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ABSTRACT

Growth responses of riparian trees to changes in water availability are poorly understood, thereby limiting understanding of regional
drought implications in river corridors.We used dendrochronological methods to develop growth series and analysed oxygen isotopic
ratios (d18O) in a-cellulose from individual tree rings for two co-occurring riparian species, Fraxinus excelsior and Populus nigra.
Trees were sampled along the Ain River (France) to assess growth and annual source water availability, inferred from tree-ring d18O,
compared with variations in streamflow and precipitation. Both species exhibited decreased growth during drought years, but F.
excelsior demonstrated less variation in annual growth across sites compared with P. nigra. The latter species expressed a smaller
range of d18O among individuals and years, but greater d18O sensitivity to river discharge, indicating a more consistent hyporheic
water source. P. nigra also suffered more growth inhibition than F. excelsior in dry years when water tables were suppressed. These
differences suggest contrasting patterns of water use, wherein F. excelsior uses primarily water from the vadose zone to maintain
moderate growth rates, andP. nigra demonstrates more consistent phreatic water usage and suffers in drought years whenwater tables
are suppressed. These observations are consistent with data on floodplain rooting depths, which show that F. excelsior maintains its
roots above the gravel layer, whereasP. nigra generally roots deeply into phreatic zone gravels. These results indicate that surprisingly,
poplars may be more sensitive to drought than ash trees and may be vulnerable to climate changes affecting water availability in
riparian corridors. Copyright © 2012 John Wiley & Sons, Ltd.
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INTRODUCTION

The impacts of recent climate change on vegetation species
ranges and community composition are increasingly
recognized as a major concern with ecological and
socioeconomic consequences (Walther et al., 2002). Links
between physical riverine processes and vegetation in
riparian corridors are well appreciated (Baird and Wilby,
1999; Dawson and Ehleringer, 1991; Dufour and Piegay,
2008; Hupp and Osterkamp, 1996; Mahoney and Rood,
1998; Rood et al., 2003; Scott et al., 2000; Scott et al.,
1999; Sigafoos, 1964; Singer and Dunne, 2004a; Stella
et al., 2006; Stella et al., 2011). Although riparian plant
population response to hydro-geomorphic forcing is
understood for certain species (Dufour and Piégay, 2010;
Rodríguez-González et al., 2010; Stromberg et al., 2010),
and physiological studies in controlled settings have
discerned differences among co-occurring riparian species
(Amlin and Rood, 2002; Stella et al., 2010), research that
compares species’ responses in situ within a community is
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relatively rare, but see Busch et al. (1992) and Horton et al.
(2003). Even fewer studies evaluate relationships between
growth and water availability for long-lived riparian trees
over their lifespans (Leffler and Evans, 1999; Alstad et al.,
2008). For example, it is known that water table variability
may stress or favour a given species, but determining
thresholds for such changes is challenging. Studies of
mature riparian Fraxinus excelsior have suggested that its
growth can be affected by declines (Dufour and Piegay,
2008) or increases (Pont et al., 2009) in the water table but
found no obvious thresholds above or below which critical
changes occur. Different tree species within the same forest
stand may have contrasting growth responses to changes in
their relative access to water based on their physiology
(Lite and Stromberg, 2005; Marshall and Monserud, 2006)
or their rooting depth. Thus, there is currently great
uncertainty in predicting the response of riparian vegeta-
tion, in particular forest communities, to local and regional
changes in water resources arising from meteorological
drought and/or shifts in water table depth (Perry et al.,
2011). [Note: We use the term ‘drought’ sensu lato
(Dracup et al., 1980) to refer to dry conditions that have an
impact on water partitioning in the riparian zone]. This
shortcoming undermines the development of robust
theories of forest succession in response to climate changes
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(e.g. increased frequency of drought), reach-scale changes
in hydrology by flow regulation, engineering or changes in
channel bed or relative floodplain elevation (Singer and
Dunne, 2006; Singer, 2007; Dufour and Piegay, 2008; Singer
and Aalto, 2009; Singer, 2010) and pressure from invasive
species (Busch and Smith, 1995). In addition, this uncertainty
may threaten the success of river rehabilitation efforts in
water-limited regions, especially in light of new research
suggesting unanticipated lags in the response of lowland
vegetation to changes in climate (Bertrand et al., 2011).
Riparian tree growth response to water availability is

generally well understood for controlled conditions
(Daniels, 2008; Rood et al., 2007; Stella and Battles, 2010),
which has enabled analysis of annual variability due to
climate using coupled approaches from traditional
dendroclimatology and isotope dendrochronology
(McCarroll and Loader, 2005). Such tree-ring isotope studies
have primarily been conducted using trees that reside at their
ecological limits, in order to maximize the climate signal and
tominimize the ‘noise’ of local controls that aremore variable
in space and time. There has been far less work done in water-
rich environments, including riparian zones, where subtle
differences in physical boundary conditions, such as relative
topographic position of tree roots with respect to fluctuating
water sources, may affect water uptake, growth and survival
(Daniels, 2008; Schifman et al., 2012).
Riparian trees derive water from various sources

depending on floodplain topography, rooting depth,
seasonal precipitation regimes and temporal variation in
river flows and groundwater depth. Differences in life
history and physiology also play a role in water use
amongst these sources. For example, some species are
groundwater dependent (i.e. obligate phreatophytes) and
cannot survive without access to perennial water sources,
whereas other species are facultative phreatophytes and can
use both soil and groundwater resources (Dawson and
Ehleringer, 1991; Busch et al., 1992).
Co-occurring tree species with contrasting morphology

and physiology may express different growth responses to
water availability, enabling detailed analysis of the
relationships between water sources, water uptake and
growth (Marshall and Monserud, 2006). These differences
provide insight into ecohydrological processes that affect
the development of stand composition and responses to
perturbations such as the impact of climate change on water
availability (e.g. water table decline) and physical
modifications to the landscape (e.g. changes in relative
elevation above a water source). Therefore, investigating
relationships between water availability, water uptake and
growth for co-occurring tree species with contrasting
rooting depths holds promise for developing sound models
of community-level changes in response to such perturba-
tions in climatically sensitive regions (Dawson and
Siegwolf, 2007).
Stable isotope ratios of oxygen in a-cellulose are

particularly well suited for determining water sources of
riparian trees (Dawson and Ehleringer, 1998; Marshall
and Monserud, 2006). For example, if a tree is rooted in
a phreatic zone that is undiluted by hyporheic river water
Copyright © 2012 John Wiley & Sons, Ltd.
(Dawson and Ehleringer, 1991), its xylem water will be
composed of a depleted d18O signature similar to
groundwater, whereas a shallowly rooted tree at a site
disconnected from a deep groundwater table will have an
enriched xylem-derived cellulose d18O signature indica-
tive of vadose zone moisture. Water in the vadose zone
is generally derived from recent precipitation and is
subject to high evaporative enrichment of d18O (Dawson
and Ehleringer, 1998). In contrast, groundwater is
typically depleted in d18O because it is sourced in
percolated snowmelt (colder precipitation is more depleted
than warmer precipitation (Dawson and Ehleringer, 1998).
These water-source signatures will differ for individual
rings within a given species depending on the annual
position of the water table and the degree of mixing
between precipitation, surface flow and ground-
water during periods of xylem uptake (McCarroll and
Loader, 2005).

On floodplain surfaces at fixed elevations within an
alluvial river corridor, we would expect water sources for
riparian trees would vary with annual streamflow levels
during the growing season (Busch et al., 1992). We outline
three hydrologic scenarios. In years of average precipita-
tion and streamflow, deep-rooting trees rely on water from
the phreatic zone (primarily groundwater), whereas trees
with shallow roots scavenge precipitation-derived soil
moisture from the vadose zone (Smelko and Scheer,
2000; Schume et al., 2004). In high-precipitation and high-
flow years, groundwater in the phreatic zone is mixed with
hyporheic river water, soils are wetted frequently by
precipitation events and the water table rises into the
vadose zone. Thus, a mixture of water sources is available
to both deep-rooting and shallow-rooting species, although
the particular mix that each can access may differ. Under
drought conditions, precipitation is minimal and soil
moisture is scarce; evaporative losses are great; the phreatic
zone is depleted of river water; and the water table is
suppressed. These three hydrological scenarios illustrate
the complexity of the water sources available to riparian
trees associated with climatic fluctuations.

In this paper, we compare radial growth and d18O in
tree rings from two riparian species, Fraxinus excelsior,
a deciduous ash, and Populus nigra, an obligate
phreatophyte, which are both common along rivers
throughout Europe (Marigo et al., 2000; Guilloy-Froget
et al., 2002; Rood et al., 2003; Lambs et al., 2006). We
analysed d18O within a-cellulose extracted from annual
rings of trees growing at sites along the Ain River in the
Rhône Basin (southeastern France) and compared their
growth histories with variation in annual water sources,
which we inferred from regional climate records and
rooting depths, in relation to floodplain substrates with
varying water retention capacity (fine vs coarse sediment
layers). We discuss these patterns of growth, water
use and root architecture to contrast survival strategies
amongst mesophytic species, which can opportunistically
use groundwater and obligate phreatophytes, which
are more limited in their adaptability to variation in
water sources.
Ecohydrol. 6, 402–412 (2013)
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METHODS

Study area

The Ain River (Figure 1) is a tributary of the Rhône River
draining 3672 km2 of the Jura Mountains, subject to winter
flood peaks, which contains floodplain forests along a 40-km
reach of sinuous, freely meandering gravel-bed river with a
(slope) gradient of 0.0012–0.0018 (Dufour and Piegay,
2008). Seasonal variations in flow are influenced by total
annual precipitation and groundwater discharge, which is
prevalent in this zone of early Holocene glacial outwash
(Marston et al., 1995). Mean annual precipitation is 1150mm
year�1, mean annual discharge is ~123m3 s�1, and the
50-year flood of discharge is ~1700m3 s�1. Bankfull
discharge (~500m3 s�1) occurs approximately 10 days per
year. Floods occur primarily in winter and spring generated
by frontal storms, but intense autumn precipitation events also
contribute to flooding along the Ain (Marston et al., 1995).
We sampled F. excelsior and P. nigra trees in two riparian

forest stands along the Ain River (Figure 1). The two sites,
whichwere typical of floodplain environments along the river
(Dufour and Piegay, 2008), were situated at >2m above the
baseflow river stage, were underlain by coarse gravel
substrates and contained a suitable number of individuals of
both species. These sites were selected along an incised reach
of river identified in Dufour and Piegay (2008), in order to
maximize inter-annual variability in water sources in the
relevant water storage reservoirs (vadose vs phreatic). We
sampled co-located trees within these plots in order to assess
these differences as expressed within trees with contrasting
adaptation strategies and rooting depths.
Field data collection and tree-ring analysis

We collected two tree cores at breast height using 5-mm
diameter increment borers from ten trees each of P. nigra
and F. excelsior within the two riparian forest sites.
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Figure 1. Maps of the following: (a) Rhône River basin in France; (b) study
study sites along the Ain River between Barrage d’Allement and the Rhône

were ext
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Visually healthy, mature (>30 years) trees were selected in
order to characterize longer time series of growth and water
source for each species. The 40 cores were cross-dated and
ring-widths were measured under a microscope using
Measure JTX Tree-Ring Measuring Program. Cross-dating
was verified using cross-correlation analysis in the quality
control program, COFECHA (Grissino-Mayer, 2002), and
composite series were calculated.

From the raw ring width measurements, we calculated
basal area increment (BAI), the annual increase in cross-
sectional area of a tree, in order to obtain an unbiased estimate
of annual growth for each tree and the composite series. BAI
is considered a direct measure of wood production as it
obviates the need for detrending that is a common processing
step in tree-ring chronology construction; it also allows a
direct comparison of productivity between the two species
(Biondi et al., 1994). BAI is calculated by differencing the
computed basal area (BA) between successive years, where
BA=p (0.5*d)2, and d is the tree diameter measured at breast
height (1.4m above the ground). BAI is calculated for each
year, t, as: BAIt= (BAt�BAt� 1), where subscript t� 1
indicates the previous year (Biondi and Qeadan, 2008). In
order to understand variability in growth among the species,
we calculated the mean tree-level coefficient of variation in
BAI among years.

Because precipitation is the primary source of vadose zone
moisture during the peak of the growing season and river stage
affects local groundwater table elevation, these water sources
(precipitation P and river discharge Q) should strongly
influence the water supply available to tree roots and therefore
their growth rate, as well as the isotopic signatures of their ring
cellulose. We ran correlation analyses of annual BAI against
individual monthly values of P and Q using instrumental
records of precipitation from the nearby Chatillon la Palud
station and discharged from the Chazey-sur-Ain station along
the Ain to define the annual periods that were most influential
for total annual tree growth.
Allement dam
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reach along the Ain River indicating selected study sites; and (c) detail of
River confluence. Yellow areas indicate study plots from which tree cores
racted.
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In conjunction with the tree ring measurements, we
documented rooting depths and substrate stratigraphy at the
two floodplain sites and at other locations along the Ain
River, where recent lateral river migration exposed the root
zone of individual Fraxinus (n= 13) and Populus (n = 15)
trees. At the location of each tree, we measured the depth
of fine sediment that resulted from overbank flood deposits.
For each individual, we measured diameter at breast height,
minimum and maximum root depth and the proportion of
roots located in the overbank fine sediment layer. We
compared maximum rooting depths between species using
analysis of covariance (ANCOVA) with depth to fine
sediment as a covariate.

Stable isotope analysis. Stable oxygen isotopes measured
in tree ring cellulose provide a sensitive measure of water
source as a product of biological–physical interactions in
fluvial systems, more so than hydrogen isotopes
(Waterhouse et al., 2002), and there are established
methods and protocols for their measurement (Edwards
and Fritz, 1986; Roden and Ehleringer, 2000; Roden et al.,
2000; McCarroll and Loader, 2005). For each species, we
selected for isotopic analysis cores from trees with the
highest correlation to the composite ring-width series
indicating robust crossdating (n= 7 trees for F. excelsior
and n = 6 for P. nigra). The annual wood for 4 years (1976,
1985, 1992 and 2007) was extracted from the cores. These
years were selected to represent a range of annual discharge
and precipitation from dry to wet years. In addition, one
tree of each species was selected for high-density sampling,
which was accomplished by analysing separately the wood
from most years from 1960 to 2008.
We extracted a-cellulose from the raw wood of dated

tree rings by the Brendel method (Brendel et al., 2000) and
analysed these samples in a Finnegan Delta plus XP gas
source mass spectrometer, coupled to a High Temperature
Conversion/Elemental Analyzer peripheral to obtain oxy-
gen isotopes. The standard deviation for d18O measure-
ments in a-cellulose by this method is typically 0�2%
(Waterhouse et al., 2002) and it was 0�195% for all of our
analyses.
Oxygen isotopic ratios were calculated as:

@18Osample ¼
18O=16O

� �
sample

18O=16O
� �

VSMOW

� 1

0
B@

1
CA1000

where Vienna Standard Mean Ocean Water (VSMOW) for
d18O = 2�005� 10�3 % and isotopic data were corrected
against International Atomic Energy Agency standards for
linearity and instrument drift.
Tree-ring cellulose is formed from sugars in the trunk,

which exchange oxygen with xylem water and become
fixed in the tree ring with no further exchange (McCarroll
and Loader, 2005). Generally, isotopic ratios are corrected
by the Craig–Gordon model for fractionations associated
with evaporative enrichment (Flanagan et al., 1991). This
model requires information on isotopic composition of leaf
water and fractionations associated with the equilibration
Copyright © 2012 John Wiley & Sons, Ltd.
between leaf water and relative humidity, which is a
complex function of stomatal activity. However, all
fractionations and the isotopic composition of atmospheric
water vapour may be assumed to be similar within a
specific site for a particular season, such that the primary
species-specific differences in the isotopic composition of
plant tissue arise from differences in the isotopic
composition of xylem water (Marshall and Monserud,
2006). Thus, the isotopic signal of xylem water in cellulose
varies primarily with different end-member water sources,
wherein there is a 27% enrichment in d18O between water
and cellulose, which is associated with carbonyl–water
interaction during biosynthesis (Sternberg and DeNiro,
1983). Because water sources are generally stratified
throughout the soil profile (e.g. perennial water table vs
ephemeral vadose zone), d18O in xylem water often varies
in woody plants with rooting depth (Snyder and Williams,
2000; Marshall and Monserud, 2006) relative to water
sources. In this paper, we adopted the approach of Marshall
and Monserud (2006) of directly comparing d18O pre-
served in tree ring cellulose for different species co-located
in the same forest stand.

Isotopic signature of water changes through time, and we
did not monitor these changes over the decades of interest.
Therefore, in order to constrain (to first order) the
differences in end-member water sources along the Ain,
we collected groundwater from a spring near one of our
sites in summer 2009 and analysed it for d18O using a gas
bench peripheral to the mass spectrometer. We compared
this value with average d18O in regional precipitation from
the Global Network for Isotopes in Precipitation (GNIP)
database (http://isohis.iaea.org, 2002–2008).

We also analysed tree-ring d18O data by first comparing
the means and variances among species. Species means
were tested using a linear mixed-effects model with year as
a random factor. Differences in the d18O variance among
species were tested using the variance ratio test (i.e. F-test),
with data centred about the annual mean for each species to
remove the annual environmental signal, primarily from
large hydrologic variation among years. Each species’
d18O response to the instrumental record of annual
discharge was tested using a linear mixed-effects model
with Q as a fixed factor and tree growth as a random factor
to account for autocorrelation of annual samples within
individuals.
RESULTS

Precipitation and discharge

The monthly correlations of P and Q with BAI indicate that
the period of May–June–July (MJJ) is most highly and
significantly correlated with tree growth for both ash and
poplar in our study sites (Figure 2); these months are
consistent with the main growing season. Furthermore, we
find that averaged values of MJJ precipitation (PMJJ) and
MJJ discharge (QMJJ) are well correlated (Pearson’s
R = 0�68, p< 0�0001, n = 47; Figure 3a), suggesting a tight
link between rainfall and runoff.
Ecohydrol. 6, 402–412 (2013)
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Figure 2. Correlations between tree growth (BAI by species – see Figure 3b) and monthly values of instrumental variables, Q and P. ‘MJ’, ‘JJ’ and ‘MJJ’
refer to averaged values for May–June, June–July, and May–June–July, respectively. Significance is indicated by the exceedance of the 95% confidence

limits (‘CL’). Months of October–December are not shown, as they yielded low correlations.
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There are notable declines in both P and Q that occur
many times over the last five decades, producing dry
periods that could affect water sources and growth for the
two riparian tree species. We specified several classes of
dry period expressed during the growing season: (1)
precipitation shocks (Pshocks) occur when PMJJ< 175mm
(one standard deviation below mean PMJJ); (2) discharge
shocks (Qshocks) occur when QMJJ< 42m3 s�1 (one
standard deviation below mean QMJJ); and (3) drought
years represent the co-occurrence of a Pshock and a
Qshock. Each class of dry period occurred several times
since 1960 (Figure 3a). Pshocks occurred in 1962, 1976,
1989, 1998 and 2003–2004. Qshocks occurred in 1964,
1976, 1989, 1991, 1998 and 2003–2004. Droughts
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Figure 3. (a) Time series of May–July precipitation and discharge.
Vertical dashed bars represent shocks and droughts, and horizontal lines
represent thresholds for each (see text for description); (b) time series of
mean annual BAI (pooled 20 trees for each species). Error bars are
standard errors. Coefficient of variation in growth is 0�49 for F. excelsior
and 0�53 for P. nigra; and (c) average values of d18O for a sample of trees

for each species �1 SD. Error bars are standard errors.
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occurred in 1976, 1989, 1998 and 2003–2004. On the
basis of empirical probabilities of the 47-year climatic
record, Qshocks and Pshocks occur in ~10% of years.

Growth

Across the study area, F. excelsior growth was more
consistent than P. nigra (i.e. annual ring widths varied less
for individual trees and amongst trees within each year;
Figures 3b and 4b). The mean of the coefficient of variation
(CV) of annual BAI among individual trees is 0�49 for F.
excelsior and 0�53 for P. nigra, indicating 8% proportionally
greater variation in annual growth amongP. nigra trees. Time
series of tree growth for both species are presented for the full
samples of trees (Figure 3b) and for the individuals for which
we conducted high-density annual sampling of isotopes
(Figure 4a).

Comparing the growth series with the defined dry
periods shows that drought years (concurrent Q and P
shocks) generally caused abrupt declines in growth of both
species, although there were occasional 1-year lags
between the dry year(s) and the growth response (e.g.
2003–2004 for F. excelsior, Figure 3b; 1998 for both
27

28

29

30

31

32

33

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

18
O

 (
‰

)

b)

Year

a)

M
ea

n
 B

A
I

0

10

20

30

40

50

60

70

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

Analytical uncertainty

Figure 4. (a) Time series of mean BAI for two individual trees of each
species for which we also have a full isotopic record. Error bars represent
standard errors. (b) Time series of d18O for the same two individual trees
as in Figure 4a. Standard deviation of d18O = 0�82% for P. nigra and

1�18% for F. excelsior. Vertical dashed bars as in Figure 3.
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species, Figure 4a). However, shocks in Q alone apparently
did not generally result in growth declines for either species
(e.g. 1991, Figures 3b and 4b), and significant correlations
between January Q and growth for both species (Figure 2)
suggest that antecedent water table position is also important.
Most droughts apparently cause a 1-year to 2-year
suppression in tree growth for both species, followed by a
rapid recovery (e.g. 1976, and 1998 droughts). However,
other droughts induce a longer period of growth suppression
well after the initial abrupt decline (e.g. 1991, and 2003–2004),
indicating that the recovery period between dry periods plays a
role in the growth response of both species. It should be noted
that there are clearly additional years of growth decline in both
species (e.g. 1983–2004) that exceed our conservative dry
period thresholds, indicating that there are other regional
factors that may affect growth rates in certain years (e.g.
antecedent moisture in the vadose zone; discharge support for
the water table in the months prior or followingMJJ, Figure 2).
Notably, growth of both species shows much less individual
variability during droughts than for other years (Figure 3b),
indicating a general regional signal of water stress.
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Figure 5. Plot of d18O versus mean annual Q for the following: (a) P.
nigra and (b) F. excelsior. Large, filled symbols indicate mean values at a
given Q level �1 SD. The solid line in (a) shows the population-level
fixed-effect of Q in the linear mixed-effects model for P. nigra; the linear

relationship was not significant for F. excelsior.
Oxygen isotopes

The measured groundwater signature of d18O at Ricotti,
France in June 2009 was �10�6% compared with the mean
value for regional precipitation of �5�4%� 2�9% SD at
Avignon from GNIP. This indicates, consistent with our
expectations, that precipitation in this region is generally
enriched in d18O compared with groundwater. Given that
precipitation becomes further enriched because of evap-
orative losses in the vadose zone, these marked differences
provide good discrimination in d18O, thus allowing for a
relative comparison between phreatic zone versus vadose
zone water sources used to construct cellulose in riparian
trees.
Tree-ring d18O values for F. excelsior trees exhibited

substantially more variability than for P. nigra within
years, with higher variability in dry years (Figure 3c). The
d18O variances were significantly different between the
species (F27,26 = 6�41, p< 0�0001), and the average
coefficient of variation (i.e. the mean of the CVs for each of
the 4 years sampled) was 0�045 for F. excelsior, which was
more than twice that of P. nigra (CV=0�018). P. nigra had a
more tightly coordinated response with d18O values changing
by a proportional amount among years for most trees.
Conversely, F. excelsior exhibited more individualistic
responses both among trees and among years, leading to
higher inter-annual variability and higher variability in d18O
for any particular year (Figures 3c and 4c).
In contrast to the strong species difference in the

variance of tree-ring d18O values, there was no difference
in the grand mean d18O between the species across the
4 years sampled (mixed-effects model t =�0�0754,
p = 0�94). This was due partly to offsetting, opposite trends
by F. excelsior and P. nigra in wet and dry years. During
droughts (e.g. 1976), d18O values for P. nigra trees were
generally higher (i.e. more enriched) and rose presumably
as the supply of depleted d18O water from the phreatic zone
Copyright © 2012 John Wiley & Sons, Ltd.
became limited (i.e. as the water table was suppressed) and
the relatively enriched water in the vadose zone dominated
the water source d18O signature. In contrast, the mean
values of d18O for F. excelsior did not vary among wet and
dry years, and the overall range of values was greater in
each year (Figures 3c and 5). These patterns indicate a
contrasting sensitivity to climate. When each species was
considered individually, the d18O values for P. nigra
followed a negative relationship with mean annual river Q
(Figure 5a), and this was a significant predictor in a mixed-
effects model with individual trees as a random factor
(t=�6�55, n= 27, p< 0�00001). The mixed-effects model
for F. excelsior showed no relationship with Q (t =�0�54,
n = 28, p = 0�59; Figure 5b).

Rooting depth

The maximum rooting depth was strongly related to the
depth of overbank sediment (ANCOVA F1,25 = 21�6,
p< 0�0001) and differed significantly between the species
(ANCOVA F1,25 = 18�1, p< 0�001). P. nigra roots
extended > 40% deeper into the substrate (124�5� 8�4 cm)
than those of F. excelsior (87�4� 6�5 cm). In all cases, F.
excelsior maximum rooting depth was less than or equal to
the depth of fine sediment (Figure 6), indicating that these
trees were rooted shallowly in fine-grained sediment of the
vadose zone and did not penetrate gravel substrates
Ecohydrol. 6, 402–412 (2013)
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(Figure 6b). P. nigra, in contrast, was deeply rooted in
gravel substrates of the phreatic zone, below the level of
fine sediment; this provided access to lower water tables
(Figure 6a). The proportion of roots found within the fine
sediment layer varied greatly as well; whereas all F.
excelsior trees had 100% of roots within the fine sediment
layer, P. nigra trees had a more variable, and on average
substantially lower proportion in this zone (62� 33%,
mean and 1 SD).
DISCUSSION

Previous research has identified a range of physiological
responses in riparian trees to water stress, including leaf
area reduction, decreased root biomass and root density and
reduced stomatal conductance (Smith et al., 1991; Busch
and Smith, 1995; Rood et al., 2003; Williams and Cooper,
2005; Stella and Battles, 2010), as well as reduced radial
growth, branch abcission, canopy dieback and tree
mortality (Scott et al., 1999; Rood et al., 2000; Dufour
and Piegay, 2008; Stella et al., 2010). The extent of these
adjustments depends on local conditions of water
availability and varies among tree species, as some are
better able to cope with prolonged dry conditions through
their root morphology, water use efficiency and other
adaptive traits. Our results show that along the Ain River,
Copyright © 2012 John Wiley & Sons, Ltd.
the shallowly rooted, mesophytic species F. excelsior
(Figure 6) is well adapted to use water from a range of
water sources, indicated by high variability in d18O, and
this is associated with a pattern of consistent inter-annual
growth (Figure 3b). In contrast, P. nigra demonstrates a
narrower range of annual isotopic variation among trees for
any particular year (Figure 3c) and a stronger relationship
between d18O and annual water supply (Figure 5a);
together, these suggest a greater reliance on a perennial,
phreatic water source among individuals for this species.
This pattern of consistent P. nigra water source (indicated
by low variation in d18O) is associated with a more erratic
pattern of inter-annual growth and is more closely tied to
hydroclimatic fluctuations (Figures 3a and 3b), which drive
changes in groundwater elevation and supply during the
growing season. Such changes in water table can occur
very rapidly in gravel substrates (e.g. typical of dynamic
alluvial rivers such as the Ain), compared with fine
sediments, because of high values of hydraulic conductiv-
ity. The high canopy water demand for P. nigra (Lambs
and Muller, 2002), strongly suppressed growth during
droughts (Figures 3b and 4b). This produced a shift to
d18O-enriched water during droughts, suggesting that this
species is forced to use proportionally more vadose zone
water during these periods, but it is not well adapted to
maintaining robust growth and physiological functioning
by switching water sources. These differences between
Ecohydrol. 6, 402–412 (2013)
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species are consistent with ecological roles for both
species, that is, pioneer phreatophyte for P. nigra and
post-pioneer with a wider range of appropriate conditions
for F. excelsior (Marigo et al., 2000).
Because of its incapacity to propagate roots in gravel

(Figure 6), phreatic water is generally unavailable to F.
excelsior, which establishes in floodplain areas located well
above the level of mean stage for QMJJ (Dufour and Piegay,
2008). We analysed the stage-discharge relationship for
each site and determined that the Qshock threshold
corresponds to a water table elevation below the relative
elevation of fine sediment (based on average fine sediments
thickness in both plots, Figure 6). This suggests that in
such dry years, ash trees at both sites are completely
disconnected from the water table. Consistent with their
rooting depth and root architecture (Figure 6), we surmise
that in mean flow years, F. excelsior largely obtains xylem
water from isotopically enriched vadose zone water,
whereas P. nigra relies on isotopically depleted phreatic
zone water (e.g. 1992, Figures 3a, 3c, 4b and 5a).
Deviations from this pattern occur in very wet and very
dry years, and they suggest a different mix of water source
to each species. Because of the fixed nature of root
architecture in mature trees, extreme years and particularly
droughts have great potential to impact growth (Stromberg
and Patten, 1996; Scott et al., 2000).
During wet years that occur several years after a major

drought (e.g. 1980, Figure 3a), high streamflow recharges
the floodplain water table, introducing a high proportion of
river water into the fine-grained vadose zone that overlies
the coarse gravel substrate. This river water source
provides (relatively) isotopically depleted water to the
shallow root zone (Figure 6) of F. excelsior (e.g. 1980,
Figure 4b), compared with the typically enriched water
source in this soil stratum resulting from precipitation and
subsequent evaporation. The opposite effect occurs during
dry periods when P. nigra loses access to isotopically
depleted phreatic sources (Busch et al., 1992; Busch and
Smith, 1995) and must subsist on vadose zone moisture
using a more limited root system (Figure 6). The resulting
prolonged water stress markedly reduces its annual growth
(e.g. 1976, Figures 3a–c).
Dry periods, whether P/Q shocks or droughts, have a

significant impact on both species, but their responses differ.
Dry periods are often characterized by higher-than-normal
temperatures and lower-than-normal precipitation, which
reduce the quantity of runoff contributing to river discharge,
the amount of water in the vadose zone and percolation into
groundwater aquifers. These combined effects limit water
availability to riparian trees through drying of the fine
sediment layer overlying gravels and a suppression of the
water table (Stromberg et al., 1996). These factors also
change the isotopic composition of the source water (e.g.
vadose versus phreatic zone) and affect the quantity of water
available for xylem uptake. Therefore, to maintain consistent
growth, trees need to increase their water-use efficiency
through stomatal control. However, the energy investment
each species has made in terms of root growth has important
implications for how well it responds to dry periods.
Copyright © 2012 John Wiley & Sons, Ltd.
Because P. nigra devotes considerable resources into
producing deep root networks (Figure 6), its more limited fine
root distribution in the fine-grained vadose zone constrains
water uptake during droughts. In other words, drought forces
P. nigra into using vadose zone water as an emergency
resource (Snyder andWilliams, 2000) because its roots in this
zone have a lower capacity to transmit water to the xylem.
Thus, when the deeper roots cannot access phreaticwater (e.g.
during droughts), lower rates of uptake by the shallow roots
from a relatively small pool of vadose zone water cannot
satisfy canopy demand and thus induce stress on P. nigra,
whichmarkedly decreases growth (Figure 3). Themost recent
drought period of 2003–2004, had a particularly strong
impact on P. nigra growth (Figures 3 and 4), which was
substantially reduced for several years. It is clear that
prolonged droughts of this kind and/or their increased
frequency could have serious implications for this riparian
species (Lambs et al., 2006), although the stress impacts on
trees and exact degree of increased mortality are unknown.

F. excelsior, on the other hand, is better adapted to water
stress associated with the drying of the vadose zone,
apparently allowing it to more successfully overcome
droughts; however, the growth record indicates that it is
still very susceptible to dry periods. It has lower baseline
growth than P. nigra (Figure 3b) but has the ability to
maintain moderate growth at low levels of water
availability (Carlier et al., 1992; Marigo and Peltier,
1996; Peltier and Marigo, 1999). Shocks certainly cause
a rapid change in growth rates for F. excelsior, but the
effect is generally short-lived (e.g. 1976, Figure 3b) and as
droughts proceed, F. excelsior seems to grow consistently,
albeit with sharp 1-year reductions, indicating a faster rate
of recovery than for P. nigra (e.g. 2003–2004, Figure 3b).

Regional climate in this part of France is forecast to
become drier and warmer. Figure 7 shows the modelled
20th century and projected future (under IPCC SRES A1B-
A2 scenario) for the 5� 5-km grid cell that includes the
Ain River study sites (Meehl et al., 2007). These models
suggest that precipitation has declined by 1�83mm per
decade over the historical period (R= 0�52, p< 0�0001) and
temperature has decreased by 0�05�C per decade (R= 0�63,
p< 0�0001). Future climate projections point to intensifi-
cation of these trends in the coming decades (Figure 7)
with precipitation and temperature declining by 5�09mm
(R= 0�78, p< 0�0001) and 0�36 �C (R= 0�96, p< 0�0001)
per decade, respectively.

Regional climate models also predict increased frequency
of dry periods, as well as longer droughts, concurrent with
long-term trends in drying and warming. The impacts of such
climatic changes could be pronounced for these two riparian
tree species, but our findings suggest that P. nigra is
particularly at risk. Its response to shocks and droughts in
recent decades points to the fact that increased drought
frequency and duration could have serious implications for
poplars in the Ain floodplain and similar riparian environ-
ments in central and southern Europe. Regional water tables
are likely to become more frequently depressed, and vadose
zone water should become scarcer. This greater variation in
water resources will lead to higher water stress for riparian
Ecohydrol. 6, 402–412 (2013)



Figure 7. Simulated (1901–1999 and 2001–2098)mean annual temperatures
and total annual precipitation for the 5� 5-degree grid 43-38oN/3-8oE. The
simulations, based upon the IPCC SRES A1B (A2) scenario, are taken from
the World Climate Research Programme’s (WCRP) Coupled Model
Intercomparison Project (CMIP3) – (Meehl et al., 2007). Light grey lines
denote individual model time-series; the dark grey envelope highlights the

inter-quartile range; and the black line delineates the median values.
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trees and possibly greater competition for soil water among
individuals; together, these may shift the competitive
advantage from P. nigra to F. excelsior, the better-adapted
tree to variable water source conditions (Peltier and Marigo,
1999; Lemoine et al., 2001). P. nigrawill either need to grow
increasingly deeper roots into the gravel substrate to maintain
contact with the phreatic zone, or it will have to put more
resources into developing increased density of roots in the
vadose zone. Both adaptive strategies are possible for young
trees but increasingly difficult for older, more established
individuals. Furthermore, even if P. nigra can survive with
few water resources (Lambs et al., 2006), longer and more
frequent droughts could trigger increasedmortality of riparian
poplars (Scott et al., 1999; Lite and Stromberg, 2005; Rood
et al., 2007), decrease their establishment success (Stromberg
et al., 1996), and increase opportunities for recruitment and
competitive release of more drought-adapted species
(González et al., 2010; Merritt and Poff, 2010). Thus, climate
change has the potential to drive a change in the composition,
in tree stand composition and biodiversity in riparian
ecosystems. These potential impacts must be considered
especially when evaluating impacts of flow management on
regulated rivers in arid lands (Hughes and Rood, 2003; Perry
Copyright © 2012 John Wiley & Sons, Ltd.
et al., 2011), wherewater scarcity and climate change impacts
are often amplified.

This paper focused on hydrologic–biologic interactions
for co-occurring tree species with contrasting rooting
depths along a particular reach of river. We have not
addressed the longitudinal or lateral subsurface hydro-
logical connectivity linking tree roots to available water in
different transient reservoirs (vadose vs phreatic zone) on a
range of floodplain surfaces with varying relative elevation
above water levels (Piegay, 1997). Because it is understood
that such hydrologic connectivity has direct relevance to
ecology (Pringle, 2003; Michaelides and Chappell, 2009),
this component of this problem should be addressed in
future work, especially in the context of river rehabilitation
efforts aimed at delivering more water to restored river
reaches and of longitudinal sediment budget divergences
and their consequences for floodplain accumulation [e.g.
(Singer and Aalto, 2009; Singer and Dunne, 2001; Singer
and Dunne, 2004b)]. Moreover, along the Ain, sediment
starvation downstream of dams, channel incision and
associated groundwater decline is projected to propagate
downstream and to affect the most valuable riparian
ecosystems, thus exacerbating the effects of the expected
regional climate trend (Rollet, 2007). Nevertheless, this
study has demonstrated that trees are good integrators of
annual water partitioning between hydrologic reservoirs in
the riparian corridor, and that the two-species approach,
analysis of growth and isotopes in co-occurring trees with
contrasting rooting depths, provides a window into the
variability of such partitioning under drought conditions.
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