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Abstract: We evaluated the long-term pattern of leaf area index (LAI) dynamics and radiation
use efficiency (RUE) in short rotation poplar in uncoppice (single stem) and coppice (multi-stem)
plantations, and compared them to annual field crops (AFCs) as an alternative for bioenergy
production while being more sensitive to weather fluctuation and climate change. The aim of this
study was to evaluate the potential of LAI and RUE as indicators for bioenergy production and
indicators of response to changing environmental conditions. For this study, we selected poplar clone
J-105 (Populus nigra L. × P. maximowiczii A. Henry) and AFCs such as barley (Hordeum vulgare L.),
wheat (Triticum aestivum L.), maize (Zea mays L.), and oilseed rape (Brassica napus L.), and compared
their aboveground dry mass (AGDM) production in relation to their LAI development and RUE.
The results of the study showed the long-term maximum LAI (LAImax) to be 9.5 in coppice poplar
when compared to AFCs, where LAImax did not exceed the value 6. The RUE varied between 1.02
and 1.48 g MJ−1 in short rotation poplar and between 0.72 and 2.06 g MJ−1 in AFCs. We found both
LAI and RUE contributed to AGDM production in short rotation poplar and RUE only contributed in
AFCs. The study confirms that RUE may be considered an AGDM predictor of short rotation poplar
and AFCs. This may be utilized for empirical estimates of yields and also contribute to improve
the models of short rotation poplar and AFCs for the precise prediction of biomass accumulation in
different environmental conditions.
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1. Introduction

IPCC [1] reported that the energy security and mitigation of greenhouse gas emissions are major
challenges to meet global energy demand. Moreover, the entire food system is considered as a source
of greenhouse gas emissions and primary production is by far the most important component [2].
To reduce greenhouse gas emissions, mitigate climate change impacts and, at the same time, fulfill
the requirements of food and energy demands, it is important to enhance the sources of biomass
production in the short term such as short rotation forestry (SRF) and bioenergy feedstocks (woody and
non-woody) [3,4].
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However, incentives are needed to persuade crop and livestock producers, agro-industries,
and ecosystem managers to adopt good practices for mitigating climate change and improving
the productivity of crops in different environmental conditions [5]. The cultivation of biomass,
mainly poplars (Populus) and willows (Salix) in SRF, particularly in coppice management, also known
as short rotation coppice (SRC), has considerable potential to meet these requirements. Besides
being a production source of biomass for bioenergy, SRC can contribute to the improvement of
ecosystem services such as increasing biodiversity, reducing soil erosion, improving water use
efficiency, phytoremediation, and reducing greenhouse gas emissions [6,7]. Moreover, in some regions,
AFCs also represent an alternative solution for biomass and bioenergy production [8,9]. The suitability
of the species for bioenergy production can vary with local soil and climatic conditions and may
also show differences due to their sensitivity to changing environmental conditions in the context of
climate change.

For this reason, indicators that would make easier comparison of species differences and the
responses to climate change in aboveground dry mass (AGDM) production are of high interest.
The cultivation of biomass under field conditions depends on the productivity and growth of the
species. The variation in productivity and growth is closely linked to the amount of intercepted
radiation, largely determined by leaf area index (LAI) [10] which is defined as the one sided green
leaf area per unit ground surface area [11], the interception of photosynthetically active radiation
(PAR; 400–700 nm), and by interactions with numerous environmental factors and physiological
characteristics [12,13].

An intercepted PAR depends mainly on the plant’s LAI, canopy architecture (affecting how
much LAI is effectively exposed to light), and the physiological capacity to intercept radiation.
Thus, plant growth and productivity under field conditions are primarily dependent on the potential
of the canopy to intercept incoming PAR and to convert it into biomass [14,15].

The amount of biomass produced per unit of intercepted light is called radiation use efficiency
(RUE) and largely determines the growth and biomass in both woody (trees) and non-woody (AFCs)
plants [16–18]. Monteith [12] defined the concept of RUE as the ratio between the quantity of dry mass
(DM) production and the quantity of accumulated intercepted PAR (IPAR).

In numerous studies, a linear relationship between IPAR, RUE, LAI, leaf area duration (LAD), and
biomass production has been found in bioenergy feedstocks and AFCs such as poplar, willow, barley,
wheat, maize, and oilseed rape [13,19–21]. The actual RUE and LAI are affected by several factors such
as environmental conditions (temperature, water, and nutrient availability [22,23]), phenology, and
LAD [24,25].

The RUE also varies in different vegetation types for example in woody and herbaceous plants or
management type such as coppiced and uncoppiced, as well as plant density and growth rate [26–31].
Usually, RUE values are higher in AFCs compared to fast growing woody plantations. On the other
hand, in most studies the maximum LAI (LAImax) is higher in woody plants [32–34].

To evaluate the contribution of RUE and LAI to AGDM accumulation, several studies on bioenergy
feedstocks in different regions were conducted. However, the understanding of these relationships
is still low and particularly the knowledge of the differences between plant species are needed to
improve bioenergy feedstock growth and production analysis [35–40].

In the present study, we evaluated the dynamics of LAI, LAD, RUE, and AGDM for the
growth of poplar clone J-105 (Populus nigra L. × P. maximowiczii A. Henry) in a high-density
short rotation (coppiced and uncoppiced management) on former arable land, AFCs-spring barley
(SB, Hordeum vulgare L.), winter wheat (WW, Triticum aestivum L.), silage maize (SM, Zea mays L.), and
oilseed rape (OR, Brassica napus L.).

We hypothesized the role of RUE and LAI development in determining AGDM production.
The aims of this study were: (1) to determine the variation of LAI development, LAD, and RUE
between SRC poplar and AFCs; (2) to investigate the relationship between LAI, LAD, RUE, and AGDM
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in SRC poplar and AFCs as this may help to understand differences in AGDM production in different
plant types and species, thus, improving the forecasting of the productivity of SRC poplar and AFCs.

2. Materials and Methods

2.1. Site Description and Treatments

The experiment was conducted in a Domanínek research site (the Czech Republic 49◦31′ N,
16◦14′ E; 530 m a.s.l.). The research site is located on a slight slope of 3–5◦ with an eastern aspect and
characterized by a temperate climate which is typical for this part of Central Europe with mingling
continental and maritime influences [41,42].

The long-term (2002–2014) total annual amount of precipitation and mean annual air temperature
at the research site was 603 mm and 7.6 ◦C, respectively. The area is relatively dry due to low annual
precipitation; however, the experimental site is appropriate for SRC and AFCs cultivation due to a deep
soil profile with optimum water holding capacity [41]. The soil type is luvic cambisol, influenced
by gleyic processes [41] and the texture vary from silt loam (0–0.3 m) to loam (0.3–2.0 m). The soil
sampling was carried out prior to planting the poplar clone J-105 and sowing SB, WW, SM, and OR,
respectively. The basic soil characteristic such as the total nitrogen (N), organic matter, soil type,
bulk density, soil pH, and available nutrients are shown in Table 1.

Table 1. The selected soil characteristics of the experimental site taken from Trnka et al. [41].

Soil Characteristics Units Depth (cm)

0–24 24–66 66–94 94–130+

Silt wt % 50 46.1 38.7 19.6
Clay wt % 15.8 26.3 18.6 13.3

Bulk density g/cm3 1.55 1.64 1.59 1.64
Organic matter wt % 2.65 0.28 0.14 0.14
Total nitrogen wt % 0.16 <0.05 <0.05 <0.05

pH (KCl) 5.9 5.4 4 3.4
Available P mg/kg 148 1.3 0.9 24
Available K mg/kg 15 91 62 76

Available Mg mg/kg 143 230 278 291
Available Ca mg/kg 1230 1353 748 652

The poplar clone J-105 plantation of 2.85 ha was established in April 2002 on former arable land.
Hardwood cuttings were planted in a double-row design with spacing of 0.7 m within the rows and
inter-row distances of 2.5 m, resulting in a density 9216 trees ha−1. Irrigation, fertilizers, or pesticides
were not applied before or after planting. The measurements were conducted during two consecutive
rotations. The first rotation spanned from 2002–2009 (uncoppiced-single stem stand) and the second
rotation from 2010–2015 (coppiced-multi stem stand). The single stem stand was cut 10–15 cm above
the ground level in 2009 (total age of trees from planting to harvest was eight years) and subsequently
in 2010 the multi stem stand coppice culture was established. AFCs were sown in close distance
(ca. 500 m to 1 km) to woody poplar plantation. These crops were cultivated between 2011 and 2013
with two cultivars for SB (Tolar-SB-T and Bojos-SB-B) and one cultivar for WW (Etela-WW-E), SM
(MON3301-SM-M), and OR (Rohan-OR-R), respectively. The experimental designs for all AFCs were
identical for all the years (2011–2013). These AFCs were established on standardized 12 m2 (1.5 × 8 m)
plots and each AFC was cultivated in three replicates (A, B, and C) for measurements [43]. The AFCs
were sown with appropriate seeding rates for given conditions and during the sowing, the AFCs
nitrogen (N) fertilizer was applied with optimum doses (see Table 2).
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Table 2. The sowing of non-woody annual field crops (AFCs) spring barley (SB), winter wheat
(WW), silage maize (SM), and oilseed rape (OR), and the fertilizer (Nitrogen—N) rate in different
growing seasons.

Annual Field Crops (AFCs) Cultivars Sowing Date Seeding Rate (kg ha−1) N Rate (kg ha−1)

Spring barley Tolar 11 April 2011 220 60
Spring barley Tolar 17 April 2012 220 70
Spring barley Bojos 18 April 2013 220 30
Spring barley Bojos 12 March 2014 220 30
Winter wheat Etela 4 October 2011 200 15
Winter wheat Etela 26 September 2012 200 15
Silage maize MON3301 10 May 2012 35 140
Oilseed rape Rohan 16 August 2011 4.5 60

2.2. Field Measurements and Data Collection

All measurements (meteorological, LAI, AGDM production, IPAR, and RUE) were carried out for
SRC poplar clone J-105 (for uncoppiced in growing seasons 7–8 and for coppiced-growing seasons 1–4),
and AFCs. The data sampling dates covered all stages of canopy development, from the beginning of
the growing season (leaf flushing) to the end of the growing season (completely fallen leaves) in SRC
poplar and crop emergence to ripening (before harvesting) in AFCs.

2.3. Meteorological Measurements

Meteorological data (air temperature, incident global radiation, and precipitation) were recorded
continuously by an automatic weather station placed at the turf grass close (~15–20 m) to the SRC
poplar plantation [42]. The used instruments consist of combined air temperature/relative humidity
sensor EMS 33 (EMS Brno, Brno, the Czech Republic), precipitation tipping bucket rain gauge MetOne
370 (MetOne Instruments, Grants Pass, OR, USA), and global radiation sensors EMS 11 (EMS Brno,
Brno, the Czech Republic), respectively. The PAR was calculated as 0.5 of the global radiation [44].
The weather conditions during the measurement period for seven years from 2008–2014 are presented
in Figure 1. The mean annual air temperature (in ◦C) was within the range of normal conditions.
The annual precipitation was almost the same (ranging from 511–554 mm) between all the years except
2009 and 2010 when the total precipitation was higher, with the highest reported in 2009. The annual
incident global radiation for each growing season (from April–October, for all measurement years)
varied between 2971.28–3247.03 MJ m−2, however, a slightly lower value was observed in 2010
(see Figure 1B).

2.4. Leaf Area Development Measurements

In situ LAI measurement methods can be grouped into two main categories such as direct
(destructive and non-destructive) and indirect (non-destructive). Indirect non-destructive LAI
measurement methods involve several approaches with advantages and disadvantages for different
types of vegetation [45,46]. The LAI development was evaluated throughout each of the growing
season in SRC poplar and AFCs. The LAI was indirectly measured by a SunScan plant canopy
analyzer (Delta-T Devices, Cambridge, UK). For SRC poplar, the LAI was measured at three different
places between rows and within rows while for AFCs, the LAI was measured in each individual
replicate. The LAI measurements were repeated weekly and biweekly in the same measurement points.
This indirect LAI method was validated because first time SunScan was used in woody SRC poplar
plantation/referenced (r2 = 0.82, y = 1.05 − 0.7, p < 0.001) for SRC poplar [47], and for AFCs it followed
the calibration from earlier studies in different crops such as soybean, maize, and wheat [48–51].
For daily LAI, the weekly and biweekly LAI data were interpolated using a regression equation
with the cumulative mean daily air temperature sum (>5 ◦C) [52]. The LAImax (during the peak of
growing period), LAImean (the mean of the LAI, during the growing period), ∑LAI (the sum of the
daily LAI during the growing period), and LAD (the count of the total number of days from bud burst
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to completely fallen leaves to the ground) was evaluated for each growing season in SRC poplar and
AFCs, respectively.

Figure 1. (A) The air temperature (◦C; maximum, minimum, and mean) and (B) the total amount of
annual precipitation (mm) and the total sum of incident global radiation (MJ m−2) per growing season
(April–October) from 2008–2014 at the research site Domanínek, Czech Republic.

2.5. Aboveground Dry Mass (AGDM) Production Estimation

In uncoppiced poplar, the AGDM was estimated for the seven and eight growing season using an
allometric equation which was developed by Fischer et al. [53]. However, for the coppiced plantation,
we developed a specific allometric equation using the methodology suggested by Fischer et al. [53].
In winter 2011 (after two years of coppiced growth), 25 trees were randomly selected in the range of
10–40 mm diameter at breast height (DBH, 130 cm above the ground level) and trees were harvested
10–15 cm above the ground level. The DBHs of the tree were measured by using a digital caliper
(150 mm digital caliper DC04150, Digital Micrometers Ltd., Sheffield, UK). The whole tree was divided
into two parts, stem and branches for chipping, in order to determine the woody dry mass (DM).
The chipping samples were stored in aluminum boxes and subsequently dried in an oven at 105 ◦C
until constant weight was achieved [54,55]. The amounts taken on the collected material were used
to correlate DBH with the dry weights, and to develop a non-linear (power function) allometric
Equation (1) (Figure S1) for the coppiced poplar.

DM = a.DBHb (1)

where DM is dry mass, a and b are specific regression coefficients, and DBH is the diameter of the trees
at breast height.

The AGDM in SRC poplar was estimated from the DBH inventory of the winter habitus of trees
at the end of each growing season and followed by using allometric equation (Figure S1). In AFCs,
the AGDM was estimated at least six times during the growing season using a regular harvesting
method. For determining the dry matter production, we harvested aboveground biomass of AFCs
and dried them until constant weight. For AGDMs, dry matter content was determined per m2 and
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scaled up per ha (10,000 m2). This methodology was followed due to a recommendation for variety
testing of the State Institute for Agriculture Supervision and Testing with daily monitoring of weather
parameters through automated weather station and daily collection of experimental information
through regular oversight by experienced experimenter and technicians [43].

2.6. The Evaluation of Intercepted Photosynthetic Active Radiation (IPAR) and Radiation Use Efficiency (RUE)

In the SRC poplar clone J-105 and AFCs, the RUEs were calculated (see Equation (2)) from the
ratio between the produced AGDM (g DM m−2) and the total amount of accumulated IPAR (MJ m−2)
during each growing season.

RUE = Ws/IPAR (2)

where Ws = total AGDM production (g DM m−2) and the IPAR was evaluated using Lambert-Beer’s
Law function [56]:

IPAR = PARabove (1 − e−kLAI) (3)

where PARabove represents the cumulated PAR above the canopy and k represents the light extinction
coefficient. For fast growing trees k is estimated to vary between 0.4–0.6 [52] while in the case of AFCs
such as barley and wheat, k ranges between 0.4 and 0.5, respectively [49,50,57].

In the present study, we calculated k for the poplar clone J-105, SB, WW, SM, and RS, respectively
using Equation (4) [58]

k = −ln (PARt/PARi)/LAI (4)

where PARt is the transmitted PAR (below the canopy), PARi is the incoming PAR (above the canopy),
and LAI is the leaf area index.

2.7. Statistical Analysis

The power function of the allometric equation between the AGDM and DBH [59] and the linear
regression among the studied variables (LAImax, LAD, RUE, and AGDM) of SRC poplar [28] and AFCs
were fitted in SigmaPlot® version 11.0 (Systat Software, San Jose, CA, USA). Pearson’s correlation
coefficients were estimated using the same software for individual relationships.

3. Results

3.1. Leaf Area Development

The time course of LAI for SRC poplar (uncoppiced-PU and coppiced-PC) and for AFCs is shown
in Figure 2A–C.

The LAI dynamics changed in SRC poplar (PU and PC) particularly with the development of the
canopy and management. In AFCs (SB-T, SB-B, WW-E, SM-M, and OR-R) the LAI dynamics varied
mainly due to crop characteristics and also in response to the growing season (Figure 2). The LAImax

varied between 3.6–9.5 m2 m−2 in SRC poplar, 3.1–5.6 in SB, 4.1–6.0 m2 m−2 in WW, and reached
values of 3.5 in SM and 5.6 m2 m−2 in OR.

In AFCs, the highest measured LAImax was 6.0 m2 m−2 in WW but the LAImax and also the LAI
development dynamics varied between the growing seasons (Figure 3).

Besides LAI development, LAD, which is an important parameter to define the plant productivity
and is interconnected to LAI development and RUE, was also studied. The LAD for SRC poplar and
AFCs is shown in Figure 3. The maximum LAD (186 days) was found in SRC poplar in 2009 (after eight
years of plant growth in uncoppiced management) and the minimum LAD (68 days) was observed
in SM.
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Figure 2. The time course of leaf area index (LAI) in SRC poplar clone J-105 (A) uncoppiced (PU) from
2008–2009 and coppiced (PC) from 2010–2013; the time course of LAI in AFCs (B) spring barley cultivar
Tolar (SB-T) from 2011–2012 and cultivar Bojos (SB-B) from 2013–2014; and (C) winter wheat cultivar
Etela (WW-E) from 2011/2012–2012/2013, silage maize cultivar MON3301 (SM-M) in 2013, and oilseed
rape cultivar Rohan (OR-R) in 2011/12.

3.2. Radiation Use Efficiency (RUE)

RUE is another main determinant of biomass production in SRC plants and AFCs. For the poplar
clone J-105, the average RUE was 1.19 g MJ−1 over all six years. The maximum RUE was 1.48 g MJ−1 in
PU 2009 (the last year of uncoppiced poplar cultivation) and the minimum RUE was 1.02 g MJ−1 in PC
2010 (the first year of coppiced poplar cultivation). The average RUE for AFCs was 1.57 g MJ−1 among
all crops, years, and genotypes. The maximum RUE (2.06 g MJ−1) was observed in AFCs SB (cultivar
Bojos) in 2013 (SB-B 2013) and the minimum RUE (0.72 g MJ−1) was observed in OR cultivated in
2011/2012 (Figure 3).

3.3. Aboveground Dry Mass (AGDM) Production

The AGDM production in SRC poplar clone J-105 varied from 3.6–16.5 t ha−1 year−1 in different
growing seasons (Figure 3). In the long term six-year observation, the mean AGDM production was
estimated to be 10.5 t ha−1 year−1 including PU and PC. The maximum AGDM production was
observed in the last year of PU cultivation (2009) and the minimum AGDM production was observed
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in the first year of PC cultivation. It is evident that these differences are attributed particularly to the
canopy development.

Figure 3. Comparison of (A) the maximum leaf area index (LAImax, m2 m−2); (B) the leaf area duration
(LAD, days); (C) the radiation use efficiency (RUE, g MJ−1); and (D) the aboveground dry mass
(AGDM, t ha−1 year−1) in SRC poplar clone J-105 uncoppiced (PU) from 2008–2009 and coppiced (PC)
from 2010–2013 and AFCs (spring barley cultivar Tolar (SB-T) from 2011–2012 and cultivar Bojos (SB-B)
from 2013–2014, winter wheat cultivar Etela (WW-E) from 2011/2012–2012/2013, silage maize cultivar
MON3301 (SM-M) in 2013, and oilseed rape cultivar Rohan (OR-R) in 2011/2012).

The AGDM production in AFCs varied between 4.5 and 14.4 t ha−1 year−1 and the average
AGDM was 8.5 t ha−1 year−1. The maximum AGDM was observed in SM-M (14.4 t ha−1 year−1) and
the minimum was observed in OR-R (4.5 t ha−1 year−1) (Figure 3D). These observed differences can
be related to RUE, sowing density, crop physiology, and N application.

3.4. Determinants of Aboveground Dry Mass (AGDM) Production in SRC Poplar and AFCs

The AGDM production showed a positive linear regression with LAImax, LAImean, ∑LAI, LAD,
and ∑(LAI × IPAR) in only SRC poplar, while a negative linear relationship was observed in AFCs
(Figure 4A–D,F, respectively). For SRC poplar, a strong positive (R2 values varied between 0.86 and 0.94)
and linear relationships between AGDM production and LAI (LAImean and ∑LAI) or ∑(LAI × IPAR)
were found. Using ∑LAI (R2 = 0.91) and ∑(LAI × IPAR) (R2 = 0.94) improved the relationship to
AGDM production compared to LAImean (R2 = 0.86) and particularly to LAImax (R2 = 0.46) and thus,
provided a better estimator of biomass production.

In SRC poplar and AFCs (excluding SM), the AGDM production was strongly (R2 ranged from
0.70–0.72) and positively correlated to RUE (Figure 4E). Thus, the use of RUE provided a good
estimation of AGDM production for both SRC poplar and AFCs, however, the relationship for AFCs
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was significantly improved if the C4 crop SM was excluded from the dataset (R2 = 0.7). The C4 crop
SM AGDM response to RUE fits better in the AGDM versus RUE relationship for SRC poplar.

Figure 4. The relationships between aboveground dry mass (AGDM) production and: (A) the maximum
leaf area index (LAImax); (B) the mean LAI (LAImean); (C) the sum of LAI (∑LAI); (D) the leaf area duration
(LAD); (E) the radiation use efficiency (RUE); and (F) ∑(LAI × IPAR) (absorbed photosynthetically active
radiation) in SRC poplar clone J-105 and AFCs, respectively. Note: ** significant Pearson correlation
coefficients at 0.05.

4. Discussion

Within this study, we analyzed the role of RUE and LAI development in SRC poplar and AFCs
in determining AGDM production. We hypothesized the importance of RUE and LAI for AGDM
production in SRC poplar and AFCs, and also improved the estimation of AGDM production by using
∑LAI or ∑(LAI × IPAR) integrating the LAI development over the whole vegetation period.

The results of LAI development in SRC poplar show that the maximum occurs near the end of
summer, which closely matches earlier studies for fast growing woody crops [27,47,60,61]. In these
earlier studies, the LAImax ranged from 3.5–10 m2 m−2, which may be attributed to the growing
season’s weather conditions and development of poplar canopy [27,62]. In our study, an increase
of the LAImax from 3.6–9.5 m2 m−2 is evident after transition to coppice management. Likewise,
Broeckx et al. [28] reported LAImax values from 0.49–1.68 m2 m−2 for one-year-old (first growing
season) and 0.87–4.63 m2 m−2 for two-year-old diverse poplar clones, while in other fast growing
trees like eucalyptus and willow the LAImax estimated values varied from 0.8–6.1 m2 m−2 and from
2.4–6.7 m2 m−2, respectively. In poplar, the LAI development dynamics is also delayed after coppice.
The LAI increment rate increases particularly in the first three years after coppice and reaches similar
LAI development dynamics as uncoppiced canopy. The data confirm the positive effect of coppice
management on the LAI development and canopy closure [28,47,63].

In our study, the LAImax values for AFCs are in close agreement with the LAImax reported in WW,
SB, SM, and OR [24,64–67]. Variations in the LAImax values are related to genotype, site (particularly
soil conditions), length of the growing season, sowing density, and the availability of water and
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nutrients [27,68]. The LAImax may be strongly limited by reduced water availability resulting in
reduced growth, yield, and yield components [69,70].

Besides LAI development in SRC poplar and AFCs, our LAD results were similar to previous
studies where the LAD range varied between 58 and 180 days in AFCs (C3 and C4 crops) and
SRC [28,47,68,71]. Higher LAI and LAD were achieved in SRC poplar as compared to AFCs because
woody crops are taller, multi stemmed, and their developed roots systems may accommodate higher
canopy closure as compared to AFCs [25,26,54]. The responses of LAI develoment in SRC poplar
and AFCs can be potentially used for the screening of genotypes under stress conditions or for the
development of adaptation management strategies to reduce climate change impacts. Some earlier
studies have mentioned the importance of LAI measurements in different ecosystems for process-based
models such as APEX and ALMANAC, which were used for the prediction of climate change impacts
on SRC poplar and crop productivity [72–74]. Thus, our findings may contribute to improving the
models as well as to help farmers in better selection of crops for future climates together with fulfilling
the growing requirements for food and green-energy production [35].

Plant species show relatively high differences in RUE [16,30], however, the long term average of
RUE for fast growing poplar was comparable to data published by Linderson et al. [52] who estimated
RUE at 1.40 g MJ−1 for willow clones in Scania and also to some studies for poplar plantations where
the RUE varied between 1 and 2 g MJ−1 [31,36,40]. In contrast, Broeckx et al. [28] reported lower RUE
values varying between 0.29 and 0.68 and an average RUE of 0.50 g MJ−1 in twelve poplar clones
in Flanders, Belgium. Low or high RUE values are characteristic of the biomass accumulation rate,
are site specific (water and nutrient availability), depend on the length of growing season, as well as
the height and age of trees and genotypes [36]. In our study, the RUE values varied between individual
crops and growing seasons, however, the long-term average was higher in AFCs compared to SRC
poplar. It may be due to differences in crop physiology [12,75] and nutrient effects [64,76] as the effect
of nutrition (particularly N) increases RUE. RUE is increased by higher N doses [16,77] and can be
stimulated also by a higher availability of P and K [78–80]. Higher RUE is often reported also for C4

crops, but the differences in crop physiology depend greatly on environmental conditions, particularly
temperature [25,81].

Our RUE values for SB and WW are similar to previous studies reviewed by Kemanian et al. [24].
We observed fairly low RUE for OR (0.79 g MJ−1) and SM (1.19 g MJ−1) as compared to previous
studies, where Kuai et al. [67] and Williams et al. [82] reported 1.07–1.09 g MJ−1 in OR and 1.71 g MJ−1

in maize, respectively. RUE values may be increased by favorable conditions such as higher water and
nutrient (particularly N) availability [13,52,68,83]. RUE could also be affected by sowing density and
genotype. Higher RUE was found in higher densities [27,52,67].

The growth and biomass production of poplar was in accordance with our earlier data [41].
Compared to other studies, depending on climate and management (plant spacing, irrigation,
fertilization, and genotypes), a production of 10–15 t ha−1 year−1 could be expected [84,85].
Thus, the average productivity observed in our study, despite relatively low precipitation, and soil
water recharge, is acceptable. However, in some cases the average AGDM production observed is
substantially higher, mainly due to favorable climatic condition, the length of rotation cycle, genotype,
higher nutrients, and water availability [86–89]. In our study, AGDM production uniformly increased
season by season in SRC poplar (PU and PC) which can be attributed to the development of the root
system and the increasing capacity to capture water and nutrients.

In earlier studies, AGDMs of 5.6 t ha−1 for barley in Pakistan [64] and 10.3–14.2 t ha−1 in the
USA [22] were observed, for wheat 5.3–6.7 t ha−1 in China [79] and 5.74–7.22 t ha−1 in Pakistan [64],
for maize 14.5–14.9 t ha−1 in different water regimes for many years in China [80], and for oilseed rape
3.6–4.7 t ha−1 for many cultivars in the Czech Republic and other European countries [90] which is in
accordance with our data.

However, in some studies, the AGDM varied only between 1.82 and 2.9 t ha−1 for AFCs [91,92].
Such a low productivity could be related to unfavorable climatic conditions with poor availability of
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water and nutrients in particular places. Lower AGDM production in OR-R and SM-M within our
study could be attributed to lower soil fertility and lower temperatures in a given region, resulting
also in a shorter vegetation period. OR requires high nutrient availability, while SM is mainly affected
by temperature. Higher temperature requirements are typical for C4 crops [93,94].

The moderate positive relationships between LAImax and AGDM production in poplar clone J-105
are in accordance with our previous studies [47]. In AFCs, the AGDM production varied between
years, as a result of season (weather conditions), fertilizers applied to individual crops, and crop
physiology. Our results confirm the earlier observations for a strong and positive correlation between
RUE and AGDM production in high density poplar genotypes and AFCs [22,26,29,35].

The relationships between LAI or RUE and AGDM production show shifts between SRC poplar
and AFCs indicating changes in the relative contribution to biomass. These results suggest that
the biomass production improvement by selecting poplar and AFCs cultivars for specific growth
parameters should take crop management, and consequently RUE into account. Our data also
demonstrated the role of RUE for AGDM production in C3 and C4 crops.

5. Conclusions

Our study shows LAI to be high in SRC poplar compared to AFCs while RUE was shown to
be higher in AFCs than SRC poplar. Both high LAI and RUE could be responsible for high biomass
accumulation in SRC poplar; while in AFCs, the biomass accumulation is related mainly to RUE.
The AGDM estimation by LAI in SRC poplar was improved by using the sum of LAI over the whole
vegetation period and the sum of LAI multiplied by IPAR. The RUE can be thus considered as an
important determinant of biomass production in both SRC poplar and AFCs while LAI could be
a good biomass predictor in only SRC poplar. The evaluation of plant productivity for food and energy
security under climate change is unlikely to be achieved without improving the model with LAI and
RUE input and the right decisions for crop rotations in the changing environment. This is conditioned
by a better understanding of the LAI development, the phenology of the plants, and the role of RUE
and LAI in regulating productivity and plant adaption to climate change in different crops such as
fast-growing trees and AFCs.

Overall, we can conclude that this long-term study is useful particularly for poplar biomass
estimation under different environmental conditions or seasonal changes. The data can serve to
improve the modeling of LAI, RUE, and AGDM development for precise forecasting in the climate
change era.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9/4/168/s1,
Figure s1: Development of an allometric relationship between aboveground dry mass (AGDM, kg stump−1) and
in diameter at breast height (DBH, mm) of poplar clone J-105 in coppice rotation after two years of plant growth.
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AGDM Aboveground dry mass
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IPAR Intercepted photosynthetically active radiation (MJ m−2)
LAD Leaf area duration (days)
LAI Leaf area index (m2 m−2)
LAImax Maximum leaf area index
LAImean Mean leaf area index
OR Oilseed rape
OR-R Oilseed rape cultivar Rohan
PAR Photosynthetically active radiation
PC Poplar coppiced
PU Poplar uncoppiced
RUE Radiation use efficiency (g MJ−1)
SB Spring barley
SB-B Spring barley cultivar Bojos
SB-T Spring barley cultivar Tolar
SM Silage maize
SM-M Silage maize cultivar MON3301
SRC Short rotation coppice
WW Winter wheat
WW-E Winter wheat cultivar Etela
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