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• Plant-soil-water interactions in the tem-
perate humid North are relatively un-
known.

• Stable isotopes of soil and vegetation
water revealed spatio-temporal pat-
terns.

• In contrast to other biomes, we found
little separation between soil water
sources.

• Vegetation sources were constant tem-
porally, but variable with landscape
position.
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Using stable isotope data from soil and vegetation xylem samples across a range of landscape positions, this study
provides preliminary insights into spatial patterns and temporal dynamics of soil-plant water interactions in a
humid, low-energy northern environment. Our analysis showed that evaporative fractionation affected the iso-
topic signatures in soil water at shallow depths but was less marked than previously observed in other environ-
ments. By comparing the temporal dynamics of stable isotopes in soil water mainly held at suctions around and
below field capacity, we found that these waters are not clearly separated. The study inferred that vegetation
water sources at all sites were relatively constant, and most likely to be in the upper profile close to the soil/at-
mosphere interface. The data analyses also suggested that both vegetation type and landscape position, including
soil type, may have a strong influence on local water uptake patterns, althoughmorework is needed to explicitly
identify water sources and understand the effect of plant physiological processes on xylem isotopic water
signatures.
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1. Introduction

Characterizing the dynamics of plant water availability and the
mechanisms whereby plants access available water sources remain
key challenges in ecohydrology (Asbjornsen et al., 2011; McDonnell,
2014). Insights into these processes are crucial for our understanding
how precipitation is partitioned back into the atmosphere through
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Fig. 1. Site overview showing the four sampling locations, the soil distribution and the
forested areas.
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evapotranspiration, or recharges ground water and generates runoff
(Brooks et al., 2015; Tetzlaff et al., 2015). Many studies on the physical,
chemical and biological aspects of plant, water and soil relations have
advanced our understanding in previous decades (see e.g. reviews by
Philip, 1966; Kramer and Boyer, 1995; Rodriguez-Iturbe and Porporato,
2004; Asbjornsen et al., 2011; Kirkham, 2014). Research from across a
wide range of environments differing in climate, soil type and vegeta-
tion has shown that strong interactions between these properties (e.g.
Jackson et al., 2000; Scott et al., 2000; Schwendenmann et al., 2015;
Dai et al., 2015) ultimately control the temporal and spatial dynamics
of plant water availability and uptake patterns. Stable isotope analyses
of plant xylem water and various potential source waters have proved
valuable in resolving someof the questions surroundingplantwater up-
take (e.g. Ehleringer and Dawson, 1992; Brooks et al., 2010; Goldsmith
et al., 2012).Many of these studies have shown that plants can be highly
opportunistic and adaptable in accessingwater from the subsurface. For
example, although not the general rule (Wei et al., 2013), it is well
known that vegetation can switch from accessing shallower to deeper
sources between seasons (e.g. Penna et al., 2013; White and Smith,
2015) or during periods of drought (Barbeta et al., 2015). Isotopically
different vegetation water of co-existing species has also indicated
niche segregation for water uptake in mixed stands (e.g. Rossatto
et al., 2014; Comas et al., 2015; Schwendenmann et al., 2015).

Several recent studies have suggested that there may also be
“ecohydrological separation” of distinct soil water pools (the “two
water worlds” hypothesis) comprising plant-available water on one
hand and water that drains to streams on the other (Brooks et al.,
2010; Evaristo et al., 2015; Good et al., 2015a; Bowling et al., 2016).
Physically, it has been proposed that this could represent water held
at suctions greater than field capacity (in this context usually referred
to as “plant available” water or “tightly bound” water) and waters
held at suctions less than field capacity (mobile water), respectively
(following e.g. Brooks et al., 2010; Orlowski et al., 2016a). The isotopic
character of water held at these different suctions was found to be dis-
tinctly different, with tree water resembling the more fractionated
tightly bound water. While questions remain on how and why plants
may use tightly-bound soil water when more mobile water is available
to their roots (Bowling et al., 2016), most efforts have focussed on the
conditions that drive soil water separation. Recent meta-analysis
(Evaristo et al., 2015) and global remote sensing efforts (Good et al.,
2015a, 2015b) have shown that ecohydrological separation is wide-
spread globally. However, more detailed studies in diverse environ-
ments have provided a range of alternative interpretations in relation
to these differences in isotopic signatures. In climates with strong sea-
sonality, bulk water (including the tightly boundwater) isotopically re-
sembled that of the first rain (Brooks et al., 2010; Goldsmith et al., 2012)
or snowmelt (Gierke et al., 2016) after the dry season. It was
hypothesised that this first water entered the smaller pores when
they were dry and got locked (or was more tightly bound) throughout
the rest of the seasonwithout significantmixingwith additional precip-
itation inputs. However, recent work by Hervé-Fernández et al. (2016)
in a rainy temperate zone in Chile, and by McCutcheon et al. (2017) in
a semi-arid, snow-dominated landscape in Idaho demonstrated that
during wet periods when soils are replenished there (temporarily)
was sufficient mixing of water stored in the larger and smaller pores
of the soil to infer that soil water was not clearly separated into two
compartments. Furthermore, while Evaristo et al. (2016) did clearly
demonstrate a distinct separation of two subsurface reservoirs in an en-
vironment with less seasonality in precipitation (Puerto Rico), some
preliminary analyses from sites across higher latitudes in Europe with
less marked summer drying did not show strong evidence in support
of this (Scotland, Geris et al. (2015a); Germany, Schmid et al. (2016)).
Furthermore, following earlier work by Allison and Barnes (Allison,
1982; Allison and Barnes, 1983; Barnes and Allison, 1983), Sprenger
et al. (2016) have postulated that distinct pools of water may only
exist at shallow depths, characterised by the maximum evaporation
penetration depth, which depends on soil texture and the climatic con-
ditions. They have further theorized that mixing of tightly bound evap-
orative fractionated water with newly introduced (mobile) water does
occur and increases during the percolation process.

While disentangling the relative role and interplay of vegetation and
soil properties on plant available water and the “(eco)hydrological
partitioning” of subsurface water is a major focus of current work
(Troch et al., 2013; McDonnell, 2014; Vereecken et al., 2015); low ener-
gy, humid northern regions have so far received relatively little atten-
tion (Tetzlaff et al., 2015), compared to e.g. (seasonally) high energy,
water-limited ecosystems (Zeppel, 2013). In the former, water sources
are often not limited (Rodriguez-Iturbe et al., 2007; Thompson et al.,
2010). However, future climate projections include longer growing sea-
sons and reductions in water availability (IPCC, 2013), so that increased
knowledge on the soil-vegetation water interactions in these rapidly
changing areas is urgently needed. Preliminary work in the Scottish
Highlands failed to establish strong evidence in support of two separat-
ed soil water pools. Instead the results suggested that trees extract
water from the uppermost part of the soil profile, which showed some
evaporative fractionation effects in the summer months (Geris et al.,
2015a). However, questions remain on how these interactions develop
throughout the year and if these are consistent for different soil andveg-
etation types spatially distributed across the landscape.

Here, we report the results of a preliminary investigation of stable
isotope dynamics in xylemwater and potential soil water sources (mo-
bile and less mobile) in four soil-vegetation assemblages in the Scottish
Highlands. Our specific objectiveswere to: (i) assess annual dynamics of
water stored in the soil by evaluating the isotopic character and possible
interactions between more mobile and tightly bound soil water; (ii)
evaluate the annual patterns in vegetation water uptake in the context
of these soil processes; and (iii) examine how i and ii vary spatially in
different soil-vegetation units.

2. Data and methods

Wemonitored soil and xylem water dynamics in four characteristic
ecosystemswithin the Girnock Burn catchment (30 km2) in the Scottish



Table 1
Hydroclimatological conditions and average soil moisture of the top soil at the four sam-
pling sites for the four sampling occasions. The catchment conditions include the daily an-
tecedent precipitation for the previous seven (API7) and 14 (API14) days; discharge (Q),
potential evapotranspiration (PET), and themean normalised soil wetness index (MNSW)
across the different soil types (see Geris et al., 2015a).

Nov 12 Apr 13 Jun 13 Jul 13

Catchment conditions
API7 (mm) 3.6 111.9 0.3 0
API14 (mm) 7.1 117.1 9.2 0
Q (mm d−1) 0.92 4.70 0.79 0.41
PET (mm d−1) 0.57 1.88 1.86 3.19
MNSW (−) 0.62 0.83 0.52 0.05

Site measurements
Soil moisture content [mean
(stdev)] (%)

Ph 35.9
(9.7)

58.1
(11.5)

28.8
(11.8)

11.3
(6.2)

Pf 37.9
(6.0)

54.9
(12.4)

46.1
(15.0)

12.1
(6.4)

Hf 90.1
(6.0)

Saturated 92.7
(8.6)

76.2
(6.0)

Af 23.6
(4.1)

39.4
(4.3)

18.1
(4.8)

5.6
(1.8)
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Highlands (Fig. 1). The prevailing humid climate is characterised by low
intensity precipitation (~950mmper annum)which is spread relatively
evenly throughout the year. There is a strong seasonality in energy
fluxes, with potential evapotranspiration rates (~400 mm per annum)
typically b0.5mmper day inwinter and up to 4mmper day in summer.
The Girnock drains a glaciated landscape through a widened valley bot-
tom with thick peat deposits (histosols). Geology features granite,
schists and other metamorphic bedrock, covered by drifts in the valley
bottom which is also the parent material for dominant podzolic soils
on the hillslopes. Vegetation cover reflects both soil type (bog vegeta-
tion, in particular Sphagnum, on the Histosols and the shrubs Calluna
vulgaris and Erica tetralix on the podzols) and the effects of land man-
agement forming distinct soil-vegetation assemblages. The landscape
has a long history of deforestation, a situationwhich is currently largely
maintained by game shooting, in particular for Red Deer (Cervas
elaphus) which inhibits tree regeneration through over-grazing. At
present, forested areas are restricted to locations inaccessible to deer
(i.e. behinddeer fences and on steeper slopes). Fig. 1 shows thedistribu-
tion of forested areas.While the dominant native tree species across the
study site is Scots Pine (Pinus sylvestris L.), the stand in the north-
eastern part is older than elsewhere and has a less dense, more open
woodland vegetation structure. Rooting depth for both forest and
heather in this type of environment is relatively shallow, with most of
the fine root production and turnover typically occurring in the upper
20 cm of the soil (e.g. Bishop and Dambrine, 1995; Čermák et al.,
2008), although the full rooting depth range does also depend on soil
type and properties (Crow, 2005). For shallow and organic soils the
rooting depth range is up to 0.5 m, while for more permeable, deep
well drained soils (e.g. alluvium) this can be up to 4 m for forest stands
(Crow, 2005). More detailed descriptions of theGirnock catchment area
are provided elsewhere (e.g. Soulsby et al., 2007; Birkel et al., 2015).

Soil and vegetation water samples were extracted from the four
main soil-vegetation units at four different times of the year,
representing different hydroclimatological conditions during the grow-
ing season (Figs. 1, 2; Table 1). Typical for the Girnock and northern en-
vironments inmore general terms, the four units involved podzolic soils
with heather (Ph), and Scots Pine forest (Pf) vegetation, and two more
Scots Pine sites on histosol (Hf) and alluvial (Af) soils. Sampling oc-
curred at the end of the growing season (15th November 2012), the
start of the following growing season in spring (18th April 2013), and
Fig. 2. Hydroclimatological conditions during the study year. The top plot shows daily precipit
previous seven (API7) and 14 (API14) days; and the bottom plot shows the mean normalised s
at two dates as the summer growing season became increasingly dry
(11th June 2013 and 22nd July 2013, respectively). The study occurred
during a year with a relatively dry summer period (Geris et al.,
2015c). The 2012–2013winter also experienced anunusually long peri-
od with snow cover through to mid April (Dick et al., 2015). Although
the temporal sampling resolution is still fairly course, Fig. 2 shows that
the variability in hydroclimatological conditions at the four sampling
occasions represents the full range of conditions during a whole hydro-
logical year.

At each site, soil water was collected using both MacroRhizon suc-
tion cups and cryogenic vacuum distillation (West et al., 2006) of intact
soil cores. These samples represent mobile water and include more
tightly bound water respectively. Mobile water was collected with the
MacroRhizon samples at 0.1, 0.3 and 0.5 m depth. Sampling at 0.1 m
depth was inhibited at Hf and Af in November as a result of top soil
frost. For the more freely draining podzol and alluvium sites (Pf and
Af) no mobile soil water could be collected during July as a result of
the exceptionally dry soils. Bulk soil water at Ph, Pf and Hf water was
ation (P) and discharge (Q); the middle plot shows daily antecedent precipitation for the
oil wetness index across the different soil types (see Geris et al., 2015a).
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cryogenically extracted for the upper two soil depths, and for Af for all
three depths. This reflects a balance between the need to capture the
soil water stored in the rooting zone and high analytical costs for cryo-
genic extraction. For comparative purposes, soil moisture content at
ground level for each site was determined by the average of ten repli-
catemeasurements using aDeltaThandheld timedomain reflectometer.
Vegetation water was also extracted cryogenically from Scots Pine
xylem cores taken at 1.5 m (chest height) and from heather twigs.
Where possible, sampling included up to three replicas for each water
extraction technique. This was occasionally inhibited by incomplete ex-
traction. Vegetation and soil water samples were cryogenically extract-
ed for N2 h based on extraction time curves. Extraction efficiency was
N0.99 for all samples presented. Cryogenic extraction was carried out
at the Isotope Laboratory of the Global Institute forWater Security, Uni-
versity of Saskatchewan, following the procedure of West et al. (2006).
Using the same set-up, a small selection of replicas was also analysed at
the Surface Chemistry and Catalysis laboratory, University of Aberdeen.
Comparisons between the analyses of these replicas revealed that re-
sults were within expected measurement error. Daily precipitation
and stream water samples at a central location in the Girnock (Fig. 1)
completed the sampling regime.

All water samples were analysed for both deuterium (δ2H) and
oxygen-18 (δ18O) using a Los Gatos laser liquid water isotope analyser
following standard protocols. Values are expressed in delta per mil
(‰) relative to the Vienna Standard Mean Ocean Water standard. Iso-
tope analyses of vegetation water samples and a subsample of soil
water samples were also performed via the traditional isotope ratio
mass spectrometry to test for the effects of organic contaminants
(West et al., 2010) on the laser isotope ratio spectroscopy. This showed
that all soil water samples analysed via the laser analyser were within
the measurement precision (1‰ for δ2H and 0.4‰ for δ18O).

The soil and vegetation water samples were evaluated using dual
isotope plots via graphical xylem–soil water isotopic value comparison.
It is assumed that the xylem water isotopic signature reflects the
uptake-weighted average of δ2H or δ18O values of potential water
sources on the basis that water is not fractionated during root uptake
and evaporation from suberized stems is negligible (Ehleringer and
Dawson, 1992), as such processes mainly occur in saline environments
or in arid regions with little liquid water (Ellsworth and Williams,
2007). However, even if it may be assumed that roots predominantly
take soil water from one depth zone (or pore space) at any given
point in time, the soil water data collected here are not sufficient to un-
ambiguously determine the exact water sources. Instead, here we
Fig. 3. Stablewater isotopes of annual precipitation and streamflow, and all vegetation,mobile a
indicates the scale of panel B, which shows the soil and vegetation stable water isotopes for ea
evaluate the similarities or differences between mobile and bulk soil
water and how this relates to vegetation water isotopic signatures, in-
cluding evidence of (evaporative) fractionation, to assess interactions
between mobile and bulk soil water and plant-soil water. To allow for
a further quantification of similarities or differences between various
water sources and for comparison with data from other sites, we also
determined the precipitation offset (via lc-excess (Eq. (1)) and P-
excess, following Landwehr and Coplen, 2006 and Evaristo et al., 2015,
respectively) for the bulk soil water. P-excess quantifies the deviation
from the local meteoric water line and is a derivation of the lc-excess
metric which takes into account the standard deviation laboratory pro-
cedure measurement uncertainty.

lc−excess ¼ δD−aδ18O−b 1

3. Results and discussion

3.1. Spatio-temporal dynamics of mobile and bulk soil water

Across the sites and throughout the sampling periods, soil water
data plotted within the scatter of annual precipitation data; and bulk
soil water extracted cryogenically largely overlapped the stream and
mobile soil water (Fig. 3A; Table 2). No major deviations from the
local meteoric water line that could indicate significant evaporative
fractionation effectswere observed in the soil water samples. In general,
this supports earlier findings that found limited evidence for the exis-
tence of ‘ecologically separated’ subsurfacewater pools in humid north-
ern environments with little seasonality in precipitation (Geris et al.,
2015a; Schmid et al., 2016). It also agrees with findings in semi-arid,
snow dominated environments (McCutcheon et al., 2017).

However, the bulk soil water did appear to be consistently slightly
more depleted and more likely to plot below the meteoric water line
than mobile water (Fig. 3), which is in line with the general pattern in
observations elsewhere (e.g. Brooks et al., 2010; Hervé-Fernández
et al., 2016; Orlowski et al., 2016a). This is also reflected in the lc-
excess values of the different soil water samples, which are more nega-
tive for the bulk water (Fig. 4, left panel). Figs. 3B and 4 show that these
differences are most pronounced for site Af, absent for Hf, and while
comparable for Ph and Pf, the latter bulk soil water samples show
some limited effects of evaporative fractionation. Similar differences in
soil water have been linked to mechanisms that could drive the appar-
ent separation of subsurface water pools. These relate to different
nd bulk soil water samples across all four vegetation-soil units (A). The grey box in panel A
ch unit separately.



Table 2
Water isotope (see Fig. 3) and lc-excess values (Fig. 4) for all precipitation, stream, mobile soil, bulk soil and vegetation water samples. Range values showmin, max (mean).

Water samples n δD range δ18O range lc-excess range

Precipitation 149 −121.4, −19.1 (−67.3)a −16.0, −2.5 (−9.5)
Stream 311 −75.2, −42.2 (−60.5) −11.7, −7.0 (−9.1) −4.8, 14.9 (1.5)
Mobile soil 76 −62.8, −42.8 (−53.8) −9.7, −6.1 (−8.1) −3.4, 7.8 (2.4)
Bulk soil 67 −78.4, −49.7 (−60.2) −10.6, −5.6 (−8.3) −15.4, 18.1 (−3.0)
Vegetation xylem 32 −87.9, −41.8 (−65.2) −10.0, −4.3 (−7.7) −28.0, 1.9 (−12.8)

a Weighted mean δD = −59.1.
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conditions under which evaporation of water in the two soil spaces oc-
curs, resulting in differential fractionation processes and thus different
isotopic signatures. Evaporation of mobile water occurs under equilibri-
um (first-stage evaporation (Or et al., 2013)), while non-equilibrium
evaporation conditions (second-stage evaporation, associated with in-
creased drying) of more tightly bound adsorped water in soil particles
results in a deviation from the meteoric water line (Phillips, 2010;
Sprenger et al., 2016). Even though the soils at the study site experi-
enced marked drying in the study year (Fig. 2; Table 1), it is unclear
whether sufficient drying occurred in this relatively wet environment
at all of the sites to initiate such stage two evaporation.When more de-
pleted bulk soil water was observed earlier for summer data only, Geris
et al. (2015a) previously hypothesised that this could also reflect winter
precipitation movingmore slowly through the small pore spaces. Over-
all, depleted winter precipitation is the main source of recharge soil re-
wetting under high duration precipitation events. The results from this
study suggest that some effects of evaporative processes are also likely,
because a) the bulk samples mainly plot slightly below the local mete-
oric water line and the mobile water samples on or above, and b) this
observation is consistent throughout the year (Figs. 3, 5). We acknowl-
edge that the effects reported here may be so relatively small because
the uppermost soil sampling depth was 10 cm and this may miss the
upper (0–10 cm) profilewhere evaporation could be evident. For exam-
ple, for the same environment Sprenger et al., 2017c demonstrated that
water in the upper 5 cmof the soil profile wasmuchmore strongly frac-
tionated than at 15–20 cm depth.

Nonetheless, recent work suggested that there may be effects of the
soil water extraction techniques (Sprenger et al., 2015; Orlowski et al.,
2016a) that may explain the observed patterns. For example, several
studies have demonstrated that the isotopic values of cryogenically ex-
tracted soil watermay be affected by extraction time (i.e. resulting in in-
complete extraction (Koeniger et al., 2011)), clay content
(Aragúas-Aragúas et al., 1995; Oerter et al., 2014), and especially at
low soil water contents (Meißner et al., 2014). Such effects are unlikely
here as clay content was low, extractions were complete, and soil water
content relatively high. It has also been suggested that δ2H and δ18O
values become progressively lighter with increasing organic carbon
content (CO2 emissions; e.g. Orlowski et al., 2016b). However,
Fig. 4. Lc-excess value boxplots for all stream, mobile soil, bulk soil and vegetation water across
The tops and bottoms of each box are the 25th and 75th percentiles of the samples, respectively
defined as 1.5 times the interquartile range away from the top or bottom of the box.
Sprenger et al. (2017a)more recently demonstrated that this has no in-
fluence on the isotope analyses for our soils so that it is unlikely that the
naturally high organic matter content of the histosols and top layers of
the other soils directly affected the results.

Further investigations into the role of soil properties and extraction
techniques are required to fully establish the drivers of the differences
observed here, but compared to findings reported in other studies, the
similarities of samples representing ‘mobile’ and ‘more tightly bound’
water are themost striking. P-excess values, used to quantify deviations
in soil water from precipitation sources, further highlight the subtlety of
this. The median P-excess value for cryogenically extracted soil water
across the sites here was −3.0 (mean−2.6), which indicates an offset
less than those reported by Evaristo et al. (2015) for 5 major biomes
across the world (ranging from −9.3 in the tropics, to around −5.2 in
temperate zones, and to −3.7 in arid zones). While our work is one
site, compared to the global-in-scale work of Good et al. (2015a,
2015b) and the multi-biome meta-analysis (Evaristo et al., 2015), it
does suggest that there are some places that fall outside of the
ecohydrological separation framework.

Temporal dynamics in soil water isotopes are apparent in Fig. 5. For
the November to June period, the soil water across the sites is more de-
pleted in winter than in summer, which reflects themain season in pre-
cipitation input and streamflow output signals (Tetzlaff et al., 2014).
The analysis also showed that there is overall more temporal variability
in the isotope dynamics in the freely draining soils on the one hand (Ph,
Pf, Af) than themore poorly draining Histosol (Hf) on the other, though
such variability decreases with depth (Geris et al., 2015b). Although
consistently more depleted as described above, the general temporal
variability in the bulk soil water is consistent with that of the mobile
soil water for all sites. This suggests that the water storage dynamics
in different pore spaces are more likely connected (with both pore
spaces reflecting the variability in precipitation input) rather than
fully separated.

There are two key exceptions to such general observations, which
further highlight the spatial variability in soil water isotopes and may
reflect differences in the hydropedology in different landscape posi-
tions. Firstly, Fig. 5 indicates that thoseminor deviations from themete-
oric water line (in particular for Pf, second row in Fig. 5) were apparent
the sites (left panel) and soil and vegetation water for each site individually (right panel).
. The line and circle in each box are the samplemedian andmean, respectively. Outliers are



Fig. 5. Stable isotope results for mobile (circles) and bulk (squares) soil water for three different depths, and cryogenically extracted xylemwater for the four different sampling locations
and the four different times throughout the year. Daily precipitation and stream water for the whole study year are also shown.
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only in the upper soil layers. This indicates that evaporative fraction-
ation effects of soilwaterwere only apparent near the surface, and likely
not at deeper depths because of mixing processes during percolation
through the soil profile. Secondly, the dynamics at the alluvial site
were most different from those in the other soil-vegetation units.
Here, the more depleted nature of the bulk soil water isotopes appears
to be most consistent. As this is the most freely draining site, soil mois-
ture conditions were the lowest (Table 1) so that bulk soil water sam-
ples may have comprised a higher proportion of tightly bound water
that had been subjected to evaporation. Furthermore, contrary to the
patterns observed at the other sites, the Af bulk water samples are
most depleted in July (and similar to the November sampling cam-
paign). Unfortunately, soil dryness inhibited mobile soil water extrac-
tion for comparison in temporal patterns. The more depleted nature of
the soil water samples at Af may also be related to the site location in
the riparian zone of themain stem of theGirnock stream. Previous stud-
ies have shown that the isotope signatures of stream water from the
Girnock (with higher altitudes) are more depleted than those of the
smaller subcatchment in which the other three sites are located
(Birkel et al., 2011; Tunaley et al., 2017).

3.2. Spatio-temporal dynamics of vegetation water

Although there are clear spatial differences in vegetation water (Fig.
3B), for themajority of the sites (Ph, Pf, Hf; see Fig. 5) the winter xylem
samples were more depleted than the summer samples. This again re-
flects the general seasonality in precipitation and soil water and
shows that there is no clear lag in the vegetation uptake, at least at the
coarse temporal resolution of the sampling employed here. Recent
sapflow measurements at the study site have since revealed that tree
water at the sampling height of 1.5 m most likely reflects water uptake
of around one week previously during summer (Wang et al., 2017). As
energy is much more limited from October to March (see e.g. Birkel
et al., 2015), water will be stored in the trees for much longer during
these winter months, which could explain the more depleted xylem
than soil samples at Pf and Hf during November and April, which agrees
with observations in Scots Pine elsewhere (Brandes et al., 2007). The
signs of fractionation for winter vegetation water at Hf in particular
may be attributed to uptake of snow meltwater, since snow lying at
this site was more extensive than in other parts of the study area
(Geris et al., 2015b). Higher temporal resolution data would be needed
to gain further insights into water uptake, in particular to consider the
response to rapid variations in different potential vegetation water
sources, e.g. associated with rainfall events (Volkmann et al., 2016;
Werner and Dubbert, 2016).

Although the xylem samples (as for the soil water data) largely plot
along the meteoric water line and within the precipitation data scatter
(Figs. 3, 5), the deviations are more marked for vegetation water (see
also Fig. 4). As for most bulk soil water samples, the vegetation data
all plot on or below themeteoricwater line, and not above as themajor-
ity of mobile and some stream water samples do. The closer resem-
blance of vegetation water to bulk soil water (Figs. 3, 4) is in
agreement with observations elsewhere (see e.g. Brooks et al., 2010;
Evaristo et al., 2015). However, there is a marked contrast with vegeta-
tion in most of these other studies, which exhibited consistently more
fractionated water in the xylem samples. The data here therefore sug-
gest that the source water generally showed more limited effects of
evaporative fractionation, although there is insufficient data to unam-
biguously determine the vegetation water sources specifically. The
bulkwater observed at the three soil depths sampled here alone is likely
inadequate for constraining dominant vegetation water sources water
for humid northern environments with shallow organic-rich soils. It
has previously been proposed that water uptake in these regions may
occur from the upper-most soil horizons, at shallower depths than the
0.1 m used here (Geris et al., 2015a). Evaporative fractionation effects
are most evident at and near the surface (Sprenger et al., 2017b,
2017c), so this soil water (tightly bound and mobile water when soils
are near saturation) is most affected, as well as by re-equilibration of
water isotopic signatures at the soil/atmosphere interface. The results
from Sprenger et al. (2017c) would suggest that the upper 5 cm of the
soil is therefore a plausible source of the low (i.e. most negative) lc-
excess vegetation water, in particular for sites where rooting depth is
most shallow (i.e. at site Ph for heather vegetation and at Hf for the
Scots Pine at consistently wet Histosols; Fig. 4, right panel).

Fig. 5 shows that a site by site comparison through time revealsmore
complex differences in the isotopic composition of xylem water com-
pared to soil water. The observed patterns can be grouped into three
classes,which suggests that both vegetation, soil properties and location
in the landscape play an important role in the water sources utilised by
vegetation. First, the heather vegetation is consistently more enriched
than the Scots pine xylem samples (top row Fig. 5). As heather has a
much shallower rooting system than Scots Pine (typically b5 cm
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deep), the evaporative effects on soil water might be most evident. Sec-
ond, despite dissimilarities in soil properties, the Scots Pine xylem data
show fairly similar temporal behaviour at Hf and Pf, with much more
depleted isotopic signatures in winter than in summer. Third, the vege-
tation data from the forested Alluvium site (Af) are most dissimilar to
the other sites (Figs. 3–5). This water hasmost negative lc-excess values
(Fig. 4) and plots consistently in the same space, which sits clearly
below the meteoric water line (Fig. 5). Furthermore, its source must
have been highly depleted, even more so than the bulk water sampled
in November and July at this site. These differences at Af may reflect a
combination of three factors. Firstly, owing to the nature of the soil
and vegetation properties themselves, the evaporative fractionation
and diffusion effects are expected to be strongest at this site. For exam-
ple, it is known that dense vegetation covers can diminish evaporative
fractionation processes in soil water (e.g. Burger and Seiler, 1992;
Dubbert et al., 2013). The open woodland vegetation structure at Af
(the least dense of the four sites) could have therefore contributed to
stronger fractionation of the plant available water. Secondly, as sug-
gested above for the more depleted nature of bulk soil water, there
may also be a relation to the site location in the riparian zone of the
main stem of the Girnock stream, which is characterised by more de-
pleted precipitation inputs. Thirdly, the trees at this site were taller
and older than at Pf and Hf. It has been shown that such properties
may affect treewater uptake as reflected in the xylem isotopic signature
(Goldsmith et al., 2012). For this site, a deeper tree root system
accessing water not sampled in the shallow soil may therefore provide
an alternative explanation.

4. Conclusion

Thiswork evaluated spatial and temporal patterns in soil water stor-
age and vegetation water use in humid northern environments. The in-
teractions between soil and plant water were considered for four
different soil/vegetation units, comprising podzol soils with heather
and scots pine trees (Ph and Pf, respectively), as well as scots pine for-
ested histosol and alluvium soils (Hf and Af, respectively). Although
soil and xylem stable water isotope data across these units revealed
general patterns in their temporal dynamics, there were marked differ-
ences between the different vegetation units. In general, comparisons
between the stable isotopic character of mobile and bulk soil water at
three different depths (10, 30 and 50 cm) revealed that although the
bulk water was slightly more depleted, the temporal dynamics ap-
peared to be in sync with those of mobile water, and both were deter-
mined by (seasonal) variations in precipitation inputs. Evaporative
fractionation affected the isotopic signatures in soil water at shallow
depths but compared with other environments/climates, these effects
were small. Our results did not clearly indicate any preferential vegeta-
tion water uptake from either mobile or tightly bound soil water. Over-
all, it appears that the most likely main water source for the vegetation
at all sites (in particular for the heather vegetation at Ph) was consis-
tently at or near the soil/atmosphere interface. As such, the source
water appeared to be time-invariable, even though the isotopic charac-
ter of these source waters was variable for most sites. For those sites
with time-variable isotopic xylem water, these variations were consis-
tent with the variability in the respective potential source. Differences
in soil water were most marked for the relatively dry alluvium soil at
Af. The xylem water also indicated a different vegetation water source
not sampled here. The limited number of vegetation samples dictate
that further work is needed to unambiguously constrain vegetation
water sources across the sites. However, efforts are also required to
test the assumptions that isotopic signatures of source water are not af-
fected duringwater uptake andwithin tree transport. Diffusion through
tree bark (Dawson and Ehleringer, 1993) and or exchange between
phloem and xylemwater (Cernusak et al., 2005)may just be two exem-
plary processes to challenge this. The impacts of other physiological
plant properties should also be reviewed.
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