the 0 to 100 % range by less than 30 % (e.g. be-

utilization by plants tween —30 % and 130 %) were subsequently assigned a value

of either 0 or 100 % dependence on groundwater. When the
To identify the seasonal water sources used by plant specieg)ixing-model indicated values of groundwater dependence
the oxygen isotopic compositios’€0) of precipitation (sin-  Of less than —30 % or greater than 130 % data were excluded
gle rain events and cumulative monthly precipitation col- from further analyses.
lected from plastic containers that were protected against . o .
evaporation by being located in a wood-housing and with a2-6  Carbon isotope discrimination in plant material
layer of paraffin wax on the surface of the collected water)

and GW (obtained directly from piezometers and extractlon(n _ 5) per species per site were collected, dried #@eor

wells from REN) were analysed monthly using an ISOaneat least 72 h, ground to a fine powder in a ball mill (Retsch

isotope ratio mass spectrometer (IRMS) coupled to an aus 3~ :
tomatic water/C@ equilibration system (Multiflow, GV In- MM 2000, Germany) and analyzed f8#°C in continuous

. . . flow mode on an Isoprime IRMS (GV Instruments, UK)
struments, UK). In order to avoid any type of fractionation . .
: : : coupled to an automatic sample preparation system elemen-
due to evaporation, collection of the monthly and rain-event

S ) tal analyser EUROEA (EuroVector, Italy). Results are ex-
precipitation was carried out by local REN personnel. At the ; ) . .
; ) . ressed irS notation and were standardized against Vienna
end of each season, 10 cm twigs of five plants per species p

site were collected, sealed in glass tubes and immediately DB as the intemational standard (Eq. 3).
placed on dry ice to avoid any water evaporation and conseélgcsamme: (Rsample/ Rstandard—1) (©)

At the end of each season, south-facing sun-exposed leaves

www.biogeosciences.net/8/3823/2011/ Biogeosciences, 8, 38332011
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whereRsampleand Rstandard@re the'3C/A2C ratios of the sam- 30
ple and the standard, respectively. The precision of the re- A
peated measurement was 0.05 %o. ’g ar
2.7 Mapping spatial and temporal variation in GW 5 2

= 151
In spring and summer, GW level (relative to sea level) was & 10k
calculated using data obtained from wells and piezometers. §
Data were interpolated within the study area using ordinary & 5 ‘ l
kriging by calculating variograms for each season (Cerena, o Lbw Il .. . L I
2000, geoMs — Geostatistical Modelling Software). A spher- — Maximum B
ical function describing the spatial correlation in the data _ Minimum
(nugget effect = 0, maximum range = 3200 m and anisotropy 8 30
in the NE-SW) was fitted to the variograms and then used o
to interpolate and generate a continuous map of GW level. % 20
Next, a map detailing the distance to GW was calculated as g
the difference between the GW level map and the ground g 10 .
surface topography, calculated from a digital terrain model e : . P
detailing the topography of the study area. Mapping and out- 0 [ i } ..?‘i

° 1 | 1 | | |

puts were produced in ArcGis (ESRI, 2008, ArcMap v. 9.2). Jan" Feb Mar Apr May Jun Jul Aug Sep' Oct

- . Date
2.8 Statistical analysis
Fig. 2. January through October 2005) precipitation andB) tem-
erature for Osso da Baleia, Portugal. Data from 28 June to 21 July
005 are missing due to data logger failure.

Within species, one-way ANOVA was used to determine the
effect of site, season and the site*season interaction on bul
leaf §13C, Wpre and GW use. GW use data was square root
transformed before analysis to satisfy the ANOVA assump-

tions pf normality and homoge_neity of varie_mce. _Linear ré- topic composition of xylem water. G\8£80 varied slightly
glrgssmn was used to determine the relationships bet""ee(hroughout the year and was more variable in spring than
§7°C and Wpre and GW use. All analyses were conducted smmer (Fig. 3a, b) but the mean value remained relatively
in R 2.6.2 (R Core Development Team, 2008). constant (between —4.2 %, and —4.3 %o, Fig. 3). During sum-
mer drought, which was characterized by no significant pre-
cipitation and very high temperatures, there was likely strong
180 enrichment in soil water, presumably due to high evapo-
ration in the top soil layers.

Greater differences in xylem watéf®O between plant
Osso da Baleia is located in a meso-mediterranean climati€P€cies were found in summer compared to spring. Xylem
region (Fig. 1). The year 2005 was particularly dry when Waters'?0 values indicated that most species utilized a mix-
compared with the last 30 years with precipitation distribu- {Uré between GW and precipitation during spring (Fig. 3a).
tion following the characteristic Mediterranean pattern: high During summer drought, due to the combination of decreas-
rainfall during spring and fall and a relatively early onset of N9 GW levels and no significant precipitation, plants tended
drought in mid-May with only a few minor rainfall events 0 have xylem wates°0 values which differed from GW
(<10 mm) until October (Fig. 2a). Minimum and maximum Signatures, (Fig. 3b). This observation was particularly rele-
daily temperatures occurred in February (<@0§ and Au-  vant for the shallow rooted. longifolia, which had a large

3 Results

3.1 Climate

gust (38. 8C) respectively (Fig. 2b). number of individuals with relatively enriched xylem water.
In addition to functional variability between the species, a
3.2 Plant water sources: species differences and very high variability in GW utilization was observed between
seasonal variability the five sites, revealing differences in access to GW within

the 1kn? study area. Xylem wates'®O from sites A, B
Precipitations180 values varied significantly between spring and C indicated a greater utilization of GW, whereas plants
and summer. Moreover, irrespective of the season, the isaat sites D and E appeared to use a more even mixture of GW
topic signature of GW was always distinct from that of pre- and precipitation. During summer, with the lowering of GW,
cipitation; with GW being more depleted than precipitation plants in sites A and B showed a larger enrichmer&!fO
(Fig. 3). This allowed the evaluation of the relative up- (relative to spring values), indicating a more limited use of
take of precipitation and GW sources by analysis of the iso-GW.

Biogeosciences, 8, 3823832 2011 www.biogeosciences.net/8/3823/2011/
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Table 1. P-values from Analysis of Variance with (A) bulk les#3C, (B) predawn xylem water potentialre) and (C) groundwater use

as response variables and Site, Season and the Site*Season interaction as predictor variables. ANOVA was conducted for each species al
response variable independently. Groundwater use data were square root transformed before analysis to satisfy the ANOVA assumptions o

normality and homogeneity of variance. Significant values-(0.05) are shown in bold.

(A) §13C (%o)

A.longifolia  C.album M.faya S.repens P. pinaster
Site <0.001 <0.001 <0.001 <0.001 <0.001
Season 0.027 0.981 0.800 0.867 0.380
Site * Season 0.424 0.436 0.823 0.558 0.777
(B) Ypredawn(MPa)

A.longifolia  C.album M. faya S.repens P. pinaster
Site <0.001 0.133 <0.001 <0.001 nd
Season <0.001 0.001 <0.001 0.006 nd
Site * Season 0.002 0.183 <0.001 <0.001 nd
© Groundwater Use (%)

A.longifolia  C.album M.faya S.repens P. pinaster
Site 0.001 0.866 <0.001 0.004 <0.001
Season 0.006 0.652 0.168 0.044 0.522
Site * Season 0.153 0.305 0.084 0.128 0.158

Additionally, plants were differently exposed to significant

Spring A|Summer B
2" —— Groundwater . changes in GW utilization from spring to summer. Sites A,
st T T _ D (located along the extraction line) and B had the strongest
or i o reduction in GW use, from spring to summer as indicated by
& — . alarge seasonal change in xylem wat§O signature.
o 2 r Such site heterogeneity in GW access and the respective
B El é lJ_-I l:’ distance to GW levels (Fig. 4) resulted in a very patchy pat-
4T T T I J_ T T =+ tern of distance to GW in both seasons (Fig. 4a, b). This spa-
tial heterogeneity between sites was more evident in summer
* % £ % 5 2 & § 8§ 3 ¢ than in spring (Fig. 4a, b).
s ¢ E - s © 5 - 3.3 Linking plant functional traits and groundwater use
< <

An integrated measure of plant water relations and carbon
Fig. 3. 8180 (%) of xylem water (boxplot), precipitation (black ~assimilation is given by'3C values of bulk leaf material,
line) and groundwater (grey line) ifA) spring (May) and(B) which varied significantly between the sites for all species
summer (August). Boxplots denote the 10th, 25th, median, 75th(Table 1a).513C was similar between seasons for all species
and 90th percentiles of the xyleat®0 for each species. Out-  exceptA. longifolia which present some enrichmentsiHC
lying values are indicated by solid circles denoting the 5th andduring the summer drought compared to the wet spring (Ta-
95th percentiles. Precipitatiaft®O for spring is the mean value ble 1a).
1 1 e cins My 2008 12 13 rcaun ater ottt s an nsanianeous e
sure of water status, varied significantly between both sites

measurable precipitation in August and therefore a long-term meal d f . ble 1b . ff
value of 0.18 %0 was used for summer precipitation. Groundwater@" Se,as‘?f‘s Or_ some sp(-?_‘mes (Table afe site effects
5180 values are denoted as the monthly mean (solid grey4&£) were significant in all species except for the shallow-rooted

(dotted grey lines) of groundwater collected approximately monthly €ndemic shrul. album which did not significantly alter its
from 2002 through 2006. water potential in response to the changes in climate condi-

tions (Table 1b).
To investigate the effects of site variation in groundwater
access of different co-occurring species and environmental

www.biogeosciences.net/8/3823/2011/ Biogeosciences, 8, 38332011
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S = 100 [ S Al F & E
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~.' 75 - M. faya| | M. faya
4C '} . ¥ Sor } I
/ o
A ! A 25 -
- /f'/ 0t L L - C L ! L
g / 100 [ B F —0—F
o
St E 5 A. longifolia HoH A. longifolia
q? * 75 - L
0 % y 5 ') o
o* * — 50 L
‘ . ™
o 25} % - % %
o ! 0 / 8 %
~ ~ = § Hal | o 2
+ + 1
i 4 S100f cl G
E ' 5 S C. album C. album
3 3 % 75 -
+ +
. (A) : (B) S
4 3 o g 50 - -
s+ wells Distance to ground-water 10250 500 S
o piezometers P 4000 cm A Meters O 251 [
* vegetation sampling sites
-ocm o C 1 C 1 1 1
100 F bl F H
. o i S. repens }_é—( S. repens
Fig. 4. Maps indicating the depth to groundwater calculated from 7% % i
measurements at wells and piezometer@inspring andB) sum- 50 | § L
mer 2005.
25+ N 3
0t L 1 1 C 1 1 1
conditions, a two-source mixing model (Phillips and Gregg, 0 1 -2 3 100F F?_‘ I
2001) was applied, and thus it was possible to determine Yoredawn (MPa) 75| P. pinaster
the percentage of groundwater vs. rainwater used by eact Spring || Summer O
species at each site. For all species, with the excepti@ of o Alle A 50 -
album the percentage of GW used varied significantly across O B|lm B 25 L &%
sites, and between the seasons¥olongifioliaandS. repens X 8 : g
(Table 1c). AE||acE ot : : :
-31 -29 -27 -25

The relationship between relative groundwater use and
Wpre, Measured at the five sites during spring and summer

drought., indicated clear differences bet‘,’"?e” Spe.Cle'S. and Se%fg. 5. Relationships between groundwater use (%), predawn xylem
sons (Fig. 5a, dM. fayaandS. repenexhibited a significant \yater potential ) and bulk leafs13C (%) for (A, E) M. faya
correlation (Fig. 5a, d; Table 2) between both factors: highesig, F) A. longifolia, (C, G) C. album (D, H) S. repensand(l) P.

Wpre OCcurred in site A where plants depended almost solelypinasterin spring (open symbols) and summer (closed symbols) at
on GW (>75 %), while the lowest¥pre 0f —3.0 MPa occurred  the five sites: A (Q); B (0); C (v); D (¢) and E ¢0). Each site

in summer in site E foM. fayawhere there was practically is depicted as the meah SE of groundwater use (%) against mean
no access to GW (Fig. 5a; Table 2). In fa8t, repensex- +SE of bulk leafs13C (%o). n = 3—5 plants for each species and
hibited the highest water potential among all species everyeason.

during summer and a high proportional GW use, which re-

mained above 50% GW use during summer at locations D

and E (Fig. 5d). This reflects the high sensitivity to GW C. albumdid not present any consistent relationship between
changes by the facultative phreatoph$terepenstolerating ~ GW use andlpe either (Fig. 5¢). FoM. faya S. repensind
only short periods with no access to GW. In contrast, the alierP. pinasterthere were significant correlations between bulk
invasive,A. longifolia had a broad range in GW utilization leafs13C values and percentage of GW used in spring as well
coupled with the largest variation in predawn water poten-as forP. pinasterduring summer (Fig. 5e, h and i; Table 2).
tial; however the response varied substantially between siteBecreasing GW use was associated with an enrichment in
(Fig. 5b), with no consistent relationship between GW useleaf5'°C, reflecting increasing stomatal control of water loss
and Wy (Table 2). Furthermore. longifoliahad the great-  as water availability decreased. This observation was partic-
est reduction inlpre of all the species (down to —3.8 MPa at ularly drastic in the case k. longifolia (Fig. 5f), where a
site B) during summer drought. The drought adapted shrubarge a variation took place not only between sites but also

8"°C (%o)

Biogeosciences, 8, 3823832 2011 www.biogeosciences.net/8/3823/2011/
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this hypothesis since we have used the simplest version of

groundwater use and (A) bulk [e13C and (B) predawn xylem wa- two-ended linear model (Phillip and Gregg 2001) only con-

ter potential @pre) in spring and summer. Significant regressions sidering preglpltgtlon an.d GW as possible sour'ces, not soil
(@ =0.05) are in bold. water. Considering that in a water-stressed environment, the

most stable water source is groundwater, we do think that

Table 2. Regression coefficients€) for the dependence between

) Groundwater Use vsi13C this approach is a good estimation of the main contribution
of each water source to meet the water demands of the stud-
Spring  Summer ied plant species.
A. longifolia  0.036 0.142 In agreement with our original hypothesis, species with
C. album 0.069 0.003 deep rootsR. pinasterandM. faya) were the most sensitive
M. faya 0.258 0.016 to GW drawdown while shallow rooted species (like al-
S. repens 0.328 0.114 bum) were less affected by changing GW availability. Both
P. pinaster ~ 0.337 0.553 native tree specie®. pinasterandM. faya had large varia-
B) Groundwater Use vslpre tion in GW use across sites (from 'almost 100 % use to less
_ than 25 %). The significant regressions between GW use and
Spring  Summer Wpre and leafs13C for these species indicated that they re-
A. longifolia  0.073 0.142 sponded dynamically to GW availability by regulating car-
C. album 0.015 0.001 bon assimilation and water use (Fig. 5a, e and i). At sites with
M. faya 0.362 0.668 ready access to GW, pinasterandM. fayacould use more
S. repens 0.066 0.101 water, which resulted in increasesiye. A very similar pat-
P. pinaster nd nd tern was observed for the phreatophyBerepengFig. 5d).

Variability in the magnitude of physiological adjustments
(e.g. changing leab3C values and¥p) as a result of
changes in GW level were observed in the various plant
between spring and summer drought. Consistent with thespecies across the study sites and could furthermore be well
lack of response iWye among sites (Fig. 5¢c);. albumdid related with species-specific phenotypic plasticity. When ac-
not have a consistent relationship between GW useéS&t@  cess to GW was limited (a situation not typically encountered
(Fig. 59). by deep-rooted and phraetophyte species), species sich as
pinaster, M. fayaandS. repenshowed a response to water
stress conditions, by changing |éafC andWpre. These ob-
4 Discussion servations are in agreement with studies demonstrating that
P. pinastercan be either a drought-avoiding species with
This work confirms that groundwater (GW) is an important high stomatal sensitivity to dry soils (e.géifhandez et al.,
water source for the functioning and survival of plant com- 2000), or a drought-tolerant species by making osmotic ad-
munities in coastal sand dunes, and that vegetation may bgistments, altering biomass partitioning or increasing water
wholly or partially dependent on GW (e.g. Canadell and use efficiency under drought conditions (Nguyen-Queyrens
Zedler, 1995; Murray et al., 2003; Lite and Stromberg, et al., 1998). An example of extremely high phenotypic
2005). Plant species respond to GW changes, showinglasticity is given byA. longifolia, an exotic-invasive plant
species-specific responses according to functional traits angpecies, which is a highly productive, water-spending species
site GW access. According to earlier studies (Abrunhosa(e.g. Peperkorn et al., 2005; Werner et al., 2010), and where
2002), the aquifer at this study site was previously very ho-it was possible to observe a large variations#C values.
mogeneous. However, since 2001, water has been continuFhis is in agreement with earlier observations, where varia-
ously extracted from 20 wells within the study area (Fig. 1). tions in53C of plant leaf material, integrates the effects of
This study highlights the differences between species plasseveral functional traits (Werner andagluas, 2010).
ticity which can be seen through the species differences in A very different plant response was observed in the ev-
water-use strategy and GW use. Accordingly, all speciesgrgreen Mediterranean shrib album which presented an
with the exception of the drought adapted shf@ibalbum irregular pattern and no clear relationship between water po-
presented a significant difference in GW use across the fivéential and GW use (Fig. 5g, Table 2). In fact, this species
sites depending on the site specific distance to GW (Tais of very high importance for the structuring of the dune
ble 1). Moreover, the increase in xylem waséfO variabil- ridges, and factors other than GW access (e.g. light) most
ity (higher enrichment) in all five studied species during sum-likely led to the wide variation is13C values. In agreement
mer drought may also be related to a possible higher enrichwith other studies (Jackson et al., 1999varez-Cansino et
ment in soil water due to higher rates of evaporation from theal., 2010), we showed that, based on their xylem water deu-
soil, as observed in other studies (Barnes and Turner, 1998grium values, this evergreen shrub species tended not to use
Querejeta et al., 2007). However, it is not possible to verify GW sources.
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An interesting observation was that differences in planton top of seasonal changes, the dependence on GW across
responses between sites were more apparent in spring thapecies and sites is highly variable. Despite the difficul-
in summer, reflecting the overall water stress during sum-ies to acquire information on GW use, and the absence of
mer drought, which led to limited metabolic activity in all data on soil water isotopic signature, current mixing models
species. This observation raises an important question: Unbased or$180 values of xylem water yield a means for es-
der extreme drought do plants tend to be stress avoider8mating local GW use. This application of standard mixing
(e.g. through dormancy) or do they actively respond bymodels to determine dependence on GW revealed a variety
changing physiology and biochemistry, and thus reducingof plant water use strategies which correlated with species
the intensity of the stress? In this study we argue that thefunctional traits. In accordance with our initial hypotheses,
exotic invaderA. longifolia, which exhibits a water spender functional traits that lead to direct access to GW such as deep
strategy (Peperkorn et al., 2005; Rascher et al., 2010, 201¥pot systems and close contact between roots and the GW ta-
Werner et al., 2010; Richardson and Pysek, 2006), is the onlyple (P. pinaster M. fayaandS. repengslead to a significant
species that does not present such stress avoider strategy, asponse to changing GW levels. The evergreen sfxub
a rather highly metabolic stress tolerance response to sealbumwas the only species in which ecophysiological func-
sonal drought and site differences (Fig. 5b, f). Indeed, thetioning was completely uncoupled from access to GW. Fur-
low values ofdp for A. longifoliaindicate that, irrespective  thermore our study provides further evidence of the water-
of site GW access, it exhibited little stomatal control of wa- spender strategy of the invasi¥e longifolia, a trait which
ter use. This fits well with recent studies demonstrating thatdistinguishes it from the native vegetation.
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