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Abstract
& Key message In a mixed poplar/black locust plantation in central France, adverse conditions have led to a prevalence of
interspecific competition, resulting in a poorer performance than monocultures.
& Context In mixed tree plantations, the presence of woody N2-fixing species is thought to reduce N needs by fertilization.
However, benefits associated to soil nitrogen enrichment have to outweigh the negative effects of interspecific competition. To do
so, co-occurring tree species have to be chosen carefully to promote niche sharing between species and reduce competition. Black
locust and poplar mixtures therefore seem promising since both species are fast growing and have potentially complementary
crown shapes.
& Aims Our objective was to evaluate the impact of the poplar/black locust mixture on the growth, above- and belowground
biomass production, and nitrogen allocation of the two species, as compared to their respective monocultures.
& Methods An experimental plantation mixing poplar and black locust was set up in central France. For five growing seasons,
growth, nitrogen allocation, and carbon allocation were monitored for the two species growing either in mixture or in
monoculture.
& Results After a couple of promising growing seasons, black locust growth and survival slowly declined, mainly in the mixture.
At the stand level, biomass production in the mixed plots was nearly 50% below the most productivemonoculture (poplar) by age
5 years.
& Conclusion Under adverse conditions, interspecific competition in the mixture was the preponderant interaction, resulting in
higher mortality and lower biomass production than the two monocultures.

Keywords N2 fixation . Biomass production and allocation . Interspecific interactions . Mixed-species woody plantation .

Nitrogen dynamics

1 Introduction

Mixed species woody plantations associating nitrogen (N)
fixing and non-fixing species have the potential to increase
biomass production and carbon sequestration, while providing
other benefits including improved soil fertility and nutrient
cycling and protection from pests and diseases (Forrester
et al. 2005). Even if a decrease in production can be acceptable
when it is compensated by a decrease in costs (fertilization,
weeding, etc.), in most cases, mixtures are considered success-
ful when aboveground biomass production is significantly
higher in the mixture than in monocultures. Success is reached
in the mixture when the positive interactions between species
(i.e., facilitation through symbiotic N2 fixation, and/or re-
duced competition thanks to niche sharing resulting in more
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efficient resource utilization) outweigh the negative interac-
tions (i.e., interspecific competition for uptake and use of re-
sources) (Forrester et al. 2006a; Vandermeer 1989).

The mixture of N2-fixing/non-fixing species has already
been the subject of much research in the southern hemisphere
(Forrester et al. 2006a; Bouillet et al. 2013). Most common is
the association of eucalypt not only with various species of
acacia, but also with other N2-fixing species such as
Falcataria moluccana (Falconer of the Moluccas; Austin
et al. 1997), Leucaena leucocephala (False mimosa; Parrotta
et al. 1996; Moraes de Jesus and Brouard 1989), orCasuarina
equisetifolia (Filao; Parrotta et al. 1996). In the northern hemi-
sphere, some studies were carried out in the 1970s and 1980s
on the effect of the insertion of alder trees in association with
various woody species. The beneficial effects of alder were
observed on the growth of ash, liquidambar, tulip tree, spruce,
pine, and Douglas-fir (Tarrant and Trappe 1971; Le Tacon
et al. 1988). On the other hand, the fertilizing effect of alder
associated with a fast-growing species such as poplar was less
obvious: either no effect of N2 fixation by alder on poplar
growth was visible at 3 years (Teissier du Cros et al. 1984)
or alder strongly suffered from the competition with poplar
(Le Tacon, unpublished results; Koupar et al. 2011). The ef-
fect of alder on Douglas-fir growth has also been shown to be
either positive or negative depending on site conditions
(Binkley 1983; Binkley et al. 1992).

Under temperate latitudes, black locust (Robinia
pseudoacacia L.) is an alternative to alder as the N2-fixing
species in mixed plantations. However, in spite of its recog-
nized potential in terms of biomass production and stress re-
sistance, black locust has often been neglected in research and
development programs, as has its response in associations
with a non-N2-fixing species; this may be due to its invasive
reputation or the thorns which make it difficult to manipulate
(Grunewald et al. 2009; Mantovani et al. 2015). In addition to
the possible benefits linked to N2 fixation, associating black
locust with poplar (Populus spp.) also has the potential to
improve resource utilization thanks to potentially complemen-
tary aboveground and belowground characteristics: the poplar
canopy is often fastigiate with a single dominant stem, while
the black locust canopy is stockier and much more ramified;
both species have different surface root system architectures,
with few ramifications in poplar and often a strongly ramified
architecture in black locust (Drénou 2006). Such different
traits could result in the two species exploring different layers
above- and belowground and better sharing light, water, and
nutrient resources when they are grown together, as compared
to monocultures of each of the two species.

In the literature, comparative performances in mixtures and
in corresponding monocultures varied drastically both among
and within studies (Forrester et al. 2006a). For example, in the
Binkley study (1983), associating red alder with Douglas-fir
in 23-year-old plantations was twice as productive as the

monoculture at a N-poor site but growth was 15% inferior to
the monoculture at a site where Nwas not limiting; this clearly
shows the strong dependence of the results on the site condi-
tions where the experiments are carried out. In the same way,
Boyden et al. (2005) and Bouillet et al. (2013) showed that
mixture effects in Eucalyptus/Falcataria and Eucalyptus/
Acacia plantations varied drastically as a function of soil rich-
ness in N and P. Soil nutrient richness was indeed the main
factor determining whether competition or facilitation was
preponderant.

Forrester et al. (2005) attempted to draw a list of site factors
and species attributes that are most likely to lead to increases
in aboveground biomass production in mixtures when com-
pared to monocultures. Notably, they stressed the importance
of using species based on their height growth dynamics to
ensure that neither species is suppressed by the other and that
the less tolerant species is not overtopped by the more shade
tolerant species. Poplar and black locust are both shade-
intolerant species; however, as mentioned earlier, their differ-
ent crown shapes should result in an optimized aboveground
niche sharing between the species. Forrester et al. (2005) also
suggested that mixtures should only be planted on sites where
the processes and interactions between species will increase
the availability of (through facilitative interactions) or reduce
competition for (through competition reduction interactions)
any major limiting resource for growth.

To study the interactions between poplar and black locust
grown in a mixture compared with their respective monocul-
tures, we set up an experimental instrumented plantation in
central France and thoroughly studied it in terms of growth,
biomass production, N allocation, and carbon allocation. The
objectives of the present paper are (1) to describe the evolution
of the mixture plantation in terms of growth, above- and be-
lowground biomass production, and N allocation, as com-
pared to the monocultures of the two species, and, because
after five growing seasons (2011–2015), biomass production
was much lower in the mixture plantation than in the mono-
cultures, (2) to investigate possible reasons for the poor per-
formances of the poplar/black locust association in this
instance.

2 Material and methods

2.1 Site characteristics

The experimental site covers 0.7 ha at Saint-Cyr-en-Val
(Loiret) in central France (Centre Val de Loire; 47° 48′
25.5″ N 1° 58′ 36.1″ E). The site was previously an agri-
cultural fallow for more than 15 years. The site, selected
from a network of contrasted sites for poplar productivity,
was known to have the lowest productivity (Bastien et al.
2015; Toillon et al. 2013). The plantation was established in
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February 2011 using 25-cm-long poplar woody stem cuttings
and 1-year-old rooted black locust seedlings. No fertilization
or irrigation was applied. Herbicide was spread once a year
and mechanical weeding was done regularly. The plantation is
composed of two blocks, each with three plots: one monocul-
ture of poplar trees (Populus × euramericana, clone
‘Dorskamp’), one monoculture of black locust trees (Robinia
pseudoacacia, provenance ‘Nyirseg’), and one mixed stand
with alternating rows of the two species. The density of the
plantation is 1428 trees ha−1 (2 m between trees and 3.5 m
between rows).

2.2 Monitoring soil and climate conditions

Rainfall and air temperature were monitored from the estab-
lishment of the plantation with a rainfall gauge (ARG100,
Campbell Scientific, Inc., Logan, UT, USA) and a thermistor
(HMP45C probe, Campbell Scientific, Inc., Logan, UT, USA).
One measurement was taken every 10 s; sums (for rainfall) or
averages (for temperature) were recorded every 30 min.

Prior to planting, the composition of the upper soil layers
was analyzed by collecting core samples at 0–15, 15–30, and
30–45 cm depths in each of the six plots. Soil texture and
composition analyses were performed by the Soil Analysis
Laboratory in Arras (US 10, LAS Arras, INRA Lille,
France). Additionally, total N content was analyzed on soil
samples collected at the same spots at 0–5, 5–10, 10–15,
15–30, 30–45, and 45–60 cm depths, both prior to planting
and 5 years after plantation. The soil is a Gleyic Luvisol
(World Reference Base for Soil Resources classification)
composed of approximately 70% sand, 20% loam, and 10%
clay (Table 1).

Soil water content (SWC) was monitored continuously
(one measurement every 5 min) with water content reflectom-
eters (CS615, Campbell Scientific, Inc., Logan, UT, USA)
inserted 10 cm into the soil. Two reflectometers were used in
each monoculture and four in the mixture; they were located
either on the tree rows between two trees or between the rows
on the diagonal between two trees. Meteorological and SWC
data were recorded and stored on a data logger (CR3000,
Campbell Scientific, Inc., Logan, UT, USA).

2.3 Tree dimensions

Tree growth was monitored every 3 weeks during the growing
season (May to September) on 20 trees per species and treat-
ment (20 trees in pure plots or 40 trees in mixed plots) in each
block (160 trees in total). The trees to be monitored through-
out the experiment were selected during the first growing sea-
son (2011), were representative of tree height distribution of
the entire plantation, and were located in the central 7 × 7 trees
of the plots, preserved from destructive measurements. Tree
height or, for multi-stemmed trees, the height of the dominant

stem was measured. DBH (diameter at 1.30 m in height) was
measured for all stems of the selected trees. For the multi-
stemmed trees, a “virtual diameter” (Dv) was calculated from
the sum of the section surfaces of each stem. In addition, these
dimensions were measured for all trees in the plantation before
each harvest and at the end of each growing season, in October.
These measurements of all trees were used both (1) to select
harvested trees covering the range of basal areas and (2) to
extrapolate biomass data at plantation level using allometric
relationships established from harvested trees (see below).

2.4 Biomass

Selected trees were harvested in June 2012 (month 17 after
planting), June 2013 (month 28), June 2014 (month 40), and
June 2015 (month 51). Eight trees per species and per treat-
ment were harvested at each date. The root systems were
excavated in the Voronoï polygon, corresponding to the ele-
mentary space defined by the half distances between the har-
vested tree stem and its neighbors (Levillain et al. 2011). We
used a mini-shovel to dig out the stump and the coarse
roots (diameter above 10 mm); then, the medium and fine
roots (5–10 mm and less than 5 mm, respectively) were man-
ually sorted. The different organs of the trees (branches, stem,
roots and leaves) were separated and weighed (FW). Samples
of each organ (about 10%) were weighed (FWsample), dried at
65 °C for 48 h, weighed again (DWsample), and then ground
to a fine powder with a ring crusher (CB2200, SODEMI,
Aix-en-Provence, France) before elemental analysis. The
data were then used to estimate the total dry weight (DW) of
each organ. The root mass fraction (RMF) was calculated as
the root dry biomass divided by the total tree dry biomass.

2.5 Leaf area

During each tree harvest (June 2012, 2013, 2014, and 2015),
the crowns of the sampled trees were divided into three equal

Table 1 Soil contents in clay, silt, sand, organic matter (OM), organic
carbon (OC), total nitrogen (N), C/N, and pH at 0–15, 15–30, and 30–
45 cm depths prior to planting (February 2011). Means ± standard errors,
n = 6

0–15 cm 15–30 cm 30–45 cm

Clay (%) 9 ± 1 9 ± 2 10 ± 4

Silt (%) 23 ± 2 21 ± 4 21 ± 6

Sand (%) 68 ± 3 70 ± 6 69 ± 10

OM (%) 1.7 ± 0.5 1.5 ± 0.4 0.8 ± 0.3

OC (%) 1.0 ± 0.3 0.9 ± 0.2 0.5 ± 0.2

N (%) 0.08 ± 0.02 0.07 ± 0.02 0.04 ± 0.01

C/N 11.7 ± 0.8 11.6 ± 0.6 12.0 ± 1.6

pH 5.6 ± 0.3 6.0 ± 0.5 6.3 ± 0.5
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parts; all the leaves from each crown section were collected
and weighed (FW). Then, about 20 leaves per crown section
were weighed (FWsample) and their area (LAsample) was deter-
mined with a leaf area meter (Li-Cor, Li-3000A, Lincoln,
Nebraska, USA). The total leaf area (LA) of each crown sec-
tion was calculated as follows:

LA ¼ LAsample � FW

FWsample

The leaf area of the whole tree was determined as the sum
of the areas of each crown section.

2.6 Elementary analyses

N concentrations (%) in the dry matter were measured with an
elemental analyzer (NA-1500, Carlo Erba, Milan, Italy) from
2 to 5 mg of powder from each organ (branches, stem, roots
and leaves) or soil samples. N contents were calculated by
multiplying N concentrations of each organ by its dry weight
(DW). N concentration was calculated for the whole tree as
follows:

Ntree ¼ NbranchesDWbranches þ NstemDWstem þ NrootsDWroots þ NleavesDWleaves

DWbranches þ DWstem þ DWroots þ DWleaves

2.7 Extrapolation to stand level

At each harvest, allometric equations relating total biomass as
well as root, stem (including branches), and leaf biomass, total
leaf area and total N content of the harvested trees with their
height and diameter were established. Power relationships
were used. The choice of the most adapted equation was based
on the AIC (Akaike Information Criterion) and RMSE (root
mean square error) values obtained when equations were ad-
justed on the datasets. The most relevant model was the one
with the lowest AIC and RMSE values. The treatment effect
was included in the equation as a dummy variable when the
adjustment parameters were improved (lower AIC and
RMSE; Table 4). The allometric equations were applied to
the 49 trees (7 trees in 7 rows) in the central part of each
treatment in the two blocks. These zones, preserved from tree
harvests, were also used to estimate tree mortality at the end of
each growing season.

The estimated values of biomass, leaf area and N con-
tent were used to calculate biomass production per hectare
(MgDW ha−1), aboveground net primary production
(ANPP, MgDW ha−1 year−1), leaf area index (LAI,
m2

leaves m
−2

soil), and tree N per hectare at stand level
(n = 2 blocks). The interaction between the two species at
stand level was calculated as the relative difference between
the value in the mixture and the average values of the two

monocultures: X 50A50E=X 100A;X 100E−1. The effect of the

mixture on each species was calculated as the relative differ-
ence between twice the value for this species in the mixture (to
account for a density twice as low for each species in the
mixture) and the value of the same species in the monoculture:
2 × X50A50E/Xmonoculture − 1 (relative competition intensity,
RCI; Grace 1995).

2.8 Statistical analyses

Results were analyzed with the R software (R Core Team
2016). Means were expressed with their standard errors.
Statistical tests were considered significant at *P ≤ 0.05,
**P ≤ 0.01, or ***P ≤ 0.001. At tree level (n = 8), data were
compared between harvest dates, species, and treatments (i.e.,
two treatments: pure or mixed) using a three-way ANOVA. At
stand level (n = 2), data were compared between harvest dates
and plot types (i.e., three plot types: two monocultures of each
of the two species and one mixture) with a two-way ANOVA.
General linear models were used to compare (1) mortality
between years, species and treatments; (2) soil N data between
dates (initial vs. final), plot types, and soil horizons; and (3)
initial soil texture and composition between plots and soil
horizons.

Data availability The datasets generated during and/or ana-
lyzed during the current study are available from the corre-
sponding author on reasonable request.

3 Results

3.1 Soil and climate conditions over time

Soil texture and composition prior to planting did not show
any significant gradient on the future stand area that would
have resulted in differences between plots. Average values are
given in Table 1. Total soil N decreased linearly with soil
depth, irrespective of plot type or date (Fig. 1). No significant
effects of the plot type and sampling time (initial vs. final)
were observed. Annual total precipitation ranged from 531
to 867 mm, with precipitation during the growing season
(May to August) ranging from 202 to 409 mm (Table 2).
When compared to the decennial (2005–2015) rainfall aver-
age (620 mm), years 2011 and 2015 were the driest, while
years 2013 and 2014 were the wettest. It is noteworthy that
year 2013 was wet during winter and fall, but quite dry during
summer. Mean annual temperatures ranged from 10.9 to
12.3 °C. The 2015 growing season was the warmest
(18.2 °C on average between May and August), while the
2014 growing season was the coolest (16.7 °C).

No significant difference was observed among plot types in
terms of soil water content (SWC), so average values are pre-
sented. SWC at 10-cm depth reached values below 10%
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during summers 2012, 2013, and 2015, with the lowest values
(5.9%) observed in July 2015 (Fig. 2). Soil water decreased
much less markedly during the growing seasons in 2011 and
2014. The soil was waterlogged (with soil water content
values at saturation around 35%) for almost 7 months
(November to May) in 2012–2013, but only for 5 months
(December to April) in 2014–2015.

3.2 Tree mortality over time

Significant species, year (P ≤ 0.001), treatment, and species ×
year (P ≤ 0.05) effects were observed in terms of tree mortality
(Table 3). For both species, tree mortality increased in the
mixture in 2013, reaching 9% for poplar and 16% for black
locust. From this date on, mortality for black locust in both the
pure and mixed treatments drastically increased year after
year, reaching 23.5% in the monoculture and 54% in the

mixture at the end of 2015. For poplar, the increase in mortal-
ity over time was less marked; however, in 2015, 2 and 12.5%
of the trees were dead in the monoculture and mixed planta-
tions, respectively.

3.3 Tree height changes over time

During all five growing seasons, height growth occurred be-
tween May and September for both species (Fig. 2). Height
growth over time for poplar followed a sigmoid shape, except
for 2013 and 2015, during which tree growth was particularly
low. No significant difference in stem height was observed
between poplar trees in the monoculture and in the mixture.
For black locust as well, height growth over time followed a
sigmoid shape, but only during the growing seasons of 2011
and 2012. The black locusts in the mixture were taller than the
poplars and also taller than the black locusts in the monocul-
ture at the end of the first growing season. However, from
2013 on, the black locusts stagnated and no height growth
occurred. Tree heights even decreased with time because re-
growth in spring often does not occur from the apical bud for
this species. This lack of apical regrowth was more marked in
the mixture than in the monoculture. At the end of the exper-
iment, the poplar trees were twice as tall as the trees in the
black locust monoculture and almost four times as tall as the
black locust trees in the mixed treatment.

3.4 Biomass production and allocation

At tree level, significant date and species effects were ob-
served in terms of biomass and root mass fraction (RMF),
though no treatment effect was highlighted for these variables
(Fig. 3). A significant species by treatment (S × T) interaction
was observed for biomass production (P ≤ 0.05) and tree N
content (P ≤ 0.001). Total tree biomass as well as above-
ground woody biomass increased almost linearly with time
in the two monocultures and for poplar in the mixture. For
black locust in the mixture, total and aboveground woody
biomass stagnated around 1.5 and 0.8 kg, respectively, from
month 28. Tree biomass was almost four times less for black
locust in the mixture than in the pure stands. This is reflected
by a significant S × T interaction. RMF remained globally
stable over time for black locust, while it decreased progres-
sively for poplar; consequently, RMF did not differ between
the two species at the beginning of the experiment but was
significantly lower for poplar than for black locust at the end.

At the end of the experiment, at stand level, the poplar
monoculture was twice as productive as both the black locust
monoculture and the mixture (Fig. 4). For black locust in the
mixture, a decline in biomass per hectare was observed over
time, with negative values of aboveground net primary pro-
duction (ANPP) in some cases, due to increasing tree mortal-
ity. Differences between the two monocultures in terms of leaf

Table 2 Climatic conditions between 2011 and 2015 in terms of total
annual precipitation (TAP), total precipitation during the growing season
(May to August, TSP), mean annual temperatures (MAT), and mean
temperatures during the growing season (MST)

Year TAP (mm) TSP (mm) MAT (°C) MST (°C)

2011 531 213 12.3 17.2

2012 705 245 11.2 17.4

2013 816 226 10.9 17.1

2014 867 409 12.2 16.7

2015 609 202 12.0 18.2
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Fig. 1 Soil profiles for total N in the poplar (circles), black locust
(diamonds), and mixed (triangles) plots before planting (open symbols)
and 5 years later (closed symbols). Means ± standard errors, n = 2. Only
soil depth was significant (**P ≤ 0.001)
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area index (LAI) were less marked than in terms of biomass
production per hectare. LAI increase in the mixture was es-
sentially driven by the poplar trees since black locust LAI was
close to zero. Interactions between the two species in terms of
biomass production and LAI were almost nil at month 17, and
then they became more and more negative with time, the mix-
ture being around 40% less productive than the average values
of the two monocultures at month 51 (Fig. 5). The negative
interactions at stand level were mostly due to the response of
black locust in the mixture: indeed, black locust biomass pro-
duction and LAI were both almost nil at the end of the
experiment.

3.5 Nitrogen dynamics

N content in trees increased with time for both species and
treatments (Fig. 3). N content was significantly higher in black
locust in the monoculture than in poplar, irrespective of treat-
ment, and then in black locust in the mixture from month 40
onward. At stand level, no significant time effect was ob-
served for N content per hectare (Fig. 4). N content was the
highest in the black locust monoculture and the lowest in the

mixture, the poplar monoculture being intermediate.
Interactions between the two species at stand level were null
at month 17 and decreased with time to reach − 0.7 at month
51 (Fig. 5). For poplar, no interaction effect was observed in
the mixture irrespective of date, while for black locust, N
accumulation in the mixture was almost 100% less than in
the monoculture at month 51.

4 Discussion

4.1 Plantation evolution over time

After two first promising growing seasons, tree survival and
growth in both species was strongly affected by a long period
of flooding during the 2013winter, followed by a dry summer;
this combination triggered the slow decline of the plantation.
A similar situation occurred again in 2015, with a more severe
summer drought resulting in only around 5–10% volumetric
soil water content at a 10-cm depth for two and a half months
(mid-June to end August). In spite of the different ecological
requirements of the two supposedly complementary species,
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Fig. 2 Tree stem heights over
time in monocultures (white) and
mixtures (black) for poplar
(circles) and black locust
(diamonds) (means ± standard
errors, n = 40) and soil volumetric
water content at 10-cm depth
(means, n = 8) between 2011 and
2015. At the end of each growing
season, different letters indicate
significant differences between
species and treatments for P ≤
0.05. Plantation and harvest dates
are indicated by arrows

Table 3 Tree mortality over time (%) measured at the end of the growing seasons, from 2011 to 2015 for poplar and black locust, in the monocultures
and mixed plantations. Means ± standard errors, n = 2

2011 2012 2013 2014 2015

Poplar Monoculture 1.0 ± 1.0 1.0 ± 1.0 2.0 ± 2.0 2.0 ± 2.0 2.0 ± 2.0

Mixture 1.8 ± 1.8 1.8 ± 1.8 8.9 ± 1.8 10.7 + 3.6 12.5 ± 5.4

Black locust Monoculture 0.0 ± 0.0 1.0 ± 1.0 6.1 ± 0.0 21.4 ± 9.2 23.5 ± 11.3

Mixture 1.8 ± 1.8 1.8 ± 1.8 16.1 ± 8.9 48.2 ± 19.7 53.6 ± 21.4
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Table 4 Allometric relationships established for poplar and black locust trees at ages 17, 28, 40, and 51 months. Number of trees (n), determination
coefficients (R2), and root mean square errors (RMSE) are also indicated. When data did not differ between treatments, trees from the monoculture
(Mono) and mixtures (Mix) were combined for the establishment of the relationships. Dv = virtual diameter (mm); H = stem height (cm)

Species Treatment Age
(months)

Equation n R2 RMSE

Aboveground dry biomass (g) Poplar Mix + mono 17 40.86 Dv − 1.859 H − 224.58 16 0.98 29.36

Mix + mono 28 0.002733 Dv2H + 401.6 16 0.85 289.4

Mix + mono 40 0.3764 Dv2.3696 16 0.92 489.5

Mix + mono 51 225.154 Dv − 7.111 H − 2348.787 16 0.98 550.7

Black locust Mix + mono 17 − 35.229 Dv + 7.154 H − 278.849 16 0.70 130.9

Mix + mono 28 0.006212 Dv2H + 92.3 15 0.85 298.4

Mono 40 12.392 Dv + 1.474 8 0.82 451.5

Mix 40 22.933 Dv + 1.149 8

Mix + mono 51 150.46 Dv + 3.342 H − 3129.105 16 0.82 1136.6

Belowground dry biomass (g) Poplar Mix + mono 17 6.976 Dv − 0.589 H + 27.873 16 0.97 4.53

Mix + mono 28 0.0005875 Dv2H + 123.5 15 0.74 93.33

Mix + mono 40 0.0008378 D2H + 212.6 16 0.72 220.7

Mix + mono 51 60.447 Dv + 3.681 H − 51.487 16 0.97 156.0

Black locust Mix + mono 17 − 25.434 Dv + 2.886 H + 73.571 16 0.68 46.03

Mix + mono 28 0.002498 D2H + 170.5 14 0.77 172.4

Mono 40 7.1335 Dv1.4746 8 0.82 171.8

Mix 40 37.8555 Dv0.7618 8

Mix + mono 51 39.07 Dv + 3.121 H − 1296.275 16 0.89 284.8

Woody dry biomass (g) Poplar Mix + mono 17 39.95 Dv − 2.476 H − 116.456 16 0.95 34.70

Mix + mono 28 0.002096 Dv2H + 307.3 16 0.88 201

Mix + mono 40 0.3328 Dv2.3359 16

Mix + mono 51 187.343 Dv − 5.754 H − 2050.765 16 0.97 527.4

Black locust Mix + mono 17 − 44.106 Dv + 7.064 H − 94.291 16 0.66 130.7

Mix + mono 28 0.004772 Dv2H + 112.4 15 0.89 186

Mono 40 5.462 Dv1.642 8 0.90 248.5

Mix 40 16.7 Dv1.226 8

Mix + mono 51 138.704 Dv + 1.43 H − 2596.573 16 0.83 931.6

Leaf area (cm2) Poplar Mix + mono 17 919.397 Dv + 2.807 H − 8271.516 16 0.97 1310

Mix + mono 28 0.08214 Dv2H + 11,190 15 0.90 6471

Mono 40 20.013 Dv2.158 8 0.91 11,971

Mix 40 404.956 Dv1.355 8

Mix + mono 51 4527.423 Dv − 176.623 H − 37,990.959 16 0.98 11,296

Black locust Mix + mono 17 − 1499.256 Dv + 343.852 H − 16,597.968 16 0.65 7264

Mix + mono 28 0.373 D3.7472 15 0.93 8678

Mono 40 7.4951 Dv2.5952 8 0.72 23,956

Mix 40 1157.2757 Dv0.6673 8

Mix + mono 51 5841.87 Dv + 25.658 H − 115,491.008 16 0.65 43,385

N total (g) Poplar Mix + mono 17 0.314 Dv − 0.006 H − 2.179 16 0.95 1.555

Mix + mono 28 0.00002824 Dv2H + 5.709 16 0.85 3.126

Mix + mono 40 0.00002071 Dv2H+ 5.356 16 0.76 6.014

Mix + mono 51 0.475 Dv − 0.023 H + 0.084 16 0.98 0.959

Black locust Mix + mono 17 − 0.738 Dv + 0.151 H − 6.654 16 0.72 2.662

Mix + mono 28 0.0000481 Dv2H1.10269 15 0.82 5.461

Mono 40 1.0467 Dv0.6915 8 0.75 9.612

Mix 40 0.6915 Dv0.929 8

Mix + mono 51 1.223 Dv + 0.075 H − 32.887 16 0.78 1.281
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the pedoclimatic conditions at our site resulted in stressful
conditions for both of them, poplar being affected by severe
droughts, and black locust by long-term flooding. While pop-
lar is globally sensitive to water shortage, black locust has
been shown to better tolerate drought episodes but to with-
stand flooding less well (Grunewald et al. 2007; Grunewald
et al. 2009; Blanco-Canqui 2016). Besides affecting tree
growth, the flooding probably also affected black locust N2

fixation. For alder, it has been shown that fall flooding is less
damaging than spring and summer flooding in terms of tree
mortality, yet symbiotic N2 fixation is totally stopped with no
subsequent recovery irrespective of the period of the year
flooding occurs (Kaelke and Dawson 2003). In our case, the
decline was more severe in the mixture than in the monocul-
ture—in terms of mortality for poplar and in terms of both
mortality and biomass production for black locust. This indi-
cates that interspecific competition in the mixture negatively
affected the growth and survival of both species. This decline
was due to the bad performance of both species as compared
to their respective monocultures, but was particularly driven
by black locust, with virtually no production occurring after
five growing seasons. The non-fixing species must exert a
weaker competition on the fixing species than does its own
intraspecific competition for the mixture to work. Piotto
(2008) carried out a meta-analysis on tree mixtures and
showed that, most often, the mixture is not advantageous for
the fixing species because it does not benefit from any effect

of facilitation or decreased competition on the part of the non-
fixing species.

4.2 Possible reasons for the poor performance
of the mixture as compared to monocultures

In spite of a demonstrated and significant N2 fixation potential
(Danso et al. 1995; Marron et al. 2018), black locust is almost
absent from the scientific literature dealing with introducing
woody N2-fixing species into tree plantations. This lack of
research could indicate that (1) using black locust in mixed
plantations has been underestimated in research and develop-
ment, or (2) black locust is difficult to manage because of its
unpredictable growth and colonization habits and difficult to
manipulate due to its potentially harmful thorns. The success
of mixed plantations, defined as the percentage of superiority
in terms of biomass production in the mixture as compared to
the most productive of the two monocultures, is also extreme-
ly variable, ranging from 57% less productive (Moukoumi
et al. 2012) to 153% more productive (DeBell et al. 1985).
In our study, from age 28 months on, the mixture was 22 to
52% less productive than the best performing monoculture,
depending on the age of the plantation. These values clearly
fall among the lowest values reported in the literature.

As stressed by Forrester et al. (2005, 2006a), the under-
standing of the processes and interactions occurring in mixed
stands is crucial to maximizing the probability of success.
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These authors identified three major factors contributing to the
success of mixed tree plantations: (1) compatibility between
height growth rates of the two species to ensure that the less
shade-tolerant species will not be overtopped by the more
shade-tolerant species, (2) adequate selection of N2-fixing
species based on their ability to cycle nutrients and to fix N2,
and (3) appropriate site selection.

(1) In our mixed plantation, the canopy was not yet closed at
the end of the experiment (5 years) because of the slow
development of the trees; the decline cannot be attributed
to this factor. To optimize the effectiveness of facilitation
and competition reduction in mixtures, the plantation
design is of importance. For instance, alternating trees
of the two species in the same rows has been shown to
be slightly more efficient than alternating rows (Zhang
2003). However, in practical terms, a plantation design
with trees of different species side by side in the same
row could be problematic if harvest timings differ be-
cause of variable growth rates. In terms of species pro-
portions in the mixture, one third of fixing species result-
ed in the best performances in some cases (Xiao et al.
1999a), while two thirds were the best option in other
cases (Binkley et al. 2003), and 50-50 remaining the best
compromise in many situations (Bi and Turvey 1994;
DeBell et al. 1997; Zhang 2003). Planting density
(Samraj et al. 1977) and subsequently, harvest age
(Bauhus et al. 2000) must also be balanced to favor pos-
itive interactions. In any case, trees must be harvested
before competition overrides the positive interactions;
the most positive mixture effects are not necessarily ob-
served at the highest planting densities (Samraj et al.
1977). In our case, the decline of the plantation did not
allow us to complete a rotation, but our high planting
density could have stimulated belowground interspecific
competition in the mixture.

(2) In our experiment, a significant N2 fixation by the black
locust trees has been demonstrated using isotopic
methods (Marron et al. 2018). We showed that up to
three quarters of black locust N came from symbiotic
fixation. Therefore, the decline of the plantation cannot
be attributed to a lack of N2 fixation by the black locust
trees. Nevertheless, because of the limited growth of the
black locust trees, the total fixed N2 represented low
quantities at the stand level (i.e., values at the end of
2013, before the high mortality increase, were 23.5 and
17.7 kg N ha−1 in the black locust monoculture and in the
mixture, respectively; Marron et al. 2018, unpublished
data). In the literature, the dependence on symbiotic N2

fixation has been extensively described in various woody
perennials, accounting for 14 to 100% of the tree N con-
tents (see Chalk et al. (2016a) and Chalk et al. (2016b)
for reviews), and our fixation rates (up to 76% of the N in

the black locust trees came from the atmosphere; Marron
et al. 2018) are among the highest rates found in the
literature. However, a given woody N2-fixing species
could be very efficient in stimulating biomass production
in a mixture under certain specific conditions (e.g.,
Leucaena leucocephala in Parrotta et al. 1996) or could,
on the contrary, result in a lower biomass production
under different conditions in other studies (e.g., as in
Austin et al. 1997 for the same Leucaena species). This
stresses the importance of the third factor: site selection.

(3) Several studies have shown that biomass production in
mixed plantations will be greater than monocultures
when soil N is present in limited quantities (Binkley
1983; Forrester et al. 2006b; Bouillet et al. 2013; Epron
et al. 2013). In all these studies, mixed plantations were
more productive (i.e., more successful) than monocul-
tures under conditions where soil N was present in low
quantities. It has been hypothesized that facilitation and
competition reduction between tree species are more
prevalent in sites with low initial nutrient availability,
provided that the interactions between species lead to
an increase in resource availability, acquisition and effi-
ciency of use (Forrester 2014). Boyden et al. (2005) state
that the important role of soil resource availability in
moderating both the intensity and nature of tree interac-
tions implies that competition and facilitation studies
need to consider a wide range of conditions to be gener-
alizable. In our case, N may not have been a limiting
resource, at least at the beginning of the experiment,
and this could explain why no facilitation interactions
were needed. However, it does not explain the slower
growth and lower survival rate of the two species in the
mixture.

In our study, the effect of adverse climate conditions exac-
erbated interspecific competition in the mixture, resulting in
lower tree growth and higher mortality than the monocultures.
The mechanisms responsible for this effect are not known and
would require further investigations, notably to quantify be-
lowground interactions.

5 Conclusion

The high mortality and low biomass production observed in
our monocultures compared to the values commonly reported
in the literature (e.g., Bastien et al. 2015 and Rédei et al. 2011;
with the same poplar clone and black locust provenance, un-
der marginal conditions) highlight the fact that growth condi-
tions were far from optimal at our study site for both species.
The negative effects of these adverse conditions were exacer-
bated in the mixture, showing that negative interactions be-
tween species were preponderant. Understanding how
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facilitation and competition respond to pedoclimate condi-
tions is crucial to anticipate whether mixture plantations will
be a success, i.e., more productive than monocultures.
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