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Abstract Tree-based intercropping (TBI) systems

induce microclimate modifications that can enhance

crop performance through water use efficiency.

However, the extent of this efficiency is dependent

on water acquisition strategies of trees in such

agroforestry systems. Charting water uptake zones

at the tree-crop root interface in TBI systems is

essential for managing water resources, particularly

with increasing water stress from a changing climate.

In this study, we identify the water uptake zones of

Juglans nigra (walnut) and Populus sp. (hybrid of

Populus deltoids X Populus nigra clone DN-177)

(poplar) intercropped with winter barley (Hordeum

vulgare) in a temperate TBI system. Water isotopic

analysis using d18O was conducted on paired soil

water and tree xylem water samples in early season

(pre-crop) and late season (with crop) collected from

the Agroforestry Research Station in Guelph, Ontario,

Canada. Two approaches for identifying the water

uptake zones were used: direct inference and multiple

source mass-balance analysis. Both approaches

showed that poplar exhibits a dominant soil water

uptake zone at 20 cm in the soil profile in the early

season, while the dominant walnut uptake zone was

higher in the soil profile at 10 cm. Depth of water

uptake was lower in the soil profile (40–70 cm) in the

late season for both species. This study indicates:

(i) tree species dependent water acquisition zones,

and (ii) a shift in tree water acquisition to deeper in the

soil profile over the growing season. Using isotopic

techniques, we suggest that poplar and walnut root

activity stratify below the crop root zone later in the

growing season, potentially reducing competition for

water resources.

Keywords Agroforestry � Black walnut � Hybrid
poplar � Interspecific competition � Multiple source

mass-balance analysis � Oxygen isotopes �
Rhizosphere � Seasonal water uptake

Introduction

Tree-based intercropping (TBI) systems in temperate

environments have received increased attention in

order to achieve environmental advantages under a

changing climate (Jose 2009; Schoeneberger et al.

2012). Trees in agricultural landscapes can mitigate

water stress through microclimate modification by

decreasing fluctuations in soil moisture, soil
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temperature, humidity and solar radiation (Lin 2007;

Jose 2009; Stavi and Lal 2013) as well as credited

with reducing evapotranspiration and improving crop

water use efficiency (Kuemmel 2003; Thaler et al.

2012). Given predicted high temperatures and drier

climate in future scenarios in Canada (Schindler and

Donahue 2006), these modifications may be ever

more important in our increasingly vulnerable agri-

cultural sector.

Water cycling in TBI systems is comprised of

complex belowground interactions where both crop

and tree roots acquire water resources. Tree roots are

known to partition soil water in two ways; temporally

through seasonal displacement of leaves which con-

trols transpirational water loss (Liang et al. 2011) and

spatially through partitioning of roots to different

active layers and horizontal spacing (Burgess et al.

2000; Tang et al. 2001; Isaac et al. 2014; Schwenden-

mann et al. 2015). Many studies draw conclusions on

water acquisition based on inferences related to soil

moisture content and performance metrics, although

the mechanisms are unclear (Jose et al. 2000; Miller

and Pallardy 2001; Wanvestraut et al. 2004; Senavi-

ratne et al. 2012).

Quantification of this important yet understudied

aspect of TBI systems requires new and innovative

approaches to characterize water use efficiency. To

date, there is limited investigation of tree water uptake

zones in a temperate agroforestry scenario, presum-

ably due to methodological limitations. Using stable

isotope analysis, in this case the natural abundance of

d18O in plant and soil water, provides an effective

technique for evaluating water interactions in the

environment (Dawson et al. 2002; West et al. 2006;

Isaac and Anglaaere 2013; Meissner et al. 2014;

Schwendenmann et al. 2015). Oxygen isotopic profiles

have been used since the 1960’s to demonstrate how

trees use water. However, limited work has been

conducted in agroforestry systems (Schwendenmann

et al. 2010; Isaac et al. 2014) and even less in

temperate TBI systems.

Water isotopic analysis is a useful tool for the

identification of the source of plant water if two

conditions are met: (i) source areas must have distinct

values of isotope ratios that are consistent and

significantly different from each other and greater

than what would normally occur in a plant and (ii) no

significant fractionation of isotopes as the water

molecules travel up the plant (Ehleringer and Dawson

1992; Dawson et al. 2002). Oxygen isotopic signatures

in a soil profile can exhibit differences attributed to

infiltration rates, plant water uptake rates, the degree

of evaporative isotopic fractionation under different

vegetative covers, and processes of hydraulic redistri-

bution (Ehleringer and Dawson 1992; Asbjornsen

et al. 2008). Signatures of extracted 18O in xylem

water from non-photosynthetic tissue samples of a tree

are matched to the signature of d18O in water extracted

from soil horizons below an individual tree, providing

a natural marker of water acquisition zones (Brunel

et al. 1995).

There is a need to broaden our current under-

standing of water uptake, water partitioning and

interspecific water competition in agroforestry sys-

tems. Key questions include: (1) What is the

dominant soil zone of source water for tree species

in TBI systems, (2) Do different species have

alternate strategies at the same TBI site and (3) Do

trees show a seasonal difference in water uptake

zones in TBI systems? The objective of this study is

to chart soil water uptake zones of two tree species

[Juglans nigra (walnut) and Populus sp. (hybrid of

Populus deltoids X Populus nigra clone DN-177)

(poplar)] at two times (early season pre-crop and late

season with crop) during the growing season in a

temperate TBI system. We hypothesize interspecific

and seasonal based differentiation in water uptake

zones and that this differentiation can be detected

using the natural abundance of d18O.

Materials and methods

Study site description

Field studies were conducted at the Agroforestry

Research Station, University of Guelph, Wellington

County, Ontario (43�3204900N, 80�120 4400W). The

research site was originally established in 1987 on

30 ha of land dedicated to studying the implementa-

tion of agroforestry systems. Twelve species of trees

were planted on the site in the spring of 1988 and

between 1989–1994 seven more tree species were

added (Simpson 1999). Among the tree species

planted were Juglans nigra (black walnut), Picea

abies (Norway spruce), Quercus rubra (red oak),

Thuja occidentalis and Populus nigra x deltoids

cclone DN-177 (poplar hybrid) (Peichl et al. 2006).
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All tree species were planted in rows 12.5 or 15 m

apart and a within-row spacing of 6 m for a density of

111 trees ha-1. Beginning in 1991, four different crops

have been planted in the alleys between the trees.

These crops were: soybean (Glycine max L.), corn

(Zea mays L.), barley (Hordeum vulgare L.) and wheat

(Triticum aestivum L.) (Peichl et al. 2006) with winter

barley as the crop species on site during this study. The

land consists of class 3 land in the Canada Land

Inventory (Agriculture) designation (Gray 2000). The

location is on a western slope of a drumlin resulting in

the presence of glacial till with an undetermined depth

of bedrock. The site has an average slope of 6 %with a

maximum elevation of 346.2 m above sea level and a

minimum elevation of 330.7 m above sea level

(Oelbermann and Voroney 2007). Drainage varies

from imperfect to moderately well-drained. The soil is

classified as a gray brown luvisol in the Canadian

System of Soil Classification, with a sandy loam

texture consisting of 65 and, 25 % silt and 10 % clay

(Oelbermann and Voroney 2007). The site has tem-

perate climate with a hot humid summers and cold

winters. Annually, the average daily temperature is

7.2�C, the average frost-free period is approximately

136 days, and annual precipitation is 830 mm, with

432 mm falling during the growing season (May–

September) (Oelbermann and Voroney 2007).

Experimental design

Two sampling times were operationalized in this

study: early season in the spring before planting of the

crop, barley, and late season, 14 weeks later nearing

crop harvest. Two criteria were used to select exact

sampling times: substantial rainfall in the preceding

2 weeks (32.8 mm for early season and 75.0 mm for

late season) but 2 days with no rainfall events

immediately before sample collection. Daily daytime

average temperatures were slightly higher in the late

season sampling (16.6 �C compared to 19.6 �C).
Weather data was collected from a weather station at

the Guelph Turfgrass Institute adjacent to the plot.

Two tree species, poplar [Populus sp. (hybrid of

Populus deltoids X Populus nigra clone DN-177)] and

walnut (Juglans nigra), were subselected from the ten

tree species at this study site. These two species were

selected based on two criteria: (i) differentiated above-

groundmorphology and (ii) variable root stratification.

Previous geo-imaging data using Ground Penetrating

Radar at the study site demonstrated that the dominant

rooting zones of poplar and walnut trees to be 1 m

from the tree base and differentially distributed fine

and coarse roots (Borden 2013; Borden et al. 2014).

Sampled trees (n = 3 per species for early season and

n = 1 per species for late season) were in close

proximity (within 25 m2) to each other in order to

minimize the effects of topographic features including

slope and elevation.

Height, diameter at breast height (DBH) and

canopy radius of each tree were collected. Mean

(±S.E.) poplar and walnut tree height was 18.9 m

(±2.6) and 14.8 m (±0.8), respectively. Tree DBH

was larger for poplar trees at 43.6 cm (±1.9) than

walnut trees at 31.3 cm (±5.0). However, the width of

the tree canopy was similar for both species. The

canopy width for poplar was 4.4 m (±1.5) and walnut

canopy width was 4.4 m (±0.5).

Plant and soil sampling protocol

Soil samples were collected with a hand auger at a 1 m

distance in the southwest direction from the base of

each tree. Soil samples were taken at depths of 5, 10,

20, 30, 40, 50, 60 and 70 cm. A soil sub-sample at each

depth was immediately collected in 10 ml BD vacu-

tainer serum tubes (BD Franklin Lakes, New Jersey

USA). The closed tubes were immediately sealed with

parafilm to prevent evaporative fractionation and

placed in a cooler. A soil sample of approximately

100–150 g was also collected at each depth interval

and sealed in a bag for subsequent gravimetric

moisture content analysis. A soil sub-sample was

dried in a drying oven at 110 �C for 48 h and then

reweighed and soil moisture content expressed as a

percentage.

Non-photosynthetic tissue (tree core) was collected

from each tree using a tree corer (1 cm diameter) at a

tree height of 1.5 m. The trees were cored to 20 cm to

ensure that the coring would reach the center of the

tree. After the core was drawn from the tree, the bark

was removed and the remaining core was divided into

sections and 0–5 cm stem radii was subselected for

analysis as the sapwood provides the most accurate

representation of the water recently absorbed by roots

(Busch et al. 1992; Beauchamp et al. 2013). These

samples were immediately placed in vacutainers and

sealed with parafilm and placed in a cooler. A total of

29 isotopic samples (24 soil water, 5 xylem water)
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were collected during the early season per species and

9 samples in the late season (8 soil water, 1 xylem

water) per species.

Isotopic and statistical analysis

Soil samples and plant tissue samples in the tubes

were refrigerated at -20 �C until they were extracted

using a vacuum distillation line (West et al. 2006).

The vacuum distillation line extracts all of the water

of any given sample by a continuous process of

heating and cooling that separates and conservative-

ly traps all of the water out of the sample. After

around 30 min of heating, vacuum distillation and

trapping, all of the water has left the sample and is

now trapped within the vacuum. The non-condens-

able gases and carbon dioxide are then removed. The

isotopic composition of the soil and core water were

analyzed with a Picarro H2O Cavity Ring-Down

Spectrometer model L1102i (Picarro, Santa Clara,

CA) at the Laboratory for Stable Isotope Sciences,

Western University, Ontario, Canada and calculated

as:

d18O ð&Þ ¼ ½18O=16Osample� ½18O=16Ostandard

� �
� 1

� �

� 1000

ð1Þ

using Vienna Standard Mean OceanWater (VSMOW)

as the standard (Dawson 1993) with a precision of

0.2 %.

The use of direct matching of plant and soil isotopic

signatures to determine the location of source water in

a plant has been shown to be an effective method

(Brunel et al. 1995). Soil depth versus d18O was

plotted for each individual tree. A vertical line was

drawn on these plots at the d18O value of the plant

tissue of the tree associated with that subset of soil

samples. The soil depth, which matched the tree

signature was determined by the point(s) closest to this

line. In the event of more than one matching value,

trees of the same species were considered. The source

of the soil water was the depth which was conjunct for

all three trees (for a particular season).

Multiple source mass-balance analysis was also

used where results are reported based on the frequen-

cy (as a percent of the total number of possible

solutions) that a particular source (soil depth) con-

tributes a proportion of the solution (plant water d18O
signature). Using small increments (1 % solution

increments), source combinations that sum to the

measured plant water isotopic signature within a

tolerance level (±0.2 %) are counted as feasible

solutions. The distribution of feasible solutions are

represented as histographs. We also show the fre-

quency distribution that a particular soil depth con-

tributes. We report the percent that a particular soil

Fig. 1 Mean early and late season soil moisture content (%) in

the soil profile at 1 m from a poplar and b walnut trees in a TBI

system. Bars represent ±S.E. of the mean (n = 3)
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depth contributes to a proportion of the mixture in

decimal increments from 0–1 across four aggregated

categories (0 signifies no contribution; 0.01–0.25

signifies 1–25 % proportion of mixture; 0.26–0.5

signifies 26–50 % proportion of mixture; 0.51–1

signifies 51–100 % proportion of mixture). The last

category, 0.51–1, is the most promising to examine as

the highest percentage in this category would indicate

a dominant soil depth for contributing water. Similar-

ly, the 0 category indicates the frequency that a soil

depth is not contributing water to the plant water d18O
signature. Analysis was run at three aggregated soil

layers of 5–10, 20–30, and 40–70 cm using the

multiple source mass-balance analysis program Iso-

source (Phillips and Gregg 2003).

To determine difference in soil characteristics

with depth under tree species and sampling time,

soil moisture content and d18O values (in early

season) were subjected to analysis of variance using

a general linear model (PROC GLM) in SAS (SAS

Institute Inc. Cary, NC, USA). A type I error rate

was set at p\ 0.05 for statistical tests. Descriptive

statistics (mean ± S.E.) for tree characteristics, soil

moisture content and d18O signatures were deter-

mined in SAS.

Results

Soil moisture content

Soil moisture content (SMC) varied with depth across

species and sampling time (Fig. 1). A significant

difference in SMC with soil depth was found in the

early season under poplar (p\ 0.0001) and under

walnut (p = 0.0313) and in the late season under

poplar (p = 0.0004) and walnut (p = 0.0004). In

early season, SMC ranged from 28.6 % (±2.0) to

12.9 % (±0.5) at 5 and 70 cm depth, respectively,

under poplars. Under walnut trees, SMC ranged from

21.6 % (±0.7) to 12.9 % (±0.8) at 5 and 70 cm,

respectively, showing a similar decreasing SMC trend

with depth as under poplar. In late season, the

maximum SMC under poplars was 17.8 % soil at a

5 cm depth and the minimum was 6.1 % at a 40 cm

depth, while in late season, SMC under walnuts

mirrored that of early season (Fig. 1).

Soil and plant isotopic signatures

Soil d18O values significantly decreased with increas-

ing depth under both poplar (p = 0.0027) and walnut

Table 1 Isotopic composition in soil water (maximum, minimum, mean and standard error) with soil depth under two tree species

(Poplar and Walnut) during early and late season in a TBI system (early season samples: n = 3; late season samples: n = 1)

Tree species Early season Late season

Soil

depth (cm)

d18O (%)

max

d18O (%)

min

d18O (%)

mean

S.E. Soil

depth (cm)

d18O (%)

Poplar 5 -6.66 -11.12 -8.26 2.48 5 -7.94

10 -7.23 -9.43 -7.99 1.25 10 -8.14

20 -9.43 -10.37 -9.79 0.51 20 -7.75

30 -10.80 -12.01 -11.55 0.65 30 -12.66

40 -11.30 -13.24 -12.45 1.02 40 -9.05

50 -9.36 -12.74 -11.46 1.83 50 -9.93

60 -10.37 -12.39 -11.48 1.03 60 -8.01

70 -11.70 -11.72 -11.71 0.01 70 -10.83

Walnut 5 -7.69 -8.35 -7.85 0.44 5 -7.75

10 -8.25 -9.87 -8.90 0.85 10 -8.77

20 -10.13 -11.34 -10.54 0.96 20 -7.84

30 -10.58 -12.08 -11.14 0.82 30 -8.02

40 -10.70 -11.70 -11.04 0.57 40 -9.58

50 -10.24 -11.45 -10.65 0.69 50 -8.48

60 -11.48 -14.10 -12.95 1.34 60 -8.75

70 -10.51 -13.83 -12.70 1.90 70 -9.26
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(p\ 0.0001) in the early season (Table 1; Fig. 2) thus

exhibiting the predicted pattern of a decreasing

proportion of 18O through in the soil profile. However,

at the 30 cm soil horizon, d18O values tended to

stabilize. Under walnut, another drop in d18O values

was detected below a 50 cm depth to below -12 %.

Samples from the late season exhibited a smaller range

in d18O values under both tree species highlighted by a

less clear trend in soil d18O values with depth. Overall,

pooled early season data from both species exhibited a

slightly lower mean d18O signature of -10.63 %
(±1.90) where as pooled late season soil water had a

mean d18O signature of -8.92 % (±1.33), indicating

some evaporative effects during the growing season.

Water extracted from poplar tree plant samples

exhibited a d18O value range from-9.34 to –10.78 %
with a mean value of -9.90 % (±0.77) in the early

season and changed to -9.63 % in the late season

(Table 2). Water extracted from walnut tree plant

samples exhibited a d18O value range from-8.48 to-

9.55 % with a mean d18O value of -8.91 % (±0.57)

in the early season and changed to-9.07 % in the late

season (Table 2).

Soil water uptake zones: direct inference

Using a direct inference approach, plant water ex-

tracted from poplar in the early season exhibited the

above mentioned mean d18O signature of -9.90 %
(±0.77) which corresponded to a water uptake zone at

a soil depth of 20 cm (Fig. 2a; Table 3). In the late

season, plant water extracted from poplar had a d18O
signature of -9.63 % corresponded to a water uptake

zone at a soil depth of between 40 and 70 cm (Fig. 2a).

Similarly, using the direct method approach, early

season walnut exhibited a d18O signature of -8.91 %
(±0.57) which corresponded to a soil depth of 10 cm

(Fig. 2b; Table 3). In the late season, similar to poplar,

Fig. 2 Early and late season d18O values in soil water in the soil

profile at 1 m from a poplar and b walnut trees in a TBI system.

Tree xylem d18O values plotted with straight vertical lines to

show intersection with soil isotopic values. Early season data,

bars represent ±S.E. of the mean (n = 3); late season data

(n = 1)

Table 2 Isotopic composition of tree water (maximum,

minimum and mean and standard error) taken from the trunk

at a radial depth of 0–5 cm of two species (Poplar and Walnut)

during early and late season in a TBI system for (early season

samples: n = 3; late season samples: n = 1)

Tree species Early Season d18O (%) Late season d18O (%)

Max. Min. Mean S.E

Poplar -9.34 -10.78 -9.90 0.77 -9.63

Walnut -8.48 -9.55 -8.91 0.57 -9.07

616 Agroforest Syst (2015) 89:611–620

123



walnut plant water d18O signature of -9.07 %
corresponded to a soil depth lower in the soil profile

at 40 and 70 cm (Fig. 2b; Table 3).

Soil water uptake zones: multiple source mass-

balance analysis

With the multiple source mass-balance approach,

poplar trees in the early season (Fig. 3a) and late

season (Fig. 3c) exhibited broad water uptake from

multiple soil depths. In contrast, walnut trees exhibited

a very narrow range of feasible source contributions in

both early (Fig. 3b) and late (Fig. 3d) season. When

examining the relative contribution of each soil depth,

the 20–30 cm aggregated depth contributed the high-

est frequency to the solutions (28.02 %) in over 50 %

of the mixture for the poplar water d18O signature

(Table 4). However, the 5–10 cm aggregated depth

also contributed a high frequency to the solutions

(89.46 %) but in only 26–50 % of the mixture

(Table 4). This multiple source mass-balance analysis

revealed that poplar trees in the late season had the

highest frequency (45.84 %) from the 20–30 cm

aggregated depth and the next highest (34.54 %) from

the 40–70 cm aggregated depth in over 50 % of the

mixture (Table 4). In contrast, for walnut tress,

5–10 cm aggregated depth contributed 100 % fre-

quency to the solutions in the early season and

40–70 cm aggregated depth contributed 100 % fre-

quency to the solutions in the late season in the over

50 % of the mixture (Table 4).

Discussion

Numerous studies have demonstrated that tree roots

have the ability to modify the location of water

acquisition based on belowground resources, above-

ground demand and competition avoidance with

neighbouring plants (Hutching and John 2004; Kul-

matiski et al. 2010; Mulia et al. 2010; Schwenden-

mann et al. 2015). Yet, charting the patterns of water

Table 3 Direct inference results from matching plant water

d18O signature for two tree species (Poplar and Walnut) to soil

d18O signature to determine dominant soil water uptake depth

(cm) at two seasons (early and late) in a temperate TBI system

Tree

species

Season Plant water d18O
signature (%)

Dominant Soil

Depth (cm)

Poplar Early -9.90 20

Late -9.63 40–70

Walnut Early -8.91 10

Late -9.07 40–70

Fig. 3 Histographs of the frequency of proportional contribu-

tions from each aggregated soil depth (5–10 cm, 20–30 cm and

40–70 cm) to the mixture (plant water signature) derived from

multiple source mass-balance analysis for a early season poplar;
b early season walnut; c late season poplar; d late season walnut

in a TBI system
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acquisition in-situ is limited, particularly in diverse

agroecosystems. In this study, the direct inference

approach revealed a dominant water acquisition zone

at a soil depth of 20 cm for poplar in the early season.

However, the dominant water acquisition zone for

walnut trees in the early season was at a soil depth of

10 cm. This interspecific difference in early season

water acquisition zones tracks with known root

distribution patterns of these species. Walnut trees

generally have a deep taproot that can reach a 2 m

depth but with large lateral roots near the surface

(Buck et al. 1999; Gauthier and Jacobs 2011). In

contrast, Gray (2000), at the same study site, showed

poplar rooting zones concentrated (56 %) within 2 m

from the tree but throughout the soil profile. Fine root

presence was minimal at the soil surface and reached a

maximum at a depth of 15–20 cm (Gray 2000;

Thevathasan and Gordon 2004), thus matching our

isotopically derived water uptake zone. Using the

same approach but with annual crops, Wang et al.

(2010) also showed strong differentiation in water

uptake zones between species at the same site, relating

this difference to species-based root physiology.

Similarly, Schwendenmann et al. (2014) clearly show

species-specific water uptake strategies for trees in

monocultures with the d18O natural abundance

method.

In this study, there is an unambiguous difference in

the soil water isotopic profile under both poplar and

walnut trees in late season as compared to early

season. The seasonal difference in soil water isotopic

profiles may be due in part to differences in seasonal

precipitation inputs (Tang and Feng 2001). The soil

water from the soil surface to 30 cm reflected the

combined effects of spring precipitation and the

selective evaporation of lighter isotopes. However,

in late season there may have been a significant

summer precipitation event, what Tang and Feng

(2001) label a ‘‘soil water reset’’ which exchanged the

soil water from the winter equilibrium state, replacing

it with summer precipitation.

Despite the difference in soil water d18O values

below 30 cm, there was very little difference

between the plant xylem d18O values measured in

the early and late season. The d18O value for the

deeper soil water was closer to that of the plant

samples for the late season thus both the direct

inference and the multiple source mass-balance

approaches indicate water uptake deeper in the soil

profile without a significant change in the plant

sample isotopic value. Using the direct matching

approach with confirmation from the mass-balance

approach, walnut and poplar water acquisition shifted

deeper in the soil profile to the 40–70 cm depth later

in the growing season. This is not uncommon as

other studies, using this approach, documented shifts

in water uptake to deeper in the soil profile over time

(Wang et al. 2010).

Table 4 Frequency of

proportional contributions

from each aggregated soil

depth (5–10 cm, 20–30 cm

and 40–70 cm) to the

mixture (plant water

signature) derived from

multiple source mass-

balance analysis under two

tree species (Poplar and

Walnut) in early and late

season in a TBI system.

Data run at 1% increments

with a tolerance of ±0.2 %

Season Aggregate soil depths Proportion of mixture

0 0.01–0.25 0.26–0.5 0.51–1

Poplar

Early 5–10 0.00 1.54 89.46 9.00

20–30 1.41 35.35 35.22 28.02

40–70 2.06 50.39 46.02 1.54

Late 5–10 3.54 85.51 10.96 0.00

20–30 0.14 15.40 38.63 45.84

40–70 1.25 32.18 32.04 34.54

Walnut

Early 5–10 0 0.00 0.00 100.00

20–30 4.53 92.08 3.40 0.00

40–70 6.04 93.96 0.00 0.00

Late 5–10 9.33 90.67 0.00 0.00

20–30 13.33 86.67 0.00 0.00

40–70 0.00 0.00 0.00 100.00
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It should be noted that the mass-balance approach

also indicated that the 20-30 cm depth strongly

contributed to the late season poplar plant signature.

The direct inference approach gives a clear match in

cases where the tree signature is within the isotopic

range of the soil profile and in situations where there is

exclusively one soil depth with the same signature

(Asbjornsen et al. 2007; Wang et al. 2010; Isaac and

Anglaaere 2013). The multiple source mass-balance

mixing model can be used to account for the possi-

bility that the plant tissue water is a mixture of various

soil water sources. Inconsistencies in the slope of the

gradient and possibility of multiple zones of uptake

makes this a valuable tool in this study. A combined

approach using direct matching and multiple source

mass-balance analysis of data has been used in several

studies to date (Asbjornsen et al. 2007; Wang et al.

2010; Zhang et al. 2011). With this approach, we show

that unlike walnut, poplar acquired soil water over a

larger range of the soil profile. This is indicative of

root foraging strategies (Cahill et al. 2010), a pattern of

soil water acquisition that might have been misinter-

preted if the direct inference approach had been used

exclusively.

Interestingly, our estimated soil water uptake zones

do not necessarily track with soil moisture content.

This suggests that shifts in water uptake zones could

be highly related to the root neighborhood (Hoekstra

et al. 2014; Isaac et al. 2014). Crop (barley) rooting

depth is approximately between 7 and 10 cm, poten-

tially influencing root activity in the soil profile over

the growing season. Others have documented some,

although not significant, complementarity in water

uptake strategies in tree-based multi-species systems

(Schwendenmann et al. 2015). Such species-based

differentiated root activity allows for more accurate

management for niche partitioning of water uptake

zones.

Conclusions

Knowledge of the active rooting zones of trees

selected for use in TBI systems is critical for

understanding the potential of interspecific competi-

tion in these multispecies systems. Agroforestry

research has been limited in techniques to clearly

chart belowground processes and the use of 18O

isotopic techniques with both direct inference between

plants and soil signatures or with multiple source mass

balance models provides a unique tool to assess these

dynamics. As shown here, poplar and walnut have

alternate strategies at the same TBI site. However,

both tree species show a strong seasonal difference in

water uptake zones evidenced by the root activity drop

deeper in the soil profile later in the season, showing

alterations in water uptake zones. This is important as

it demonstrates a clear ability to adapt to environmen-

tal stimuli, essential to maintain agroecosystem

resiliency in the face of a changing climate.
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