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Abstract 28 

As global climate change continues to impact regional water cycles, we may expect further 29 

shifts in water availability to forests that create challenges for certain species and biomes. 30 

Lowland deciduous riparian forests are particularly vulnerable because tree species cannot 31 

migrate out of the stream corridor, and they rely on root zone water availability that is controlled 32 

by variations in both local climate conditions (e.g., precipitation, evaporation, and infiltration) 33 

and non-local hydroclimatic forcing (e.g., streamflow, snowmelt, recharge). To determine how 34 

the seasonal water source usage of riparian trees is controlled by local versus non-local 35 

variability in hydroclimatic regime, we reconstructed the seasonal oxygen isotope (δ18O) 36 

signature of water used by two riparian tree species with contrasting rooting depths, comprising 37 

~800 δ18O tree-ring cellulose measurements from 12 tree-level decadal time-series at sub-38 

annual resolution (6 samples per year), along a strong hydroclimatic gradient within the Rhône 39 

River basin, SE France. These results were evaluated alongside δ18O measurements made 40 

from potential endmember water sources and independent hydroclimatic metrics to 41 

characterize the seasonal evolution of both potential water availability at distinct rooting depths 42 

and tree water source use, and to investigate the generalized riparian tree response to seasonal 43 

variations in local versus non-local hydroclimatic forcing over a decade. We show: 1) distinct 44 

seasonal water use between species, based on differential access to groundwater; 2) 45 

substantial source switching in both species based on evolving water availability; and 3) riparian 46 

trees are more dependent on locally controlled soil moisture with distance downstream, creating 47 

increased vulnerability to locally increasing temperatures. We also find that deeply rooted trees 48 

in lowland riparian floodplains are potentially vulnerable to climate change because of their 49 

large dependence on water supply from mountains. This effect is more pronounced 50 

downstream, where seasonal water table decline may lead to loss of required water for deeply 51 

rooted trees.     52 

 53 

Introduction 54 

Despite a growing consensus that forests across the globe are becoming increasingly 55 

vulnerable to water stress (1-5), insufficient information exists on the availability of specific 56 

water sources and the usage of this water by vegetation throughout the growing season across 57 
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hydroclimatic gradients. Knowledge of water availability to plants and their use of this water in 58 

favorable hydrologic years versus drought periods will improve understanding of the 59 

proportional balance of groundwater versus infiltrated precipitation. It will particularly inform us 60 

about the evolution of key climatically controlled water sources for plant species rooted at 61 

different depths, and the corresponding vegetation responses to hydroclimatic forcing, whether 62 

locally or non-locally expressed. This knowledge gap is compounded by a lack of historical (i.e., 63 

decadal-multidecadal) baseline data, from which spatiotemporal trends of water source usage 64 

can be evaluated to predict and mitigate deleterious forest responses to shifting hydroclimate 65 

regimes under global climate change (1, 6, 7). Lowland environments are of great concern 66 

because trees are already subjected to high levels of water stress, yet adaptation strategies 67 

such as upslope species migration are impossible because riparian trees in Mediterranean 68 

climates are adapted to lowlands and exist in isolated patches (8-12). A new predictive 69 

understanding of the variation in water source availability and usage in response to local and 70 

non-local hydroclimatic forcing could support management interventions that prevent or 71 

mitigate large-scale forest diebacks, such as those recently attributed to increasing 72 

temperatures, precipitation variability, and root-zone moisture deficits (1, 7, 13-17). 73 

 74 

Trees in riparian zones commonly utilize either phreatic (saturated) zone moisture or vadose 75 

(unsaturated) zone moisture sources, depending on their rooting architecture (18-21). These 76 

water sources are comprised of an unknown mixture of regional groundwater flow, streamflow 77 

support of the shallow alluvial aquifer, and locally infiltrated precipitation (22-26). Within 78 

seasonally dry climates (e.g., Mediterranean biomes), the cycles of the hydroclimate and 79 

vegetative growth may be out of phase, such that root zone soil moisture becomes limited 80 

during the summer period, when evaporative demand is highest and floodplain water tables are 81 

depressed due to declining streamflow. Small shifts in vegetative water stress resulting from 82 

changes in water availability could thus have important implications for tree growth and health, 83 

potentially driving shifts in forest community composition and function, ecosystem services, and 84 

carbon sequestration (27-31). Climatic changes have already begun to significantly influence 85 

the water cycle in many seasonally dry regions, affecting both the input/output fluxes of water 86 

and the storage of water in soils, streams, and groundwater aquifers (23, 32-34). Source water 87 
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availability within riparian zones is also potentially affected by anthropogenic activities (e.g., 88 

dams, river training, groundwater abstraction), which are particularly common in Mediterranean 89 

systems, disrupting natural hydrological regimes and thereby impact water storage at different 90 

rooting depths (22, 35-39). The increasing likelihood of water cycle shifts in Mediterranean 91 

climate systems suggests the need for more detailed investigation of systematic patterns and 92 

timing of source water usage across known gradients of floodplain water availability.  93 

 94 

One can conceive of water availability to vegetation in large river floodplains as a balance 95 

between (Figure 1): 1) local climate, where shallow soil moisture is driven by the stochastic 96 

difference between precipitation inputs and evapotranspiration losses (40, 41), and 2) non-local 97 

climate, where water table elevation and corresponding capillary rise is driven by regional 98 

groundwater recharge and streamflow regimes that support the shallow phreatic aquifer (42, 99 

43). We refer to these as local and non-local hydroclimatic controls on water availability, 100 

respectively, noting that there may be marked differences in the magnitude, frequency, and 101 

timing of changes to the local and non-local water cycle that create differences in riparian zone 102 

water availability at any downstream location. Climate projections in Mediterranean-type 103 

ecosystems indicate that temperature and precipitation regimes will become progressively 104 

warmer and drier with less mountain snowpack (9, 44, 45). These trends have the potential to 105 

alter the spatiotemporal availability of water within floodplains at different points along a river 106 

network, and thus to the overlying forest ecosystem (11, 46). Nevertheless, our understanding 107 

of how hydroclimate is expressed in terms of seasonal tree water source availability is limited, 108 

which restricts our ability to adequately manage for the future consequences of climate change 109 

to Mediterranean riparian forests.  110 

 111 

Isotopic ratios of oxygen (δ18O) extracted from xylem samples, annual growth rings, and 112 

potential endmember waters have been particularly helpful in identifying and disentangling 113 

contributions from different source waters, where deeper water is usually associated with lighter 114 

isotopic values and soil water that has undergone evaporative losses becomes isotopically 115 

heavier (23-25, 47). They have enabled improved understanding of the evolution of seasonally 116 

available water sources at critical periods of growth, and to identify the dominant water source 117 
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usage over an entire season of growth (48, 49). Recent developments in the study of δ18O from 118 

tree ring cellulose have enabled the analysis of water source variability at sub-annual resolution 119 

in the same reference frame as the potential contributing endmember sources for co-occurring 120 

riparian tree species that typically use different water sources (48, 50). This sub-annual 121 

information about water source usage is critical for predicting how riparian forests may respond 122 

to climatic changes that affect either local or non-local controls on water availability. Where 123 

there are substantial isotopic differences between river/phreatic water and precipitation/vadose 124 

zone water, δ18O signatures support a relative comparison of source water uptake by riparian 125 

trees from shallow versus deeper floodplain water reservoirs, which represent local versus non-126 

local hydroclimatic controls, respectively.  127 

 128 

This paper aims to elucidate the dynamic behavior of hydroclimatic controls on subsurface 129 

hydrology through analysis of sub-annual patterns of tree water source use. We use seasonally 130 

resolved dendro-isotopic analyses of δ18O extracted from tree ring cellulose, representing 131 

signatures of source waters (Supplementary Material), to generalize local and non-local 132 

hydroclimatic expressions of floodplain water availability. We conduct this study within three 133 

riparian forest sites spanning a strong hydroclimatic gradient along the Rhône River in SE 134 

France. These sites span a range of 3.5˚C and 140 mm in growing season temperature and 135 

precipitation, respectively, over the period 2000-2010 from Peage de Rousillon - ‘Upstream’ to 136 

Donzere-Mondragon - ‘Midstream’ to Mas Thibert - ‘Downstream’ (Figure 1b). Along this 137 

hydroclimatic gradient, historical temperatures have already increased >2˚C between 1970 and 138 

2015, yet precipitation trends are equivocal (Figure S1). Each site contains common, and co-139 

occurring Mediterranean tree species, Fraxinus excelsior and Populus nigra/alba (Figure 2a). 140 

Fraxinus and Populus have been shown to exhibit contrasting rooting depths, where the former 141 

is restricted to soils above the gravel layer (~ less than 1 m deep) and the latter has most of its 142 

root mass within gravels deeper than 1 m (31, 49). The investigation utilizes an 11-year dataset 143 

of sub-annual in tree-ring cellulose (δ18Ocell) (n = 792) from individual, co-located Fraxinus-144 

Populus pairs from both near channel (NC) and interior floodplain (IF) locations within each 145 

study plot along the Rhône hydroclimatic gradient (Figure 2a). We then employ an inverse 146 

biomechanistic model (50) to determine the δ18O of source water (δ18Omsw) utilized by each tree 147 
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during the formation of each respective sub-annual δ18Ocell sample (Supplementary Material, 148 

Figure S2).  149 

 150 

Our broader goal was to investigate how potential water variability along the hydroclimatic 151 

gradient affects water source usage by riparian trees. To accomplish this, we statistically 152 

compared distributions of δ18O via Student’s t and Mann-Whitney tests to identify site 153 

differences (and similarities) in potential water sources to riparian trees rooted at different 154 

positions. We then compared distributions of δ18Omsw between tree species and along the 155 

hydroclimatic gradient via the Kolmogorov-Smirnov test, and we interpreted the median values 156 

in the context of δ18O for these potential water sources - separately analyzed river, phreatic, 157 

vadose, non-growing season (NGS) precipitation, growing season (GS) precipitation 158 

(Supplementary Material). We then use seasonal δ18Omsw data for all growth years to develop 159 

characteristic patterns of seasonal water use for each tree and species along the gradient.  160 

 161 

Finally, we evaluate these characteristic seasonal δ18Omsw time series for each site against 162 

stream stage records (representing non-local controls on water table elevation) and a drought 163 

index (representing local controls on soil moisture availability as a function of the cumulative 164 

water balance over an antecedent period). Specifically, we assessed non-local controls on 165 

water availability in the shallow alluvial aquifer based on characteristic seasonal variations in 166 

upper percentiles of local stream stage within the Rhône River at each site, which integrates 167 

water production over the entire upstream drainage area. And we quantified water availability 168 

in the vadose zone based on the Standardized Precipitation and Evaporation Index-SPEI (51), 169 

a drought index that reflects the local balance over previous periods between input precipitation 170 

and evapotranspiration that affect soil moisture. SPEI is calculated based on potential 171 

evapotranspiration from atmospheric variables rather than actual evapotranspiration. 172 

Therefore, a positive value of SPEI over the growing season suggests that soil moisture should 173 

be available to plants at some point in the growing season based on the time integral of rainfall 174 

minus PET over the antecedent months. Thus, we connect the characteristic seasonal plant 175 

water usage for these differentially rooted tree species along the hydroclimatic gradient to the 176 
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local versus non-local controls on water availability in the rooting zones of the floodplain at 177 

different positions within the river basin.   178 

 179 

Results 180 

Modeled Source Water Use from Dendro-Isotopes and Potential Endmember Sources 181 

Generally, we find systematically higher values of δ18Omsw with downstream distance along the 182 

climate gradient (ensemble medians of -11‰, -9‰, -7‰), consistent with the downstream 183 

warming climate (Figures 2, 3a-c, Figure S1, Table S1). However, there is substantial variability 184 

in δ18Omsw between species, rooting locations, and sites (Figure S3a, Table S1). For example, 185 

at NC locations, Fraxinus δ18Omsw values are on average isotopically heavier than those of 186 

Populus, consistent with shallower water sources (Figure 3, Table S1). We also find that some 187 

individual trees use a large range of water sources, evidenced by a broad distribution with a 188 

muted peak (e.g., IF Populus at Midstream, Figure 3b). Furthermore, there was notable within-189 

site statistical similarity in δ18Omsw distributions between Populus trees at both within-site rooting 190 

positions for both Upstream and Downstream sites, as well as between Fraxinus trees at 191 

Midstream (Figure 3a-c).  192 

 193 

In terms of endmember water sources, the δ18O values in river samples along the climate 194 

gradient were statistically similar (mean value of -10.5‰, Figure 3d-f; Figure S3), suggesting a 195 

well-mixed pool of non-locally derived water in the Rhône. In contrast, δ18O in locally controlled 196 

GS and NGS precipitation (ppt) vary along the hydroclimatic gradient, becoming isotopically 197 

heavier from north to south, e.g., -5‰ to -3‰ for GS ppt (and relatively heavier in the growing 198 

season). This downstream heavier trend is partially mirrored in the vadose zone samples (rising 199 

from -10‰ to -8‰, north to south), though the differences are not statistically significant. 200 

Additionally, we find that the vadose zone moisture at all sites appears to derive from the lower 201 

half of NGS ppt inputs, associated with winter precipitation under colder conditions (Figure 3d-202 

f). At Upstream and Downstream sites, there is statistical similarity between the average values 203 

for river water and phreatic water (Figure S3b), reflecting a tight connection between the Rhône 204 

River and its alluvial floodplain aquifer, compared with Midstream, where an isotopically heavier 205 

groundwater source from the Massif Central contributes to the alluvial aquifer (48). Populus 206 
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trees at each site and at all but one rooting location (Upstream IF, where both species exhibit 207 

isotopically light δ18Omsw) tend to use isotopically lighter water than Fraxinus trees (Figure 3, 208 

Table S1). Generally, the lighter value of δ18Omsw used by Populus trees corresponds more 209 

closely to non-locally controlled phreatic water sourced from the Rhône alluvial aquifer than it 210 

does with locally controlled vadose zone water, yet the substantial variability over the decadal 211 

time period indicates hydroclimatically controlled seasonal variations in water sources for both 212 

Populus and Fraxinus trees (Figure 3, Table S2).  213 

 214 

Seasonal Patterns of Water Use 215 

The subannual δ18Omsw values averaged over all years (Figure 4a-l) indicate the seasonal 216 

evolution of source water δ18O utilized by each tree at each rooting position and site along the 217 

hydroclimatic gradient, based on more than a decade of sub-annual samples. There are notable 218 

patterns that emerge. For example, Populus trees at all three sites and rooting positions begin 219 

their seasonal growth using relatively isotopically heavy water, after which their water use 220 

becomes progressively lighter (non-locally controlled) until the last stages of latewood 221 

development, when isotopic enrichment toward heavier, locally controlled δ18Omsw is evident 222 

(Figures 3,4a-c). This suggests that Populus trees undergo seasonal water source switching 223 

from shallow (locally controlled) to deep (non-locally controlled) and back to shallow rooting 224 

depths (Fig3d-f). In contrast, Fraxinus trees do not exhibit systematic patterns across rooting 225 

positions and sites, although there appears to be consistent seasonal water usage between 226 

years for Fraxinus within each site. For example, Fraxinus at Upstream begin seasonal growth 227 

using the lightest δ18Omsw (reflecting locally controlled NGS ppt, Figure 3d), which then rises 228 

and plateaus during earlywood formation (reflective of local evaporative enrichment), before 229 

rising again such that the isotopically heaviest water is used at the end of the growing season 230 

(LW3, Figure 4a,c).  231 

 232 

We recognize one clear consistency across all trees at all sites: a dip in δ18Omsw for initial 233 

latewood growth (LG1 or LG2) followed by an increase in δ18Omsw at the end of the growing 234 

season for all sites (LG3). This result suggests systematic source switching during latewood 235 

growth to a relatively shallow water source that has undergone significant evaporative 236 



 

 

9 
 

enrichment (heavier isotopic value). This pattern is most dramatically observable for the NC 237 

Populus at Downstream (Figure 4j). The spread of annual δ18Omsw values is largest at 238 

Upstream, and lowest for Downstream (Figures 3, S3). This result suggests more interannual 239 

consistency in water use with distance downstream along the hydroclimatic gradient, where 240 

trees are more constrained in their use of variable moisture pools.  241 

 242 

Climatic Controls on Seasonal Water Availability 243 

The variations in δ18Omsw between tree species within and between sites along the hydroclimatic 244 

gradient in SE France support further analysis of the local versus non-local hydroclimatic 245 

controls on water availability (e.g., via river stage and SPEI), which affect which water sources 246 

are used at certain periods of the growing season. The results of these analyses are presented 247 

in Figure 5, along with the mean seasonal patterns of δ18Omsw. The Rhône River stage data 248 

show an evolving pattern with distance downstream. Due to contributions of snowmelt runoff 249 

from the Alps, stage (h) is generally highest at the onset of earlywood growth (EW1) at all sites 250 

(Figure 5d-f), and then declines more with distance downstream (0.3 - 0.7 m for h95, from north 251 

to south, for example), before slightly rebounding at the end of latewood growth (LW3). The 252 

main differences in h percentiles between sites is when the low point occurs and to what level 253 

it rebounds. For example, the trough in h at Upstream occurs during earlywood production, 254 

while it occurs during the latewood growth period for Midstream and Downstream. This is 255 

consistent with the expansion of drainage area with distance downstream that delays the 256 

annual flood wave in the Rhône (52), particularly that which is derived from French Alps 257 

snowmelt runoff (Downstream lies downstream of the Rhône’s confluence with the Alps-258 

draining Durance River). Additionally, the seasonal variation in h increases with distance 259 

downstream, reaching a range of >0.7 m for all three h percentiles at Downstream. High values 260 

of h relative to the average generally drive the filling of the shallow alluvial aquifer under the 261 

floodplain, which drains more slowly than it fills, leaving behind high non-locally controlled water 262 

availability for deeper rooting species (53). In general, the stage values at Upstream and 263 

Midstream are ~5-6 m below the surface elevation at tree rooting positions, although h is only 264 

1-2 m below the surface at Downstream (Figure 5d-f), suggesting greater access of aquifer 265 

water to trees at this site.  266 
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 267 

The SPEI values at each site show a similar pattern for 1 to 4 months of antecedent water 268 

balance (Figure 5g-i). For example, the 1-month SPEI rises to its peak at the end of earlywood 269 

formation (EW3), and then essentially flatlines for the rest of the growing season, whereas the 270 

2-month SPEI peaks at LW1, the 3-month index peaks at LW2, and the 4-month SPEI peaks 271 

at LW3. This pattern suggests that the accumulated soil moisture throughout the growing 272 

season is most available to trees in the final stages of both earlywood and latewood growth. 273 

The SPEI values with longer antecedence reflect soil moisture surplus derived from locally 274 

controlled NGS precipitation (which will be exhausted earlier), while the 1-month antecedence 275 

SPEI, for example, mainly reflects contributions from GS precipitation (also locally controlled).   276 

 277 

Hydroclimatic Patterns in Seasonal Water Use 278 

In the context of seasonal changes in h and SPEI, the characteristic patterns of seasonal water 279 

use for each tree indicate differences in the availability of deep versus shallow moisture sources 280 

throughout the growing season and corresponding source switching by both species to maintain 281 

growth throughout the season. We summarize the water availability results by these metrics 282 

separately for the initiation of growth, the middle of the growing season, and the end of growth.  283 

 284 

At growth initiation (EW1) Rhône stream stage (h) is highest for all sites, yet this does not 285 

necessarily correspond to the use of non-locally controlled phreatic water in early stages of 286 

growth because Mediterranean trees will often only access this water source once the water 287 

table declines, leaving behind isotopically light capillary water in deeper soil layers (54, 55). 288 

Thus, the starting values of δ18Omsw values vary dramatically between sites (Figure 5a-c), 289 

depending instead on the isotopic signature of readily available water in shallow soil layers from 290 

locally controlled NGS ppt, the volume of which is apparently higher upstream and declines 291 

downstream (Figure 5g-i). The >5‰ range in starting δ18Omsw values at Upstream suggest 292 

access from deep versus shallow root for Populus and Fraxinus trees, respectively, whereas 293 

all trees at the Midstream and the Downstream sites appear to use similar water to begin growth 294 

(except for the NC Fraxinus, Figure 5a-c).  295 

 296 
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In the middle stages of growth, characteristic use of isotopically light (relatively) water for all 297 

trees suggests availability and use of water from deeper rooting depths. Lighter δ18Omsw in mid-298 

growth are associated with non-locally controlled phreatic or capillary water supported by the 299 

passage of Rhône River snowmelt runoff wave and/or the accumulation of deeper soil moisture 300 

by locally controlled NGS precipitation several months prior to growth (Figures 2d-f,4). The 301 

trough of δ18Omsw occurs around LW1, and here there are similarities in water use signatures 302 

for all trees at all sites, except the NC Fraxinus at Midstream and both Fraxinus trees at 303 

Downstream (Figure 5a-c), which are apparently rooted more shallowly such that they access 304 

a different (more enriched) moisture pool that reflects lower antecedent moisture (56) (Figure 305 

5g-i).  306 

 307 

In the final stage of growth, there is consistent isotopic enrichment in locally controlled soil 308 

moisture, which is evident in the δ18Omsw data for each of the Rhône sites, particularly for the 309 

more shallowly rooted Fraxinus (Figure 5a-c). In fact, the seasonal patterns of water use 310 

suggest that both riparian tree species are adapted to take advantage of soil moisture at the 311 

end of the growing season, even if the isotopic value of this enriched moisture pool varies 312 

substantially year to year (Figure S4). At this stage, water may become very limited in both 313 

deep and shallow soil layers, such that trees are using decreasing pools of locally controlled 314 

soil moisture that may be briefly replenished by summer rains (GS ppt), which are subjected to 315 

high evaporation losses, producing high variability in end-of-season δ18Omsw. It is also clearest 316 

from the LW3 δ18Omsw values that the hydroclimate gradient exerts a strong control on source 317 

water availability and isotopic enrichment.     318 

 319 

Discussion  320 

Seasonal water source use variations throughout the growing period are an expression of 321 

adaptive plant responses to annual variations in water availability in phreatic or vadose zone 322 

stores. Thus, characteristic patterns of seasonal water usage may develop under a stationary 323 

climate, where climatic expression within hydrology regionally (non-locally) and locally are 324 

predictable. Clearly, there will be favorable and unfavorable years in terms of water availability 325 

in these phreatic versus vadose zone stores, but water source switching between shallow and 326 
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deep roots would support healthy growth if both hydrologic stores are not negatively affected 327 

at the same time (e.g., a regional drought affecting upland snowpack and lowland rainfall). The 328 

analysis presented here shows a seasonal cycle of water availability and use by two co-located 329 

tree species with contrasting rooting depths that reflects the influence of: 1) non-local climatic 330 

controls on phreatic zone (and deeper soil layers) water availability and use in the middle of the 331 

growing season, especially by the more deeply rooted Populus; 2) accumulation of soil moisture 332 

from locally controlled NGS precipitation primarily benefitting Fraxinus; 3) contributions from 333 

locally controlled GS precipitation to shallow zone water availability; and 4) locally high 334 

temperatures resulting in soil drying within shallow layers at the end of the growing season 335 

(Figures 2,4). The local and non-local hydroclimatic controls on riparian water availability and 336 

tree water use are summarized schematically in Figure 1. This figure shows that non-local 337 

controls on water availability are dominated by snowmelt from the mountains and their 338 

contribution to streamflow selectively affects deeply rooting species, whereas the local balance 339 

between precipitation and evapotranspiration affects water availability to shallowly rooting 340 

species in riparian forests. 341 

 342 

The climate is becoming warmer in SE France (a ~2˚C increase in GS temperature between 343 

1970 and 2015, Figure S1) and in many seasonally dry environments around the world, where 344 

riparian trees are adapted to varying water availability by switching water sources between 345 

deeper and shallower rooting zones to support their growth and strong hydroclimatic gradients 346 

(23, 48, 57, 58). Under nonstationary climatic forcing, the local and non-local water balance 347 

may become perturbed. Upland precipitation may shift in phase from snow to rain, leading to 348 

an increase in winter flooding but also to a smaller spring snowmelt pulse. Additionally, warmer 349 

upland spring temperatures may cause earlier/faster melting of remaining snowpack, shifting 350 

the timing/magnitude of the snowmelt flood pulse (Figure 5d-f). These non-local effects may be 351 

exacerbated at riparian floodplain sites by locally controlled warmer lowland summer 352 

temperatures in the absence of precipitation changes (Figure S1), which may result in higher 353 

soil evaporation, leading to faster drying, and/or to rapid exhaustion of soil moisture at deeper 354 

depths in the profile. Furthermore, a non-local shift to more regional rainfall and less snowfall 355 

would support to a higher contribution of locally controlled NGS precipitation to summer soil 356 
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moisture (41-43). All these changes would affect the availability of moisture in both phreatic 357 

and vadose zone storage at key periods of tree growth (42, 43), but it is challenging to anticipate 358 

where and by how much.       359 

 360 

The increasing vulnerability of riparian forests to drought stress suggests there is a necessity 361 

to improve the understanding of seasonal water source availability to trees. For example, 362 

systematic differences in co-located trees of different species suggest different water use 363 

strategies that may play out over seasonal timescales. Considering the Rhône hydroclimatic 364 

gradient, we show an increasing influence of (locally controlled) vadose zone water availability 365 

with distance downstream towards warmer climates, especially for Fraxinus. This suggests that 366 

within warmer, drier environments in the southern Rhône basin, source water availability to 367 

trees is responsive to local drought conditions, or even individual very dry seasons, leading to 368 

strong vulnerabilities in Fraxinus because their rooting architecture gives them fewer options 369 

for source switching. In contrast, Populus, a phreatophyte with a deeper rooting architecture, is 370 

less susceptible to negative effects of soil moisture drying, especially where the water table is 371 

quite shallow (at Midstream, Figure 5f). Downstream experiences the highest availability of 372 

Rhône-sourced phreatic water of any site, supporting uptake and growth of deeply rooted trees 373 

especially over the latewood period. However, the high spring values of h at all three sites likely 374 

support an elevated water table and/or capillary water in deeper soil layers after water table 375 

recession, potentially leading to high water availability of isotopically light water to deep roots 376 

during latewood growth (Figure 5a-c).  377 

 378 

Along the entire hydroclimatic gradient, Populus trees consistently use shallow phreatic water 379 

to support mid-season growth (Figure 5a-c), suggesting that their key water source is non-380 

locally controlled. This means that Populus and Fraxinus trees along the Rhône are responsive 381 

and vulnerable to distinct aspects of the hydroclimatic system (non-local controls on the shallow 382 

alluvial aquifer for Populus and local controls on soil moisture for Fraxinus, Figure 1). We 383 

suspect this disconnect in controls on water availability to co-located riparian trees with distinct 384 

rooting depths is a common feature of many lowland river floodplains. Under stationary climatic 385 

conditions there should be (on average) sufficient floodplain water for both species, and each 386 
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could manage a season of water limitation arising from an unfavorable hydrologic year via 387 

below-normal growth (31). The progression of the growing season also brings a progressive 388 

isotopic enrichment due to evaporation and higher temperatures during precipitation events 389 

and increased evaporation, leading to higher values of δ18O in soil moisture at LW3 than in 390 

EW3. In general, deeper water sources may be exhausted by August due to water table decline 391 

and depletion of hyporheic bank storage (48, 53), especially for the drier (most downstream 392 

sites), requiring trees of both species to access this enriched soil moisture to complete their 393 

annual rings at the end of the growing season. However, given that riparian trees are transpiring 394 

throughout the growing season (59), the true soil moisture availability will generally decline 395 

throughout the season, especially because GS precipitation is generally low in Mediterranean 396 

environments. This poses risks to both species in years of unfavorable streamflow, when they 397 

will compete for a dramatically limited water source. 398 

 399 

 A nonstationary climate, on the other hand, may pose species-specific challenges, depending 400 

on whether it affects the water balance locally or non-locally. For example, if climatic changes 401 

affect upland snowpack/snowmelt, it is likely to limit phreatic zone water availability (non-locally 402 

controlled), especially at locations most distant from the mountains, such that phreatophyte 403 

species (e.g., Populus) may lose their buffer against locally warmer and drier conditions, and 404 

therefore become highly sensitive to soil moisture deficits (60). In contrast, if local growing 405 

season temperatures increase (which is already happening along the entire Rhône, Figure S1) 406 

and/or local precipitation declines (more equivocal), soil moisture deficits will selectively impact 407 

shallowly rooted species (e.g., Fraxinus). It is also possible for both climatic changes (local and 408 

non-local) to occur simultaneously, negatively affecting both phreatic zone and vadose water 409 

availability (drought conditions) in lowland riparian forests. If this should occur, the inter-species 410 

competition for water will favor the survival of the more drought-tolerant species, Fraxinus (56), 411 

which has made more investment in shallow roots, and it would have important consequences 412 

for riparian forest composition along this and other river systems.  413 

 414 

Since water deficits have been identified as the major drivers of forest die-back (1), alterations 415 

to forest species composition (e.g., hydroclimatic changes may favor the expansion of a 416 



 

 

15 
 

particular species) may reduce biodiversity and ecosystem services. We have shown here that 417 

climate change may affect locally versus non-locally controlled water availability, leading to 418 

correspondingly different responses in Fraxinus and Populus trees along the Rhône 419 

hydroclimatic gradient. Ecologically, these spatially restricted lowland riparian forests have no 420 

adaptive escape hatch to ameliorate the effect of such changes (8-12). These forest patches 421 

are ecologically isolated with few opportunities to expand their range or even recruit on new 422 

floodplain surfaces, given their adaptation to lowlands and anthropogenic pressures in lowland 423 

floodplains (61-63). Thus, lowland riparian forests, especially in Mediterranean climate regimes 424 

are ‘sitting ducks’ for climate change, due to their dependence on locally and non-locally 425 

controlled root zone water availability (Figure 1) that will undergo changes with atmospheric 426 

warming and alterations to precipitation regimes. We suggest that characterization of seasonal 427 

water source availability and tree water use enables identification of water supply issues to 428 

riparian forests, and therefore allows for potential intervention to climate change at regional 429 

(water management) and local (forest management) scales.  430 



 

 

16 
 

Acknowledgments 431 

Support for this work came from the U.S. National Science Foundation (BCS-1660490, EAR-432 

1700555), the U.S. Department of Defense’s Strategic Environmental Research Development 433 

Program (RC18-1006). It was also partly funded by Labex DRIIHM (ANR-11-LABX-0010) as 434 

part of the Observatoire Hommes-Milieux Vallée du Rhône (OHM VR) and performed within 435 

the framework of the EUR H2O'Lyon (ANR-17-EURE-0018) of Université de Lyon (UdL) 436 

through the “Investissements d'Avenir” program operated by the French National Research 437 

Agency (ANR). The lab work was done based on an in-kind Natural Environmental Research 438 

Council Facility Grant via the British Geological Society’s Stable Isotope Facility (Melanie Leng). 439 

We also thank various collaborators in France who assisted with access and equipment for field 440 

work. These include: Hervé Piégay, Bernard Pont, Jérémie Riquier, and Kristell Michel. 441 

 442 

References 443 

1. C. D. Allen et al., A global overview of drought and heat-induced tree 444 
mortality reveals emerging climate change risks for forests. For. Ecol. 445 
Manage. 259, 660-684 (2010). 446 

2. C. D. Allen, D. D. Breshears, N. G. McDowell, On underestimation of global 447 
vulnerability to tree mortality and forest die-off from hotter drought in 448 
the Anthropocene. Ecosphere 6, art129 (2015). 449 

3. N. G. McDowell, C. D. Allen, Darcy's law predicts widespread forest 450 
mortality under climate warming. Nature Clim. Change 5, 669-672 (2015). 451 

4. H. D. Adams et al., A multi-species synthesis of physiological mechanisms 452 
in drought-induced tree mortality. Nature Ecology & Evolution 453 
10.1038/s41559-017-0248-x (2017). 454 

5. J. S. Clark et al., The impacts of increasing drought on forest dynamics, 455 
structure, and biodiversity in the United States. Global Change Biol. 22, 456 
2329-2352 (2016). 457 

6. D. D. Breshears et al., Tree die-off in response to global change-type 458 
drought: mortality insights from a decade of plant water potential 459 
measurements. Front. Ecol. Environ. 7, 185-189 (2009). 460 

7. D. D. Breshears et al., Regional vegetation die-off in response to global-461 
change-type drought. Proc. Natl. Acad. Sci. U. S. A. 102, 15144-15148 462 
(2005). 463 

8. F. Giorgi, Climate change hot-spots. Geophys. Res. Lett. 33, 4 (2006). 464 
9. F. Giorgi, P. Lionello, Climate change projections for the Mediterranean 465 

region. Global Planet. Change 63, 90-104 (2008). 466 
10. J. C. Stella, J. Riddle, H. Piégay, M. Gagnage, M.-L. Trémélo, Climate and 467 

local geomorphic interactions drive patterns of riparian forest decline 468 
along a Mediterranean Basin river. Geomorphology 202, 101-114 (2013). 469 

11. S. J. Capon et al., Riparian Ecosystems in the 21st Century: Hotspots for 470 
Climate Change Adaptation? Ecosystems 16, 359-381 (2013). 471 



 

 

17 
 

12. S. R. Loarie et al., The velocity of climate change. Nature 462, 1052-1055 472 
(2009). 473 

13. G. P. Asner et al., Progressive forest canopy water loss during the 2012–474 
2015 California drought. Proceedings of the National Academy of Sciences 475 
113, E249-E255 (2016). 476 

14. W. R. L. Anderegg, L. D. L. Anderegg, K. L. Kerr, A. T. Trugman, Widespread 477 
drought-induced tree mortality at dry range edges indicates that climate 478 
stress exceeds species' compensating mechanisms. Global Change Biol. 25, 479 
3793-3802 (2019). 480 

15. W. R. Anderegg, J. M. Kane, L. D. Anderegg, Consequences of widespread 481 
tree mortality triggered by drought and temperature stress. Nature 482 
Climate Change 3, 30-36 (2013). 483 

16. A. Park Williams et al., Temperature as a potent driver of regional forest 484 
drought stress and tree mortality. Nature Climate Change 3, 292-297 485 
(2013). 486 

17. P. J. van Mantgem et al., Widespread Increase of Tree Mortality Rates in 487 
the Western United States. Science 323, 521-524 (2009). 488 

18. R. B. Jackson et al., A global analysis of root distributions for terrestrial 489 
biomes. Oecologia 108, 389-411 (1996). 490 

19. S. Rood, S. Bigelow, A. Hall, Root architecture of riparian trees: river cut-491 
banks provide natural hydraulic excavation, revealing that cottonwoods 492 
are facultative phreatophytes. Trees 25, 907-917 (2011). 493 

20. Y. Yang, R. J. Donohue, T. R. McVicar, Global estimation of effective plant 494 
rooting depth: Implications for hydrological modeling. Water Resour. Res. 495 
52, 8260-8276 (2016). 496 

21. Y. Fan, G. Miguez-Macho, E. G. Jobbágy, R. B. Jackson, C. Otero-Casal, 497 
Hydrologic regulation of plant rooting depth. Proceedings of the National 498 
Academy of Sciences 114, 10572-10577 (2017). 499 

22. C. A. Williams, D. J. Cooper, Mechanisms of riparian cottonwood decline 500 
along regulated rivers. Ecosystems 8, 382-395 (2005). 501 

23. M. B. Singer et al., Floodplain ecohydrology: Climatic, anthropogenic, and 502 
local physical controls on partitioning of water sources to riparian trees. 503 
Water Resour. Res. 50, 4490-4513 (2014). 504 

24. T. E. Dawson, J. R. Ehleringer, Streamside trees that do not use stream 505 
water. Nature 350, 335-337 (1991). 506 

25. J. Renee Brooks, H. R. Barnard, R. Coulombe, J. J. McDonnell, Ecohydrologic 507 
separation of water between trees and streams in a Mediterranean 508 
climate. Nature Geosci 3, 100-104 (2010). 509 

26. G. Skiadaresis, J. Schwarz, K. Stahl, J. Bauhus, Groundwater extraction 510 
reduces tree vitality, growth and xylem hydraulic capacity in Quercus 511 
robur during and after drought events. Scientific Reports 11, 5149 (2021). 512 

27. N. Bréda, R. Huc, A. Granier, E. Dreyer, Temperate forest trees and stands 513 
under severe drought: a review of ecophysiological responses, adaptation 514 
processes and long-term consequences. Ann. For. Sci. 63, 625-644 (2006). 515 

28. S. J. Lite, J. C. Stromberg, Surface water and ground-water thresholds for 516 
maintaining Populus-Salix forests, San Pedro River, Arizona. Biol. Conserv. 517 
125, 153-167 (2005). 518 

29. J. C. Stromberg et al., Altered stream-flow regimes and invasive plant 519 
species: the Tamarix case. Global Ecol. Biogeogr. 16, 381-393 (2007). 520 



 

 

18 
 

30. D. Sarris, D. Christodoulakis, C. Körner, Impact of recent climatic change 521 
on growth of low elevation eastern Mediterranean forest trees. Clim. 522 
Change 106, 203-223 (2011). 523 

31. M. B. Singer et al., Contrasting water-uptake and growth responses to 524 
drought in co-occurring riparian tree species. Ecohydrology 6, 402-412 525 
(2013). 526 

32. M. B. Singer, K. Michaelides, Deciphering the expression of climate change 527 
within the Lower Colorado River basin by stochastic simulation of 528 
convective rainfall. Environmental Research Letters 12 (2017). 529 

33. D. Petra, Vulnerability to the impact of climate change on renewable 530 
groundwater resources: a global-scale assessment. Environmental 531 
Research Letters 4, 035006 (2009). 532 

34. J. R. Gremer, J. B. Bradford, S. M. Munson, M. C. Duniway, Desert grassland 533 
responses to climate and soil moisture suggest divergent vulnerabilities 534 
across the southwestern United States. Global Change Biol. 21, 4049-4062 535 
(2015). 536 

35. C. Nilsson, K. Berggren, Alterations of Riparian Ecosystems Caused by 537 
River Regulation. Bioscience 50, 783-792 (2000). 538 

36. M. B. Singer, The influence of major dams on hydrology through the 539 
drainage network of the Sacramento Valley, California. River Res. Appl. 23, 540 
55-72 (2007). 541 

37. M. B. Singer, R. Aalto, Floodplain development in an engineered setting 542 
Earth Surface Processes and Landforms 34, 291-304 (2009). 543 

38. M. B. Singer, T. Dunne, An empirical-stochastic, event-based model for 544 
simulating inflow from a tributary network: Theoretical framework and 545 
application to the Sacramento River basin, California. Water Resour. Res. 546 
40, W07506, doi:07510.01029/02003WR002725 (2004). 547 

39. M. C. Rains, J. E. Mount, E. W. Larsen, Simulated changes in shallow 548 
groundwater and vegetation distributions under different reservoir 549 
operations scenarios. Ecol. Appl. 14, 192-207 (2004). 550 

40. I. Rodriguez-Iturbe, A. Porporato, F. Laio, L. Ridolfi, Plants in water-551 
controlled ecosystems: active role in hydrologic processes and response 552 
to water stress: I. Scope and general outline. Advances in Water Resources 553 
24, 695-705 (2001). 554 

41. A. Porporato, P. D’Odorico, F. Laio, L. Ridolfi, I. Rodriguez-Iturbe, 555 
Ecohydrology of water-controlled ecosystems. Advances in Water 556 
Resources 25, 1335-1348 (2002). 557 

42. F. Laio, S. Tamea, L. Ridolfi, P. D'Odorico, I. Rodriguez-Iturbe, 558 
Ecohydrology of groundwater-dependent ecosystems: 1. Stochastic water 559 
table dynamics. Water Resour. Res. 45, n/a-n/a (2009). 560 

43. S. Tamea, F. Laio, L. Ridolfi, P. D'Odorico, I. Rodriguez-Iturbe, 561 
Ecohydrology of groundwater-dependent ecosystems: 2. Stochastic soil 562 
moisture dynamics. Water Resour. Res. 45, n/a-n/a (2009). 563 

44. J. I. López-Moreno et al., Different sensitivities of snowpacks to warming 564 
in Mediterranean climate mountain areas. Environmental Research Letters 565 
12, 074006 (2017). 566 

45. S. D. Polade, A. Gershunov, D. R. Cayan, M. D. Dettinger, D. W. Pierce, 567 
Precipitation in a warming world: Assessing projected hydro-climate 568 



 

 

19 
 

changes in California and other Mediterranean climate regions. Scientific 569 
Reports 7, 10783 (2017). 570 

46. S. B. Rood et al., Declining summer flows of Rocky Mountain rivers: 571 
Changing seasonal hydrology and probable impacts on floodplain forests. 572 
Journal of Hydrology 349, 397-410 (2008). 573 

47. C. Gazis, X. Feng, A stable isotope study of soil water: evidence for mixing 574 
and preferential flow paths. Geoderma 119, 97-111 (2004). 575 

48. C. I. Sargeant, M. B. Singer, Sub-annual variability in historical water 576 
source use by Mediterranean riparian trees. Ecohydrology 9, 1328-1345 577 
(2016). 578 

49. J. M. Sánchez-Pérez, E. Lucot, T. Bariac, M. Trémolières, Water uptake by 579 
trees in a riparian hardwood forest (Rhine floodplain, France). 580 
Hydrological Processes 22, 366-375 (2008). 581 

50. C. I. Sargeant, M. B. Singer, C. Vallet-Coulomb, Identification of Source-582 
Water Oxygen Isotopes in Trees Toolkit (ISO-Tool) for Deciphering 583 
Historical Water Use by Forest Trees. Water Resour. Res. 55, 10954-10975 584 
(2019). 585 

51. S. M. Vicente-Serrano, S. Beguería, J. I. López-Moreno, A Multiscalar 586 
Drought Index Sensitive to Global Warming: The Standardized 587 
Precipitation Evapotranspiration Index. J. Clim. 23, 1696-1718 (2010). 588 

52. J. M. Olivier et al., "The Rhône River Basin" in The Rivers of Europe. 589 
(Academic Press, 2009),  chap. 7, pp. 247-295. 590 

53. C. M. Evans, D. G. Dritschel, M. B. Singer, Modeling Subsurface Hydrology 591 
in Floodplains. Water Resour. Res. 54, 1428-1459 (2018). 592 

54. C. Evans, M. B. Singer, D. G. Dritschel, A subsurface hydrology model that 593 
traces oxygen isotopes. Eos Transactions AGU 97, EP52B-03. (2016). 594 

55. D. E. Busch, N. L. Ingraham, S. D. Smith, Water Uptake in Woody Riparian 595 
Phreatophytes of the Southwestern United States: A Stable Isotope Study. 596 
Ecol. Appl. 2, 450-459 (1992). 597 

56. G. Marigo, J. P. Peltier, J. Girel, G. Pautou, Success in the demographic 598 
expansion of Fraxinus excelsior L. Trees-Struct. Funct. 15, 1-13 (2000). 599 

57. L. B. Flanagan, T. E. Orchard, T. N. Tremel, S. B. Rood, Using stable isotopes 600 
to quantify water sources for trees and shrubs in a riparian cottonwood 601 
ecosystem in flood and drought years. Hydrological Processes 33, 3070-602 
3083 (2019). 603 

58. K. A. Snyder, D. G. Williams, Water sources used by riparian trees varies 604 
among stream types on the San Pedro River, Arizona. Agricultural and 605 
Forest Meteorology 105, 227-240 (2000). 606 

59. M. Mayes et al., Climate sensitivity of water use by riparian woodlands at 607 
landscape scales. Hydrological Processes 34, 4884-4903 (2020). 608 

60. N. M. Amlin, S. B. Rood, Drought stress and recovery of riparian 609 
cottonwoods due to water table alteration along Willow Creek, Alberta. 610 
Trees-Struct. Funct. 17, 351-358 (2003). 611 

61. M. B. Singer, R. Aalto, L. A. James, Status of the lower Sacramento Valley 612 
flood-control system within the context of its natural geomorphic setting. 613 
Nat. Hazards Rev. 9, 104-115 (2008). 614 

62. J.-P. Bravard, P. Gaydou, "Historical Development and Integrated 615 
Management of the Rhône River Floodplain, from the Alps to the 616 
Camargue Delta, France" in Geomorphic Approaches to Integrated 617 



 

 

20 
 

Floodplain Management of Lowland Fluvial Systems in North America and 618 
Europe, P. F. Hudson, H. Middelkoop, Eds. (Springer New York, 2015), 619 
10.1007/978-1-4939-2380-9_12 chap. 12, pp. 289-320. 620 

63. J. Stella, P. Rodríguez-González, S. Dufour, J. Bendix, Riparian vegetation 621 
research in Mediterranean-climate regions: common patterns, ecological 622 
processes, and considerations for management. Hydrobiologia 719, 291-623 
315 (2013). 624 

625 

Figure 1. Schematic of local and non-local hydroclimatic controls affecting water availability to 626 

riparian trees and their use of available water. 627 



 

 

21 
 

 628 

Figure 2. Map of the study region and field sites (a) with mean growing season (May-629 

September) temperature and total precipitation for each site (b). Numbered boxes correspond 630 

to the nearest climate stations for each field site: 1 = Bron, 2 = Montélimar, 3 = Arles Tour du 631 

Valat. Aerial imagery from GoogleEarth ©2017, CNES / Airbus, Maxar Technologies. Imagery 632 

dates: Upstream -22/08/2016, Midstream-07/9/2015, Downstream-26/03/2016.  633 



 

 

22 
 

634 

Figure 3. (a-c) Kernel density plots of all sub-annual δ18Omsw values calculated for each near-635 

channel (NC) and interior floodplain (IF) Fraxinus and Populus at each of the study sites. (d-f) 636 

Potential endmember water source δ18O characterization for each site. The non-growing 637 

season and growing season precipitation δ18O are denoted as NGS ppt and GS ppt, 638 

respectively.  639 
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641 

Figure 4. Modeled source water δ18O (δ18Omsw) for the sub-annual δ18Ocell samples obtained 642 

from each tree for the 2000-2010 period at study sites, Upstream (a-d), Midstream (e-h), and 643 

Downstream (j-l). Blue and red lines correspond to the sub-annual δ18Omsw means for Fraxinus 644 

and Populus, respectively. Grey shading represents ±1 SD. 645 
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 647 

 648 

649 

Figure 5. Mean sub-annual δ18Omsw for sampled trees at each site and floodplain location (a-650 

c), corresponding growing season river stage percentiles (d-f) and mean seasonal SPEI series 651 

for 1-6-month timescales (g-i).  652 

 653 


