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Willows rapidly affect microclimatic conditions and forage
yield in two temperate short-rotation agroforestry systems
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Abstract Temperate short-rotation agroforestry sys-
tems are promising solutions for environmentally and
economically sound production of crops and woody
biomass. Accurate estimates of microclimatic condi-
tions and tree-crop interactions in these systems are
clearly needed to improve their adoption and manage-
ment, especially in northeastern North America. The
objective of this study was to determine the effects of
a windbreak and an alley cropping system that were
planted with strips of short-rotation willow on micro-
climate and forage crop yields. Microclimatic condi-
tions (wind speed, air temperature, air relative humid-
ity, light availability, soil moisture, snow depth) and
forage yields were measured at different distances
from the willow strips in these two agroforestry sys-
tems and in agricultural control plots between the
third (2020) and fourth years (2021) after experiment
establishment. Willow strips significantly reduced

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10457-022-00758-3.

D. Rivest (D<) - M.-O. Martin-Guay

Département des sciences naturelles and Institut des
sciences de la forét tempérée, Université du Québec

en Outaouais, 58 rue Principale, Ripon (QC) JOV 1VO,
Canada

e-mail: david.rivest@ugqo.ca

C. Cossette
Bélanger Agro-Consultant Inc., 277-8 ch. Industriel,
L’Ange-Gardien (QC) J8L 0A9, Canada

wind speed in both experiments, despite their rela-
tively short stature (260 cm, June 2021). Wind speed
reduction was greatest (50 and 58% in alley cropping
and windbreak systems, respectively) close to the wil-
low strips (5 m), intermediate at 20 m (22% in both
systems), and negligible at 50 m (windbreak system).
A significant increase in daytime air temperature
that reached almost 1 °C was measured close to the
willow strips in the agroforestry systems, compared
to control plots. Higher soil moisture was measured
close to the windbreak. In both agroforestry systems,
snow depth was significantly greater near the wil-
low strips. In both systems, forage yield close to the
willow strips was not different from that at any other
measured distances and in the control plots, which
suggests that no competition for resources occurred
between the willows and the forage crop during the
study. In July 2021, forage yield within the windbreak
(0-50 m from the willow strip) was 44% greater than
that in the control plots. The alley cropping system
had significant negative (-12%, June 2020) and posi-
tive (+ 13%, September 2021) effects on forage yield,
possibly as a result of temporal variation in climatic
conditions. Results of this study stress the importance
of better understanding of intra- and inter-annual for-
age crop variability within agroforestry systems.

Keywords Windbreak - Alley cropping - Tree-crop
interaction - Salix - Microclimate - Forage yield
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Introduction

Windbreaks are the most important, widespread and
recognizable temperate agroforestry system in North
America and many other regions worldwide. There
is unequivocal evidence that these systems, when
designed properly, can improve crop and forage yield
(Smith et al. 2021). Windbreaks can moderate micro-
climate conditions, for example, through wind speed
reduction, thereby increasing the efficient use of soil
water by reducing evaporation from the soil surface
and crop transpiration, and leaving more water for
crop growth (Brandle et al. 2022). In northern agri-
cultural landscapes, windbreaks can also trap snow
and reduce the amount and distance of snow move-
ment, which may help to protect winter cereals and
perennials forage crops against frost damage (Kort
et al. 2012). In the face of climate anomalies, particu-
larly those favouring summer water stress and reduc-
tion in snow loading, windbreaks are increasingly
viewed as an effective means of adaptation (Schoen-
eberger et al. 2012; Hernandez-Morcillo et al. 2018).
Alley cropping is another temperate agrofor-
estry system that has attracted growing interest in
its potential to aid the agricultural sector in adapt-
ing to climate change, while substantially improving
soil, water and biodiversity conservation (Wolz et al.
2018). However, alley cropping systems have yet to
be widely implemented in temperate regions com-
pared to windbreaks. Major barriers to wider adop-
tion are long-term delays that are required to recoup
economic returns from timber harvesting, together
with the unsure and variable nature of agricultural
productivity in alley cropping, especially in the zone
of tree-crop competition (Rois-Diaz et al. 2018; Laro-
che et al. 2020). Several alley cropping trials experi-
menting with relatively narrow spacing between tree
rows (e.g., 8—15 m) permitted rapid documentation
of tree-crop interactions, but they were shown not to
be optimal from the viewpoint of agricultural pro-
ductivity (Garrett et al. 2022). The few studies that
have experimented with alley cropping systems where
wider spacing was maintained between tree rows
(e.g., 30-50 m) have shown satisfactory agricultural
yields, generally equivalent to those that have been
measured in control fields without trees (Pardon et al.
2018; Carrier et al. 2019). In these studies, forage
crops were less sensitive than annual crops to water
and light competition in the vicinity of the trees.
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Many forage species are shade-tolerant with perfor-
mances that are similar or even better under moderate
light shading than in full sunlight (Pang et al. 2019).

Windbreaks and alley cropping systems that are
composed of short-rotation woody coppices show
promise for an environmentally and economically
sound production of agricultural crops and woody
biomass of fast-growing trees, such as willow (Salix
spp.) (Quinkenstein et al. 2017). These arrangements
result in novel short-rotation agroforestry (SRAF)
systems, where trees are quickly established and eas-
ily propagated within high-density strips (e.g., 10 000
to 15 000 plants per ha). Tree strips are harvested
many times before replanting at intervals of 3 to
6 years, forming a temporally and spatially dynamic
growing environment for both agricultural crops
and woody components (Gamble et al. 2019). Due
to short rotation periods, tree height (e.g., 1-6 m at
commercial maturity) in these agroforestry systems
remains relatively low comparatively to “conven-
tional” agroforestry systems that are devoted to tim-
ber production (e.g., 15-20 m). Yet, previous studies
in different temperate SRAF systems have suggested
that the strip of trees, despite their short stature com-
pared to conventional agroforestry systems, may
quickly reduce wind velocity and alter other micro-
climatic conditions, which can benefit crop yield in
a large “sheltered zone” (Foereid et al. 2002; Bohm
et al. 2014). At the same time, these systems can rap-
idly create a narrow zone of potential competition for
light and soil moisture near the tree strips (Gamble
et al. 2016; Quinkenstein et al. 2017). The conse-
quences of these biophysical interactions on overall
crop yield at the field scale remain relatively poorly
documented. Previous studies focusing on SRAF sys-
tems, mostly in Europe, have shown positive, neutral,
and negative effects of tree strips in crop yields (Foe-
reid et al. 2002; Ehret et al. 2018; Kanzler et al. 2019;
Gamble et al. 2019; Swieter et al. 2022). Crop yields
in SRAF systems appear to be strongly dependent
upon the edaphic and climatic contexts of the study
and to vary widely with respect to distance from the
woody strip, crop species and system design.

More realistic estimates of microclimatic condi-
tions and tree-crop interactions in SRAF systems are
clearly needed to help improve decision-making with
respect to their implementation, especially in north-
eastern North America. The objective of this study
was to determine the effects of a windbreak and an
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alley cropping system that were planted with strips
of short-rotation willow on microclimate and forage
crop yields. We evaluated variation in microclimatic
conditions (wind speed, air temperature, relative
humidity, light availability, soil moisture and snow
depth) and forage yield at different distances from the
willow strip in these two SRAF systems and in agri-
cultural control plots. We hypothesized that the com-
petitive effects of willow strips, which were limited to
a small area at their interface (yield decrease), would
be offset by facilitative effects (yield increase) that
extend into the large crop area that is sheltered from
winds, thereby resulting in overall yields in SRAF
systems that were equal to or greater than those in
agricultural control plots.

Materials and methods
Experimental site

The experimental site was located near the town of
Wakefield (45°69° N, 75°97° W; ca. 155 m above sea
level), in southern Québec. Thirty-year mean annual
precipitation in the region is 981 mm, which includes
187 cm of snowfall (Chelsea weather station, Envi-
ronment and Climate Change Canada 2022). Mean
annual average temperature is 5.9 °C, with the lowest
monthly average in January (-11.0 C) and the high-
est monthly average in July (20.6 °C). Between Janu-
ary and September inclusive, the frequency of winds
in the study area originating from the West (between
220 and 320°) was 38.2% (NOAA 2022). The soil is
classified as a Humic-Gleysol (Dalhousie soil series,
Lajoie 1962; Soil Classification Working Group
1998) with a silty loam texture (30% clay, 69% silt,
1% sand), Mehlich-III-extractable P of 31.1 kg ha™!,
cation exchange capacity (CEC) of 23.0 cmolc kg™!,
organic matter content of 6.2%, and bulk pH of
5.8 in the uppermost 20 cm.

A forage crop field (ca. 200 m long X300 m wide)
that was composed of a mix of perennial grasses
(Phleum pratense L., Dactylis glomerata L., Bromus
inermis Leyss., Poa pratensis L.) and legumes (7Tri-
folium pratense L., Vicia cracca L., Lotus cornicula-
tus L.) was divided into two independent experiments
that tested two short-rotation agroforestry (SRAF)
systems: windbreak and alley cropping (Fig. 1). The
SRAF systems consists of one (windbreak) or three

water

(alley cropping) willow strips (2.5 m widex 100 m
long) that were planted in May 2018 with two species
(Salix viminalis L. and Salix miyabeana Seemen) for
wood energy production. In the alley cropping sys-
tem, willow strips were spaced 40 m apart. The wil-
low strip in the windbreak experiment and the closest
willow strip composing the alley cropping experiment
were spaced 160 m apart (Fig. 1). Prior to willow
planting, the soil in each strip was prepared to a depth
of 15 cm and over a width of 2.5 m using a rototiller.
In each strip, 30-cm long rooted willow cuttings were
planted to a depth of 20 cm in two rows at a density
of 13 333 plants ha™! (100 cm between rows, 75 cm
between plants within a row) in a North—South orien-
tation, which is perpendicular to the main wind direc-
tion (i.e., from the West). Mean height of willows
in mid-June 2020 and 2021 was 190 and 260 cm,
respectively. Repression of herbaceous vegetation in
each willow strip was assured by a continuous appli-
cation of hardwood wood chip mulch (ca. 10 cm
thickness) after planting and manual weeding in June
2019. During this study (2018 to 2021), the forage
crop field was unfertilized. In each experiment, in
two experimental blocks perpendicular to the direc-
tion of the slope, the SRAF system was compared to
an adjacent agricultural control (without willows) that
included the same forage composition and the same
agricultural history and management (Fig. 1). Within
each block, soil physico-chemical properties at the
beginning of the experiment (July 2019) were similar
between SRAF systems and controls (Table 1).

Measured variables

Sampling of the variables (soil moisture, snow depth,
forage yield) that were repeatedly measured in the
SRAF plots was conducted along transects that ran
perpendicular to the willow strips (Fig. 1). In the
windbreak experiment, the variables were measured
at six distances from the centre of the willow strip,
ie., 5, 10, 20, 30, 50 and 100 m. In the alley cropping
experiment, the variables were measured at three dis-
tances from the centre of the willow strips: 5, 10 and
20 m (Fig. 1). In the control, the variables were meas-
ured in 12 (windbreak) to 14 (alley cropping) plots in
each block. During 2021, snow depth was measured
in each plot on three dates (January 31, February 13
and March 6). In each plot, snow depth was measured
at two points (spaced ca. 5 m apart) and the average
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Fig. 1 Experimental lay-
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Table 1 Main soil physico-chemical properties in the windbreak and alley cropping experiments
Experiment Plot Block CEC Extractible P Organic pH Clay (%) Silt (%) Sand (%)
(cmolc (kg ha™") matter (%)
kg™
Windbreak Control 1 23.8 30 5.7 5.7 31.3 68.5 5.1
Agroforestry 1 25.2 33 6.7 56 364 63.6 0
Control 2 19.3 31 59 5.7 21.2 73.9 4.9
Agroforestry 2 22.8 27 5.7 5.8 30.6 69.4 0
Alley cropping Control 1 22.6 33 5.7 5.8 31.5 68.5 0
Agroforestry 1 23.8 28 59 5.8 28.2 71.8 0
Control 2 233 29 7.0 5.8 31.1 68.9 0
Agroforestry 2 22.8 38 6.6 5.8 28.3 71.7 0

of the two values was retained for statistical analyses.
Soil volumetric water content (hereafter, referred to
as soil moisture) was measured in each plot during
2021 at three dates (May 31, July 23 and September
9), more than 3 days after the last rain, with a portable
moisture meter (FieldScout TDR100 equipped with
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8 cm probe rods, Spectrum Technologies, Aurora,
IL). In each plot, soil moisture was measured at three
points (spaced ca. 3 m apart) and the average of the
three values was retained for statistical analyses.

In each plot, the ground biomass production of for-
age crop was determined on two dates in 2020 (June
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15 and August 19) and 2021 (July 6 and September
13), which were a few days prior to mechanical har-
vesting of the entire field. Herbaceous plants were
clipped 1 cm above the soil surface within a 0.25 m™2
(0.5 mx0.5 m) quadrat that was located in each of
the plots (total of 48 and 56 plots in the windbreak
and alley cropping experiments, respectively). The
fresh mass of each sample was determined in the field
immediately after harvest. Fresh subsamples (about
250 g) were dried to constant mass at 60 °C to calcu-
late forage yield on a dry-mass basis.

Wind speed and photosynthetically active radiation
(PAR) were measured by weather stations at 5-min
intervals in 2021 between August 21 and Septem-
ber 6. We installed a total of seven WatchDog® data
loggers (3910S and 3902, Spectrum Technologies,
Aurora, IL) 1.5 m above the ground surface; four were
placed in the windbreak experiment (5, 20 and 50 m
from the willow strip, and in the control; block 2) and
three were installed in the alley cropping experiment
(5 and 20 m from the eastern side of the central wil-
low strip, and in the control; block 2) (Fig. 1). The
stations were equipped with a digital anemometer
(item 3305ADD) and a quantum light sensor (item
36681) that measured PAR between 400 and 700 nm.
Each station was also equipped with one datalogger
with sensors for air temperature and relative humidity
(HOBO MX2301, Onset Computer Corp., Bourne,
MA). These sensors were installed at 1 m from the
ground under a two-layer radiation shield made with
two 30 cm squares of plywood with a white corru-
gated plastic on the top plywood to reflect as much
heat as possible.

Statistical analyses

In each experiment, we estimated an integrated forage
yield value for the whole cultivated areas to contrast
with their respective controls. To do so, a weighted
average of the forage yield at different distances for
each transect was calculated. Within the windbreak
experiment, these transect averages were calculated
from 1.25 to 50 m, given that windbreak effects on
airflow, microclimate and crop yield generally do not
exceed 20H (Cleugh 1998) and willow heights during
the study were in the range of ca.1.5 to 3 m. Within
the alley cropping experiment, the transect averages
were calculated from 1.25 to 20 m. The weight for
each measurement was obtained with the proportion

of the transect that it represented, divided by the
number of measurements at this distance, halving the
distance between adjacent measurements. For each
experiment, ANOVA was conducted using data from
the four harvests. An interaction was added to verify
if the difference between the agroforestry system and
its control differed from one harvest to another, and
block was added as a random effect. If the interac-
tion was significant, an ANOVA for each harvest was
performed, with Bonferroni correction applied to the
significance level.

The effects of the distance from the willow strips
were also analyzed using ANOVA in the windbreak
(5, 10, 20, 30, 50, 100 m and control) and alley crop-
ping (5, 10, 20 m and control) experiments for three
variables, i.e., forage yield, soil moisture and snow
depth. These three variables were log-transformed
prior to model fitting to obtain normal distributions.
In each ANOVA, an interaction accounted for differ-
ences in the effect of the distance from one sampling
period to the next, and block was added as a random
effect. If the distance effect was significant, multiple
pairwise comparisons were performed with Tukey’s
honestly significant difference (HSD) tests. If the
interaction was significant, Tukey’s HSD tests were
also performed for each sampling separately.

For each experiment, meteorological station data
were analyzed using multiple ANOVA, with the dis-
tances and the control as the only independent cat-
egorical variable. These ANOVAs were performed
for each day separately to compare wind speed, and
they were done for each hour separately to compare
air temperature, air relative humidity, and PAR. Con-
fidence intervals at 95% were used to graphically
evaluate the difference between two distances.

All analyses were performed in R version 3.5.3 (R
Core Team 2018) with the package Ime4 for fitting
the mixed-effect models and the package car for the
ANOVA, i.e., analyses of deviance using Wald’s X2
tests.

Results
Microclimatic conditions
Within the windbreak experiment, wind speed at

5 m from the willow strip was almost invariably
lower than that in the control (Fig. 2a). For half of
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the days, wind speed at 20 m was significantly lower
than in the control. Weak differences were meas-
ured between 50 m in the windbreak experiment
and the control. Similarly, within the alley crop-
ping experiment, wind speed at 5 m from the willow
strips was almost invariably lower than that in the
control (Fig. 2b). At 20 m, significant wind speed
reductions happened more frequently compared to
the same distance within the windbreak system.

Within the windbreak experiment, the air was
warmer from 10:00 to 16:00 h at 5 m compared to
the other sampling positions, while it was cooler
from 18:00 to 23:00 h (Fig. 3a). Relative humidity
at 5 m was significantly higher than in the control
(from 16:00 to 10:00 h) and at 20 and 50 m (from
21:00 to 10:00 h). Within the alley cropping experi-
ment, air temperature at 5 and 10 m was generally
higher than that in the control from 8:00 to 16:00 h
(Fig. 3b). Relative humidity at 5 m was significantly
higher than that at all other sampling positions from
16:00 to 6:00 h. Relative humidity at 10 m was sig-
nificantly higher than in the control from 18:00 to
3:00 h.
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PAR was reduced only for a short period of time
at 5 m from the willow strips. Within the windbreak
experiment, there was significantly less light at 5 m
compared to the control near 18:00 h (Fig. S1). Dur-
ing the same period within the alley cropping experi-
ment, PAR at 5 m was significantly lower than at 10
and 20 m and in the control (Fig. S2).

The distance from the willow strip affected sig-
nificantly soil moisture within the windbreak sys-
tem only (Table 2). Soil moisture at 5 and 10 m was
significantly higher than that in the control (Fig. 4).
Within both experiments, the distance from the wil-
low strips affected significantly snow depth, and
these effects differed from one sampling to another
(Table 2, interaction only significant at P <0.1 within
the windbreak experiment). Regardless of sampling
date, snow depth at 5 m from the windbreak and in
the control was significantly greater compared to that
at 30 m (Fig. 5a). In March 2021, snow depth within
the windbreak experiment at 5 m (55 cm) was signifi-
cantly greater than that at 10 to 50 m (45 cm) (data
not shown). Within the alley cropping experiment,
snow depth at 5 m was significantly greater than that
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Fig. 3 Hourly aver-

age of air temperature
(solid lines) and relative
humidity (dashed lines) at
different distances from
the willow strips in the
windbreak a and alley
cropping b systems and in
their controls. In A, for air
temperature, ANOVAs were
significant from 9:00 to
15:00 h and from 18:00 to
23:00 h (at least P <0.05);
and they were significant
from 16:00 to 10:00 h for
relative humidity (at least
P <0.05). In B, ANOVAs
were significant from 8:00
to 18:00 h for air tempera-
ture (at least P<0.01); and
they were significant from
16:00 to 7:00 h for relative
humidity (P <0.001). Error
bars are 95% confidence
intervals

Table 2 Results for two
ANOVAs testing the effect
of "agroforestry (AF) vs.
control" on forage yield

for the whole cultivated
area and the six ANOVAs
testing the effect of distance
from the willow strips
(including the control) on
forage yield, soil moisture
and snow depth. ANOVA
were conducted separately
for the windbreak and alley
cropping experiments. Each
two-way ANOVA tests for
an interaction with the date
of sampling

71 1 A
o4 [ A N L%
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g 5] &
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. L
s 3
T 241 A
o z Distance
g 80 g_ Cont.
: ] = e
I X — 10m
L 70 I— 20m
16 1
Hour
Variable Windbreak Alley cropping
7 df P-value 7 df P-value
Forage yield—Whole cultivated area
AF vs. Control 9.7 1 0.002 0.4 1 0.522
Date 122.8 3 <0.001 302.5 3 <0.001
Interaction 17.4 3 <0.001 10.2 3 0.017
Forage yield
Distance 7.1 6 0.316 3.7 3 0.293
Date 145.9 3 <0.001 349.1 3 <0.001
Interaction 30.6 18 0.032 14.3 9 0.112
Soil moisture
Distance 28.9 6 <0.001 5.2 3 0.155
Date 1443.0 2 <0.001 2562.3 2 <0.001
Interaction 10.4 12 0.582 44 6 0.628
Snow depth
Distance 22.7 6 <0.001 66.2 3 <0.001
Date 1098.8 2 <0.001 918.8 2 <0.001
Interaction 19.2 12 0.083 14.7 6 0.023
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Fig.5 Snow depth at different distances from the willow
strips in the windbreak a and alley cropping b systems and in
their controls. In both experiments, ANOVA revealed a general

at all other sampling positions (Fig. 5b). In each sam-
pling date, this pattern repeated itself except in Febru-
ary when snow depth was not significantly different
between 5 and 10 m (data not shown).

Forage yield

When averaging forage yield for each transect within
the agroforestry systems and their controls, it was only
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effect of distance. Different letters represent a significant dif-
ference (Tukey’s HSD tests, P <0.05). Error bars are standard
errors of the means

in the windbreak system that a significant difference
between agroforestry and control was found (Table 2).
Yet, there was a significant interaction in both experi-
ments, suggesting that effects occurred during some
of the harvests. Overall, forage yield within the wind-
break system was significantly greater than what was
observed in its controls, which was due to the positive
effect on production in July 2021 (Fig. 6a). The overall
neutral effect of alley cropping system on forage yield
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Fig. 6 Forage yield for the whole cultivated area (weighted
average per transect) in the windbreak (A) and alley cropping
(B) systems (AF) compared to their controls. For each experi-
ment, an ANOVA was conducted for all harvests together and
revealed a significant interaction with harvest; thus, ANOVAs

resulted from a yield decreases in June 2020 and a yield
increase in September 2021 (Fig. 6b).

Within the windbreak experiment, a significant
effect of sampling position on forage yield was meas-
ured, and this effect differed from one harvest to the
next (Table 2). In July 2021, forage yield was signifi-
cantly greater at 10 m from the willow strip compared
to the control (Fig. 7). Within the alley cropping experi-
ment, forage yield did not vary among the different dis-
tances from the willow strip.

were also conducted separately for each harvest (Bonferroni
correction of significance levels). Different letters represent a
significant difference (at least P <0.01). Error bars are standard
errors of the means

Discussion

Changes in microclimatic conditions within the
agroforestry systems

As expected, willow strips significantly reduced wind
speed in both experiments, despite their relatively low
stature (260 cm in June 2021). Wind speed reduction
was highest (50 to 58% in alley cropping and wind-
break systems, respectively) at the nearest measured
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Fig. 7 Forage yield at different distances from the centre of
the willow strip in the windbreak system and in the control.
ANOVA revealed no general effect of distance, but a signifi-
cant interaction between harvest and distance. Different letters

distance from the willow strips (5 m), remains
important at 20 m (22% in both experiments), and
was negligible at 50 m (in the windbreak system).
Similar wind speed patterns on the leeward side of
short-rotation woody hedgerows were found in other
studies that were related to young SRAF systems in
temperate climates (Foereid et al. 2002; Bohm et al.
2014; Kanzler et al. 2019). In SRAF systems, the
typical structure of hedgerows (i.e., bush-shaped trees
in multiple rows) results in lower permeability than
classical agroforestry systems with taller trees and
greater tree spacing. Decreasing permeability is gen-
erally associated with a smaller, but highly sheltered
area that is close to the hedgerow (Wang and Takle
1996; Bohm et al. 2014). At 20 m from the willow
strip, wind speed reduction was more frequent within
the alley cropping than within the windbreak system.
Bohm et al. (2014) argued that multiple arranged tree
strips within short-rotation alley cropping systems
may enhance wind speed protection and result in a
larger scale reduction of wind speed compared to a
single standing short rotation windbreak.

During a large portion of the day, air temperature
(from 8:00 h to 16:00 h) and relative humidity (from
16:00 to 10:00 h) significantly increased close to the
willow strips in both experiments. Similar obser-
vations were made in comparable SRAF systems
(Kanzler et al. 2019; Swieter et al. 2022). Higher
daytime air temperature in SRAF systems likely
results from a decrease in wind speed, turbulent mix-
ing of air masses with different temperatures, and
heat loss (Campi et al. 2009; Brandle et al. 2022).
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represent significant differences for the harvest of July 2021
(Tukey’s HSD tests for the multiple comparisons, P <0.05).
Error bars are standard errors of the means

The reduction in turbulent mixing generally reduces
the amount of water vapour that is transported away
from surfaces in the sheltered area. Therefore, relative
humidity and vapour pressure gradients are generally
higher in sheltered zones, both during the day and at
night (McNaughton 1988). The cooler air tempera-
ture in the vicinity of the willow strip from 18:00 to
23:00 h in the windbreak experiment may be a reflec-
tion of the shade effect of the willow strip that was
the greatest near 18:00 h. Yet, results that are related
to spatio-temporal variation of PAR revealed that
willow shading was generally negligible at 5 m from
the centre of the willow strips in both experiments.
Hedgerows of relatively low height that are oriented
in a North—South direction in SRAF systems estab-
lished in temperate latitudes (40-50°) could have lit-
tle effect on radiation reaching the crop because any
shading in the morning or evening could be partly
compensated by light reflection off the hedgerow
(Jackson and Palmer 1972; Kanzler et al. 2019).

In the windbreak experiment, soil volumetric water
content at 5 and 10 m was significantly higher com-
pared to that in the control. Others have written that
water evaporation from the soil is generally reduced
in the sheltered zone of a windbreak due to reduc-
tion in wind speed and transfer of water vapour away
from the surface (Brandle et al. 2022). For example,
Kanzler et al. (2019) found that short-rotation poplar
hedgerows reduced evaporation by an average 27%
within 24 m along the tree-crop interface, with the
highest reductions at 3 and 9 m from the tree rows.
Kanzler et al. (2019) interpreted this result as an
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indication that microclimate conditions (e.g., lower
wind speed and higher relative humidity) in the shel-
tered zone of woody hedgerows led to lower atmos-
pheric evaporative demand. They argued that lower
wind speeds are more likely to limit the replacement
of saturated air by unsaturated air, which usually
allows favourable conditions for continued evapora-
tion if energy and water are available.

In the windbreak system, our results suggested that
the willow strip contributed to snow retention in its
vicinity (5 m), which resulted in slightly lower snow
depth at 30 m. Similarly, in the alley experiment,
snow depth was significantly greatest at 5 m from the
willow strips. Very dense and few permeable hedge-
rows such as those in this study would lead to rela-
tively short, deep snowdrifts on both the windward
and leeward sides (Brandle et al. 2022). Deep snow
drifts near the tree row may be a concern as they
delay snowmelt, which can lead to increased snow
mold diseases on forage and winter cereal crops under
prolonged snow cover (Gaudet and Laroche 1997).
This potential drawback of SRAF systems in cold
temperate climates deserves more research attention.

Forage yield response to short rotation agroforestry
systems

In July 2021, forage yield within the windbreak
(0-50 m from the willow strip) was 44% significantly
higher than that in the control plots. Different litera-
ture syntheses have highlighted a global positive net
effect of temperate zone windbreaks on yield of dif-
ferent crops, including forage crops (Smith et al.
2021), although a closer reading of several individual
studies reporting these beneficial effects has revealed
great variability in yield results. Higher air tempera-
ture in the shelter zone can be an advantage for crop
growth, especially in cooler regions (Brandle et al.
2022). Even a small increase in temperature may have
substantial positive effects on the rate of crop cellular
processes and physiology (Grace 1988). In contrast,
lower nighttime temperatures in the shelter zone may
reduce crop respiration, resulting in higher rates of
net photosynthesis and more vegetative growth.

In September 2021, overall forage yield within the
alley cropping system was 13% significantly higher
than that in the control plots. In a short rotation pop-
lar alley cropping system, Kanzler et al. (2019) found
that winter wheat grain yield in the alleys was 16%

higher than that in an open control field. Kanzler et al.
(2019) attributed this increased yield to increased
temperatures and better water status due to a decrease
in potential evaporation. However, in June 2020, for-
age yield within the alley cropping system was 12%
significantly lower than that in the control plots. This
discrepancy in forage yield between cutting times
could be due to variation in climatic conditions that
prevailed during each forage growth period. The
period between the beginning of May and mid-June
in 2020 was abnormally dry (ca. 40 mm vs. 130 mm
that routinely falls; Environment and Climate Change
Canada 2022). The increase in sheltered air tempera-
ture within the alleys could have accentuated possible
crop water stress during this period.

Contrary to expectation, in both experiments, for-
age yield close to the willow strips (5 m) did not sig-
nificantly decrease, compared to the control plots.
Consequently, our results suggest no competition for
light and belowground resources between the willows
and the forage crop. The absence of a competition
zone at the tree-crop interface was also exemplified
by PAR and soil moisture results at 5 m from the wil-
low strips, which were similar to those at the other
distances in the alley and in the open field plots. In
a short-rotation willow alley cropping system, Ehret
et al. (2018) also observed a weak effect of woody
strips on forage yield in their vicinity during the
first three years of the system establishment (willow
height of ca. 4 m after year three).

The experimental agroforestry systems were in
their establishment phase (3- to 4 years-old), although
willows had reached almost half of their rotation,
which was anticipated to be 6 years for the first
rotation. The weak effects of trees upon crop yields
that were found near the tree rows would possibly
strengthen, becoming negative as the trees mature and
compete with crops for light and water. For exam-
ple, in a short rotation willow alley cropping system
with a comparable north—south woody strip orienta-
tion and willows twice as tall as those in this study
(ca. 6 m), Gamble et al. (2019) found that much
lower availability in light (57% reduction in PAR at
2.4 m) and soil water at the willow-crop interface
was associated with a significant reduction in for-
age yield. Gamble et al. (2019) estimated that forage
crop yield increased by 623 kg DM ha™! for every
100 umol m~2 57! increase in PAR and by 1038 kg
DM ha™! for every 20 kPa increase in average daily
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water potential. Similarly, in short-rotation poplar
alley cropping systems, reductions in yield of differ-
ent crops (wheat, oilseed rape and silage maize) were
found up to 7 m from the woody strips (tree heights
were between 4.8 and 7.5 m) in the alleys (48 and
96 m width) due to the presence of poplar roots, tree
shading and tree leaf litter coverage (Swieter et al.
2019, 2022). However, these yield reductions did
not negatively influence the average long-term crop
yields within the entire alleys of these SRAF systems.
Microclimatic conditions were measured only for
one year and within a short period. Likewise, soil
moisture was measured on few dates. These measure-
ments, therefore, must be interpreted with caution.
Also, crop yields were measured within the first wil-
low rotation only. Yet, the yield of the willow strips in
the second rotation is usually higher than that in the
first rotation, which may increase competitive effects
of willow on crop yields (Dzene et al. 2021). Future
research should be guided towards investigating how
microclimatic conditions, moisture dynamics and
crop yields vary in SRAF systems at larger temporal
scales during the growing seasons, within a willow
rotation and among different willow rotations.

Conclusions

This study assessed the variation in microclimatic
conditions and forage yield at different distances from
willow strips that were established in a windbreak
and an alley cropping system, and in agricultural con-
trol plots. A significant decrease in wind speed and
an increase in daytime air temperature were meas-
ured in the agroforestry systems, especially close to
the willow strips. Significant higher soil moisture
was measured close to the windbreak. Snow depth
was significantly greater in the vicinity of the wil-
low strips in both agroforestry systems. Overall yields
(four cutting times and all distances combined) in the
studied agroforestry systems were similar (alley crop-
ping) or significantly higher (windbreak) than those
in agricultural control plots. Yet, the effect of short-
rotation agroforestry systems on patterns of forage
yield varied considerably across cutting times, likely
as a result of temporal variation in climatic conditions
that prevailed during each cycle of forage growth.
Our study highlights the importance of measuring
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intra- and inter-annual forage crop variability within
agroforestry systems.
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